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1 Introduction

Non-relativistic mechanics yields a reasonable approximate description of phys-
ical phenomena in the range where the particles’ kinetic energies are small com-
pared with their rest mass energies. However, it should be noted that when the
relativistic invariant mass of a particle is expressed in terms of its energy E and
momentum p via

E2 _ p2 62 _ m2 04 (1)

it implies that its dispersion relation has two branches

E = +cy/p? + m?c? (2)

In relativistic classical mechanics, it is assumed expedient to neglect the negative-
energy solutions. This assumption based on the expectation that, since energy
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Figure 1: The positive and negative energy branches for a relativistic particle
with rest mass m. The minimum separation between the positive-energy branch
and the negative-energy branch is 2mc?.

can only change continuously, it is impossible that a particle with positive energy
can make a transition from the positive to negative-energy states. However, in
quantum mechanics, particles can make discontinuous transitions. Therefore, it
is necessary to consider both the positive and negative-energy branches. These
considerations naturally lead one to the concept of particles and anti-particles,
and also to the realization that one must consider multi-particle quantum me-
chanics or field theory.

We shall take a look at the quantum mechanical description of the elec-
tromagnetic field, Dirac’s relativistic theory of spin one-half fermions (such as
leptons and quarks), and then look at the interaction between these particles
and the electromagnetic field. The interaction between charged fermions and
the electromagnetic field is known as Quantum Electrodynamics. Quantum
Electrodynamics contains some surprises, namely that although the interaction



appears to be governed by a small coupling strength

i o (3)
hc 137.0359979

perturbation theory does not converge. In fact, straightforward perturbation
theory is plagued by infinities. However, physics is a discipline which is aimed
at uncovering the relationships between measured quantities. The quantities
e and m which occur in quantum electrodynamics are theoretical constructs
which, respectively, describe the bare charge of the electron and bare mass of
the electron. This means one is assuming that e and m would be the results
of measurements on a (fictional) electron which does not interact electromag-
netically. That is, e and m are not physically measurable and their values are
therefore unknown. What can be measured experimentally are the renormal-
ized mass and the renormalized charge of the electron. The divergences found in
quantum electrodynamics can be shown to cancel or drop out, when one relates
different physically measurable quantities, as only the renormalized masses and
energies enter the theory. Despite the existence of infinities, quantum electrody-
namics is an extremely accurate theory. Experimentally determined quantities
can be predicted to an extremely high degree of precision.

The framework of quantum electrodynamics can be extended to describe
the unification of electrodynamics and the weak interaction via electro-weak
theory, which is also well tested. The scalar (U(1)) gauge symmetry of the elec-
tromagnetic field is replaced by a matrix (SU(2)) symmetry of the combined
electro-weak theory, in which the gauge field couples to the two components of
the spinor wave functions of the fermions. The generalization of the gauge field
necessitates the inclusion of additional components. Through symmetry break-
ing, some components of the field which mediates the electro-weak interaction
become massive, i.e. have finite masses. The finite masses are responsible for
the short range of the weak interaction. More tentatively, the gauge theory
framework of quantum electrodynamics has also been extended to describe the
interactions between quarks which is mediated by the gluon field. The gauge
symmetry of the interaction is enlarged to an SU(3) symmetry. However, un-
like quantum electrodynamics where photons are uncharged and do not interact
with themselves, the gluons do interact amongst themselves.

2  Quantum Mechanics of a Single Photon

Maxwell’s equations were formulated to describe classical electromagnetism. In
the quantum description, the classical electromagnetic field is described as being
composed of a very large number of photons. Before one describes multi-photon
quantum mechanics of the electromagnetic field, one should ascertain the form
of the Schrodinger equation for a single photon. The photon is a massless, un-
charged particle of spin-one.



A spin-one particle is described by a vector wave function. This can be
heuristically motivated as follows:

A spin-zero particle has just one state and is uniquely described by a one-
component field .

A spin one-half particle has two independent states corresponding to the two
allowed values of the z-component of the intrinsic angular momentum S* =
+ % The wave function 3 of a spin one-half particle is a spinor which has two
independent components

_ o ¥W(r,t)
¢(L t) - ( w(z) (L t) (4)
These two components can be used to represent two independent basis states.

We conjecture that since a particle with intrinsic spin S has (25 + 1) inde-
pendent basis states, then the wave function should have (25 + 1) independent
components.

A (non-relativistic) spin-one particle should have three independent states
corresponding to the three possible values of the z-component of the intrinsic
angular momentum. From the conjecture, one expects that the wave function
1 of a spin-one particle should have three components.

P(r,t) = | O (1) (5)

This conjecture can be verified by examining the transformational properties of
a vector field under rotations. Under a rotation of the field, the components
of the field are transported in space, and also the direction of the vector field
is rotated. This implies that the components of the transported field have to
be rotated. The rotation of the direction of the field is generated by operators
which turn out to be the intrinsic angular momentum operators. Specifically,
the generators satisfy the commutation relations defining angular momentum,
but also correspond to the subspace with angular momentum one.

2.1 Rotations and Intrinsic Spin

Under the transformation which takes r — 1’ = R r, the magnitude of the
scalar field 1) at r is transferred to the point r’. This defines the transformation
1 — 1'. The transformed scalar field v’ is defined so that its value at r’ has
the same value as ¢ (r). That is

Y1) = () (6)



or equivalently

'(Rr) = ¥(r) (7)

The above equation can be used to determine ¢’(r) by using the substitution
r— R lr so

W'(r) = (B 7'r) (8)

If é is a unit vector along the axis of rotation, the rotation of r through an
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Figure 2: A rotation of the vector r through an angle ¢ about an axis é.
infinitesimal angle dp is expressed as
Rr=r+dpeAr + ... 9)

where terms of order d¢? have been neglected. Hence, under an infinitesimal

x-axis
Figure 3: The effect of a rotation R on a scalar field (r).

rotation, the transformation of a scalar wave function can be found from the
Taylor expansion

V(r) = Pr—dpeéAr)
= Y(r) —dp(enr). Vo) + .
w(ﬁ)—§w(£/\2)~é¢(z)+-
= 9 - (e Lyv) +



= op| - SE (e L) | vl (10)

where the operator L has been defined as
L=—-ihrnY (11)

Therefore, locally, rotations of the scalar field are generated by the orbital an-
gular momentum operator L.

Since the operation R is a rotation, it also rotates a vector field P(r). Not
only does the rotation transfer the magnitude of ¥ (r) to the new point r’ but it
must also rotate the direction of the transferred vector ¥(r). The rotated vector

¢’ (r’) is denoted by R (r). Mathematically, the transformation is expressed

Figure 4: The effect of a rotation R on a vector field 1(r). The rotation affects
both the magnitude and direction of the vector.

as R
Pr') = R () (12)

or equivalently
Y(Rr) = Ry@) (13)
The above equation can be used to determine g’(g) as
Wir) = Ry(R ') (14)
The part of the rotational operator designated by R does not affect the posi-

tional coordinates (r) of the vector field, and so can be found by considering
the rotation of the vector field ¥ at the origin

7%¢=(f+5<péA)w (15)



That is, the operator R only produces a mixing of the components of ¢). Hence,
the complete rotational transformation of the vector field can be represented as

Y'(r) = Ro(r—dpeénr)

= Yr—0dpeAr) + dp eNY(r—3dp eAr)
Y(r—dp énr) + dp eNp(r) +
= 0 - (e L) ue) + dpenu) +
= o) - DE (e L)) - DF (6 8) e (10)

where the terms of order (6p)2 have been neglected and a vector operator S has
been introduced. The operator S only admixes the components of ¥*, unlike
L which only acts on the r dependence of the components. The components of
the three-dimensional vector operator S are expressed as 3 X 3 matrices®, with
matrix elements

(SOYIk = i ghok (18)
where £%7F is the antisymmetric Levi-Civita symbol. The Levi-Civita symbol
is defined by £/** = 1 if the ordered set (i, 7, k) is obtained by an even number
of permutations of (1,2,3) and is —1 if it is obtained by an odd number of
permutations, and is zero if two or more indices are repeated. Specifically, the
antisymmetric matrices are given by

00 0
SO =n |00 —i (19)
0 i 0
and by
0 0 i
SO =n | 0 0 0 (20)
—i 0 0
and finally by
0 —i 0
S& =nf i 0 o0 (21)
0 0 0

By using a unitary transform, the above three operators can be transformed
into the standard representation of spin-one operators where S() is chosen to
be diagonal. It is easily shown that the components of the matrix operators L
and S satisfy the same type of commutation relations

(B0 B0 ] = 4 p ik LB (22)

IThe component of the matrix denoted by
(9)7* (17)

denotes the element of S in the j-th row and k-th column.

10



and

[S@ 80 ] = jpghik 5 (23)
where the repeated index (k) is summed over. The above set of operators
form a Lie algebra associated with the corresponding Lie group of continuous
rotations. Thus, it is natural to identify these operators which arise in the
analysis of transformations in classical physics with the angular momentum
operators of quantum mechanics. In terms of these operators, the infinitesimal
transformation has the form

» R )
W) ~ ) - e (L+ 8) v + - (24)
or )
V) = ew| - e (L+8) ] v (29
Thus, the transformation is locally accomplished by
v = ew| - (e | v (26)
where
J=1L1L+38 (27)

is the total angular momentum. The operator S is the intrinsic angular mo-
mentum of the vector field 1. The magnitude of S is found from

$2 = (5O + ($O) + (8O (28)
which is evaluated as

10 0
S2=2r101 0 (29)
00 1

and is the Casimir operator. It is seen that a vector field has intrinsic angular

momentum, with a magnitude given by the eigenvalue of S 2 which is
S(S + 1)n* =282 (30)

hence S = 1. Thus, it is seen that a vector field is associated with an intrinsic
angular momentum of spin one.

2.2 Massless Particles with Spin Zero

First, we shall try and construct the Schrodinger equation describing a massless
uncharged spinless particle. A spinless particle is described by a scalar wave
function, and an uncharged particle is described by a real wave function. The
derivation is based on the energy-momentum relation for a massless particle
E* —p*c? =0 (31)

11



which is quantized by using the substitutions

E — ih%
p — p=—-1h¥ (32)

One finds that the real scalar wave function ¢ (r,t) satisfies the wave equation

1 02

- 2 2 =0 33
|: C2 8t2 — ] w ( )
since & drops out. This is not a very useful result, since it is a second-order differ-
ential equation in time, and the solution of a second-order differential equation
can only be determined if two initial conditions are given. Usually, the initial
conditions are given by

e(r,0) = f(r)
= (39

In quantum mechanics, measurements disturb the state of the system and
so it becomes impossible to design two independent measurements which can
uniquely specify two initial conditions for one state. Hence, one has reached
an impasse. Due to this difficulty and since there are no known examples of
massless spinless particles found in nature, this theory is not very useful.

2.3 Massless Particles with Spin One

The wave function of an uncharged spin-one particle is expected to be repre-
sented by a real vector function.

We shall try and factorize the wave equation for the vector E into two first-
order differential equations, each of which requires one boundary condition.
This requires one to specify six quantities. Therefore, one needs to postulate
the existence of two independently measurable fields, £ and B. Each of these
fields should satisfy the two wave equations

1 02
[CQW—VﬂE:O (35)

and

s
[
o

35 -]

2 Ot? (36)

12



The first-order equations must have the form

E
iha:c(aﬁ/\E-i-bﬁ/\B)
ot = =
zhaa—% = c(dﬁ/\B+eﬁ/\E> (37)

since the left-hand side is a vector, the right-hand side must also be a vector
composed of the operator p and the wave functions. Like Newton’s laws, these
equations must be invariant under time-reversal invariance, t — — t. The
transformation leads to the identification

a=d=20 (38)
and
b = —e (39)

if one also requires that one of the two fields changes sign under time reversal?.
We shall adopt the convention that the field E retains its sign, so

L — E
B —- —B (40)

under time-reversal invariance. On taking the time derivative of the first equa-
tion, one obtains

0°E
2 = 2 72 A ~
Likewise, the B field is found to satisfy
0°B
2 = 2 12 A ~

Thus, one has found the two equations

0’°E [ |
2 O7L 272 2 A A
— 5z = —c°b —p—l—p(p.E)_ (43)
and
0’B [ |
2 0L 2 12 .2 L
-0 g = —cb_—pB-i-p(p.B)_ (44)
On substituting the operator p = — i h ¥V , one obtains
0’E
sz =~V —V2E+V(V.EH (45)

2For the non-relativistic Schrédinger equation, time-reversal invariance implies that ¢ —
t' = —t and ¢ — Y’ = P*.

13



and

2
%T? = -3 —v23+v<v.3” (46)

so h drops out. To reduce these equations to the form of wave equations, one
needs to impose the conditions

V.E=0 (47)

and
V.B =0 (48)

On identifying the coefficients with those of the wave equation, one requires
that
=1 (49)

Thus, one has arrived at the set of the source-free Maxwell’s equations

OE

1

- Y= B

c Ot Y AL

1

775‘2 - VAE

c Ot

V.E = 0

V.B = 0 (50)

which describe the one-particle Schrodinger equation for a massless spin-one
particle, with the wave function (E, B). These have a form which appears to be
completely classical, since i has dropped out. Furthermore, in the absence of
sources, Maxwell’s equations are invariant under the symmetry transformation

(E,B) - (~B, E).

3 Maxwell’s Equations

Classical Field Theories describe systems in which a very large number of par-
ticles are present. Measurements on systems containing very large numbers of
particles are expected to result in average values, with only very small devia-
tions. Hence, we expect that the subtleties of quantum measurements should be
completely absent in systems that can be described as quantum fields. Classical
Electromagnetism is an example of such a quantum field, in which an infinitely
large number of photons are present.

In the presence of a current density j and a charge density p, Maxwell’s
equations assume the forms

oE 4

C

VANB -
¢

ol
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1 0B
E‘ _ —
VANE+ - — 0
V.E = 47p
V.B 0 (51)

The field equations ensure that the sources j and p satisfy a continuity equation.

Taking the divergence of the first equation and combining it with the time
derivative of the third, one obtains

1 0 4
v(VAB) - (v.E) = LV
c \ Ot c =
1 0 47
—--| =V.E = —
c (8tv ) c A
471 Op 4
Tew T e vd ®
Hence, one has derived the continuity equation
dp .

which shows that charge is conserved.

3.1 Vector and Scalar Potentials

Counting each component of Maxwell’s equations separately, one arrives at eight
equations for the six components of the unknown fields £ and B. As the equa-
tions are linear, this would over-determine the fields. Two of the eight equations
must be regarded as self-consistency equations for the initial conditions on the
fields.

One can solve the two source-free Maxwell equations, by expressing the
electric £ and magnetic fields B in terms of the vector A and scalar ¢ potentials,
via

E=--22=-Y¢ (54)

and
B=YAA (55)

The expressions for B and E automatically satisfy the two source-free Maxwell’s
equations. This can be seen by examining

1 0B
E I -
V. A + c ot 0 (56)

15



which, on substituting the expressions for the electromagnetic fields in terms of
the vector and scalar potentials, becomes

1 0A 19 B
VA(——V¢>+C(%(VAA)—O (57)

which is automatically satisfied since

VA(V¢>=0 (58)

and the terms involving A cancel since A is analytic. The remaining source-free
Maxwell equation is satisfied, since it has the form

V.B =0 (59)
which reduces to
V.<V/\A> =0 (60)
which is identically zero.

Therefore, the six components of £ and B have been replaced by the four
quantities A and ¢. These four quantities are determined by the Maxwell equa-
tions which involve the sources, which are four in number.

The fields are governed by the set of non-trivial equations which relate A and

¢ to the sources j and p. When expressed in terms of A and ¢, the remaining
non-trivial Maxwell equations become

10 1 0A 4
A - — | - = = —
VA<VA)+cat<cat+v¢> cl
1 0A
—V.(Cat—i-V(b> = 4mp (61)
but since
VA(VAA>=v<v.A)—v2A (62)
the pair of equations can be written as
gz L 04 Lopy _ Ar,
e o 1O _
Vo - - (Y.A) = amp (63

We shall make use of gauge invariance to simplify these equations.

16



3.2 Gauge Invariance

The vector and scalar potentials are defined as the solutions of the coupled
partial differential equations describing the electric and magnetic fields

1 0A
E=--5 ~-Y¢ (64)
and
B=VAA (65)

Hence, one expects that the solutions are only determined up to functions of
integration. That is the vector and scalar potentials are not completely deter-
mined, even if the electric and magnetic fields are known precisely. It is possible
to transform the vector and scalar potentials, in a way such that the £ and B
fields remain invariant. These transformations are known as gauge transforma-
tions of the second kind?.

In particular, one can perform the transform

A - A =A-YVA
1 0A
! = - = 66
6~ ¢ =0+ -2 (66)
where A is an arbitrary analytic function and this transformation leaves the E
and B fields invariant. The magnetic field is seen to be invariant since

B = vV AA

(4w

N A

[
<1

|
& 1<

(67)
where the identity

V/\(VA)zO (68)

valid for any scalar function A has been used. The electric field is invariant,
since the transformed electric field is given by

1 04
E = 2% gy
- c Ot A
3The transformation
v — w’=wexp[”‘}
h
p — p = —ihV — Vx

used in quantum mechanics is known as a gauge transformation of the first kind.

17



- E (69)

In the above derivation, it has been noted that the order of the derivatives can
be interchanged,

oA 9
Vo= 5 YA (70)

since A is an analytic scalar function.

The gauge invariance allows us the freedom to impose a gauge condition
which fixes the gauge. Two gauge conditions which are commonly used are the
Lorenz gauge

109

LA -— =0 71
v.4+ c Ot (71)
and the Coulomb or radiation gauge

V.A=0 (72)

The Lorenz gauge is manifestly Lorentz invariant, whereas the Coulomb gauge
is frequently used in cases where the electrostatic interactions are important.

It is always possible to impose one or the other of these gauge conditions. If
the vector and scalar potentials (¢, A) do not satisfy the gauge transformation,
then one can perform a gauge transformation so that the transformed fields
(¢', A') satisfy the gauge condition.

For example, if the fields (¢, A) do not satisfy the Lorenz gauge condition,

since 1 96
V. A+ o x(r,t) (73)

where y is non-zero, then one can perform the gauge transformation to the new
fields (¢, A")

p oy 1o _ w2 199 1 0°A
zA+catiy'A yAJrcatJrczaﬁ
5 1 02
X(VC28t2 A (74)

The new fields satisfy the Lorentz condition if one chooses A to be the solution
of the wave equation

(v? - ;g;)A ) (75)

18



This can always be done, since the driven wave equation always has a solution.
Hence, one can always insist that the fields satisfy the gauge condition

/ 109"
V.4 + - =0 (76)

Alternatively, if one is to impose the Coulomb gauge condition
V.A =0 (77)

one can use Poisson’s equations to show that one can always find a A such that
the Coulomb gauge condition is satisfied?.

In the Lorenz gauge, the equations of motion for the electromagnetic field
are given by

ez, L2 _ AT
[ Y +028t2 4 = cl
1 6

Hence, A and ¢ both satisfy the wave equation, where j and p are the sources.
The solutions are waves which travel with velocity c.

In the Coulomb gauge, the fields satisfy the equations

L L2 _ Am, 10
[ > +82 ot2 4 = c L c@tz(’b
-V?¢ = 4mp (79)

The second equation is Poisson’s equation and has solutions given by

p(r',t)
r,t) = B =2 80
ole 1) /’Iz—z’l (80)
which is an “instantaneous” Coulomb interaction. However, the force from the
electric field E is not transmitted instantaneously from 7’ to r, since there is a
term in the equation for A which compensates for the “instantaneous” interac-
tion described by ¢.

Exercise:
Consider the case of a uniform magnetic field of magnitude B which is ori-

ented along the z-axis. Using the Coulomb gauge, find a general solution for
the vector potential.

4Imposing a gauge condition is insufficient to uniquely determine the vector potential A,
since in the case of the Coulomb gauge, the vector potential is only known up to the gradient
of any harmonic function A.
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4 Relativistic Formulation of Electrodynamics

Physical quantities can be classified as either being scalars, vectors or tensors
according to how they behave under transformations. Scalars are invariant un-
der Lorentz transformations, and all vectors transform in the same way.

4.1 Lorentz Scalars and Vectors

The space-time four-vector has components given by the time ¢ and the three
space coordinates (z(1), 2(?), 2(3)) which label an event. The zeroth-component
of the four-vector (%) (the time component) is defined to be ct, where ¢ is the
velocity of light, in order that all the components have the dimensions of length.
In Minkowski space, the four-vector is defined as having contravariant compo-

nents z# = (ct,x(l),x(2)7x(3)), while the covariant components are denoted
by z, = (ct, —2M, 23 —20)). The invariant length is given by the scalar
product

o on = (t)? = (2D ) = (s ) = (2@ @

where repeated indices are summed over. The invariant length z* z, is related
to the proper time 7. This definition can be generalized to the scalar product
of two arbitrary four-vectors A* and B* as

A" B, = A0 O _ A4 (1) _ 42 g2 _ 4B BB) (82)

In special relativity, the four-vector scalar product can be written in terms of
the product of the time-index components and the scalar product of the usual

three-vectors as
A* B, = A9 BO _ 4. B (83)

The Lorentz invariant four-vector scalar product can also be written as
A" B, = gu., A" BY (84)
where g,, ,, is the Minkowski metric. These equations imply that
Ay = gy A (85)

That is, the metric tensor transforms contravariant components to covariant
components. The Minkowski metric can be expressed as a four by four matrix

1 0 0 0
0 -1 0 0

v =10 0 -1 o0 (86)
00 0 -1
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where p labels the rows and v labels the columns. If the four-vectors are ex-
pressed as column-vectors

A
” A

AB)

and

A, = ) (88)

then the transformation from contravariant to covariant components can be
expressed as

A 1 0 0 0 AO
_ (1)
j(l) _ 0 1 0 0 A(2) (89)
(2) o 0 -1 o0 A
A(a) 0 0 0 -1 ABG)
The inverse transform is expressed as
AF = gt A, (90)

where, most generally, g/ is the inverse metric

guﬂj = (g,u,u )_1 (91)

In our particular case of Cartesian coordinates in (flat) Minkowski space, the
inverse metric coincides with the metric.

Example: Covariant and Contravariant Components of a Euclidean
Vector

Consider a two-dimensional Euclidean space. However, instead of simply
considering Cartesian axes, consider two unit vectors é; and é; which are not
co-linear

é1 .6y = cosb (92)

A general vector X can be expressed in terms of its contravariant components
(XM X)) via

X = XWe + x@ g (93)
The scalar product of two vectors X and Y can be evaluated by standard means
in terms of their contravariant components. The result can be expressed in terms
of a matrix product as

1 cosf y®
_ 1 2
XY = (X() X()) <cost9 1 ) (Y(2)> (94)
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involving the metric tensor g, .

1 cos 0
( cos 1 ) (95)

Likewise, the length | X| of the vector can be expressed as

1 cos xM
|X|2 = ( xW x@ ) (cos@ 1 ) (X(Q) > (96)

The covariant components of the vector (X(qy, X(2)) are found from the con-
travariant components by the action of the metric tensor

X 1 cosf XM
(1) _
(50) = (o ") (500 )

The covariant components of any vector can be found geometrically by dropping
normals from the tip of the vector to the axes. The intersection of a normal with
its corresponding axis determines the covariant component. For a Cartesian co-
ordinate system, the covariant components are identical to the contravariant
components.

A familiar example of the Lorentz invariant scalar product involves the mo-
mentum four-vector with contravariant components p* = (£,p1), p p®))
where F is the energy. The covariant components of the momentum four-vector
are given by p, = (%, —pM, —p®@) —p®)) and the scalar product defines the
invariant mass m via

E 2
P = () —p=me (98)

Another scalar product which is frequently encountered is p* x,, which is given
by

plar, = Et —-p.x (99)
This scalar product is frequently seen in the description of planes of constant
phase of waves.

4.2 Covariant and Contravariant Derivatives

We shall now generalize the idea of the differential operator V to Minkowski
space. The generalization we consider, will have to be modified when the metric
varies in space, i.e. when g, , depends on the coordinates x* of the points in
space.

Consider a scalar function ¢(z#) defined in terms of the contravariant coor-
dinates #. Under an infinitesimal translation a*

" — ot = z* + at (100)
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the scalar function ¢(z#’) is still a scalar. Therefore, on performing a Taylor
expansion, one has

Bkt at) = o(a*) + o o) + (101)

which is also a scalar. Therefore, the quantity

a (") (102)

oxH
is a scalar and can be interpreted as a scalar product between the contravariant
vector displacement a” and the covariant gradient

L (103)

The covariant gradient can be interpreted in terms of a covariant derivative

0

O =

(18 9 8 0
N c ot 9z 9r@)° 923

- (i;,v) (104)

Likewise, one can introduce the contravariant derivative as

0

0z

/19 ) 9 0
- cot’  9r’ T 9r@° T 9z

_ (ii,—v) (105)

These covariant and contravariant derivative operators are useful in making
relativistic transformational properties explicit. For example, if one defines the
four-vector potential A* via

o =

A <¢, A<1>7A<2>,A(3))

——<¢,A) (106)

then the Lorenz gauge condition can be expressed as

At = — o0 + V. A =0 (107)



which is of the form of a Lorentz scalar. Likewise, if one introduces the current
density four-vector j#* with contravariant components

(wdmdwd@)

o) -

then the condition for conservation of charge can be written as

0
P LY. o= 0

ot
du" = 0 (109)

j:u

which is a Lorentz scalar. Also, the gauge transformation can also be compactly
expressed in terms of a transformation of the contravariant vector potential

AP — AW =AM 4 9RA (110)

where A is an arbitrary scalar function. The gauge transformation reduces to

Sy, oA
6~ d = o+ -
A— A = A-VA (111)

Similarly, one can use the contravariant notation to express the quantization
conditions

0
E , h —
Y
p — —i hV (112)
in the form
pt — i ho* (113)

One can also express the wave equation operator in terms of the scalar product
of the contravariant and covariant derivative operators

2
Lo (114)

Poh=Gam Y

Hence, in the Lorenz gauge, the equations of motion for the four-vector potential
A# can be expressed concisely as

00,40 = — jt (115)

However, these equations are not gauge invariant.
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4.3 Lorentz Transformations

A Lorentz transform can be defined as any transformation which leaves the
scalar product of two four-vectors invariant. Under a Lorentz transformation,
an arbitrary four-vector A* is transformed to A*/, via

AW = AP, AY (116)

where the repeated index v is summed over. The inverse transformation is
represented by

At = (AR, A (117)
Since the scalar product is to be relativistically invariant, one requires that
A" B, = A" B, (118)

The left hand-side is evaluated as
A B, = A, AY g0 Ny BT (119)
If the scalar product is to be invariant, the transform must satisfy the condition
gur = Ay gue A (120)

If this condition is satisfied, then A", is a Lorentz transformation.

Like the metric tensor, the Lorentz transformation can be expressed as a
four by four matrix
A% A% AOy A
Alg Ay Al Al
AP, = 121
v AZO A21 A22 A23 ( )
A3y A3, A3, A3

where p labels the rows and v labels the columns. In terms of the matrices, the
condition that A is a Lorentz transformation can be written as

g =A"gA (122)
where A7 is the transpose of the matrix A, i.e.

(AT, = A, (123)

A specific transformation, which is the transformation from a stationary
frame to a reference frame moving along the (1) axis with velocity v, is repre-
sented by the matrix

1 — % 0 0
1 — % 1 0 0
2
0 0 0 -



Figure 5: Two inertial frames of reference moving with a constant relative ve-
locity with respect to each other.

which can be seen to satisfy the condition
u,r = AMU 9u,o AUT (125)

which has to be satisfied if A, is to represent a Lorentz transformation.

Figure 6: Two inertial frames of reference rotated with respect to each other.

Likewise, the rotation through an angle ¢ about the (%) -axis represented by

0 0
cosp  sing
—sing cosgp
0 0

A, = (126)

oS o o
= O O O

is a Lorentz transformation, since it also satisfies the condition eqn(120).
Since the boost velocity v and the angles of rotation ¢ are continuous, one

could consider transformations where these quantities are infinitesimal. Such
infinitesimal transformations can be expanded as

A, = oM, + e, 4+ L (127)
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where §#, is the Kronecker delta function representing the identity transforma-
tion® and €, is a matrix which is first-order in the infinitesimal parameter. The
condition on €, required for A*, to be a Lorentz transform is given by

0 = E'MU g,u,‘r + 9uv,o ea‘r (129)
or, on using the metric tensor to lower the indices, one has
€Erv = — €7 (130)

Hence, an arbitrary infinitesimal Lorentz transformation is represented by an
arbitrary antisymmetric 4 x 4 matrix €, ,. This matrix occurs in the expression
for the transformation matrix

AT,V = Gryv + €rv + ... (131)

which transforms the contravariant components of a vector into covariant com-
ponents. It follows that, if ¥ and 7 are either both space-indices or are both
time-indices, the components of the finite Lorentz transformation matrix A7,
are antisymmetric on interchanging 7 and v. Whereas if the pair of indices v
and 7 are mixed space and time-indices, the components of the transformation
matrix A7, are symmetric.

Exercise:

Show that a Lorentz transformation from the unprimed rest frame to the
primed reference frame moving along the z(®-axis with constant velocity v, can
be considered as a rotation through an imaginary angle § = ¢ x in space-time,
where i ¢ t plays the role of a spatial coordinate. Find the equation that deter-
mines .

4.4 Invariant Form of Maxwell’s Equations

In physics, one strives to write the fundamental equations in forms which are
independent of arbitrary choices, such as the coordinate system or the choice of
gauge condition. However, in particular applications it is expedient to choose
the coordinate system and gauge condition in ways that highlight the symme-
tries and simplify the mathematics.

We shall introduce an antisymmetric field tensor F** which is gauge in-
variant. That is, the form of F*" is independent of the choice of gauge. We

5The student more adept in index-gymnastics may consider the advantages and disadvan-
tages of replacing the Kronecker delta function 6#, by g*,, since

My = gty = gh? 9p,v = 6u,u
(128)
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shall express the six (@ = 6) independent components of the antisymmetric
tensor in terms of the four-vector potential A* and the contravariant derivative

as
Pl = QrAY — 9” AW (132)

so the tensor is antisymmetric
Y = — YR (133)
It is immediately obvious that F'*" is invariant under gauge transformations
AP — AP = AF 4+ OMA (134)

since

N — 9YOMA = 0 (135)

Alternatively, explicit evaluation of F** shows that the six independent com-
ponents can be expressed in terms of the electric and magnetic fields, which are
gauge invariant. Components of the field tensor are explicitly evaluated from
the definition as

10 0
o1 — - 240 2
c Ot o1 ¢
10 0
= - =AM _
cat T am?
= —EW (136)
and
0 0
S | ) . | €))
31'1 8x2
) 9
- @ L _9 40
= Tt T ane
= — B® (137)

The non-zero components of the field tensor are related to the spatial compo-
nents (4, j, k) of the electromagnetic field by

Fio — gl (138)
and . .
FZ,] - _ g%];k B(k) (139)

where £7% is the Levi-Civita symbol. Therefore, the field tensor can be ex-
pressed as the matrix

0 W _p2 _gB)
E® 0 _BG®  B®
E®  B® 0 —_BW
E® _p®2 B 0

Frv = (140)
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Maxwell’s equations can be written in terms of the field tensor as

4 7

O, F"H = — j# (141)
c
For p =i, the field equations become
1 0 ) 0 o 47
_ FOJ — F])Z — R (7’)
c Ot + oxJ ¢’
1 0 ) NG 47
_ - Z EW ik~ k) — T @)
c Ot T ¢ Oxd ¢’
19 @ 4
_ - Z g® A B = = ® 142
c Ot + (V ) ¢’ (142)
while for p = 0 the equations reduce to
0 - 47
30— 27 (0
oxI c 7
0 .
— gl =
Ers; E = 4dmp

<V.E> = 4d7p (143)

since F%0 vanishes. The above field equations are the two Maxwell’s equations
which involve the sources of the fields. The remaining two sourceless Maxwell
equations are expressed in terms of the antisymmetric field tensor as

ok, + 0,Fu, + 0,F,, =0 (144)
where the indices are permuted cyclically. These internal equations reduce to
vV.B=20 (145)

when p, v and p are the space indices (1,2,3). When one index taken from the
set (u, v, p) is the time index, and the other two are different space indices, the
field equations reduce to

S L VYANE =0 (146)

If two indices are repeated, the above equations are satisfied identically, due to
the antisymmetry of the field tensor.

Alternatively, when expressed in terms of the vector potential, the field equa-
tions of motion are equivalent to the wave equations

89,0 A — 8”(8,,A”> = 25 jm (147)
&

29



Since four-vectors A* and j* transform as
AP =AM, AV
= AR, (148)
and likewise for the contravariant derivative
oM = A*, 0 (149)
then one can conclude that the field tensor transforms as
Frr = AP, AV FO7 (150)

This shows that, under a Lorentz transform, the electric and magnetic fields
(E, B) transform into themselves.

Exercise:

Show explicitly, how the components of the electric and magnetic fields
change, when the coordinate system is transformed from the unprimed refer-
ence frame to a primed reference frame which is moving along the z(®)-axis with
constant velocity v.

5 The Simplest Classical Field Theory

Consider a string stretched along the z-axis, which can support motion in the
y-direction. We shall consider the string to be composed of mass elements
m; = p a, that have fixed x-coordinates denoted by z; and are separated by
a distance a. The mass elements can be displaced along the y-axis. The y-
coordinate of the i-th mass element is denoted by y;. We shall assume that the
string satisfies the spatial boundary conditions at each end. We shall assume
that the string satisfies periodic boundary conditions, so that yo = yny1-

The Lagrangian for the string is a function of the coordinates y; and the
velocities 2. The Lagrangian is given by

@) Sl e

i=1

The first term represents the kinetic energy of the mass elements, and the second
term represents the increase in the elastic potential energy of the section of the
string between the i-th and (i — 1)-th element as the string is stretched from its
equilibrium position. This follows since, As; the length of the section of string
between mass element ¢ and ¢ — 1 in a non-equilibrium position is given by

AS? = (a; — 1 )2 + (¥ — yio1 )2
= @+ (4 — yio1)° (152)
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Xi1t X Xjn X

Figure 7: A string composed of a discrete set of particles of masses m; sepa-
rated by a distance a along the z-axis. The particles can be moved from their
equilibrium positions by displacements y; transverse to the z-axis.

since the z-coordinates are fixed. Thus, if one assumes that the spring constant
for the stretched string segment is k;, then the potential energy of the segment
is given by

Ki
Vi= 5 (4 — yia)? (153)
We shall consider the case of a uniform string for which x; = & for all 4.

The equations of motion are obtained by minimizing the action .S which is
defined as the integral

T
S :/ dt L (154)
0

between an initial configuration at time 0 and a final configuration at time 7.
The action is a functional of the coordinates y; and the velocities Kfiyti , which are
to be evaluated for arbitrary functions y;(t). The string follows the trajectory
y$*(t) which minimizes the action, which travels between the fixed initial value
y;(0) and the final value y;(T"). We shall represent the deviation of an arbitrary

trajectory y;(t) from the extremal trajectory by dy;(t), then

Syi(t) = wit) — yi*(t) (155)
The action can be expanded in powers of the deviations dy; as
S = Sy + &S + 68 + ... (156)

where Sy is the action evaluated for the extremal trajectories. The first-order
deviation found by varying dy; is given by

T =N
d(sl dzew exr exr €exr
o5 = [ S [ (50 (4) o () e
0

=1
(157)
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in which y;(T) and dflﬁ"' are to be evaluated for the extremal trajectory. Since
the trajectory which the string follows minimizes the action, the term §1.S must
vanish for an arbitrary variation dy;. We can eliminate the time derivative of

the deviation by integrating by parts with respect to t. This yields

i=N

T
d dlel‘ exr exr exr exr
§'s = / dtz {—mi@idt( Zt>—/€5yi(yi _yi—l) +’€5yi<yi+1—yi )]
0

i=1
dys”®

i 0yi(t) | =

+ % m y()<dt>

The boundary term vanishes since the initial and final configurations are fixed,
SO

T
(158)

0

oyi(T) = dyi(0) = 0 (159)

Hence the first-order variation of the action reduces to

T 1=N d dygz
o< [[aS [ A(5) ()]
i=1

(160)
The linear variation of the action vanishes for an arbitrary dy;(¢), if the term in
the square brackets vanishes

d dyeaj exr exr exr
midt( d;>+"i(2yi _yil_yi+1):0 (161)

Thus, out of all possible trajectories, the physical trajectory y$*(t) is determined
by the equation of motion

d (dy;
midt(dt) H(Qyiyi—lyiﬂ) (162)

The momentum p; which is canonically conjugate to y; is determined by

pi = (a(%)) (163)

dt

which yields the momentum as

dyi
P = My 164
pi = my (164)
The Hamiltonian is defined as the Legendre transform of L, so
H=Y p i _ (165)
— ' qt

7
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The Hamiltonian is only a function of the pairs of canonically conjugate mo-
menta p; and coordinates y;. This can be seen, considering infinitesimal changes
in y;, ddzi and p;. The resulting infinitesimal change in the Hamiltonian dH is

expressed as

Il
2

%

dH = {dpi + pi d( )( >d( )( )dy1:|
— dt dt o(%) dt dyi
i=N
- % | - ()] e

1

.
Il

dyi
dt

since, the terms proportional to the infinitesimal change d(%) vanish identi-

cally, due to the definition of p;. From this, one finds

0H o dyi
p; = (167)

and O0H oL
yi - <8yz> (168)

Therefore, the Hamiltonian is only a function of the pairs of canonically
conjugate variables p; and y;. The Hamiltonian is given by

1=N p2 oy 2
H:Z[Qmi+2<yi_yil>:| (169)

When expressed in terms of the Hamiltonian, the equations of motion have the
form

dyi - OH
dt N api
dpi OH
dt 5‘yi ( )
The Hamilton equations of motion reduce to
dyi _ b
dt m;
dp:
% = — Ky (yi - yi—l) + Kit1 <yi+1 - l/i) (171)

for each ¢ value N > ¢ > 1.

One can define the Poisson brackets of two arbitrary quantities A and B in
terms of derivatives with respect to the canonically conjugate variables

i=N

0A OB 0B 0A
{A%‘;me_%m} (72)
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The Poisson bracket is antisymmetric in A and B

(o} fna)

The Poisson brackets of the canonically conjugate variables are given by

{pi s Yj } = — 0 (174)

{piupj}:{yi7yj}:0 (175)

We shall show how energy is conserved by considering a finite segment of
the string. For example, we shall consider the segment of the string consisting
of the i-th mass element and the string which connects the i-th and (¢ — 1)-th
mass element. The energy of this segment will be described by H;, where

pa (dy; 2 K 2
Hi:Z(dt) +2<yi_yi1> (176)

The rate of increase energy in this segment is given by

dH; Py; \ ([ dyi L dyi o _ (Y R
pT pa a2 dt K dt Yi — Yi—1 R dt Yi — Yi—1
(177)

One can use the equation of motion to eliminate the acceleration term, leading

to
dH; dy; dy;—1
W = R (dt) (szrl Yi ) R ( dt ) (yz Yi—1 ) (178)

The increase in energy of this segment, per unit time, is clearly given by the
difference of the quantity

P = -k <(Zy;) (yi-i-l - yz) (179)

at the front end of the segment and P;_; at the back end of the segment. Since,
from continuity of energy, the rate of increase in the energy of the segment must
equal the net inflow of energy into the segment, one can identify P; as the flux
of energy flowing out of the i-th into the (¢ + 1)-th segment.

and
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5.1 The Continuum Limit

The displacement of each element of the string can be expressed as a function
of its position, via
yi = y(x:) (180)

where each segment has length a, so that ;1.1 = x; + a. The displacement
y(x;+1) can be Taylor expanded about z; as
y a’? 0%y

y(zir) = ylz:) + a5 ) T (181)

Zi

We intend to take the limit a — 0, so that only the first few terms of the series
need to be retained. The summations over ¢ are to be replaced by integrations

N 1 L
Z - = / dx (182)
; a 0
=1
The tension in the string 7 is given by
T =ka (183)
and this has to be kept constant when the limit a — 0 is taken.

In the continuum limit, the Lagrangian L can be expressed as an integral of
the Lagrangian density £ as

L
L :/ dx L (184)
0

1 dy 2 Jy 2
_ 1 _ 9y 1
£ 2 {p(dt) Ha(()x (185)
The equations of motion are found from the extrema of the action

T L
s :/ dt/ de £ (186)
0 0

It should be noted, that in S time and space are treated on the same footing
and that £ is a scalar quantity.

where

In the continuum limit, the Hamiltonian is given by

L
= / dz H (187)
0
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where the Hamiltonian density H is given by

we () 4 ee ()] )

and the energy flux P is given by

P = —ka (fg) <gg> (189)

The condition of conservation of energy is expressed as the continuity equation

dH 0P
T =0 (190)

5.2 Normal Modes

The solutions of the equations of motion are of the form of a (real) superposition
of plane waves

wk(m)zﬁe){p (ke — wt) (191)

The above expression satisfies the wave equation if the frequency w satisfies the
dispersion relation
wi = v’ k? (192)

The above dispersion relation yields both positive and negative frequency solu-
tions. If the plane-waves are to satisfy periodic boundary conditions, £ must be

quantized so that

2
kn = TF n (193)

for integer n. The positive-frequency solutions shall be written as

wk(x)\/lzexp[i(knant)] (194)

and the negative frequency solutions as
Vo) = = exp | i (ko 4w t) | (195)
lx) = —= exp|i(k,x Wn,
These solutions form an orthonormal set since
L
| o vinte) vnte) = du (196)
0

Hence, a general solution can be written as

o) = 3 (@l i) + 40 v40) ) (197)

k
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where the ¢ are arbitrary complex numbers that depend on k. If the time
dependence of the ¢y (x) is absorbed into the complex functions ¢, via

() = cx(0) exp{ - iwkt} (198)

then one has
y(z) = \% ; (ck(t) + c*k(t)> exp[ikx] (199)

which is purely real. Thus, the field y(z) is determined by the amplitudes of
the normal modes, i.e. by cg(t). The time-dependent amplitude cy(t) satisfies
the equation of motion
d2ck
dt?
and, therefore, behaves like a classical harmonic oscillator. To quantize this
classical field theory, one needs to quantize these harmonic oscillators.

= — Wl (200)

The Hamiltonian is expressed as

TR L {1p(x)2 + K a <8y(x)>2] (201)

ﬂ 0 pa

On substituting y(x) in the form

1
ylz) = —= Z (ck(t) + () ) exp [ ik x] (202)
VL 4
and J de
pa Ck Ck .
= — — k 203
o) = D2 (G ) eofike] oo
then after integrating over x, one finds that the energy has the form
P de_y, dcj; dey, de* .
H =t =k Zh
S (T w ) (F
K a . *
+ 5 zk: k2 (C_k(t) + ck,(t)> <ck(t) + c_k(t)> (204)

Furthermore, on using the time-dependence of the Fourier coefficients ¢ (¢), one
has



but the frequency is given by the dispersion relation

W= v k2 = (’“’) k2 (206)
P

Therefore, the expression for the Hamiltonian simplifies to

p 3 et (G0 at) + el 4o )

k

H

p Yt (GO ao) + e ) e

which is time-independent, since the time-dependent phase factors cancel out.
Thus, one can think of the energy as a function of the variables ¢; and c* .
Since the Hamiltonian is strictly expressed in terms of canonically conjugate co-
ordinates and momenta, one should examine the Poisson brackets of ¢, and c* ;.

The variables y(z;) and p(x;) have the Poisson brackets
{0 v } = = b,
oo pian § = { ot wtan b =0 (208
Due to the orthogonality properties of the plane-waves, one has
a
cp + c& N — T;) ex — ik oz 209
(o + ) = 75 v oo | ew
and also
a
—iwk/pa(ck/ —c*kl) ~ —Z p(z;) exp{—ik"xj] (210)
iz

These relations are simply the results of applying the inverse Fourier transform
to y(z) and p(z). One can find the Poisson brackets relations between ¢, and

cj from
— iwk/p{ (Ck/ — C*—k’)7 <Ck +C*_k>}

= _Z;{p(xi),y(xj)}eXp{—i(kwi +k/xj)]
_ +%Z5m exp[—i(kxi—f—k’%‘)]

i,J
a .
= +L2i:exp[—z(k+k;’)xi]

Y N (211)
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Likewise, one can obtain similar expressions for the other commutation relations.
This set of equations can be satisfied by setting

7

{ Crr s Ck } = 2w p Ok b (212)

{02,702}:{%/,%}:0 (213)

The above set of Poisson brackets can be recast in a simpler form by defining

and

1
- - 214
ck 7o (214)

etc., so that the Poisson brackets reduce to

{ az, , Ak } = i&k,k/ (215)

{az/7a2}:{ak/,ak}:0 (216)

where the non-universal factors have cancelled out.

and

5.3 Rules of Canonical Quantization

The first rule of Canonical Quantization states, “Physical quantities should be
represented by operators”. Hence ay and aj, should be replaced by the operators
ax and &L. The second rule of Canonical Quantization states, “Poisson Brackets
should be replaced by Commutators”. Hence,

ih{A,B}_)[A,B] (217)
So one has
[af, . ar] = — h o (218)
and
[af, . al] = [, ax] = 0 (219)

To get rid of the annoying % in the commutator, one can set

ary = Vhib,
a, = vVhob (220)

Whether it was noted or not, l;£ is the Hermitean conjugate of by. The Her-
mitean relation can proved by taking the Hermitean conjugate of §(x;), and
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noting that the third rule of quantization states, “Measurable quantities are to
replaced by Hermitean operators”. Therefore, the operator

Z 2pwk(3k(t) + BTk(t)) exp[ikx] (221)

must be Hermitean. What this means is, the Hermitean conjugate

Z 2pwk(52(f) + (BTk(t))T) eXp[ - lk‘a:] (222)

g (x
has to be the same as §(x). On setting k = —&’ in the above equation, one has
e Z > pon < bt () + (L) ) exp [ + i k' m] (223)

For §(x) to be equal to (z), it is necessary that the Hermitean conjugate of
the operator bL, is equal to bgs. This shows that the pair of operators are indeed
Hermitean conjugates. The quantum field is represented by the operator

i(z) = \% Ek: ,/2;%/(15*_,6,@) + ék,(t)> exp[ 4 ka] (224)

where the time-dependent creation and annihilation operators are given by

bi(t) = Z)k exp[ - iwkt]

bi(t)y = bl eXp[ + iwkt] (225)

The quantized Hamiltonian becomes

ﬁ prk(ckck—Fcchk)

3 ;"’“ <bL b + b ka) (226)

k

On transforming k¥ — —k in the second term of the summation, one obtains the
standard form

. hwe [ o1 - JN
H = 22<b;bk+b,€bg) (227)

k
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where the by and lA)L are to be identified as annihilation and creation operators
for the quanta.

The quantum operator p corresponding to the classical quantity P
L
P = / dx P (228)
0

is evaluated as

p - _(’;‘;);hk(af_k-aQ(a;mk) (229)

where the plane-wave orthogonality properties have been used. This quantity
can be expressed as the sum of two terms

~ KR a ~ ~ A A
P = _<2p> th(zﬁkb;—bkb_k>

k
S (59) S nw (Bl - i) (230)
k
The operator P can be shown to be equivalent to

Po= v* > kb b (231)
k

which obviously is proportional to the sum of the momenta of the quanta. The

quantity % is just the square of the wave velocity v2. On noting that the
quanta travel with velocities given by v sign(k) and have energies given by
hhwy = hwv| k]|, one sees that P is the expressed as the total energy flux

associated with the quanta.

5.4 The Algebra of Boson Operators

The number operator 7, can be defined® as
br (232)
which has eigenstates | n, > with eigenvalues ng

g | ng >= ng | ne > (233)

The eigenvalues ny are positive integers, including zero. This can be inferred
from the commutation relations

[IA)L , Bk/ ] = - Ok ke’ (234)

6P. Jordan and O. Klein, Zeit. fiir Physik, 45, 751 (1927).
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which has the consequence that

[ 7 s ZA)L/ ] = + Ok o’ lA);fg,

[, b ] = — Opa bas (235)

Hence, when by acts on an eigenstate of nj; with eigenvalue nj it produces
another eigenstate of ny but with an eigenvalue of ny — 1, as can be seen since

Ak be e > = b (e — 1) | >
= (e — 1) be | > (236)

Therefore, since by, lowers the eigenvalue of the number operator by one unit,
one can write .
b}c|7’Lk > = C(nk)|nk—1 > (237)

where the complex number C(ny) has to be determined. The normalization
coefficient C(ny) can be determined by noting that

< ny | b (238)
is the Hermitean conjugate of the state

b | np > (239)
On taking the norm of the state and its conjugate, one finds the normalization

< ng |B1];Bk|nk > = C*(nk)C(nk) < nk—1|nk—1 >
= [ C(my) |? (240)

However, on using the definition of the number operator and the normalization
condition, one finds that
| C(ng) P = s (241)

s0, on choosing the phase factor, one can define
Ek\nk > = \/nk|nk—1 > (242)

as the annihilation operator.

Likewise, one can see that Hermitean conjugate operator ISL when acting on
an eigenstate of the number operator increases its eigenvalue by one unit

A bl | ng > = b (Ap + 1) |0, >
= (np + 1)b | ngp > (243)

Therefore, one has X ,
bl | ng >= C(ng) | np+1 > (244)
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The coefficient €’ (ny,) is found from the normalization condition

< ng |lA)k IA)}; |nk > = C,*(le) C’(nk) < ng+1 ‘nkJrl >
= [ C(n) P (245)
which with o
by bl = A + 1 (246)
yields )
| C(ne) P = i + 1 (247)

Since, the phase factor has already been determined by the Hermitean conjugate
equation, one has

l;£|nk > = \/nk+1|nk+1> (248)
which raises the eigenvalue of the number operator.

Hence, one sees that the eigenvalues of the number operator are separated
by integers. Furthermore, the smallest eigenvalue corresponds to ny = 0, since
for ny = 0 the equation

Ek\nk > = \/nk|nk71 > (249)

reduces to X
b, |0 >= 0 (250)
Hence, the hierarchy of states produced by the annihilation operator acting on

a number operator eigenstate terminates at np = 0. Thus, the eigenvalues of
the number operator n; can have integer values 0, 1, 2, 3,... ,00.

Therefore, any arbitrary number operator eigenstate | {ny} > , in which
the number of excitations (ny) in the each normal mode has been specified, can
be written in terms of the vacuum state | 0 > and the creation operators as

G
|{k}>—1;[(m)|o> (251)

The repeated operation of the creation operator ZA)J{c creates a state with ny
bosonic excitations present in mode k£ and the denominator provides the correct
normalization for this state.

Any arbitrary state | ¢ > can be expressed as a linear superposition of
number operator eigenstates

[0 >= > C({m}) | {ni} > (252)
{nr}

where the sum runs over all possible number eigenstates, and the complex coef-
ficients C'({ny}) are arbitrary except that they must satisfy the normalization

condition
dlcmh) P =1 (253)
{nk}
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5.5 The Classical Limit

The classical limit of the quantum field theory can be characterized by the limit
in which the field operator can be replaced by a function. This requires that the
“classical” states are not only described as states with large numbers of quanta
in the excited normal modes, but also that the state is a linear superposition
of states with different number of quanta, with a reasonable well defined phase
of the complex coefficients. For a quantum state to ideally represent a given
classical state, one needs the quantum state to be composed of a coherent su-
perposition of states with different numbers of quanta.

That states which are eigenstates of the number operators ( | {nx} > ) can
not represent classical states, can be seen by noting that the expectation value
of the field operator is zero

< {n} Li@) | {m} > = 0 (254)
follows from the expectation value of the creation and annihilation operators
< {me} lag [ {r} > =0 (255)

Despite the fact that the average value of the field is zero, the fluctuation in the
field amplitude is infinite since

< {ub @R ) > = =Y

1%

L
1 h

frnd — 1 2 ’
L;prk/( + nk)

h

2 pwy

and the zero-point contribution diverges logarithmically at the upper and lower
limits of integration.

Hence, the eigenstates of the number operator. or equivalently H, do not

describe the classical states of the string. Classical states must be expressed as
a linear superposition of energy eigenstates.

6 Classical Field Theory

The dynamics of a multi-component classical field ¢® is governed by a Lagrange
density £, which is a scalar quantity that is a function of the fields ¢ and their
derivatives 9,,¢“. The equations of motion for the classical field are determined
by the principle of extremal action. That is, the classical fields are those for

which the action S
S = / dt’ / >z L(w 76,@“) (257)
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is extremal. An arbitrary field ¢ can be expressed in terms of the extremal
value ¢¢, and the deviation §¢“ as

¢% = dgp + 607 (258)

The space and time derivatives of the arbitrary field can also be expressed as
the derivatives of the sum of the extremal field and the deviation

0,9* = Ovoo, + 0,007 (259)

The first-order change in the action .5 is given by

¢ 0 0]
55:/dt’/d3x[5a (I >+ayaa£(ex,
0 = ¢ a¢a H¢ ( ¢ ) a(au¢a) H(b
(260)
On integrating by parts with respect to ¥ in the last term, and on assuming

appropriate boundary conditions, one finds

55:/ dt! /d3x5¢°‘[aza (1 e ) {a(a?qsa)% ex > ucéel)”

(261)
which has to vanish for an arbitrary choice of d¢,. Hence, one obtains the
Euler-Lagrange equations

0 0
s (05 o) = o [ £k i) | oo

This set of equations determine the time dependence of the classical fields
¢ (x). That is, out of all possible fields with components ¢,, the equations
of motion determine the physical field which has the components ¢¢,. It is

convenient to define the field momentum density 79 (z) conjugate to ¢* as

wo1l_0 8 8
R = 1 g L9 90°) (263)

The Hamiltonian density H is then defined as the Legendre transform
= c Z (8p0) (264)

which eliminates the time-derivative of the fields in terms of the momentum
density of the fields.

Exercise:

Starting from the Lorentz scalar Lagrangian
1 m e\’
£ =50 - (55) ¢ (265)
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for a real scalar field ¢, determine the Euler-Lagrange equation and the Hamil-
tonian density H.

Exercise:

Consider the Lagrangian density
2
mc
=g @) - (BE) 1er] (260)

for a complex scalar field 1. Treat ¢ and ¥* as independent fields.

(i) Determine the Euler-Lagrange equation and the Hamiltonian density H.
(ii) By Fourier transforming with respect to space and time, determine the form
of the general solution for 1.

Exercise:

The Lagrangian density for the complex field 1 representing a charged par-
ticle is given by

== () () A [ (8)- () )

(i) Determine the equation of motion, and the Hamiltonian density H.
(ii) Consider the case V(z) = 0, then by Fourier transforming with respect to
space and time, determine the form of the general solution for .

6.1 The Hamiltonian Formulation

The Hamiltonian formulation reserves a special role for time, and so is not
Lorentz covariant. However, the Hamiltonian formulation is the most conve-
nient formulation for quantizing fields. The Hamilton equations of motion are
determined from the Hamiltonian

H = / 3z H (268)
by noting that H is only a functional of 70 and ¢®. This can be seen, since as
H = /df’@ (c > 7l (doe”) — /:) (269)

then, the first-order variation of the Hamiltonian 6 H is given by

6H = / P [c > (Mg (op™) + 72 (ao&z)a)) — 55} (270)

«
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but, from the Lagrangian formulation of field theory, one has
1
p 6L = 66 (0o ) + (0p09p™) T° (271)

where the Euler-Lagrange equations were substituted into the first term. There-
fore, the variation in the Hamiltonian is given by

ot = [aae ¥ (ond @) - 0ot @) ) em)

which does not involve the time derivative of the fields. This implies that
the Hamiltonian is a function of the fields 70, ¢* and their derivatives. On
calculating the variation of H using the independent variables 70 and ¢, and
integrating by parts, one finds that the Hamiltonian equations of motion are

given by
o (oM OH
ot = (awz) V(awwg))

(#)-s)

The structure of these equations are similar to those of the classical mechanics of
point particles. Similar to classical mechanics of point particles, one can define
Poisson Brackets with fields. When quantizing the fields, the Poisson Bracket
relations between the fields can be replaced by commutation relations.

— C 807Tg

6.2 Symmetry and Conservation Laws

Emmy Noether produced a theorem linking continuous symmetries of a La-
grangian to conservation laws’.

6.2.1 Conservation Laws

Consider a Lagrangian density £ which is a function of a set of fields ¢“(z) and
their derivatives defined in a Minkowski space x. Consider how the Lagrangian
density changes for a particular choice of a combination of infinitesimal trans-
formations of the field components

¢%(x) — ¢V (x) = ¢%(x) + 0¢%(2) (274)
and, as a consequence, the derivatives of the field components also transform as
09 (x) — 0ud™'(x) = 0u¢"(x) + 0,09 (x) (275)

"E. Noether, Nachr. d. Kgl. Gessch. d. Wiss. Gottingen, K1. Math. Phys. (1918) 235.
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Under this combined transformation, the Lagrangian density changes by an
infinitesimal amount 6L, given by

oL W oL .

where the field index « is to be summed over. However, the generalized mo-
mentum density 7% (z) is defined by

oL
m(x) = | ==—— 277
@ = (sm077) 7
SO or
(5£ = Wg (8M6¢a) + % 5¢o¢ (278)
The Euler-Lagrange equation for each field ¢® is given by
oL

where ¢© satisfies the appropriate boundary conditions. Thus, on adding and
subtracting a term

(O mh) 60 (280)
to L, one finds

(vt dudor + @ mt)06%) + (g — ot ) b

= (’9#(775 5(;5“) + (;fa — 3#7rg> o

= 0, (Wg 5¢a> (281)

oL

since the last term in the second line vanishes if the fields ¢ satisfy the Euler-
Lagrange equations. If the Lagrangian is invariant under the transformation,
then £ = 0, so

9, <7rg 5¢>a) =0 (282)

where the field index « is to be summed over. The above equation can be
re-written as a continuity equation

" = 0 (283)
where the conserved current j#(x) is given by
j*(@) o mh(x) 66% (x)

x (a(aa,fﬁa)) 56° (x) (284)
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up to a constant of proportionality. The normalization of the conserved current
is arbitrary and can be chosen at will. Since it is recognized that J¢p® is in-
finitesimal, the normalization is chosen by introducing an infinitesimal constant
€ via

To(x) 66% (x)

oL
= | === 0% 285
(5 (@) (285)
The conserved charge @ is defined as the integral over all space of the time
component of the current density j(%). That is, the conserved charge is given by

€ j"(x)

Q = [0 (256)
or, more specifically
@ = [drnla) o)

- [ o= (gm0 (287)

Since € is a constant, the total charge @ is constant. Therefore, the total time
derivative of () vanishes
aQ

- 2
=0 (288)

The spatial components of j* form the current density vector.

6.2.2 Noether Charges

Consider the infinitesimal variation of a complex field ¢, (z) defined by

0*(a) = ¢"(@) = 0"(a) + ic Y A% ¢7(a) (289)
B
If this infinitesimal variation leads to £ being invariant, one has a conserved

current ar
. . . o ﬁ

An important example is given by the infinitesimal transformation

Yo=Y+ ey
Y= Yt — iyt (291)
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where ¢ and its complex conjugate 1* are regarded as independent fields. The
transformation represents a an infinitesimal constant shift of the phase of the
field®. The conserved current is

oL oL
= — — ) — | =—=—— *(z 292
/ (o) # - (qmm) v ] oo
which is the electromagnetic current density four-vector.

Exercise:

The Lagrangian density for the complex Schrodinger field representing a
charged particle is given by

== B () () [ (8)- () )

(i) Determine the conserved Noether charges.
Exercise:

Determine the Noether charges for a complex Klein-Gordon field theory,
governed by the Lagrangian density

1 mc

¢ = 2wy (o) - () 1wr] (291)

6.2.3 Noether’s Theorem

The basic theorem can be generalized to the case where the Lagrangian density
is not invariant under the infinitesimal transformation, but instead changes by
a combination of total derivatives. That is,

5L = €0, A" (295)

8This particular transformation is a specific example of a gauge transformations of the first
kind, in which

V(o) = exp{ — i A(x)] (@)

A gauge transformation of the second kind is one in which the field changes according to
AP = AP 4 (0P A)

Since p* = i h O*, the combination of these transformations keep the quantity (p* — % AR
invariant
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for some analytic vector function with components A*. This type of transforma-
tion does not change the total action. If the Lagrangian changes by the above
amount for the combined transformation 6¢®

¢%(x) — ¢V(x) = ¢%(x) + 0¢%(x) (296)
then as has been previously shown

oL

5L = <7rg (0,60%) + (9, 5¢a) + <(%a ~ 9 ﬂ'“) 5™

o) < (2 - oor)

= 0, (wg 5¢>“) (297)

one has

e AN = 0, (wg 5(;50‘) (298)
If the conserved currents are identified as

et = (wg 6¢°‘) — e A (299)

then the continuity condition
" = 0 (300)

holds.

6.3 The Energy-Momentum Tensor
An example of Noether’s theorem is given by the transformation
% (x) — % (x+€) = ¢%(x) + € (9,0%) (301)

which represents an infinitesimal space-time translation. This is a symmetry
appropriate to a Lagrangian density £ which has no explicit x dependence. We
shall assume that the Lagrangian density only depends on the field ¢® and its
derivatives 0, ¢“

_ z(w, <ay¢a)) (302)

In this case, the change in the Lagrangian density is given by the total derivative

« - (gt o+ ()

9(0y
- (5w  (22) ]
o, L

= (303)
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where the last line follows since the Lagrangian only depends implicitly on x*
through the fields. Hence, the change in the Lagrangian is a total derivative

0L = €' 9,A (304)
where A = L. Therefore, for transformations of the type
% — ¢% + € (0,9%) (305)

Noether’s theorem takes the form
oL o oL o
(o) = | (qmam) 2(27) + (55) 0 |
oL o oL o
= | (amgm) #(27) + o (5aam) 40" |
oL o
@ 0| (ggm) (90°) ] (306)

where the Euler-Lagrange equation has been used in the second line. Thus, the
fields satisfy the continuity conditions

- () () e o

or, = 1 ifpy =v
0", = 0 otherwise (308)

where

The conserved current density is identified as

r () (o) e

which is the energy-momentum density 7)/. The energy momentum tensor sat-
isfies the conservation law
au TV[J, =0 (310)

The second-rank tensor can be written in contravariant form as

v (i) (o) e

where the metric tensor has been used to raise the index p. The component
with 4 = v = 0 is the Hamiltonian density H for the fields

=1 = | (gaam) (%) - £] (312)
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so the total energy of the field is given by

E = / BrH = /dgg 700 (313)

The energy is conserved since

PO 5~ 0 pio — (314)
J

c Ot Ox(9)

where the components ¢ T7Y represents the components of the energy-density
flux. Likewise, the components

7% = ¢ 7 (8(j)¢°‘) (315)

are related to the momentum density since the total momentum of the field is
given by

. 1 .
PU) = / Bz - T (316)
C

Since T%7 is the momentum density, one expects that the components of the
orbital angular momentum density are proportional to

MOk — 705 (k) _ 70k () (317)
One can define a third-rank tensor via
MHVP — THY 4P THP ¥ (318)

The divergence of the third-rank tensor is evaluated as

oMM "r = (QHT""’) xf + TV 6P, — (%T"’p) ' = TP,
= TPY — TYP (319)
where the conservation law for T#* and the condition
Ouz’” = 96,° (320)

expressing the independence of the variables * and z* have been used. The
divergence of the third-rank tensor vanishes if 7" is symmetric. Thus, the
angular momentum tensor M#*** is conserved if the energy-momentum tensor
is symmetric.

It should be noted that the tensor T#" is only symmetric for scalar fields.

This is related to the fact that a vector or tensor field carries a non-zero intrin-
sic angular momentum. It is possible to incorporate an additional term in the

]



momentum-energy tensor of a vector field to make it symmetric.
Exercise:

(i) Determine the momentum-energy tensor for a complex scalar field ¢ governed
by the Lagrangian density

m c

¢ = 2wy o) - () 1wr] (321)

(ii) Find the forms of the energy and momentum density of the field.
(iii) Using the form of the general solution, find expressions for the total energy
and momentum of the field in terms of the Fourier components of the field.

Exercise:

(i) Determine the energy-momentum tensor for the Lagrangian density for the
complex Schrodinger field representing a charged particle given by

h? i A (0 o .
c= -y (we)-(we) 5y [v (&) - (%) o] v v
(322)
(ii) Find the forms of the energy and momentum density of the field.
(iii) Find the forms of the generalized orbital angular momentum density of the
field.
(iv) Consider the case where V(z) = 0. Using the form of the general solution,

find expressions for the total energy and momentum of the field in terms of the
Fourier components of the field.

7 The Electromagnetic Lagrangian

The Lagrangian for a source-free electromagnetic field must be gauge invariant
and must be a Lorentz scalar. An appropriate scalar Lagrange density can be
constructed as

1
= — — " F,,
£ 16 7 i

where A* are the fields. The constant of proportionality is merely a matter

of convention. The Euler-Lagrange equations are found by expressing the La-
grangian density in the symmetrical form
1 v

L = — o F* 946 Gur FO7 (324)

From the above expression, it is seen that the two factors of the antisymmetri-

cal second-rank field tensors produce identical variations of the action. Further-

more, in this form the Lagrangian only depends on the contravariant derivatives

(323)
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of the contravariant components of the field. This form allows variations to be
made directly without using the properties of the metric tensor. The first-order
variation of the action can be expressed as

_ 2 4 wy v
5S = wmfdx{(a“m,)p (8,64, ) F }
_ 2 4 wyy [
B 167rc/dx{6A”a“<F r H
_ 1 4 v
= I /d:ch,, (9 F*Y ) (325)

where the second line has been obtained by integrating by parts and the last
line was obtained by using the antisymmetric nature of the field tensor. The
vanishing of the first-order variation of the action §5, for arbitrary dA,, yields
the Euler-Lagrange equation

0, F*" =0 (326)
which is the same as Maxwell’s equations in the absence of any sources.

In the absence of the source, the Lagrangian density is gauge invariant.
This can be seen by noting that the contravariant field tensor F*" is gauge
invariant, and the covariant tensor is obtained from the contravariant tensor by
lowering both indices with the metric tensor. The contravariant field tensor can
be expressed as the matrix

0o -0 _p®@ _gp6
. ED 0 —BB®  B®@
=l pe g o _pO (327)

E® _p®2 g 0
and the co-variant field tensor can be expressed as the matrix

0 E® E@) E®)
_E® o  _B® pg®
Fav = | _p@ & o _gO (328)

_E® _p®@ g 0

in which the sign of the terms with mixed time and space indices have changed.
Therefore, the Lagrangian density can be expressed in terms of the electromag-

netic fields as )
L= —(E - B’ 329
— (B - B*) (329)
Since the Lagrangian density is completely expressed in terms of the electro-
magnetic field, it is gauge invariant.
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In the presence of source densities, the Lagrangian density is extended to
include the interaction to become
1

1
E = - mF“’V F#J, - EA# ju (330)

This interaction term is the only Lorentz scalar that one can form with the
four-vector current and the field. It should be noted that the last term is not
gauge invariant. This action yields the equation of motion

v 4m v
Q‘F“’ = T ] (331)

as expected.

The lack of gauge invariance in the interaction Lagrangian

1
Lint = - E AH ju (332)

does not affect the equations of motion. On performing the gauge transforma-
tion

AR AW = AR 4 QRA (333)

one finds that the interaction part of the Lagrangian density is transformed to
/ 1 .
Lind = —— | A" + 0"A ) j, (334)
c

Since charge is conserved, the current density must satisfy the continuity equa-
tion
Mj, =0 (335)

The continuity condition can be used to express the interaction as the untrans-
formed Lagrangian density and a perfect derivative

1 _ 1 ,
Lot = = - A" = £ O"(A ) (336)

The perfect derivative term only adds a constant term to the action which does
not affect the equations of motion”. Hence, although the Lagrangian density
is not gauge invariant in the presence of sources, the Lagrangian equations of
motion are gauge invariant.

The momentum density conjugate to A, is calculated as

on — _ & pou 7
T P (337)

9The change in the form of the interaction Lagrangian density produced by a gauge trans-
formation should be taken as a warning against considering quantities in a field theory as
being localized.
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which vanishes for 4 = 0, indicating that the scalar potential Ay is not a
dynamic variable. This suggests that it may be appropriate to completely fix
the scalar potential by a choice of gauge, such as the Coulomb gauge which leads
to the scalar potential ¢ being fixed by Poisson’s equation. In the presence of
sources, the Hamiltonian density is expressed as

1 0,v
1
= — — (Fy, + 0,4 ) F" — L
47
1 1
= - — (R Ay) FO + — (B* — E? — A
47r( ov + 0,A0) +87r(* )+C] "
1
= — (E* + B?) - E)A it A
+87r( + B7) 7T(Zf) o+ —J" A
1
+ —V.(AD E) (338)
47

The fourth line has been derived by noting that the non-zero components of
FO%# are only non-zero for space-like y and are given by

F% = — g (339)

Thus, the first term in the third line is given by

1 1
- —— Fy, F% = 4+ — E? 4
479 + 47 — (340)
which can be combined with the term
1
- — (E* - B? 341
— (E* - B?) (341)

originating from the Lagrangian density. This combination results in the term

1 2 2
— | E B 342
8w ( T2 > (342)
which is recognized as the usual expression for the energy density of a free
electromagnetic field. On substituting eqn(339) into the second term in the
third line, one finds

1
which can be expressed as
L (VA BE= LV (4B) - LA (V.E) (344
gg 0= T oy 0= 4q 0=

This relation has been used in arriving at the fourth line of eqn(338). Since the
divergence of the electric field satisfies Gauss’s law

V.E=47p (345)
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the expression given in eqn(344) simplifies to
1 1
— Ay)) . E= —V.(AE) - A 4
1, (YAo) E = —V.(ALE) 0p (346)

Therefore, the Hamiltonian density can be expressed as

1 2 2 1
= +—(E B%) — pA Z A
H +87r(* + B”) p 0+CJ m
1
L (0)
+ -V (AVE) (347)

On combining the term p Ay with the last term

L, =pag—Lja (348)

c c =
which originates from the Lagrangian interaction (—L;,:), one finds that the
terms proportional to Ag p in the Hamiltonian density cancel. On neglecting
the total derivative term [ + ;== V. (¢ E ) ], one finds that the Hamiltonian
density reduces to

H-— L (B +B) -

8T —
The first term is the energy density of the free electromagnetic field and the
second term represents the energy of the interaction between the electromag-
netic field and “charged particles”. It should be noted that the interaction
Hamiltonian is expressed entirely in terms of an interaction between the current
density and the vector potential, which demonstrates that the Hamiltonian is
not invariant under a Lorentz transformation

1
Hie = ——j . A (350)

ol

j.A (349)

but is invariant under rotations in space. This situation is to be contrasted
with the interaction term in the Lagrangian which was Lorentz invariant as it
explicitly included an interaction between the scalar potential and the charge
density.

7.1 Conservation Laws for Electromagnetic Fields

The Lagrangian density £ of an electromagnetic field is given by the Lorentz

scalar 1 )
= - — F"FE,, - -j*A, 1
£ 16 7 i c J ! (351)

or

- lloe) - ()] [(0) - (00 - o

(352)
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The Noetherian energy-momentum tensor 7" * is found from

oL
v — p _ sV
o <a<aVAP>) (‘9“’4 ) Yk

- (53(551») (a“AP) — 0" L (353)

The derivative of the Lagrangian density is evaluated as

oL 1
- = v, o,V
(aqup)) S (F " )

1
== — ﬂ Fl/,p (354)

Therefore, the energy-momentum density is found as

v 1 v v
T “w == - ﬂ F P (8/1'14/)) _5 o E (355)

On raising the index p with the metric tensor, one has the contravariant second-
rank tensor

1
TV"U‘ - - ﬂ FV7p (8#Ap) - gl/”u E (356)

The energy-momentum tensor is not gauge invariant, as it explicitly involves
the fields A*. On using the expression for the source-free Lagrangian density

1

.c:(E?—BQ) (357)
8w

one finds that the time components of TH*" are given by

1 1
TOvOZM(E2+B2>+MV-<¢E> (358)

The expression T9 is the Hamiltonian density 7, in the absence of sources,
which represents the energy density of the free field. The momentum density is
given by the mixed time and space components, and is given by

) 1 )
0,j _ _ 0,p (4)
T - F> (0VA,) (359)

but since F*" is antisymmetric, only the terms where p is a spatial index are
non-zero. Hence, one has

T = = 3P (094

i

1 0i [ 5 4G _ /) AG) 1 0 ( () 4G)
+47TZF <8A oM A +47Tzi:F(6A)

i

(360)
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where the relation between the space-like components of the covariant and con-
travariant four-vector 4; = — A® has been used. Since the time component
of the field tensor is given by

FO = — g0 (361)
and!?
(a“) AD _ g0) A(z‘)) — Y ik g (362)
k
one finds that the momentum density is given by
. 1 . . 1 . . .
705 - _ ik p@) gk) _ E@ () g406)
47 ; ¢ 47 ; (9 )
1 () 1 o)
= — | EANB — E. AY 363
S(ere) + B () (363)

On noting that in the absence of sources, one has
V.E=0 (364)

and by adding a term proportional to AY) ( ¥V . E ) to the expression for 797
in eqn(363), one arrives at the result

% = — (EAB + —V.(AYE (365)
47 47
The components T%%, apart from the terms involving total derivatives which
integrate out to zero, are related to the total energy and the components of the
total momentum of the electromagnetic field. The components of TH" satisfy

the continuity equations
O, T =0 (366)

which represent the conservation of energy and momentum. The other mixed
time and spatial components of the energy-momentum tensor are evaluated as

o ®» D 1af
70 = — (EAB . A oB A PO
(ene) ez [(za(on)) -2a(er)]
(367)
The components T7-0 represent the components of the energy flux.

It should be noted that the energy-momentum tensor T#% is not symmet-
ric. This has the consequence that the covariant generalization of the angular
momentum to the third-rank tensor

MH¥P = THY gP — TP ¥ (368)

10Since the vector relationship B = V. A A involves the covariant derivative, there is a
negative sign in the analogous expression involving the contravariant derivative.
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is not conserved as the energy-momentum tensor is not symmetric. Additional
terms can be added to the energy-momentum tensor'!, to create a symmetric
tensor ©#¥. These extra terms account for the intrinsic angular momentum of
the photon.

The symmetric energy-momentum tensor ©#* can be found by substituting
(VAN = — FM 4+ (9 MAY) (369)

into the expression for T"" to yield

1 1 1
T = — {Qﬂ’p Fpa M 4 1 9" Fy\ FrA } T aia 9" Fpa ((9’\14”)

47
(370)
The first two terms are symmetric w.r.t. g and v and are gauge invariant. These
two terms will form the basis for ©#*, which will be expressed as

1 1
WY = —— | g* Fp N Y + = g Fp \ P (371)
4T ’ 4 '
The expression ©#* is symmetric under the interchange of p and v, as can be
seen by writing

1 1
onr — ﬂ |:F“/\ ks + Z gu,v Fp7A Fp7>\:|

1 1
- | e gy Z gV Fo FPA 372
4 T |: A + 4 g J29N :| ( )
If ©*" and TH" are to represent the same set of conserved quantities, the last
term in eqn(370) must be expressible as a total derivative. That this is true can
be seen by examining the asymmetric term
— i g F, (8’\A”) - _ i A (OrA") (373)
47 o 47
where the index p was raised by using the metric tensor. On combining the
above expression with the source free Maxwell equation

(ONF") = 0 (374)

117J. Belinfante, Physica 6, 887 (1939) has shown that the modified tensor ©** defined by
QWY = THV 4 (3;1 AP;#J’)

where AP is an arbitrary tensor that is antisymmetric under the interchange of the first
pair of indices

APV — . AHPsV

will automatically satisfy the same continuity conditions as T#'¥ and leave the total energy
and momentum unaltered.
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one obtains

1 1
ST OB @) = - [P e+ 4o ]
1
= -0 ( FHX AY ) (375)

which is a total covariant derivative of a third-rank tensor which is antisymmet-
ric under the interchange of p and A. Furthermore, adding this term does to the
energy-momentum tensor does not change the energy-momentum conservation
law. This can be seen by observing that the difference between the two forms
of energy-momentum conservation law involves the double derivative

O, (OMY — THV ) = — ﬁ Dy O (FW AY ) (376)

and FM* is antisymmetric. On interchanging the order of the derivatives in the

right hand side, switching the summation labels, and using the antisymmetric
property of FA*, one has

Ou (O = T} = = 1= 0, 0 (FWA”)
1 A v
= — — 00, (P4
= — — 9,0\ F** A
g A ( )
1
= + — 9,0\ ( P AY ) (377)
m
On comparing the right hand sides of the first and last line, one finds that they

have opposite signs and, therefore, they are zero. Thus, the difference between
continuity relations vanish

By (OMY — THY) = 0 (378)

Hence, since TH" is conserved, then the symmetrized energy-momentum tensor
O is also conserved.

Thus, the symmetric energy-momentum tensor O expressed by

1 1
orY = 1n {g“’p Fy\ FM 4 1 g Fpx FrA ] (379)

is a conserved quantity. The purely temporal component is given by

o0 = L (E2 + B?) (380)
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and the mixed temporal and spatial components are given by

o 1 (4)
0 = — | ENB 381
47 < - - > (381)
The temporal and spatial components of ©%# are, respectively, recognized as
being the energy-density and the momentum-density vector of the field. The
components ©7-0 are recognized as forming the Poynting vector which represents
the energy flux of the electromagnetic field. The spatial components are given
by

o 1 . . _ . 1
o = — — | O gl 4 & UG _ 5 & (E? + B%) (382)

47

Noether’s theorem is purely classical, but there are generalizations for quan-
tum fields. Quantum generalizations includes the Ward-Takahashi and Taylor-
Slavnov identities.

Exercise:

Evaluate the components 779 and T%7 of the (asymmetric) energy-momentum
tensor for a source-free electromagnetic field.

Exercise:

Show that in the presence of sources, the symmetric energy-momentum ten-
sor has components with the form

1 1
CREE 8<E2+B2> - ~j-A
i C
0,5 1 v )
o™ = P E AN B - pA (383)

Verify the form of the conservation laws for energy and momentum.
Exercise:

Show that the extra term added to the tensor 7%/ in order that ©%J will
be symmetric produces a contribution to the angular momentum density of the
form

L1 ()
s - L(Ena (384)

™

which is the intrinsic spin density of the electromagnetic field.
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7.2 Massive Spin-One Particles

The electromagnetic theory has been unified with the theory of weak interac-
tions. This generalization requires the existence of two new types of spin-one
particles in addition to the photon, which together mediate the electro-weak
interaction. These new particles have non-zero mass. The massive spin-one
particle has to satisfy the equation!'?

P o = m? ¢ (385)
and with the quantization condition,

0
" A — g
= p ih oz, (386)

the four-vector field A* must satisfy the Klein-Gordon equation

1 02 5 mc\> 47

_ AF — i
2 2 Ve + ( 7 ) J (387)
where 7 no longer drops out. This equation can be derived from the Lagrangian

1 1 mc\? 1
L=—-—FE,, +— (2°) 404, — 444 388
16 7 s +87r<h> wo A (389)

For example, on varying A", one obtains the equation of motion
m e\’ 47
a9, F"t + (h) At = — g# (389)
c

Neither the Lagrangian, nor the equation of motion are gauge invariant. The ap-
propriate gauge condition can be enforced by imposing conservation of charge!3

A" =0 (390)
On taking the four-divergence of the equation of motion, one finds

2
4
0,0, F"" + (”;C) A" = —T 9,5" (391)

The first term on the left-hand side vanishes due to the definition of F*¥, since
Frr = QYA — OHFAY (392)

one finds
o,F"* = 9,0V A* — o*9,A" (393)

12A. Proca, J. Phys. et Radium 7, 147 (1936).
13Note that, unlike the massless photon, charge conservation has to be imposed as an
additional assumption.
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therefore

0,0, "™ 0,0" 0, A" — 9,0, A"

0 (394)

The term on the right-hand side of eqn(391) also vanishes, because it was chosen
to impose charge conservation. Hence, one finds that A* for a massive spin-one
particle must satisfy the Lorenz gauge condition

A" =0 (395)

Exercise:

Starting from the expression eqn(379), determine the symmetrized energy-
momentum tensor for the massive vector field. Hence, find the energy and
momentum densities.

7.3 Polarizations of Massive Spin-One Particles
The four-vector potential with contravariant components A*(z) can be Fourier
transformed as

AW(z) (A“(k) expli K x, ] + c.c.> (396)

1
T

which results in four components associated with four polarization vectors which
are denoted by é* (k). For massive photons, if one assumes charge conservation,
the gauge fields must satisfy the Lorentz gauge condition. The Lorentz gauge
condition

8, Ah(z) = 0 (397)

results in the Fourier components satisfying the condition
ky AM(E) = 0 (398)

which involving the photon’s four-momentum. Apparently, the gauge condition
reduces the number of independent components of the four-vector potential from
four to three. However, we are used to thinking that massless photons only have
two independent polarizations. In the following, we shall see how this comes
about.

For a photon with mass m, one can apply the Lorentz gauge condition in

the laboratory frame. We shall choose the z-axis as the direction of the pho-
ton’s three-momentum k. With this choice, the photon’s four-momentum has
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components (k(),0,0,k®) where k(0 = (%)? + k2. The Lorentz condition

becomes
1(0) A(O)(E) — k® AB)(@ -0 (399)

Hence, A (k) = % A®)(E). This implies that in the photon’s rest frame, the
four-vector potential only has three spatial components and the scalar potential
is zero. In any case, there are only three-independent components of the four-
vector potential. The four-vector potential can be expressed in terms of the
three independent components as

1 3 E®) (0 (3
4@ = 3 [ (A0 (g 200 + 200)

+ AW (k) eV(k) + AP (k) é(Q)(k)> explik” z,] + cc.
(400)

Thus, the four-vector associated with the (longitudinal) contravariant compo-
nent A®) (k) has a polarization which is proportional to % (k) + B (k).
The vector with components A(®) (k) is physical since it lead to an electromag-
netic field. The electric and magnetic fields are defined by

&=
|

A-YVo

>Q\>—‘
e $l

B:

1<

(401)

The longitudinal component of the electric field has a Fourier amplitude given
by

EOF = —i (km) AO () — KO A(O)(kz)>
L(3)2
i o~ F2N e
i (k 10 ) A% (k)

_ oy (T:i(? AP (k) (402)

and the longitudinal component of the magnetic field B (k) is zero since
0 = —i <k<3> e® A A(k)> e (k) (403)

Thus, the component A(3)(E) contributes to the E field but not the B field.
For massive photons, the unsymmmetrized energy-momentum tensor T/ is
expressed in terms of contributions from, not only the £ and B fields, but also
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from the gauge field A#. The tensor is evaluated as

JIn% 2 P A
THY <gwf F,q FP7 — A FHor o Ap) _9 (mc) AP A, + g J~_ L
: c

8 h
(404)
The energy-momentum tensor can be “symmetrized” by adding and subtracting
a term

16 7

4 1P v
+167rF 0, A (405)
to express the second term in a gauge-invariant form. We then note that that
remaining term (with the negative sign) could be put into the form of a diver-
gence of an antisymmetric third rank-tensor, if we could combine it with a term
of the form
1

- (9, FMP) A = +

— (9, Fri ) AY (406)

1
47
This can be accomplished by adding zero in the form of A” times the Euler-
Lagrange equation

2
+ 8, FPh 4 (”;ilc) Ar 47”]'” =0 (407)

therefore, completing the divergence at the expense of adding extra mass and
source terms. The divergence of third-rank antisymmetric tensor can be dropped,
leading to the “symmetrized” energy-momentum tensor given by

1
v v p,o wp v
(C] = 167T<g F,, F + 4 F Fp)
2 2
g’ (mc 1 mc
- — ] AP A — (| — ] ArA¥
87 ( h ) ot 47 < h >
0 A Ay
+ gp,,l/ J ; P _ J . (408)

It is seen that the coupling of the electromagnetic fields to the current densities
spoils the symmetry of the energy-momentum tensor. Hence, the charge cur-
rents act as sources of angular momentum and results in the electromagnetic
field’s angular momentum not being conserved. The energy-density H is given
by 6% so

H- L BB + m e® AO2 A% ) 'A(409)
87 | — - 8w h - c

and the momentum density P is given by
2 .
1 1 m c §O A
E AN B — ] AO 4 - L= 410
47TC< )+47TC<71> - c? (410)
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Thus, the longitudinal photon with components A®) (k) and A (k) does have
physical effects, as do the two transverse photons A (k) and A (k). There-
fore, the four-vector potential of a massive electromagnetic field has three phys-
ical components.

Exercise:

Determine the contribution to the energy and momentum of the electromag-
netic field which originates from the coupled time and space-like (longitudinal)
components of the four-vector potential.

For a massless photon m = 0, so one sees that the longitudinal component
of the electric field E®)(k) is zero. Also since for m = 0 one has k(©) = k()
so the Lorentz gauge condition requires that the component A®) (k) is equal to
A©)(E) and, therefore, the longitudinal component is associated with a single
polarization vector ( ¢((k) + &3 (k) ). Since A (k) = A®)(k), the norm of
the vector (A (k),0,0, A®)(E)) is identical zero. For m = 0, the longitudinal
component A (k) neither contributes to the E field nor to the B field. Since
the energy and momentum densities are expressed in terms of the £ and B
fields via

H:l[EQ-i-BQ} (411)
8w
and )

P = FE B 412

47TC</\) (412)

the component A®) (k) or equivalently A (k) has no physical effect. Hence,
it can be deemed unphysical. Therefore, the four-vector potential of a mass-
less electromagnetic field only has two physical components A (k) and A®) (k)
which are the components transverse to the direction of propagation.

7.4 The Propagator for Massive Photons.

The four-vector potential can be expressed entirely in terms of the currents,
via the introduction of a photon propagator. The equation of motion for the
massive spin-one particle is

2
» mc » 4T
o (2 - i, o

On Fourier transforming the linear equation with respect to space and time, one
obtains

[ — k, k" o+ (";LC)T AV (k) + Ky kY AR(k) = 4%;’”(/{) (414)
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which can be re-written as

2
mc » y 4T
[<—kpk"+(h))5H+kuk]A”(k)_C](k:) (415)
The photon propagator is defined via
Al(k) = D" (k) ja(k) (416)

which leads to the phonon propagator being determined as the solution of a
matrix equation

2
4
(s (5) Yo s ]t =t
c
The above matrix equation can be solved by first writing the propagator as
D"V (k) = g*v A(K*) + k" k¥ B(k?) (418)

and then solving for the unknown quantities B(k?) and A(k?). This leads to
the following expression for the photon propagator

o B
DR (k) = (t”) {(<ih6>2 (_ k; 2} (419)

Thus, the Fourier component of the four-vector potential is given by

( U (km#Tif;Z ) 47
(k) = : () st (420)
() -]

Hence, A*(x) can be found from the inverse Fourier transform. It should be
noted that, if one imposes current conservation

K gu(k) = 0 (421)

the second term in the numerator of the photon propagator has no physical
effect. We also note that

bt = (47) (h) K (k) (122)

Cc m c

So, once again we see that assumption of charge conservation enforces the
Lorentz gauge condition, even if the massive photon is involved in a virtual
process.
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8 Symmetry Breaking and Mass Generation

We shall first look at an example of Goldstone’s theorem which states that,
if a system described by a Lagrangian which has a continuous symmetry (and
only short-ranged interactions) has a broken symmetry state then the system
supports a branch of small amplitude excitations with a dispersion relation wy,
that vanishes at £ = 0. We shall then examine the situation in which the system
is coupled by long-ranged interactions, as modelled by an electromagnetic field.
As was first pointed out by Anderson, the long-ranged interactions alter the
excitation spectrum of the symmetry broken state by removing the Goldstone
modes and generating a branch of massive excitations.

8.1 Symmetry Breaking and Goldstone Bosons

Consider a Lagrangian density for a complex scalar field of the form

2 2
c= )y - () (vo-a) e
2N ¢o
The Lagrangian density is invariant under the continuous global symmetry
1/)—»1/)’—exp[—ioz]1/) (424)

for any real constant . The static or minimum energy solution corresponds to

[ = do (425)

which leaves the phase of 1) undetermined. Since the phase of v is continuous,
the ground state is infinitely degenerate. If one writes

Y o= @1 + 1o
Y= p1 — i ¢ (426)

then the Lagrangian can be written as a Lagrangian density involving the two
real scalar fields ¢; and ¢5. The Lagrangian density has a U(1) symmetry which
corresponds to the rotation of ¢ around a circle about the origin in the (¢1, ¢2)
plane.

We shall assume the field 1 representing the physical ground state corre-
sponds to only one of the infinite number of possible candidates. The physical
state must have a phase, which shall be defined as zero. That is, one starts with
a ground state 1 = ¢g, and then consider the small amplitude excitations. A
low-energy excited state corresponds to the complex field

Y = ¢o + oY (427)

70



i

Figure 8: The potential V[¢)] described by the Lagrangian is invariant under
global rotations of the phase of ¢). The minima occurs at values of ¥ which have
magnitudes ¢g, therefore, the uniform static field is infinitely degenerate.

where dv is static and uniform and can be considered to be very small. The
small amplitude complex field Ju can be expressed in terms of its real and
imaginary parts

0 = x1 + ixe (428)

The Lagrangian density takes the form

£ = (300) (9) + (9 (0xa) = (55 ) (2¢ox1+x%+x§>2

2N ¢o
(429)
If one only considers infinitesimally small amplitude oscillations, one only needs
consider terms quadratic in the fields. The quadratic Lagrangian density L£g;ce
describes non-interacting fields. The quadratic Lagrangian density is given by

Lo = (Ba) (0%0) = () o+ (B) (902)  (430)

The symmetry breaking has resulted in the complex field breaking up into two
fields: The first field y; describes massive excitations m and the second field 2
describes massless excitations. The first field x; has plane-wave solutions if the
energy and momentum are related via the dispersion relation

2\ 2
W= 2R (mhc > (431)

and represents excitations which corresponds to a “stretching” of ¢g¢. It is
massive since this excitation moves the field away from the minimum of the
potential. The second excitation ys represents dv» which is transverse to ¢g in
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the (¢1, ¢2) plane. This last excitation is known as a Goldstone boson'4. The
Goldstone boson has a dispersion relation

w? = A2k (432)

which vanishes at £ = 0. The Goldstone boson dynamically restores the sponta-
neously broken U(1) symmetry since, at k = 0, it just corresponds to a change
of the value of the (static and uniform) broken symmetry field from (¢o,0)
to the new direction (¢, x2). Therefore, if infinitely many zero-energy Gold-
stone bosons are excited in the system, the resulting state should correspond
to a new ground state with a different value of the phase. As noted by An-
derson'® prior to Goldstone’s work, the Goldstone theorem breaks down when
long-ranged interactions are present. Anderson was responsible for the concept
of mass generation through symmetry breaking due to the coupling with gauge
fields'®. This concept was subsequently developed by Peter Higgs'” and Tom
Kibble and coworkers!S.

8.2 The Kibble-Higgs Mechanism

We shall now consider the coupling of a scalar field ¢ with charge ¢ to a gauge
field A*. The Lagrangian density is related to the sum of the Lagrangian density
for the electromagnetic field and the Lagrangian density for the charged scalar
particle. The coupling between the fields is found from the minimum coupling
assumption

o= - L (433)
C
which becomes
iho — inor — L an (434)
C

Therefore, the Lagrangian density for the coupled fields has the form

- _ ;4 *gh 4o Logn _
L= (0 —il a0 ity - b

2 2
mc * 2
_ _ 435
(i) (o= et) )
143, Goldstone, Il Nuovo Cimento, 19, 154 (1961).
5P, W. Anderson, Phys. Rev., 112 1900 (1958).
6P W. Anderson, “Plasmons, Gauge Invariance, and Mass”. Physical Review 130, 439
(1963).
17P.W. Higgs, “Broken Symmetries, Massless Particles and Gauge Fields”, Physics Letters,
12, 132 (1964): P.W. Higgs, “Broken Symmetries and the Masses of Gauge Bosons”. Physical
Review Letters 13, 508 (1964):P.W. Higgs, “Spontaneous Symmetry Breaking without mass-
less Bosons”, Physical Review 145, 1156 (1966)

PR E,

18G.S. Guralnik, C.R. Hagen, and T.W.B. Kibble, “Global Conservation Laws and Massless
Particles”. Physical Review Letters 13, 585-587 (1964): T.W.B. Kibble, “Symmetry Breaking
in non-Abelian Gauge Theories”, Physical Review, 155, 1554 (1967).
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The Lagrangian density is invariant under the local gauge transformation!?

v - u/:exp{_ﬂA]w
hc
AR AW = AR 4 QHA (436)

where A = A(2*) is a function of space-time. The system has minimum energy
when v has a constant value with a magnitude given by

Y] = ¢o (437)

and the A, vanish. Any local gauge transformation leads to a state with the
same energy, therefore, the ground state is infinitely degenerate.

We shall assume that a physical system spontaneously breaks the symmetry
in that it corresponds to a specific constant value of A. We shall choose the
local gauge A(x) such that the field ¢ representing the excited states is purely
real. However, once the gauge has been fixed, no further gauge transformations
can be made.

The small amplitude excitations can be expressed as

Y = ¢o + oY (438)

The fluctuations can be expressed as

Y = x1 (439)

and on substituting in the Lagrangian and collecting the quadratic terms, one
obtains

2
m C
Love = (A1) (9™v1) —( ) ¥

h
L g, 4 (1% A, A (440)
16 7 H he) H

Therefore, one finds that the charged boson field has a mass m and the gauge
field has acquired a mass m 4 given by

2
my = 87 (‘mO) (441)

Hence, by coupling an electromagnetic field with two components to a scalar
charged boson field, one has found a massive vector boson gauge-field with three
independent components. The massless spin-less component of the charged bo-
son field which described the Goldstone mode has become the longitudinal mode

19V, Fock, Z. Phys., 39, 226, (1927).
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of the gauge field. More specifically, the field yo which initially corresponded
to the Goldstone mode became unphysical when the massless vector field was
introduced as it could be gauged away. This is seen by writing

w:¢o+x1+ix2~<¢o+x1>eXp{i;§2} (442)

0

so x2 could be removed by a gauge transformation involving the particular
choice of A
A= X2 (443)

()

9 Gravitational Interactions

We introduce the field theory of the Gravitational Interaction, in the weak field
limit, by analogy with electromagnetism. More specifically, we shall develop the
classical field theory of the massive graviton in parallel with the Proca’s theory
of a massive spin-one particle that we discussed previously. This approach has
the disadvantage that it does not have the same beautiful geometric basis as
Einstein’s field equations.

Electromagnetic fields are mediated by spin-one bosons and gravitational
fields are mediated by spin-two bosons. Electromagnetic forces between two-
particles with like charges is repulsive but Gravitational forces are always at-
tractive. These facts are quantified by Coulomb’s law

q1 g2
Ve, —rp) = o (444)
and Newton’s Force law
G my Mo
Vi, —r) = — o (445)
T Ta

where G is the gravitational constant. The value of G was first determined as
G = 6.754 x 107" m3 sec™2 kgm ™' by Henry Cavendish in 1798. However,
G remains the most poorly known physical constant. Recent high precision
measurements of G yield values with error bars that are mutually exclusive.
The high precision values differ in the third significant digit. The above two
potentials show that the electric and gravitational fields have the same type
of classical Green’s functions associated with massless bosons. Therefore, we
expect that the difference in the signs of the interaction is caused by the spin
values of the bosons involved in the exchanges. We shall examine the difference
of the signs of the electromagnetic and gravitational forces by examining the
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quantum propagators.

Consider (massive) electromagnetic radiation in the presence of a source.
The Lagrangian density formulated by Proca?® is given by

2
1 1 m c 1
L= ———F""EF,, — | —=] A" A, — - A" 446
16 7 o +87r(h> wom oA (46)
where
FrY = gF AY — 9V A¥ (447)

The mass term spoils the gauge invariance of the source-free Lagrangian. The
action S is given by

S = / d*z L (448)

which, on integrating by parts, can be expressed as

T o (N v g L
S—/dm[SﬂAu 0, 0” + - g o" o o J A, (449)

The equation of motion for the four-vector potential is

2
(o (5 )= 220 o

If charge is conserved
o, j" =0 (451)

On operating on the equation of motion with J,,, one finds that because of the
finite mass the field A, must satisfy the condition

9" A, =0 (452)

Thus, conservation of charge removes the choice of gauge. In the rest frame
of a photon, k& = (%5£)(1,0,0,0), so one has Ag(k) = 0 and so one finds that
the massive photon has three components. This is expected for a particle with
spin S = 1. The electromagnetic propagator can be defined as the kernel of the
integral relation

A(z) = 47” / o’ Dyr(x,0) () (453)

Thus, the propagator satisfies the partial differential equation

2
[ (ap or + (nﬂ;@) ) ghr — o 8”} Dya(z,2') = &) 6*(x —a') (454)

20A. Proca, C.R. Acad. Sci., Paris 203, 709-711 (1936), J. de Physique et Radium, 8, 23-28
(1937).
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which can be solved by Fourier transforming. On performing the Fourier trans-
formation, one finds the algebraic equation

2
(e (3 ) vev]pn
which can be solved and has the solution

— v\ + (W;Q)

(456)

We shall determine the interaction mediated by the photon, by considering
the contribution to the energy density from two charges. For a static charge
density, the interaction energy can be expressed as minus half the interaction
Lagrangian. For static charges, the kinetic energy terms of the free-field La-
grangian do not contribute to the energy. Furthermore, since the static field
free Lagrangian is quadratic in the field, the equation of motion can be used to
show that it cancels half the interaction term which is linear in the field. The
interaction Lagrangian can be written as

1
Line = =3 / @t ju 4 (457)
which, for ¢ = 0, becomes
1 dk! dk
Lin:—* 0 *k/kAMkk 4
= oy [ en o) )

On eliminating the four-vector potential, the interaction portion of the La-
grangian can be expressed as

ky kx

1 dk d*k 47 (T Gux T E=yz
L: - _ = 0 N x N 7 A
m c/(27r)/(27r)4j(k0’@ c (kﬂkp—(mhcy)](ko’k)
(459)
Using the condition of continuity of charge
ky, j¥(k) = 0 (460)
the interaction can be written as
1 dk d*k 4 — g
Lin = — - . ¥ (kb k) —— (oA ) M koo k
t o cany oy e (kﬂkp—<m;>2>””
4 dk d*k v (kb k)* Ju(ko,
— +l / 0 / J ( Oaf) ]751277) (461)
c J(2m) ) (2m)t \ ke k, — (%59
For two static charges, for which
pk) = 2 d(ko) p(k) (462)
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one has

= F [y (CF ) 1)

h
Thus, the interaction Lagrangian between two like charges is negative and this
corresponds to a positive (replusive) interaction potential V.

The massive photon corresponds to fluctuations of the four-vector potential
A, , which has four components. If we assume the continuity of charge, then the
four-vector potential must satisfy the gauge condition

K Ay k) = 0 (464)

Therefore, the massive photon has three independent components corresponding
to the three different S* eigenvalues of an S = 1 particle. Consider the form of
the photon propagator

st <>)

(465)

The numerator originates from the product of polarization vectors e*(k) for the
massive spin-one particle. The polarization vectors can can be chosen as

e = (0,1,0,0)
€? = (0,0,1,0)
€® = (0,0,0,1) (466)

and for a photon at rest, one has

k" = ((%),070,0) (467)

The polarization four-vectors and the energy-momentum four-vector satisfy the
gauge condition

E” €(k) = 0 (468)

v

which is Lorentz invariant. The propagator involves a polarization vector €< (k)
at the source where the photon is emitted. The photon then propagates at the
sink, where it is absorbed. The absorption involves the factor €§ (k). Since the
polarization is not measured, it is summed over. Thus, the numerator of the
propagator is given by factor

PEAGENG (469)

Since this quantity transforms as a Lorentz tensor, it can only be expressed in
terms of the metric g, » and the product &, ky. The combination can be fixed,
up to a normalization, by noting that since one must use the gauge condition

K (k) = 0 (470)



the propagator must satisfy the condition
k" Dya(k) = 0 (471)

Thus, if the propagator has the form

A Jux T Bk, k)
Dya(k) = : 472
,)\( ) ( kP kp — (%)2 ( )
the gauge condition requires that
Aky + Bk k, ky = 0 (473)
or
mc\?
Therefore, the numerator of the propagator can be expressed as
k, k
A (gu,A - ) (475)
(%5%)

The constant of proportionality A can be fixed by considering the massive pho-
ton in its rest frame, and choosing one spatial index for v and A in the sum
over polarization components (eg. ¥ = A = 1). This fixes A = —1. Thus, the
numerator of the photon propagator is given by

_ _ kl/ kA
Guath) = (= o + (mhc)Q) (476)

We have shown that the photon propagator is given by

Dya(k) = <m> (477)

9.1 Mathematical Structure of General Relativity

The fully non-linear Einstein field equation is given by

87 G

GHW + Ag;t,u = C3

Tyw (478)
where A is the cosmological constant, G, ,, is the Einstein tensor and 7}, ,, is the
energy-momentum tensor. The Einstein tensor is given in terms of the Ricci

tensor R, , via

1
Guv = Rup — 5 I R (479)
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where the Ricci scalar R is defined as
R = ¢"" R,, (480)
The Ricci tensor is obtained from the Riemann tensor via the contraction

R., = R\, (481)

and the Riemann tensor is given in terms of the Christoffel symbols via

RC,, = 8,0, — 0,T¢

CHTRZ o

A A
+ FZ,A I'Ne — Fl’i)\ | e (482)

where, in turn, the Christoffel symbols I')  are given in terms of the metric
tensors by

1
ow =597 (fh Gup + Ov o = Op G ) (483)

In the absence of a source, the Lagrangian density of the source-free gravitational
field is given by

L =+-gR (484)

where g = det g, , is negative.

9.2 Linearized Gravity

The graviton is supposed to correspond to a particle with spin S = 2. The field
of the graviton corresponds to the fluctuating part of the metric tensor hy, ,.
Therefore, h,,, is the linearized part of a symmetric second-rank tensor, where
the lowest-order piece corresponds to the metric tensor 7, for flat Minkowski
space. Thus

Guv = Muv + hu,u (485)

where
hu, <1 (486)

Since the metric tensor is symmetric, it has 10 independent components. How-
ever, under a general coordinate transformation

T, — oz, =z, — A, (487)

the full metric changes according to

o0x? 0x™
v — 9:4,1} = Yot Hm HLv (488)
so the linearized metric transforms as
huy — h;w = huy + O Ay + 0 A, (489)

79



Thus, both metrics describe the same physical gravitational field and so gravi-
tational theory has a gauge invariance. The gravitational gauge transformation
is very similar to the electromagnetic gauge transformation

Ay — Al = Ay + 9, A (490)

We can use this similarity to motivate the expectation that a graviton has S = 2.
On introducing a mass for the photon, we found that charge is not automatically
conserved. Furthermore, we found that if one enforces charge conservation, then
the electromagnetic field must satisfy the gauge condition

oA, =0 (491)

Therefore, the four-vector potential has only three independent components as
expected for a massive spin-one particle. Likewise, on giving the graviton a
mass, one expects that the massive graviton’s field should satisfy four different
Lorentz gauge conditions

0" hyy =0 (492)

If h,, is to represent a particle with S = 2, we anticipate that it must also be
traceless
" hy, = 0 (493)

)

That is, a massive S = 2 graviton’s field must have 5 independent components
which correspond to the five different eigenvalues of S?. Therefore, since the
field A, has 10 components, it must satisfy five conditions.

In the Lorentz gauge, the linearized Einstein equations reduce to the form

T

sV

1
0p 0 hy = 5 M 0p 077 hgr = — (

167G
2

. (494)

where the energy-momentum tensor 7}, , is assumed to be symmetric. On mul-
tiplying by n** and summing over the indices p and v, one finds

d o 16 7 G y
(1—5)8,)3’)17’ h(”:—( = >n“’ Ty (495)

where d = 4. This equation can be used to eliminate the second term in the
linearized equation of motion, leading to

167G 1 o
0y 0 hy, = — ( 3 ) (Tu,u -3 Nuw N7 T(,’T> (496)

The second term in the source projects out unwanted components of the energy-
momentum tensor. For the vacuum, where T, , = 0, the linearized equations
take the form

0, 0” by =0 (497)
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which is just the relativistic wave equation for a massless spin-two particle. For
a graviton of mass m, the wave equation could be expected to have the form

(ap 9, + (”?)3 hyw = 0 (498)

9.3 The Massive S = 2 Graviton

The source-free equations of motion

(aﬂ 0, + (n”;ic)Q) hpw = 0 (499)

describing a massive S = 2 particle can be found by considering Fierz-Pauli
Lagrangian density for a symmetric second-rank tensor field?'. The Lagrangian
density is given by

1 1
L= + 50 huy N W — 5 ON Ty B O Nor KT
— Oy hux 0V WY + 9y B 0, 77 hyr

2
1
T3 <7r};c> ["W WY = By 07T (500)

up to a constant factor. The form of the mass term is not enforced by any known
symmetry. In fact, like the Proca Lagrangian for the massive photon, the mass
term in the Fierz-Pauli Lagrangian density violates the gauge symmetry. The
principle of extremal action leads to the equations of motion

0 = — a)\ a)\ RV + nu,v a}\ 8)\ Nor hoT
+ Oy O RN 4 Oy 9 WM
- 3u au UJ’T ha,T - 77#’1/ 8(7 aT hoT

2
- (W%) {h“’” — 9 e BT (501)

On operating on the equation with 9, and on noting that only the mass term
remains, one finds the equation

" hyy — 0y 0”7 hey = 0 (502)

This is a mandatory “Lorentz gauge” condition for linearized (massive) gen-
eral relativity. Here this is not a choice since the condition is enforced by the

2IM. Fierz and W. Pauli, Proc. Roy. Soc. London, 187, 211-232 (1937).
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existence of the mass. Substituting this mandatory condition back into the
equations of motion yields

m c

2
3” ap h'uq;, - 3u ay 7707T ho’,'r + (h) (hp.,u - 77#,11 170',7— hg‘_y’r ) = 0 (503)
On taking the trace of the above equation, if m # 0, one recovers the condition
that h,, must be traceless

n" hy, = 0 (504)

)

as anticipated. Furthermore, this also implies the four mandatory “gauge con-
ditions”
" by = 0 (505)

must be satisfied. On applying the above five constraints to the equation of

motion, one finds
2
<aﬂ 9, + (mi’ic) ) hyw = 0 (506)

Thus, the Fierz-Pauli Lagrangian for b, ,, does indeed describe a massive particle
with S = 2, and we have confirmed the form of the five conditions on the field.
In the presence of a source, the equation could be expected to have the form

" mc 2 16 7 ~
0”0, + 5 R = — 3 Ty (507)

where Tu,u is an appropriate expression linear in the energy-momentum tensor
which radiates a tensor field with five independent components. The unwanted
components of T,W must be projected out, similar to what we have done for
the linearized theory of general relativity. The propagator takes care of this
projection. The equation of motion is a linear equation with a source, so it can
be solved by introducing a propagator which satisfies the equation

2
mc 1 o T T g
(900 + (%) ) Duwnetona’) = 5 (5707 + 5702 ) 6to—a') (509
so that the solution of the inhomogeneous equation can be written as

huw(x) =

1
( 667; G> /d4$/ DMV;U,T(I’I/) Ta,'r(x,) (509)

which involves a convolution of the propagator with the source.

The above analysis implies that the Fourier transformed propagator for a
graviton with mass m must have the form

DM,V;U7T(k) = (M) (510)
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The graviton’s field is normalized according to

e k) e, (k) =1 (511)

(03

The numerator of the graviton propagator must involve a combination which
transforms as a tensor under a Lorentz transformation. The propagator’s form
must be such that the symmetric tensor h, , must satisfy the four gauge condi-
tions and be traceless. Using the five conditions repeatedly, one can show that
the numerator is proportional to

Z Gﬁ,u(@ eg,r(k) X (Gmo(k) Gla‘r(k) + Gu,T(k) Gwo(k) ) - ; Gu,,,(k) GU,T(k)
: (512)
where -
G,u,,l/(k) = ( — Nu,w + (%)2 ) (513)

The sign of the propagator is fixed by considering a massive graviton in its rest
frame and setting 4 = 0 = 1 and v = 7 = 2. This leads to

1 (G G + Gourl) () ) = 3 (1) G )

Dvinrh) = 5 |
V30, T 92 kp kp _ (mﬁc)2
(514)
Einstein’s equation links the Riemann curvature, or equivalently h*", to the
metric tensor TH". Since energy and momentum are conserved, in flat space

the energy-momentum tensor satisfies
9, T = 0 (515)
or, on Fourier transforming
k, T"" (k) = 0 (516)

The above condition eliminates the the k-dependent terms in the propagator
when coupled to the energy-momentum tensor, so one can replace the G, , (k)
by — 7nu,,. It should be noted that the energy density is positive

T%%%k) > 0 (517)
and for time-like indices 199 = 1. The interaction Lagrangian corresponding
to two static masses is given by

8t G A3k 1 +1 -2
Lint = — ( - ) / —— T9(0,k) — S—— T%9(0, k)
c (27) -k - (5?2 +in

(518)
so for static mass densities, the interaction Lagrangian is positive. Thus, the
gravitational interaction between two masses is attractive. However, after we
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have introduced the factor of —% to obtain the static interaction potential, we
that the result differs from the result expected from Newton’s law of gravity
by a factor of %. That is, one expects that the factor of % in the last term of
the propagator should be replaced by unity. The propagator corresponding to
the linearized theory of gravity (for which m = 0) does have the % replaced
by 1. Due to this discrepancy, we shall examine the connection between the
propagator and the source in more detail below.

9.4 The Sourced Equations

The Fierz-Pauli Lagrangian in the presence of a source can be written as
A

327G

— 20, by 0" BN + 20, " 9, 077 hy,

2
() (e - )

— ¢ by THY (519)

L = +

{aA By O BV — Oy RV Oy ROT

In the presence of a source, the Fierz-Pauli equation of motion becomes

16 7 G
- ( 67; ) T = 9y 0N WY — Y Oy 0 e BT
N )R- N Bk
+ 8'u 61/ 770-,7 hO',T + TIH’V ao 67' hm‘r
mc

2
(5 [ - me]

On operating on the equation with 0, and on noting that only the mass term
remains, one finds the equation

2
1
(Tr;lc> |:8H hH,V - au 770’T hU,T :| = = ( 667; G) aﬂ ™ (521)

We see that in the absence of a graviton mass, the Lagrangian theory of the
graviton requires that the energy-momentum tensor must be conserved. For the
massive graviton, the conservation of energy and momentum is not automat-
ically ensured, but is an independent assumption. We shall assume that the
energy-momentum tensor remains a conserved quantity.

On assuming conservation of energy and momentum, one can substitute the
condition
M hyy — 0" her =0 (522)
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into the equation of motion, yielding

m e\’ 167G
0" 0p by — 0 Oy ™7 hor + ( n ) (hw/ =M 177 Do ) == ( 3 ) Ty
(523)
Taking the trace, we find that
2
m c 167G
d—1)n"" hgr | — = T Ty 524
(a = (%) = (FFS) T G2

so that h, , is not traceless in the presence of a source. On substituting the
trace in the condition, one finds that the four mandatory gauge conditions are
modified to become

1 1 2
a1 h <67rhG

L, = 8, 1% T, . 525
s d — 1 ) n s ( )

m2 &b
Thus, automatic conservation of energy and momentum and gauge invariance
appear to be linked. That is, when energy and momentum conservation has
to be inferred from other considerations, a specific gauge condition must be
enforced. Substituting the expression for the trace of h, , into the equations of
motion leads to

2
mc 16 # G 1 Ou 0, o
0" Op e (n) o = _< c3 ) {T"”’_ d—1 (”“’” (mc)? > T Tor

h
(526)

On Fourier transforming, one obtains

<16 s G)
3

1 k, k
h,o(k) = T,,(k)— y — —— ST Ty (k
H, ( ) kP k'p _ (mﬁc)Q |: H ( ) d 1 <77u, (mﬁc)g n s ( )
(527)
or
(16 7; G
¢ 1 k, k
hl/k - ocNvr — 77— v i o.T T (k
olh) = gy | e r = g (e~ B ) e | 7B
(528)
As we are assuming that energy and momentum are conserved
E* T, (k) =0 (529)

the above equation can be re-written as

(16 7; G
hxw(k) =

= kp kp . (mﬁ6>2

1
d -1

Guw(k) Gor (k) | T77 (k)
(530)

G0 G 1) -
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Since h,,, is symmetric in the indices, one should also symmetrize the propa-
gator. The symmetrized propagator is given by

2 o, T
ﬁ G/,L,l/(k) GU,T(k) T (k)

(531)
in agreement with the result of our previous calculation. The factor of % isa

- [Gu,auf) G (K) + G (k) G (k) —

real discrepancy with the m = 0 result which contains ﬁ. This discrepancy
is due to the fact that in the limit m — 0, the 5 excitations of the Fierz-Pauli
theory decouple into helicity + 2 excitations, helicity £ 1 vector excitations and
a scalar particle. The vector particles do not mediate an interaction, but the
scalar particle does. The scalar particle is the so-called longitudinal graviton.
However, the theory with m exactly equal to zero only has two helicity + 2
excitations and does not include the longitudinal graviton. The discontinuity
between the m = 0 theory and the limit m — 0 was investigated by Vainshtein?2.

9.5 The Modes and Energies of Massive Gravitons

The Fierz-Pauli Lagrangian density

A

L = + {ak By O WY — Oy .y R 0Ny s ROT

271G
— 20, hyx 0” W + 238, W™ 9, %7 hy,

2
ED )

can be re-written by integrating the third term by parts twice, leading to
4

c
271G
— 20" hyy Oy W™ 4+ 20, W™ 8, 077 hyr

2

The vanishing of the trace and the mandatory gauge conditions obtained from
the equation of motion can be used to reduce the Lagrangian density to an
effective Lagrangian density

C4 mc 2
= + 05— By O WY — (=—=) . WY
Lets Jr:zzwa(aA o 0 <h> s >
(534)

(532)

L = +

{aA By O Y — Oy .y BV Oy ROT

(533)

22 A 1. Vainshtein, Phys. Lett. B, 39, 393-394 (1972).
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Hence, the energy of the field can be expressed as
3

P =
" T 32ra

2
/dgf (80 hu,,} 80 hH*Y + th, . Z hH Y + (TT;C) h/t,v h#v >

or, on Fourier transforming,

3 2

2
T 3 9 9 m c o
Py = SF /dk<k0+k +(h) )hw,(k)h k) (536)

so the energy is positive.

The fields are restricted by the four constraints
k¥ hy,(k) =0 (537)

and the trace condition
Nuw K7 (k) =0 (538)

The four constraints lead to the elimination of the time-like components of the
tensor as independent variables since

kI

hoi(k) = — 30 hi (k) (539)
J

and o

%
hoo(k) = > 0 70 hig(B) (540)

4,7
The trace condition is

hoo(k) — h11(k) — hoao(k) — hss(k) = 0 (541)

Therefore, we have three independent off-diagonal amplitudes h; 2, hi 3, and
ha 3. The independent diagonal amplitudes can be chosen as hj 3 and the dif-
ference hy,1 — hg 2, since the sum hq 1 + hg 2 is determined in terms of hg o — h3 3
by the trace condition. The energy-density was found to be proportional to

hy, (k) R*Y (k) (542)
which can be re-written in terms of the independent amplitudes as

ki
sk
g [

kI
Sk &
2,7

2

huv (k) W7 (R) - =

2
+ Y Jhi (k)
i

(543)
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For k directed along the z-direction, one has

hy,v (k) D7 (K)

+ 2 [h1o(R)? + [h11(R)]? + |hoa(k)?

() st — 2 (5 1) o+ o)
)

- (:;_1)2 hss(B)? — 2 (’;;—1)(|h3,1<k>|2 n |h3,2<k)|2)

1
+ 2 [ (R + 3 | (k) — hoa(k) |?
Thus, the massive graviton field has five independent components.

If one assumes that

2
B2 o= k2 4 (";LC) (545)

then one sees that the two off-diagonal modes hs 1 (k) and hs 2 (k) have an energy

proportional to
m c 2
4 (52) (s + sl ) (516

It can be shown that the amplitudes do not diverge in the limit m — 0, so
these modes do not carry energy in this limit. The two modes have helicities of
S% = 4 1. This can be seen by noting that the linear combinations

haa(k) £ i ha(k) (547)

transform as
hg,l(k)/ + 12 h&g(k)/ = exp[ + 7 (p] ( h3’1(k) + 2 hg’g(k) ) (548)

under a rotation of ¢ around the z-axis. Thus, these combinations have angular
momenta of + 1 around the z-axis. The physical effects of the modes hs 1 (k)
and hg o(k) vanish when m — 0.

The two modes hy 1 (k) —ha2(k) and hy o(k) carry energy in the limit of zero

mass, have the helicity S* = + 2 and correspond to the graviton. That is, the
linear combination

(hm(k) .

_h”(k)) + i hyo(k) (549)

transform as
expl ¥ 2] { (h“(k);h”(k)) 4 ihl,z(/ﬂ)} (550)

under a rotation of ¢ around the z-axis and, thus, correspond to a helicity
S* = £ 2.
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The remaining mode hg 3(k) is the longitudinal graviton which corresponds
to S* = 0. The amplitude of the longitudinal graviton is expected to diverge
in the limit m — 0. This can be seen by examining the equation for the source
of the gravitational radiation

mc 167G 1 k. k,
<kﬂ k,— (7)2 ) hy(k) = () |:77'u,7cr Nv,r — -1 <77;L,u - (Lic)Q
h

3
(551)
and noting that, for k£ along the z-direction, the term in the source which di-
verges when m — 0 only couples to hg 3(k). Thus, we have

1
(#5¢)?
and, therefore, this mode yields a finite contribution to the energy. It is this
longitudinal mode which gives rise to the discontinuity at m = 0.

haza(k) ~ (552)

10 Quantization of the Electromagnetic Field

Following the work of Dirac?3, the energy, momentum and angular momentum
of the electromagnetic field shall be reduced into contributions from a set of
normal modes. A particular normal mode will correspond to a particular wave
vector and a particular polarization of the field. The normal modes can be
described in terms of a set of harmonic oscillators and, when quantized, the
normal modes will be described by quantum mechanical harmonic oscillators.

In the absence of sources, the (classical) wave equation for the vector poten-
tial has the form

[—V +§ﬁ AZO (553)

when the Coulomb gauge condition is imposed
V.A=0 (554)

The Fourier transformation, with respect to space is defined as

Al t) = % [ exp[z’k.r} Alr, ) (555)

23p. A. M. Dirac, Proc. Roy. Soc. A 114, 243 (1927).
In this paper Dirac uses two different approaches to quantizing electromagnetism. In one
approach he treated a single photon as satisfying a single-particle Schrédinger equation, that
has a similar form to Maxwell’s equations. The other approach treated the fields as dynamical
variables and then quantized them. Dirac then showed that these two methods produce
equivalent results. By doing this, Dirac created second quantization.
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where V is the volume of the system. The inverse Fourier Transform is given
by

Ar,t) = % > exp{ - ik.r} A(k, 1) (556)
k

On Fourier transforming the wave equation with respect to space and time, one
finds the equation of motion

Koy > A(k,t) = 0 (557)
- c? \ 012 =
and the Coulomb gauge condition becomes

k.A(kt) =0 (558)

We shall look for solutions for A(k,t) that have a time dependence given by
linear superpositions of the terms proportional to

exp [ Tiwgt ] (559)

By substituting the above terms into the wave equation, it is found that linear
superpositions of plane-waves are solutions of Maxwell’s equation but only if
the frequency wy and wave vector k are related via the dispersion relation

wi = A2k (560)

The gauge condition also requires that the vector potential is oriented perpen-
dicular to the direction of propagation. Therefore, an arbitrary plane-wave
solution can be represented as a linear superposition of two polarized waves
with polarizations described by two mutually orthogonal unit vectors denoted
by é,(k). The polarization vectors satisfy

k. éa(k) = 0

a(k) . ép(k) = Jdap (561)

We shall assume that three vectors <k, é1(k), é (k)> form a mutually orthogonal

coordinate system. We shall define

1(=k) = éa(k)
2(—k) = é(k) (562)

The algebraic equations for A(k) can be solved trivially. One can express the
vector potential as a linear superposition

M M

A(r,t) =

> éalk) exp[ - z’k.r} (k1) (563)

ko
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Figure 9: The normal modes of the classical electromagnetic field are plane-
polarized waves, in which E and B are transverse to the direction of propagation
k, and oscillate in phase.

However, since the vector potential is real

A(r,t) = A*(r,t) (564)
one must have
o (k,t) = OL(—k,1) (565)

Therefore, if @, (k) and @7 (k) are to be considered as being independent fields,
then one must restrict k to have values in a volume of k-space that does not
contain both k and —k for any fixed value of k. This curiosity is associated with
the fact that, for purely real fields, particles are identical to their anti-particles.

10.1 The Lagrangian and Hamiltonian Density
The Lagrangian density £ for the electromagnetic field can be expressed as

1
‘:sﬂ[

E* — B? ] (566)

in the Coulomb gauge, the electromagnetic field is given by

1 0A
E= "o
B=YAA (567)

Hence, the Lagrangian density is expressed as
1 [ 1 /04)° ?
= — J— P — A
cowrla(@) - (mra)] o ow
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The Lagrangian is given by the space integral of the Lagrangian density
L = / dr L (569)

On substituting A(r, t) in the form of eqn(563) and integrating over r and using
the identity

1
V/dgrexp{i(k+k')~r] = Ok (570)

one finds the Lagrangian is given by

L = B%ZZ%w,

[t ey & (250 (22200)
D) (K A eall)) ) 258 |

1 [1 <a¢§t(k)> (acbgt(k)) R ek %(k)}

+
BN
>
a)
)
—
|

(571)

In the above expression, the summation over k is unrestricted. If the Lagrangian
is to be expressed in terms of the independent components, then the summation
over k must be restricted to half the set of allowed values. With this restriction,

Figure 10: A possible partition of k-space, which does not contain both k and
its inverse —k.

one obtains

L =

% , [ c% (aégt(k)) (acbgt(k)) — B (k) (k)

LE?‘

[e3

(572)
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where the prime over the summation denotes the restriction of k to values
in the “positive” half volume of k-space. Since there are half the number of
independent normal modes, their contributions are twice as big. The Lagrangian
is a function of the six generalized variables ®, (k) and @7 (k) for the independent
k values. The generalized momenta variables are found as

k) = —° i (3<I>Z(k))

8mec ot
(k) = ¢ :CQ (%gt(k)) (573)

The Lagrangian equations of motion of the field are given by

% { 8 7:(:2 (aq)gt(k)) ] - g Pt .

or

2
(S5 = - et et (575)

where w; = ¢ k. Thus, the classical field @, (k) has a time-dependent ampli-
tude which resembles that of a harmonic oscillator with frequency wr = c k.
The Hamiltonian can be obtained from the Lagrangian, via the Legendre Trans-
formation

0% (k)

0%, (k)
H = "I (K — I, (k — L 7
%i[ s 258 2| (576)
which leads to the explicit expression for the Hamiltonian
=S [ 3T ) ma) + 2 R e Sak) (577)
B 2 Ve 8 m O e

ko

where the summation over (k,«) runs over the independent normal modes.
Hence, the k summation only runs over the set of points in k space which are
not related via the inversion operator. The Hamiltonian is related to the energy
of the electromagnetic field, as shall be seen below.

The energy density H for the electromagnetic field can be expressed as

1
H = SW[EMBQ} (578)

in the Coulomb gauge. The energy density can be written in terms of the vector

potential as
1 [ 1 [84)° 2
- srla(5) (mha) ] o
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The energy is the integral of the energy density over all space
H = / d®r H (580)

When expressed in terms of the generalized coordinates and the generalized
momenta, the energy reduces to the expression

8 c? 1 5
H = I, (k) IT: (k — k* O (k) Do(k 581
I RN Y
in which the summation over k is unrestricted. Thus, the above expression for
the energy is identical to the Hamiltonian for the electromagnetic field. Fur-

thermore, the Hamiltonian has been expressed in terms of a set of the normal
modes labeled by (k, «).

10.2 Quantizing the Normal Modes

The quantized Hamiltonian is obtained from the classical Hamiltonian by re-
placing the field components and their canonically conjugate momenta

Po(k) , Ia(k) (582)
by the operators
b (k) , Tla(k) (583)

and their complex conjugates are replaced by the Hermitean conjugate opera-
tors. The canonically conjugate coordinates and momenta operators satisfy the
commutation relations

[ Do (k) , Tg(E)] = ihdap dpw
[ﬁa(k) ) ﬁﬁ(kl)] =0
[ Da(k) , Pp(k)] = 0 (584)

The quantized Hamiltonian for the electromagnetic field is given by

i 8mc? . o
> W i +

#éuméam} (585)
k,a

1
8w

The Hamiltonian can be factorized by introducing the annihilation operators

1 8w - 2k2
G = — | iy ——1I (o @
a&va \/i |: ¢ 2 h W, a(k) + 8 T h/ Wi a(k) :| (586)

and the Hermitean conjugate operators

1 |87 [ 2k .
AT _ L o t e h
AU V2 |: v 21w 11, (E) + 87 h wy Do (k) :| (587)
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known as creation operators. The commutation relations for the creation and
annihilation operators can be obtained directly from the commutation relations
of the field operators ®,(k) and II, (k) which are shown in eqn(584). It can
be shown that the creation and annihilation operators satisfy the commutation
relations

laha » 5] = Oap Opi
[ d;a , aL/ B8 ] =0
[k, Gl = 0 (588)

The field operators can be expressed in terms of the creation and annihilation
operators. Starting with

1 [8 2 [ 2 k2
a = — |iyy/——1I 589
Ok, \/§|:Z 2hwk a 87rhwk ( )

transforming k& — —k and then by noting that IL( = k) and &f (k) =
&, (k), one finds

87rc2 2 k2 .
a_ —
g Rt A

One can eliminate HT( ) by adding the expression for the creation operator
given by eqn(587) and the expression for the annihilation operator with mo-
mentum —k given by eqn(590). This process yields the expression for the field
component operators ¥, (k) in the form

- 271 h wg
(I)a(k) = % (&};a + &—k,a) (591)

and, by an analogous procedure, the Hermitean conjugate operator is found to
be given by

N 21 hw . R
ol (k) = —m £ <ak,a + a*_,w) (592)

which is identical to ®,(—k). Likewise, the canonically conjugate momenta
operators are given by

. . h w . R
I, (k) = i e 122 (aTka - ak,a) (593)
and their Hermitean conjugates are
it e (o ot
(k) = —i o | Goka = (594)

as was anticipated.
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10.2.1 The Energy of the Field

The Hamiltonian of the electromagnetic field

f{ o 871’02 ~ o 1 2 &t R
> BT W) 4 g K L ) | (699)

can be expressed in terms of the creation and annihilation operators as

. hw R . . A
o = Z —4’“ [(aTk_’a - ak’a) (ak,a — al’a)

ko

(596)

If one sets £ — —k in the second set of terms, then one finds the Hamiltonian
becomes the sum over independent harmonic oscillators for each k value and
polarization

A hw . R A A
A= S i e+ e, 597

ko = 8, (ko (598)

and has integer eigenvalues denoted by nj .. Hence, the energy eigenvalues £
are given by

1
E:Zhwk<nk7a+2) (599)
k,a

The energy of the electromagnetic field is quantized in units of h wy, = h c k.
The quanta are known as photons.

It should be noted that the contributions to the total energy from the zero-
point energy terms h% diverge. However, in most circumstances, only the
excitation energy of the field is measurable, hence the divergence is mainly ir-
relevant. The zero-point energy does have physical consequences, and can be
observed if the volume or boundary conditions of the field are changed. The
change in the zero-point energy of the field due to change in volume or boundary
conditions is known as the Casimir effect?*.

24H. B. G. Casimir, Proc. Neth. Aka. Wetenschapen, 51, 793 (1948), M. J. Sparnaay,
Physica 24, 761 (1959)
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10.2.2 The Electromagnetic Field

The quantized vector potential is given by the operator A(z), given by

Alr) = ; éa(k) ,/2(%;2 (a}w + a_m> exp[ - ik.r] (600)

In the Heisenberg representation, the time dependence of the vector potential
is found from

7

o = LA, [ (601)

which has the solution

A(z,t) = exp[ + Z;Lﬁil A(K,O) exp{ — ’L;LI{I] (602)
or
R 27 h c2
A(r,t) = eo (k) | —— | af i wy t Ao — iwpt —ik.
Alr,t) ;e() oV (a,ﬁa exp{zwk ]Jrak, exp[ 1wy })exp[ ik 7’]

(603)

The above equation was obtained by noting that, in the basis composed of
eigenstates of the number operators |ny,, >, one has

ai,a(t) |Nka > = exp |+ iwgt (&L,ad&a + 1/2)} ar,0(0) |ng,a > exp [— twit (Ng,a + 1/2)]

= exp |+ iwkt (Ng,a — 1/2)] Ve [Mea —1 > exp [— twit (Ng,a + 1/2)]

= exp| — iwg t] k0 [Nk,a > (604)

and that the time-dependent creation operator is given by the Hermitean con-
jugate expression. Thus, the explicit form of time dependence of the vector
potential is a consequence of the explicit time dependence of the creation and
annihilation operators in the Heisenberg representation. Alternatively, one can
find the time dependence of the creation and annihilation operators directly
from the Heisenberg equations of motion without invoking a privileged set of
basis states. The equation of motion for the creation operator is given by

dal P
ih—= = o, O] (605)

and the commutator is evaluated as

[} o ) arp] = —af, 60 (606)
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so the equation of motion simplifies to

O, y
ih 3715’ = — hwg Gy, (607)

Therefore, one finds the result
&L’a(t) = d;a exp [ iwyt } (608)

Likewise, the annihilation operator satisfies the equation of motion

adk « 2
h =Y Tapa . H 609
i [y, A (609)
and as
[dko s @ g arp] = + ko S8 Ok (610)
so the equation of motion simplifies to
00y
ih ;t’ = + hwp Gpa (611)

Hence, one finds that the time-dependent annihilation operator is given by

ip,a(t) = dka GXP{ - iwkt:| (612)

which is just the Hermitean conjugate of the d; . (t) that was found previously.
Therefore, the time-dependence of the vectorffpotential is entirely due to the
time-dependence of the Heisenberg representation of the creation and annihila-
tion operators.

10.2.3 The Momentum of the Field

The total momentum operator for the electromagnetic field is given by the
integral over all space of the Poynting vector

ﬁ:4;0/d3r(EAB) (613)

This will be evaluated by expressing the E and B field operators in terms of the
vector potential A operator via

I |

I

<1

> ol
e @2,

(614)
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The vector potential operator can be written in terms of the creation and anni-
hilation operators for the normal modes as

. 27 h c?
_ > / At A ,

A(r,t) = kz €a(k) T (ak’a(t) + ak,a(t)> exp { - zk.z_ (615)
then the E and B field operators are found as

. 27 h

Er) = —i Y k) ,/% (a;ya - a_,m> exp[ —ik.r| (616)

k,a

and

R 27 hc?
B(r) = —1 k N éqn(k 2T (al —&—aa)ex[—zk: r}
Bie) = —i 32k fa) \PON (o + e ) ew| ik

(617)

For a fixed k, the polarization vectors é,(k) and k are mutually orthogonal.
Therefore, one has

€alk) A (kN ég(k)) = k(é(k).és(k)) — épk) (k. éalk))
= Kkdap (618)
Hence, the total momentum of the electromagnetic field is determined from
. h R . ~ R R R
P = 3 kz(; k) N (kAN éu(k)) <a£7a - a_;@a) (aTk)a + ak,a>

- g k <@£,a - d_k,a) (&Tk,a + dk,a> (619)

SO

|

It should be noted that the momentum from each normal mode of the field is
parallel to its direction of propagation. Since the creation operators commute

;a JLE,oz = di@,a &T (620)

a, a ko
and that the annihilation operators also commute
G—po Opa = Qg O_fa (621)

one finds that the part of the momentum represented by the summation over k
given by

Yk (a,*w al y o — Gpa ko ) =0 (622)
k,a

vanishes since the summand is odd under inversion symmetry. Thus, the mo-
mentum of the electromagnetic field is given by

R I o R R
B = 5 Z E (a’k‘,a Uk, — OG-k, ai&,a )
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where the commutation relations for the creation and annihilation operators
were used to obtain the last line. The last term vanishes when summed over k,
due to inversion symmetry. Hence, the momentum of the field is given by the
operator

. 1
P = = ( hkal, apa — hkal, G pa > (624)

Finally, on transforming —k to k in the last term of the summand, one finds the
total momentum of the field is carried by the excitations since

P => hkaf, e (625)
k,a

Thus, each quantum excitation of wave vector k£ has momentum 7 k.

Since a photon has an energy h ¢ k and momentum % k, these quanta are
massless because the mass of the quanta are defined as the relativistic invariant
length of the momentum four-vector

B\ 2
(c) - pP=m?c (626)

which yields m = 0. The energy-momentum dispersion relation of the quanta
of the electromagnetic field was conclusively demonstrated by A. H. Compton?°.
Compton showed that when quanta are scattered by charged particles, the pho-
ton’s dispersion relation follows directly by application of conservation laws to
the recoiling particle.

10.2.4 The Angular Momentum of the Field

The total angular momentum operator of the electromagnetic field J p 1S given
by

Jpv = ! /d?’r(rA(EAB)) (627)

The i-th component is given by

5(i 1 y N )
JI(E;VI T drme / d’r ¢ <I(J) (E A B)® )
= L / d3£ gi,j,k (J}(]) gk,l,m E(l) B(m) )
4dme
= 1 3 i,k ) ¢kilym pa(l) ¢m,n,p w
- 4ﬂc/dz£ <x 13 EW ¢ )

(628)

25A. H. Compton, Phys. Rev. Second Series, 21, 483 (1923).
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However, due to the identity

Ek,l,m gm,n,p _ (6k,n 6l,p _ 6k,p 6l,n> (629)
one finds
Ny . L. A oA OA®
o _ 1 8, ciak (20 FO AT G) po
Jpy = T / d°r € (x E ) xV) F 520 630)
On integrating by parts in the last term, one has
s o N A 9 N .
@ _ 1 8, giik [ 0 po 94 G BO ) A®
Jpy = 47rc/d£§ <:C E 8x(k)+8x(l) V' E A
(631)
Since the divergence of the electric field vanishes?®,
OE®
and since )
Az .
— §il
92 1 (635)

the total angular momentum can be re-written as

1 . . LA
Jo, = — / d*r £k (E(” 2 R0

L o+ B A(k)) (636)

The first term can be recognized as the orbital angular momentum of the field.
The orbital angular momentum operator L(*) is given by

. . 9
(’L) — 9 1,5,k (.7)
L ih¢ W) (637)
so the total angular momentum of the field is given by
o s ([ BO FO AW _ g ik B AK)
Jeu -7 / d’r ( thé&

7 ~ Al A ~y ~g . ~
— a3 EO 1O A0 EG) (4) yik 4(k)
T7he / T ( + (S (638)

261n the presence of a charge density ¢ |¢(r)|?, the angular momentum of the EM field will
contain a term given by

-1 / Bry* () r A Alr) w(r) (632)

which is gauge-dependent. This term combines with a corresponding term in the expression
for the orbital angular momentum of the charged particles to yield the gauge-invariant term

/ Py ) A (5 — T AD) v (633)
= c
Hence, although the total angular momentum of a system of charged particles in an electro-

magnetic field is well-defined and gauge-invariant, there could be some confusion as to how
the angular momentum is distributed between the particles and the field.
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where the definition o N
(8@ )ik — i p bk (639)

for S , the intrinsic spin operator for the photon, has been used in obtaining the
second line. The total vector angular momentum operator can be expressed as

3 _ i 3, 0 (7 siok g ik ) Atk
— EG (L § ik ) A 4
Jem 47rhc/d£ (5 + (S) ) (640)

which shows that the orbital angular momentum is diagonal with respect to
the field components and the spin angular momentum mixes the different field
components.

The total spin component of the angular momentum operator for the elec-
tromagnetic field is given by

a) i 3, ( BU) (G0 yik AR
o th/dr(E (S ik 4
. / Br ¢iik () AR

47me

(i)
1 R "
— 47rc/d3r(E/\A> (641)

This can be expressed in terms of the photon creation and annihilation operators
as

X (di,ﬁ — (Alk)ﬂ) (d;a + flk7a> (642)

The first term in parenthesis is recognized as the i-th component of the vector
product
és(k) A éa(k) (643)

and, therefore, it is antisymmetric in the polarization indices a and § and the
non-zero contributions are restricted to the case a # (. Since the creation
and annihilation operators corresponding to different polarizations commute,
the product of the two remaining parenthesis can be re-arranged as the sum of
two terms

k,a,3
X a ., .al  — awga
—k,8 Yk« k., U—k,a
+ ( di&ﬁ —ga — CAl;a k.8 ) :| (644)



On transforming the summation variable &k — —k and commuting the operators,
one finds that the first term in the square brackets is symmetric under the
interchange of « and (8 whereas the second term is antisymmetric. Hence, on
summing over the polarization indices, the contribution from the first term
vanishes, as it is the product of a symmetric and the antisymmetric (vector
product) term. Therefore, the total spin operator of the electromagnetic field is
expressed as

ai . h . . @ . N
S§53\/I = i3 Z ( ég(k) N éu(k) ) ( a;a ap3 — ai&ﬁ G—f,a )
(645)

On defining the sense of the polarization vectors relative to k (= é3(k) the unit
vector in the direction of propagation) via

(aw raw ) - & (646)

so that k corresponds to the z-direction, one finds that
S = i 03 & (aly o - al,
2eM = vy Z E{ Qgo Qg1 — Opq Qg2

(647)

|
|
VR
j= 3
| =+
kol
[N
Q>
|
|7~
=
I
Q>
| —t
|
-
j« 3
|
|
o
N———
1

On setting —k — k in the second part of the summation, the spin of the elec-
tromagnetic field is found as

Spv = 10 Yk ( 6L, der — al, ) (648)
k

It should be noted that in this expression, the indices (1,2) refer to directions
in three-dimensional space and do not refer to the z-component of the spin an-
gular momentum. Therefore, the above equation shows that a plane-polarized
photon is not an eigenstate of the single-particle spin operator quantized along
the k-axis®’.

In our Cartesian component basis, the eigenstates of the component of the
spin operator parallel to the direction of propagation S®), where

R 0 — 0
SO =n i 0 o0 (649)
0 0 0

27Strictly speaking, this quantum number corresponds to the helicity as it is the spin eigen-
value which is quantized along the direction of propagation.
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are given by @, (k), where

~ 1 1
(k) = - 7 é
0
io (E) = 0
1
~ 1 1
e (k) = —(= | —i (650)

and where the subscript m refers to the eigenvalue of S®)_in units of . From
this, it follows that an arbitrary transverse vector wave function ®(k) can only
be expressed as a linear superposition of states involving m = =1, and that the
m = 0 component is absent. On expressing an arbitrary (non-transverse) vector
wave function ®(k) with components ®*)(k), ®2) (k) and ®©®)(k) in terms of
its components referred to the helicity eigenstates ®,,(k) one has

P11 (k) 1 -14 0 oW (k)
®y (k) = —= 0 0 V2 d3) (k) (651)
By (k) V21 o o) (k)

This relation between the two bases can be expressed in the alternate form

m=1

D) = > ém P(k) (652)

m=—1

where the circularly-polarized unit vectors are introduced via

ey = —%(em@ +iek))
éo = és(k)
- \%(a(@ Cia®) (653)

The circularly-polarized unit vectors are associated with photons which have
definite helicity eigenvalues. It should be noted that these complex unit vectors
are orthogonal, and satisfy

& bm = O (654)

The above relations allow one to define the circularly-polarized creation and
annihilation operators via their relation to the quantum fields. This procedure
yields

1=3 m=1
Yobk)ars = Y bm(k) arm (655)
=1 m=—1
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Hence, the photon annihilation operators corresponding to a definite helicity
are related to the annihilation operators for plane-polarized photons via

. I -
Gm=t1 = — 5 (ag1 — iaps)
(km=0 = Qg3

Gome1 = % (g1 + i ko) (656)
and the inverse relations are given by

. 1 .

k1 = -5 (km=1 — Ggm=-1)

A ? A N

iz =~ 5 (agm=1 + Ggm=-1)

(g3 = Gkm=0 (657)

When expressed in terms of the circularly-polarized unit vectors, the spin oper-
ator for the electromagnetic field becomes

Spu = 0Dk ( Wt W=t = Gy &k,m=-1) (658)
k

which is expressed in terms of photons with definite helicity. Within the man-
ifold of single-photon states with momentum 7% k, the spin operator has eigen-
values of A when measured along the direction k. Tt is seen that the photon
has helicity m = £1 but does not involve the helicity state with m = 0 since
the electromagnetic field is transverse. The transverse nature of the field is due
to the photon being massless. In general, a massive particle with spin S should
have (25 + 1) helicity states. However, a massless particle can only have the
two helicity states corresponding to m = +5.

The angular momentum of the elementary excitation of the electromagnetic
field was inferred from experiments in which beams of circularly-polarized light
were absorbed by a sensitive torsional pendulum?®. Quantum electromagnetic
theory shows that the angular momentum density of left circularly-polarized
light is just A times the photon density or, equivalently, is just w™! times the
energy density which is also the case for classical electromagnetism?®. Hence, the
net increase of angular momentum per unit time can easily be calculated from
the excess of the angular momentum flux flowing into the pendulum over that
flowing out. Beth’s experiments verified that the net torque on the pendulum
was consistent with the theoretical prediction. Thus, the quantized electromag-
netic field has been shown to be related to a massless particle with spin # and
energy-momentum given by the four-vector (hwy/c, hk). This particle is the
photon. Every quantized field is to be associated with a type of particle.

28R. A. Beth, Phys. Rev. 50, 115 (1936).
29]. H. Poynting, Proc. Roy. Soc. A82, 560 (1909).
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Figure 11: The circularly-polarized normal modes of a classical electromag-
are mutually orthogonal, and are transverse to the direction of propagation k.
The resulting electric field spirals along the direction of propagation. The left
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netic field are composed of two plane-polarized waves which are out of phase,
circularly-polarized wave shown in the diagram corresponds to a helicity of 4.

10.3 Uncertainty Relations

The eigenstates of the field operators such as A(z, t) do not correspond to eigen-
states of the photon number operators.

Consider the electric field

E = - (659)

Q=
SN

Although the expectation value of E vanishes for any eigenstate of the set of
occupation numbers | {ng g} >

< {np g} | E|{npp} >=0 (660)
since
< Anw g} | ago [ {nw g} >=0 (661)
the fluctuation in the field is given by
< Anp g} |E E|{fnwpt > — | < {nwg} | E|{ng g} >
= < {mg} | E.E|{nps} >
47 1
= 7 kz: hwy, ( Nk,o + 5 )
- (662)

The fluctuations in the field diverge because the zero-point energy fluctuations
diverge.
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The commutation relations between the z-component of the E field and the
B field at the same instant of time are non-zero°. That is,

(Bale) Bye)] = 55 Y R b, (A éald)y o | ik (2 - ) |
k,a

25N el (B A ), e | - ik
k,a

= 7477/302]% exp[ik.(rl - r)

. 4dmech 0 ) ,
= 4 v 5, exp[—zk.(r —r)]
B ch 0 4, ,

272 9z (' =)

The fact that the two polarizations are transverse to the unit vector k has been
used to obtain the third line. Since E and B do not commute, it follows that E
and B obey an uncertainty relation in that the values of £ and B cannot both
be specified to arbitrary accuracy at the same point.

However, if two points in space time z and ' are not causally related, i.e.
o' = # |t —t] (664)
then the operators commute
[ Bo(r,t) . By(',t)] = 0 (665)

Thus, if the two points in space-time are not connected by the propagation of
light, then the E, and B, fields can both be determined to arbitrary accuracy.

10.4 Coherent States

We shall focus our attention on one normal mode of the electromagnetic field,
and shall drop the indices (k, ) labelling the normal mode. A coherent state
| a, > is defined as an eigenstate of the annihilation operator

ala, > = ap |a, > (666)

For example, the vacuum state or ground state is an eigenstate of the annihila-
tion operator, in which case a, = 0.

30P, Jordan and W. Pauli Jr. 47, 151 (1927).
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The coherent state®! can be found as a linear superposition of eigenstates of
the number operator with eigenvalues n

la, > =Y Culn > (667)

n=0

On substituting this form in the definition of the coherent state

I
N
3
Q
N
v

ala, >
= a, Y Culn > (668)

and using the property of the annihilation operator, one has

dCuvnln —1> = a, Y Culn > (669)

On taking the matrix elements of this equation with the state < m |, and using
the orthonormality of the eigenstates of the number operator, one finds

Chnyrvm +1 =a, Cp (670)

Hence, on iterating downwards, one finds

Cp = (;;%) Co (671)

and the coherent state can be expressed as

|a¢>=00i(j%>n> (672)

n=0

The normalization constant Cy can be found from

1=C e Y (a*" a*") (673)

n!
n=0

by noting that the sum exponentiates to yield
1 = C§ Cp exp { ag ap (674)

so, on choosing the phase of Cy, one has

1
Co = exp[ ~ 3 ag g (675)
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Figure 12: The probability of finding n photons P(n) in a normal mode repre-
sented by a coherent state.

From this, it can be shown that if the number of photons in a coherent state
are measured, the result n will occur with a probability given by

(a;; ap )"

Pin) = n!

exp{ ~ al aw] (676)

Thus, the photon statistics are governed by a Poisson distribution. Furthermore,
the quantity af, a, is the average number of photons 7 present in the coherent
state.

The coherent states can be written in a more compact form. Since the state
with occupation number n can be written as

(af )"

n > = 0> 677
| N | (677)
the coherent state can also be expressed as
L] (agal)
|a¢>:exp[—2awaw]z;)@n!|0> (678)
or on summing the series as an exponential
1, o
|a, > = exp| — 3 Gp Gy | XD | ap & [0 > (679)

Thus the coherent state is an infinite linear superposition of states with different
occupation numbers, each coefficient in the linear superposition has a specific
phase relation with every other coefficient.

31R. J. Glauber, Phys. Rev. Lett. 10, 84 (1963).
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The above equation represents a transformation between number operator
states and the coherent states. The inverse transformation can be found by
expressing a, as a magnitude a and a phase ¢

a, = a cxp[igo} (680)

The number states can be expressed in terms of the coherent states via the
inverse transformation

Vn! 1 T d
In > = nexp{—&—QaQ}/ (pexp|:—ing0:||a¢>
0

an

(681)

by integrating over the phase ¢ of the coherent state. Since the set of occupa-
tion number states is complete, the set of coherent states must also span Hilbert
space. In fact, the set of coherent states is over-complete.

The coherent state | a, > can be represented by the point a,, in the Argand
plane. The overlap matrix elements between two coherent states is calculated

1 r

N
E
05 a¢
a
\¢ Re z
1 0.5 0 0.5 1
-05

atL

Figure 13: Since a coherent state | a, > is completely determined by a complex
number a,, it can be represented by a point in the complex plane.

as
2 2

| < alyla, > [P = exp| — |a, — al, | (682)

Hence, coherent states corresponding to different points are not orthogonal. The

coherent states form an over complete basis set. The over completeness relation
can be expressed as

/d?)‘%ea@d%m%7 .

la, >< ap | =1 (683)

s
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This relation can be proved by taking the matrix elements between the occupa-
tion number states < n’ | and | n >, which leads to

/d%eagad%maw
T

<nla, >< a,|n >= 0y, (684)

which can be evaluated as

B /d%eawd%m%,

<n'la, >< a,|n >

s
o) 27 dgo a*n' a” )
:/ da a Mexp[|a¢|]
0 0 m n'! n!
e antm { ] T dyp [
= da a exp| — |ay |? / L expli(n —n ]
o0 an+n’ )
= da a ex —a“ | 20, 685
/0 vn'l nl P [ ] ’ (685)

On changing variable to s = a?

that

, one proves the completeness relation by noting
oo
/ ds s™ exp { — s ] = nl (686)
0
Hence, the coherent states form a complete basis set.

The effect of the creation operator on the coherent state can be expressed
as

1

alla, > = &Texp{—QGZaW}exp{a¢&T]|0>

= exp —la*a dTeXp[a &T]|O>

9 ¥ ® ®
[ 1 1 o .

= exXp —ia:;a@ %eXp{a@aT]|0>

_ [ 1 ., 1 o 1,

= exp_fiacpaw_@exp +§a¢a<p ‘a’tp>

(687)
The coherent state is not an eigenstate of the creation operator, since the re-

sulting state does not include the zero-photon state.

The expectation value of the field operators between the coherent states
yields the classical value, since

<ag|(al +a)la, > = (a, + ap) (688)

In deriving the above equation, the definition

ala, > = ap |a, > (689)



has been used in the term involving the annihilation operator and the term orig-
inating from the creation operator is evaluated using the Hermitean conjugate
equation
<ayld = < a,lal (690)

One also finds that that the expectation value of the number operator is given
by

< aglatala, >= al a, (691)
so the magnitude of a, is related to the average number of photons in the
coherent state m. This identification is consistent with the Poisson distribution
of equ(676) which governs the probability of finding n photons in the coherent
state. The coherent state is not an eigenstate of the number operator since
there are fluctuations in any measurement of the number of photons. The rms
fluctuation An can be evaluated by noting that

<ap|i?la, > = <aylaaa ala, >
= <aplaa'aala, > + < aplaala, >
= (a5 ) (ap ) + al a, (692)

where the boson commutation relations have been used in the second line. Thus,
the mean squared fluctuation in the number operator is given by

< a, | AR? | a, > = a a, (693)

The rms fluctuation of the photon number is only negligible when compared to
the average value if a, has a large magnitude

ag a, > 1 (694)

The expectation values of coherent states almost behave completely clas-
sically. The deviation from the classical expectation values can be seen by
examining

<aglaalla, >= ala, + 1 (695)
which is evaluated by using the commutation relations. It is seen that the ex-
pectation values can be approximated by the classical values, if the magnitude

of a, is much greater than unity.
Exercise:

Determine the expectation values for the electric and magnetic field opera-
tors in a coherent state which represents a plane-polarized electromagnetic wave.

Exercise:
Determine the expectation values for the electric and magnetic field opera-

tors in a coherent state which represents a left circularly-polarized electromag-
netic wave composed of photons with a helicity of +1.
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10.4.1 The Phase-Number Uncertainty Relation

From the discussion of coherent states, it is seen that the coherent state has a
definite phase, but does not have a definite number of quanta. In general, it is
impossible to know both the phase of a state and the number of a state. This
is formalized as a phase - number uncertainty relation.

The phase and amplitude of a state is related to the annihilation operator.
Since the annihilation operator is non-Hermitean, one can construct the annihi-
lation operator as a function of Hermitean operators. Formally, the amplitude
can be related to the square root operator, and the phase to a phase operator3?.
Hence, one can write

Ao = €Xp [ + i (Pra —wi t) ] \/ﬁ&a (696)

and the Hermitean conjugate operator, the creation operator can be expressed
as

&L,a = VMo €xp [ — i (Pra —wk 1) } (697)

since it has been required that \/ﬁ and ¢ are Hermitean. Furthermore, the
operator y/n must have the property

Vo Vo = fika (698)

On substituting the expressions for the creation and annihilation operators,
in terms of the phase and amplitude, into boson commutation relations

[aka s 5] = Sk Sap (699)
etc, one finds
5k,k' 50‘»6 = eXxXp |: + 1 (95&»04 — Wk t) :| \/EE"X ﬁﬁ/’ﬁ exp |: — 1 (¢E/»ﬂ — Wk t) :|

— Vny 5 exp { — i (Pprp—wi t) ] exp { + i (Pra —wi t) } Vg o
(700)

Thus, for k = k" and o = 3, one has

exp

+ igok,a} Mo — Mo exp{ + icpk,a} = exp[ + igokya} (701)

32p. A. M. Dirac, Proc. Roy. Soc. A 114, 243 (1927).

113



This relationship is satisfied, if the phase and number operators satisfy the
commutation relation

[ Mo s Pral =i (702)

If one can construct the Hermitean operators that satisfy this commutation
relation, then one can show that the rms uncertainties phase and number must
satisfy the inequality

(Apr,a)rms (Anga)rms > 1 (703)

It should be noted that only the relative phase can be measured®®. Thus, if the
phase difference of any two components (k, o) and (&', ') is specified precisely,
then the occupation number of either component can not be specified.

Exercise:

Express the vector potential and the electric and magnetic field operators in
terms of the amplitude and phase operators.

10.4.2 Argand Representation of Coherent States

The coherent state | a, > can be represented by the point a, in the Argand
plane. The overlap matrix elements between two coherent states is calculated
as

| < alyla, > =exp| — |a, — a, | (704)
Hence, coherent states are not orthogonal. In fact, their overlap decreases expo-
nentially with large “separations” between the points a, and a:D, in the Argand
plane. We shall denote | a,, | by a. Two states separated by distances a Ay or
Aa such that a Ap > 1 and Aa > 1 are effectively orthogonal or independent.
However, states within an area given by Aa x a Ap & 1 have significant overlap
and so can represent the same state. Therefore, the minimum uncertainty state
occupies an area Aa X a Ap ~ 1. We note that 2 a Aa can be interpreted
as a measure of the uncertainty An, in the particle number for the state, and
Ay is the uncertainty in the phase of the state. Hence, the phase - number
uncertainty relation sets the area of the Argand diagram that can be associated
with a single state as

alAaAp ~ 1 (705)

33L. Susskind and J. Glogower, Physics 1, 49 (1964).
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Figure 14: Due to the phase-number uncertainty principle, the minimum area
of the Argand diagram needed to represent a minimum uncertainty state has
dimensions such that a Aa Ap ~ 1.

11 Non-Relativistic Quantum Electrodynamics

The non-relativistic Hamiltonian for a particle with charge ¢ and mass m inter-
acting with a quantized electromagnetic field can be expressed as

A D g A g 212
A= Lo aow - g (5w + A e ) + s Lo A
~2 , A2 '
+/dsT,<E(7“)8+7TB(7”)) (706)

when the vector potential is chosen to satisfy the Coulomb gauge. The second,
third and fourth terms are to be evaluated at the location of the charged point
particle, r, and the last term is evaluated at all points in space. The Hamiltonian
can be expressed as . . R .

H = Ho + Hpaa + Hint (707)
where Hy is the Hamiltonian for the charged particle in the electrostatic poten-

tial ¢
52

2 p
Hy = — 708
0 >m + q ¢(r) (708)
and ﬁmd is the Hamiltonian for the electromagnetic radiation and Hj,; is the
interaction

2
v q oA . ¢ 42
Hiy = < .A+A.p)+2m62A (709)

The interaction term is composed of a paramagnetic interaction which is linearly
proportional to the vector potential and the diamagnetic interaction which is
proportional to the square of the vector potential. When the electromagnetic
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field is quantized, the radiation Hamiltonian has the form

N h w . . N N
Hypq = Z Tk <a};,a Ok,o + Qk,o Cl;i)a> (710)

ko

Since the quantized vector potential is given by

N 27w hc? |

1 N N
A(£7 t) = W Z Tk ea(k) (a27a + a_
k,a
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the paramagnetic interaction can be expressed as

N q 27 he? . . :

Hpara = - % < W B . GQ(E) (a;a + a’*ﬁya ) exp |: — 1 E . 71:|
- (712)

in which the transverse gauge condition YV . A = 0 has also been used. The

Figure 15: The paramagnetic interaction leads to scattering of an electron from
p to p’ by either (a) absorbing a photon, or (b) by emitting a photon.

diamagnetic interaction is expressed as

2mec

/O Wi V

How = L Zﬁ( 2 ) ) et e | - ik + )]

kE o,

. <d11/,ﬁ Ao + g Gopa + ogp i, + Aoy d‘“)

For charged particles with spin one-half, analysis of the non-relativistic Pauli
equation shows that there is another interaction term involving the particles’
spins. This interaction can be described by the anomalous Zeeman interaction

N _ qh
HZeeman - 2m e (J . B) (714)
where
B =Y A Ar) (715)



and o; are the three Pauli matrices.

Generally, the paramagnetic interaction has a greater strength than the Zee-
man interaction. This can be seen by examining the magnitudes of the interac-
tions. The paramagnetic interaction has a magnitude given by

e
—p. A (716)
me =

and for an atom of size a , the uncertainty principle yields

h
~ = 1
P~ (717)

The Zeeman interaction has a magnitude given by

eh
—og.(kENA 718
o (kAA) (718)
but since k is the wavelength of light
1
kE ~ — 719
N (719)

Hence, since the wave length of light is larger than the linear dimension of an
atom, A > a, one finds the inequality between the magnitude of the paramag-
netic interaction and the Zeeman interaction
eh 1 eh 1
— A > — - A
mc a mec A

(720)

Both the paramagnetic and Zeeman coupling strengths are proportional to the
magnitude of the vector potential A, hence the ratio of the strengths of the
interactions are independent of A. Therefore, there magnitudes satisfy the in-

equality
1 1
- > - 721
Py (721)
so the Zeeman interaction can frequently be neglected in comparison with the

paramagnetic interaction.

11.1 Emission and Absorption of Photons

An atom in an electromagnetic field has its constituent charges perturbed by
the oscillating field, and those perturbations may lead to either to the absorp-
tion of radiation or emission of further radiation. However, thermal equilibrium
between matter and radiation can only be reached if, in addition to these in-
duced processes, there exists also a spontaneous process in which an excited
atom emits radiation even in the absence of any measurable radiation. This
spontaneous emission process may be considered as being induced by the zero-
point fluctuations of the electromagnetic field.
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11.1.1 The Emission of Radiation

We shall consider a state | (nim) {ny g} > which is an energy eigenstate
of the unperturbed Hamiltonian Hy and the radiation Hamiltonian H,.q. The
interaction ﬁmt causes the system to make a transition from the initial state to
a final state. In the initial state, the electron is in an energy state designated
by the quantum numbers (n,l,m) and the electromagnetic field is in a state
specified by the number of photons in each normal mode. That is, the photon
field is in an initial state which is specified by the set of photon quantum num-
bers, {nu g }. We shall consider the transition in which the electron makes a
transition from the initial state to a final state denoted by (n/,1’,m’). Since the

4 -

(ho'/c, k")

Enlm

4+

8+ e

-12 -

Envlvmv v

-16 -

Figure 16: An electron in the initial atomic state with energy E, ;,, makes a
transition to the final atomic state with energy E,/ s/, by emitting a photon
with energy hwy:.

photon is emitted, the final state of the photon field described by the set {ngc, ﬁ}
where N
Ny s = Mg for (K',8) # (k,a) (722)

and the number of photons in a normal mode (k, «) is increased by one

nﬁcya = N + 1 (723)

The transition rate for the electron to make a transition from (n,l,m) to
(n’,I',m’) can be calculated®! from the Fermi-Golden rule expression

T h

(724)

34p. A. M. Dirac, Proc. Roy. Soc. A 112, 661 (1926), A 114, 243 (1927).
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The delta function expresses the conservation of energy. The energy of the
initial state is given by

1
Enim + Y hwyp (ngps + 5) (725)

and the final state has energy

1
Bovmy + Y hwpg (njy g + 5) (726)

The difference in the energy of the initial state and final state is evaluated as
Enlm - En’l’m’ - h Wk, o (727)

which is the argument of the delta function and must vanish if energy is con-
served. The sum over k£ can be evaluated by assuming that the radiation field is
confined to a volume V. The allowed k values for the normal modes are deter-
mined by the boundary conditions. In this case, the sum over k is transformed
to an integral over k-space via

v 3

The matrix elements of the interaction Hamiltonian between photon energy
eigenstates is evaluated as

- q 27 h 2
< // H’Ln / > = e
{ni g} | Hine | {np 5} me 2\ TV
X< {n st léal®) b (), + a_ka>exp[ ik ] | {n s} >

since only the paramagnetic part of the interaction has non-zero matrix ele-
ments. For the photon emission process, the matrix elements of the creation
operator between the initial and final states of the electromagnetic cavity is
evaluated as

< {np g}l a;a | {nw s} >= /b + 1 (730)

hence, the matrix elements of the interaction are given by

27 hc?

< n'l'm" {ny 5} | Hine | nlm {ny g} > = Vo V/ N + 1

X
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Therefore, the transition rate for photon emission can be expressed as

1 27 7\ V 3, (27hc?
- o= - (A L — _ E + 1
T h (mc) (277)3/dk< V wi — (70 )

x | < nl'm | ék).p exp{ — ik‘.r] | nlm > 1> 6( Entme — Enrmr — hwy)

The above expression shows that the rate for emitting a photon into state (k, «)
is proportional to a factor of n, o + 1, which depends on the state of occupation
of the normal mode. The term proportional to the photon occupation number
describes stimulated emission. However, if there are no photons initially present
in this normal mode, one still has a non-zero transition rate corresponding to
spontaneous emission. These factors are the result of the rigorous calculations??
based on Dirac’s quantization of the electromagnetic field, but were previously
derived by Einstein3® using a different argument. From the above expression, it
is seen that the number of photons emitted into state (k, ) increases in propor-
tional to the number of photons present in that normal mode. This stimulated
emission increases the number of photons and can lead to amplification of the
number of quanta in the normal mode, and leads to the phenomenon of Light
Amplification by Stimulated Emission of Radiation (LASER).

11.1.2 The Dipole Approximation

The dipole approximation is justified by noting that in an emission process, the
typical energy of the photon is of the order of 10 eV. Hence, a typical wave
length of the photon is given by

2mch

A = ~ 3000 A 733
- (733)

whereas the typical length scale r for the electronic state is of the order of an
Angstrom. Therefore the product k r ~ 1073, so the exponential factor in the
vector potential can be Taylor expanded as

exp[—ik.r]wl—ik.r—i—... (734)

The first term in the expression produces results that are equivalent to the ra-
diation from an oscillating classical electric dipole. If only the first term in the
expansion is retained, the resulting approximation is known as the dipole ap-
proximation. The second term in the expansion yields results equivalent to the
radiation from an electric quadrupole. The dipole approximation, where only
the first term in the expansion is retained, is justified for transitions where the

35P. A. M. Dirac, Proc. Roy. Soc. A 114, 243 (1927).
36 A. Einstein, Verh. Deutsche Phys. Ges. 18, 318 (1916), Phys. Z. 18, 121 (1917).
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Figure 17: A cartoon depicting the relative length-scales assumed in the dipole
approximation.

successive terms in the expansion are successively smaller by factors of the order
of 1073, The dipole approximation crudely restricts consideration to the case
where the emitted photon can only have zero orbital angular momentum. This
follows from the dipole approximation’s requirement that the size of the atom is
negligible compared with the scale over which the vector potential varies. Then
the vector potential in the spatial region where the electron is located only de-
scribes photons with zero orbital angular momentum.

In the dipole approximation, the transition rate for single photon emission
is given by

1 2w q 2 \%4 3 27 hc?
- — |—) — _ , 1
T h <mc> (27)3 /dk< V wi Za:(nﬁ’a_k )
X | éa(k) . < n'U'm' | p|nim > [*6( Enim — Enwmy — hwy)
(735)

The matrix elements of the momentum can be evaluated by noting that the
states | nlm > are eigenstates of the unperturbed electronic Hamiltonian so

Hy | nlm > = Epm | nlm > (736)

where the unperturbed Hamiltonian is given by
pZ
Hy = =— + V(r 737
0= 2+ V() (737)
The electronic momentum operator p can be expressed in terms of the commu-

tator of the Hamiltonian ﬁo and r through the relation
[r, Hy] =i E P (738)
> 0 - m ZZ

On using this relation, the matrix elements of the momentum operator can be
written in terms of the matrix elements of the electron’s position operator r by

< n'l'm' | p|nlm > = —i% < l'm'|[r, Hy]| nim >
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=0 % (Enlm — Eppp ) < n'l'm |E | nlm >
(739)

Therefore, in the dipole approximation, the transition rate is given by

1 q2 3
- = 1
o ey [ e D e+ 1)
X | éa(k) . < nl'm' |r|nim > > 6( Enim — Bnirmy — hwy)
(740)

where the property of the delta function has been used to set

(Enlm - En’l’m’ )2
h2

6( Enim — Enirme — hwy, ) = wl% 6( Enim — Enrirmy — hwy )

(741)
It is seen that the volume of the electromagnetic cavity has dropped out of the
expression of eqn(740) for the transition rate. We shall assume that the number
of photons ng, q in the initial state is zero. The (complex) factor

dnlm,n’l’m’ = q < n/l/m/ |f | nlm > (742)

is defined as the electric dipole moment, and the electronic energy difference is
denoted by the frequency

Enlm - En’l’m’ = hwnl,n’l’ (743)

With this notation, the transition rate can be expressed as

1 1 3 w'r%l,n’l’ - 2
p ~ P d’k Ton Z | éa(k) - Dot 1rm 1© 6( h wninr — howy)
(744)

The integration over d3k can be performed by separating the integration over
the direction d2; of the outgoing photon and an integration over the magnitude
of k. The integration over the magnitude of k£ can be performed by noting that
the integrand is proportional to a Dirac delta function, so the transition rate
can be evaluated as

71 = Zl’n,l/ / dQ) / dk sz E | éa(k) . d |2 6(w —ck)
€al\l) - Cpim n/l'm’ nl,n'l’

U 2 (Ul h k 0 Wi . tm.n't uid

7§ll’nll/ / ko | ga(k) . d 1 "m! |2 (745)

9 % 3 E : & Znlm,n’l'!m

[e3

The above expression yields the rate at which an electron makes a transition
between the initial and final electronic state, in which one photon of any polar-
ization is emitted in any direction.
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If one is only interested in the decay rate of the electronic state via the
emission of a photon, one should sum over all polarizations and integrate over
all directions of the emitted photon. The direction of the emitted photon k is
expressed in terms of polar coordinates defined with respect to an arbitrarily
chosen polar axis. The direction of the photon’s wave vector k is defined as

8"

z|  Few

Figure 18: A photon is emitted with wave vector k£ with a direction denoted
by the polar coordinates (6, ). The polarization vector é; (k) is chosen to be
in the plane containing the polar-axis and k, therefore, é;(k) is parallel to the
x — y plane.

k= (sin Oy, cos @, sin O, sin g, cos O ). The directions of the two transverse
polarizations « are defined as

€1(k) = (cosby cos g, cos b sin gy, — sin 6y,)
é(k) = (—singyg,cospg,0) (746)

The scalar product between the polarization vectors and the dipole moment can
be expressed in terms of the Cartesian components via

éa(k) . dnlm,n’l’m’ = Z égc (k) (d’E:lm n’l'm’ ) (747)

As neither the polarization nor the direction of the outgoing photon are mea-
sured, the transition rates is determined as an integral over all directions

1 nl n’l’ NG j
(T) N 27 h 63 Z Z / ko E(]) ( (k) (dgzl)m, n’'l’m/’ ) (d;l)m n’l’m’

¥ el

)

(748)
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On using the identity
1 . .
= Q. @) (k) @ —
7 2 [ e ow

one finds that the transition rate is given by the scalar product of complex

vectors 5 .
<1> _ 4 wnl,n’l’ Znlm,n’l'm’ * Clnlrﬂ,n’l’rﬂ’

Wl

i (749)

750
3hc3 (750)
The electric dipole matrix elements can be shown to vanish between most pairs
of states. The selection rules determine which matrix elements are non-zero
and, therefore, which electric dipole transitions are allowed.

T

11.1.3 Electric Dipole Radiation Selection Rules

Electric dipole induced transitions obey the selection rules Al = + 1 and either
Am = =4 1 or 0, where [ is the quantum number for electron’s orbital angular
momentum and m is the z-component. The dipole selection rules can be derived
by writing the wave functions for the one-electron states as

wn,l,m(f) = Rnl(r) Yyiz(eﬂﬂ) (751)

where R, ;(r) is the radial wave function, and Y., (6, ¢) is the spherical harmonic
function quantized along the z-direction. The components of an arbitrarily
oriented electric dipole matrix elements involve matrix elements of the quantities

r = 71 sinf cosyp
= r sinf siny
z = 1 cosf (752)
Since the above expressions are the components of a vector, they can be re-

written as combinations of the spherical harmonics with angular momentum
I =1, via

1 87
r = 7"5 3 (Y—11(9,80) - Y11(9,80)>
1 8T 1 1
y = ry\ 5 Y21(0,0) + Y (0,0)
4
d o= = Y (0) (753)

3

Hence, the components of the vector r can be written as

S 2 vz NG

7 ;s . Sy
B wr[e +ZeyY11+ézY01—e zeyyll} (754)
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The circular polarization vectors are given by

P e — i€y
m=—1 \/§
ém:O = éz
R €r + 1€
em=+1 = — Ty (755)
which are orthogonal
éri - bm = Omoms (756)

Hence, the vector r can be written in the alternate forms

(4 U
r = 7 r ; €m Ym(9790)

N S (757)

This illustrates that through the dipole approximation coupling term

r. ( Em Gk + €5 G, ) (758)
(where k ~ 0), an electron with angular momentum quantized along the z-
direction most naturally couples to circularly-polarized light with the same

quantization axis. The electric dipole matrix elements involve the three fac-
tors

27 ™
/ de / do sin0 Y}, (0,0)" Y1,(0,0) Y},(0,)
0 0

27 T
| e [ s s vl vi6.0) Vo) (759)
0 0

which come from the angular integrations. Conservation of angular momentum
leads to the dipole-transition selection rules

S (760)
and

m = m=£1

m = m (761)

because one unit of angular momentum is carried away by the photon in the

form of its spin®7.

37In the dipole approximation, the photon is restricted to have zero orbital angular mo-
mentum. Therefore, the angular momentum is completely transformed to the photon’s spin.
More generally, the spatial (plane-wave) part of the vector potential should be expanded in
terms of spherical harmonics to exhibit the photon’s orbital angular momentum components.
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The m-selection rules for electric dipole transitions.

The selection rules on the z-component of the angular momentum, m, follow
directly from the ¢-dependence of the spherical harmonics

1
V2w

so, the integral over the Cartesian components of the dipole matrix elements
involve

Yi(6,0) = OL,(6) —— exp [mw} (762)

1 21 ) , singa 1 — 1 6m+1 m/ + 1 5771—1 m/’
(763)
and
1 27 ) ,
— [ dgep|i(m—m)p| = dmm (764)
27 0

The above results lead to the selection rules for the z-component of the electron’s
orbital angular momentum

m = m 1
m = m (765)

An alternate derivation of the selection rules for the z-component of the
electron’s orbital angular momentum can be found from considerations of the
commutation relations

L.,z] = ihy
[L.,y] = —ihz
L.,z] = 0 (766)

On taking the matrix elements between states with definite z-components of the
angular momenta, one finds

<nl'm' |[L,, z]|nim > = ih < o''m'|y|nlm >

<al'm' |[L.,y]|nim > = —ih < 2I'm|z]|nim >

<nl'm'|[L,, z]|nlm > = 0 (767)
which reduce to

(m' —m) < nl'm|xz|nm > = i < nl'm|y|nlm >

(m' —m) < nl'm|y|nlm > —i < nl'm'|z|nlm >

(m' —m) <nl'm|z|nm > = 0 (768)

126

|



From the last equation, it follows that either m’ = m or that
< nl'm | z|nlm >= 0 (769)

On combining the first two equations, one finds that

! 2 /!

(m —m)> < nl'm'|z|nim > = i(m —m) < al'm|y|nlm >

= < al'm|x]|nm > (770)

The above equation is solved by requiring that either
(m' — m)* =1 (771)

or
< nl'm' |z |nlm >= 0 (772)

Hence, the m-selection rules for the electric dipole transitions are Am = + 1, 0.
The [-selection rules for electric dipole transitions.

The selection rules for the magnitude of the electron’s orbital angular mo-
mentum can be found by considering the double commutator

[LQ,[ﬁQ,T]]:2h2(rﬁ2+ﬁ2r) (773)

On taking the matrix elements of this equation between different eigenstates of
the magnitude of the orbital angular momentum, one finds

2
(l’(l’+1)—l(l+1)> < n'l'm'|r|nlm >= 2(1’(l’+1)+l(l+1)>
(774)

Since
2
<l’(l’ + 1) —1(1 + 1)) = (' + 1+ 1)U —1)* (775
and
2<l’(l’+1)+l(l+1)> = ((l’+l+1)2+(z’—l)2—1) (776)
the above equation is satisfied if, either

< n'l'm' |r|nlm >= 0 (777)

or

((l’+l+1)21)<(l’l)21)0 (778)
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The first factor in eqn(778) is always positive when I’ # [, therefore, the electric
dipole selection rule becomes Al = =+ 1.

The actual values of the matrix elements can be found from explicit calcu-
lations. The #-dependence of the matrix elements is governed by the associated
Legendre functions through

el (6) = \/ (21 2+ ) (( ll - :;))!! Pl (cos ) (779)

which obey the recursion relations

Pl+l . _ Pl—l .
sinf P, (cosf) = - (CObg)l " lm (cos6) (780)

and

-1 _ B 3 141
Sin@PﬁlJrl(cos@):(Z+m)(l+m+1)Pm (cost) (! m ) (1 m + 1) P;(cosb)

21 4+ 1
(781)
appropriate for the Am = = 1 transitions and
_ 1+1 -1
cos0 Pl (cosf) = (1 m + 1) P:ft(cosd) + (I + m ) P, *(cosb)
21 + 1
(782)
for the constant m transition, Am = 0. Using the recursion relations, one
finds that
. L+ m+2)(l+m+1)
0 l 0 — ( I+1
siné 0, (0) \/ (214 1) (20 +3) Omo
Oy w1
(201 —1)(21 +1) ™
(783)
for Am = 1, while for Am = — 1 one finds
0o _ U +m) 4+ m—1) i
sinf O (0) = \/(2z+1)(211) O
3 (l+2—m)(l+1—m)®l+1
(201 +1)(21 + 3) m-t
(784)
and for constant m
I+ 14+ m)(l+1—-m)
0 l9 _ ( I+1
cos 9 O, () \/ (21 +1)(21+3) O
(L+m)(l—m) i
+\/(21_1)(2z+1)9m (785)



The coeflicients in the above equation have a similar form to the Clebsch-Gordon
coefficients. The dipole matrix elements can be evaluated by taking the matrix
elements of the above set of relations with @fq/@' (0)* and then using the orthog-
onality properties. The above three relations give rise to the selection rules for
the magnitude of the orbital angular momentum I

' =1+1 (786)

Hence, not only have the selection rules on [ been re-derived but the angular
integrations have also been evaluated.

What the above mathematics describes is how the spin angular momentum
of the emitted photon is combined with the orbital angular momentum of the
electron in the final state, so that total angular momentum is conserved. This
implies the selection rules which leads to the magnitude of the initial and final
electronic angular momentum ! having to satisfy the triangular inequality

' +1>1> 1|0 —1] (787)

as required by the rules of combination of angular momentum. The evaluation of
the dipole matrix elements is an explicit example of the Wigner-Eckart theorem.
For this example, the irreducible tensor is the vector V with components V#

given by
T + 3 [4m
vE T ( \/5 y) r . Yil

1
VO = = r,/g vl (788)

Then, since the electric dipole carries angular momentum (1, u), the Wigner-
Eckart theorem reduces to

< lLm;Lp|l'm > < 2l'||V]|nl >

1
V2T + 1
(789)

where the first term which represents the angular integration is a Clebsch-
Gordon coefficient and the second factor is the reduced matrix element which
does depend on the form of the particular vector, but is independent of any
choice of coordinate system. Furthermore, the Wigner-Eckart theorem yields
the selection rules for the electric dipole transition

< nl'm | V¥ |nlm > =

L+ U >1>1]1-1] (790)

Exercise:
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Table 1: Matrix Elements of the Components of the Dipole Moment

U m’ T Yy z

1 [+2+m)(I+1+m) (I+24m) (I+1+m)

2 (21+1)(20+3) 3 (21+1)(20+3)
_ _ (I+14m)(I+1—m)
I'=1i+1 m' =m - - (21F1)(21+3)

I+2—m)(l+1—m 1 I+2—m)(l+1—m
m' =m—1 _% \ ( (21+1§E21+3) ) -3 \ ( (21+1§E21+3) ) -

m' =m+1 - -

_ 1 (I—m)(I—1—m) i (I—m)(I—1—m)
m'=m+1| —3\/ “G-h@m 2\ T@=)eE -
I+m)(l—m
'=1-1 m =m - - W

_ 1 [Em)(—1+m) i [rm)(—1tm)
m'=m—1 2\ @@+ 2\ T@=DE+D -

Using the commutation relations for the j-th component of a vector Vi with
the i-th component of the orbital angular momentum L*,

[LF, V7] =in ) ¢oryh (791)
k

where £97°F is the antisymmetric Levi-Civita symbol, show that

(2,0] = ~in (LA -TAL)
= —2ih<iAV—z‘hV) (792)

From the above equation, derive the double commutation relation
(B2 [0, V)] = 2m (vp + pv) _ 4n2z(i.v>

(793)

and that the last term of the above expression is zero if V. =

I=

The parity selection rule.

In addition to the electronic orbital angular momentum selection rules, there
is a parity selection rule. The parity operation is an inversion through the origin
given by r — — r. The parity operator P has the effect

P(r) = ¥(-r) (794)
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The parity operator is its own inverse since for any state ¥ (r)

Pry(r) = Pa(-n)
= (r) (795)

Therefore, the parity operator has eigenvalues p = =1 for the eigenstates which
are defined by

P ¢p(r) = p dp(r) (796)

P2 dp(r) = p* dplr) = op(r) (797)

which yields p?> = 1or p = =4 1. In polar coordinates, the parity operation is
equivalent to a reflection
0 — © — 0 (798)

followed by a rotation
Y — @ + 7 (799)

In electromagnetic processes, parity is conserved since the Coulomb potential is

Figure 19: The effect of the parity operator on a displacement vector r, in
spherical polar coordinates.

symmetric under reflection®®. Therefore, the parity operator P commutes with
the Hamiltonian o
[P, H] =0 (800)

and so one can find states | ¢, > that are simultaneous eigenstates of H and

P.

g|¢n> :En‘¢n>
Plén > = polon > (801)

38The weak interaction does not conserve parity.
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Inversion transforms vector operators according to

PrP !t = —r (802)

Hence, for any matrix elements of r between any eigenstates of the parity oper-
ator, one has

<¢n’|£|¢n> = _<¢n"75£75_1|¢n>
= —pp Pn < On |f‘¢n > (803)

Therefore, the parity must change in an electric dipole transition
DPn Pn = — 1 (804)

This is known as the Laporte selection rule for electric dipole transitions®. The
validity of this selection follows from the fact that inversion commutes with the
orbital angular momentum operator. The spherical harmonics are eigenstates
of the parity operator since

,ﬁ Y#(evw) = ( -1 )l Ynl@(easp) (805)

This is proved by examining
Y (6, ¢) o sin'@ exp [z Lo } (806)

which is seen to be an eigenfunction of the parity operator with eigenvalue
( — 1)L All other spherical harmonics with the same value of | have the
same eigenvalue since the lowering operator (like any component of the angular
momentum) commutes with the parity operator. Therefore, one can use the
angular momentum selection rule to show that parity does change in an electric
dipole transition since

(-1 = 1 (807)

The Laporte selection rule is satisfied since Al = 1.

11.1.4 Angular Distribution of Dipole Radiation

We shall assume that the initial state is polarized so that the electron is in an
electronic state labelled by m, where the axis of quantization is fixed in space.
The decay rate in which a photon of polarization « is emitted into the solid
angle dfy is given by

1 w?zl,n’l’ )
B 27 hce3 ko ; ‘ fa(ﬁ) . dnlm,n’l’m/ 2 (808)

TdQy,

390. Laporte, Z. Physik, 23, 135 (1924).
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For a photon emitted in the direction k

k= (sin 8, cos @i, sin Oy, sin @y, cos Oy, (809)
the polar polarization vectors are given by
€1(k) = (cos0y cos g, cos b sin i, — sin 6,)
éa(k) = (—singyg,cospg,0) (810)

Therefore, the scalar products of the transition matrix elements of r with the
polarizations are given by

+ ol

é(k). < nl'm'|r|nlm > cosb exp[ — i ¢ ] < n'l'm'| (z+1iy) | nlm >

1

3 cosO exp[+i x| < n'l'm' | (x—1iy) | nlm >
— sinfy < n'l'm' |z |nlm > (811)

and

éa(k). < n'l'm'|r|nlm > . exp| —i o ] < n'U'm | (z+iy) | nlm >

2
+ % exp[+i ] < n'l'm' | (x—1iy) | nlm >
(812)
Due to the m-selection rules
< n'l'm' | (x+idy) [ nlm > o< Omem—1
< n'l'm' | (x—idy) | nlm > o Spm/—mi1 (813)
and
< nl'm'|z|nlm > < Gm—m (814)
the cross-terms in the square of the matrix elements are zero. Hence, on sum-
ming over the polarizations, one finds that the (6x, ¢r) dependence of the decay
is governed by the dipole matrix elements through
~ 2 1 2 91,1 . 2
Z | 6(’(&) 'ﬂnlm,n’l’m/ | = Z 1 +cos ek ‘ < n'l'm ‘ (erzy) ‘ nlm > |
«

4
+ sin?6y | < 2'U'm/ | 2z | nim > |? (815)

1
+ = (1 +cos29k> | < n'U'm | (x—iy) | ndim >|?

For I’ =1+ 1, the above sum is found to depend on the angular factors

/ 1 I4+2+m)(I+14+m)
m — 2 — ’
Il’:l+1(9k7 901{) - ( 1 + cos ek ) 4 (2l n 1)(2l n 3) 5m —m—1

1 I4+2=-m)(I+1-m)
+ <1 + cos? 9k> 1 CERICEE) Om/ —m+1
(l+14+m)I+1—m)
(20+1)(20+ 3)

+ sin® 6,

St —m (816)
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Since the z-component of the final electron’s orbital angular momentum is not
measured, m’ should be summed over. The angular distribution of the emitted
radiation for the I’ = [+ 1 transition when neither the polarization nor the final
state m’ value are measured is given by

_ 1 2y (H2)0+1) + m? 5 (1+1)? - m?
2 T = 5 (1 eost0) TG a gy 50 @ g
(817)

This factor determines the angular dependence of the emitted electromagnetic
radiation, which clearly depends on the value of m specifying the initial elec-
tronic state. On rearranging the expression, one finds that the anisotropy is
governed by the factor

(1+2)(1+1) + m? I(l+1) — 3m?

/ 1
17;’7’_ = —vr ) e a2
Em’: =410k, or) 20+ 1)(20 +3) + > 2+ )21 3) sin® 0y,

(818)
which shows that for m = 0 the photons are preferentially emitted perpendicular
to the direction of quantization axis since this maximizes the overlap between
the polarization and the dipole matrix element. In the opposite case of large
values of m? [ 3 m? > [ (I+ 1) ], one finds that the photons are preferentially
emitted parallel (or anti-parallel) to the axis of quantization. On integrating
over all directions of the emitted photon, one obtains

1 / 2
— Q I = - 1
o [ S W) = 5 ey (319)

The independence of the result on m follows since, in this case, there are no an-
gular correlations and the choice of direction of quantization of m is completely
arbitrary. The total decay rate for an electron in a state with fixed m due to
an I’ = [ + 1 transition is given by

1 de®wpr (1+1) < 2
- ; dr r* Ry, R 820
Ty =i41 3hc3 (20 + 1) ’ /0 r e Ry (r) v Ry(r) (820)

for I’ = 1 + 1. This decay rate would be measured in experiments in which
neither the final state of the electron nor the final photon state is measured.

However, if the initial electronic state is unpolarized, then one should sta-
tistically average over the initial m. In this case, the emitted radiation becomes
isotropic

1
1 , 2 (I+1)
e g E I 0 = = 21
2l+1 i l_l+1( ka‘Pk) 3 (2l+1) (8 )
since
1 ! 1
- 2 _ = 1 22
20+ 1 mz=_l m 3 10+1) (822)



Hence, if the initial electronic state is unpolarized, the electromagnetic radiation
is isotropic. The decay rate for the I’ = [+1 transition starting with a statistical
distribution of m values is given by

]_ 4 62 wgl n'l’ l—|—1 2

- ; d 4 n 2
TV—i41 3hed 20+ 1) '/ rr? Ry (r) v Ru(r) (823)

for I’ = [+ 1. This is the same result that was previously obtained for the decay
rate of a level with a specific m value, when the m’ value of the final state and
the polarization or direction of the emitted photon are not measured.

For the case where I’ = | — 1, one finds that the decay rate involves the
angular factor

" _ 1(-m—1-m)
L7 Ok, 0k) = (1 + cos ek) 1 @@t O’ —m—1
1 (I—1+m)(l+m)
+<1+COS 9’“)4 @Dt
+ sin® 0, Om/ —m, 824
@-nE Y (524

which on summing over the final values of m’ yields the angular dependence of
the radiation field

, 1 0—-1) + m? 2 —m?
I/,;n/_ = —_ 1 ‘2 N1 aN/ea1 . AN 791 AV\(97 1 1)
mE/ ir1-1(Ok o1) = 5 (14 cos™ ) =R CTES) +sin” 6y (20— 1)(20 + 1)
(825)

The anisotropy of the emitted radiation is determined by the factor

iy CUl-1) 4+ m? LI+ — 3m?
2 Tt Onon) = e—n@TD T2 @on@en S (826)

m’

which shows that for m = 0 the photons are preferentially emitted perpendicular
to the direction of quantization axis since this maximizes the overlap between
the polarization and the dipole matrix element. In the opposite case of larger

2[3m? > 1 (I+1)], one finds that the photons are preferentially emitted
parallel (or anti-parallel) to the axis of quantization.

Again it is noted that if the initial state is unpolarized, so that m has to be
averaged over, then the radiation field is isotropic since

l
1 , 2
—— (0 == 2
20+ 1 m;l ; =1 00) = 3 5y (827)

Therefore, the decay rate in which the photon is emitted in any direction is
given by the expression

1 402 3 2

nl,n’l’ l e 9 .
B ’ dr r* Ry, R, 828
Ty =i-1 3hed  (2041) ’ /0 rr® Ry (r) m Ru(r) (828)
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forl! =1-1.
Classical Interpretation.

The quantum mechanical results for the angular distribution of the radiation
can be understood in terms of a simple classical model of the atom. In Bohr’s
model, a single electron orbits a central nucleus to which it is bound by the
attractive Coulomb potential. We shall assume that the radius of the orbit is a
and that the electron is performing a circular orbit in the = — y plane. Since the
direction of the electron’s orbital angular momentum is aligned with the z-axis,
it corresponds to the case where m = [ and [ > 1. In this case, the electron
has an oscillating dipole moment given by

d(t)

qa(coswt@ + sinwtéy>

qaﬂ%e(ém—iéy>exp[iwt} (829)

This rotating dipole moment can be decomposed into two orthogonal linear
dipole moments which oscillate out of phase with each other. It should be

N
\\ ,

Figure 20: A classical electron orbiting in the z-y plane (m = 1) can be consid-
ered as producing two perpendicular linearly-oscillating electric-dipole moments.

recalled that a classical oscillating (linear) electric dipole moment radiates power
P(w) into a solid angle d€2; with a distribution given by

dP c w\?
—_— = — | — d|? sin?© 830
(ko)linear 8w (C) 4] h (830)

where Oy is the angle between the detector and the direction of the electric
dipole. On considering the radiation from the atom to be generated from two
orthogonal linear oscillating dipoles, one finds

dP c w\?
— = — | = d|? ( sin? Ok, + sin’O ) 831
(ko)dipole 8 m (C) 4] g " (831)
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Figure 21: The polarization of the radiated electromagnetic field for an electron
orbiting in the z-y plane (m = [) can be comprehended in terms of the classical
radiation emanating from two linearly oscillating electric-dipole moments. The
angles O, and Oy, respectively, are the angles between the emitted radiation
and the z-axis and the angle subtended by the emitted radiation and the y-axis.

which on using

cos Ok, = sinb cosyy

cosOpy = sinfy sinyy (832)

P 4
<d> S (”) | d |2 (1 + cos29k) (833)
dSy, dipole 8w \c¢

Since the energy of the emitted photon is given by i w, one finds the angular
dependence of the semi-classical prediction of the decay rate is given by

1 €2 wa 3
= () (1 + cos? 9k> dQy, (834)

TdQy, 87T ha C

becomes

The polarization vector is parallel to the direction of the electric field, which in
turn is given by the direction of the oscillating dipole that produced it. Hence,
a detector which is arranged to accept radiation travelling in the direction k will
detect polarizations that are found by projecting the electron’s orbit onto the
plane perpendicular to k. For example, in this case where the electron’s orbit
is in the x — y plane, so radiation along the z-axis will be circularly-polarized,
whereas radiation in the x — y plane will be linearly-polarized.
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Circular .

Linear

Figure 22: The polarization at a field point can be determined by considering
the projection of the electrons orbit on a plane perpendicular to the direction
of emission k. The polarization vector of the classical EM wave follows the
projected orbit of the dipole moment.

The angular dependence of the decay rate follows directly from the expres-
sions of eqn(817) and eqn(825) by setting m ~ [ > 1, replacing the radial matrix
elements of r by a, adding the expressions and inserting them into equn(808). The
analysis shows that quantum mechanics reproduces the classical limit correctly,
as is expected from the correspondence principle.

11.1.5 The Decay Rate from Dipole Transitions.

The decay rate due to dipole transitions includes processes in which photons
of all polarizations are emitted in all directions. Accordingly, the decay rate
is found by summing over all polarizations and integrating over the directions
of the emitted photon. For a spherically symmetric system, the energy will
be independent of the z-component of the orbital angular momentum. In this
case, one should sum over all values of m’ corresponding to the degenerate final
states. On summing over all final states corresponding to a specific I’ value, that
is on summing over m’ where m’ = m, m = 1, one finds that the transition
rate can be expressed as

1 4 62 (,{)i n'l (l+1) > 2
() _ A v { CERy } ' / dr 12 Ruy () 7 Ru(r) | (835)
0

T 3hc3 eIy

for

;11
! _{11 (836)

It should be noted that, for a fixed I, the lifetime of the state | nlm > is inde-
pendent of the value of m. This is expected since the choice of the quantization
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Table 2: Radial wave functions R,;(p) for a Hydrogenic-like atom, where p =

%. The functions are normalized so that fooo dp p2 Ry R = 1.
n=1[|01=20 2exp{—p]
n=21=0 \}§<1—§>exp|:—§}

I =1 2\/gpexp[g]
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Table 3: Values of | fooo dr r?> Ry v Ry—1 |? in atomic units.

n,d | n, -1

np 1s 28n7(n — 1)2n=5(n 4 1)727=5

2s 21707 (n? — 1)(n — 2)*=6(n 4 2)=27—6

3s 283707 (n% — 1)(n — 3)=8(Tn? — 27)%(n + 3) 278
nd 2p 21937 1n9(n? — 1)(n — 2)2"""(n +2)~ 277

3p 21139n9(n2 _ 1)(7’L2 _ 4)(7’l _ 3)2n—8(n + 3)—277,—8

nf 3d 2133957 Iptt (n2 — 1)(n? — 4)(n — 3)>"%(n 4 3)~ 29

direction is completely arbitrary.

There are no selection rules associated with the radial integration in the
dipole matrix elements

/ dr 7® Ry_1 71 Ry (837)
0

The radial part of the dipole matrix element can be expressed in terms of the
hypergeometric function F(a,b, c) via

o0
/ dr 7‘2 Rn’lfl r Rnl
0

_a (_1)n’—l \/(n + D)0/ +1—1)! [(4n’n)l+1(n _ n/)n’+n2l2]

4(2l—1) (n—l—l)'(n/_l)' (n/+n)n'+n
B o B 4n'n B n —n\> _ _ /_ﬂ
><[F(1+1 mol = 2 ) = () B Ll )
(838)

Simple analytic expressions for the squares of the matrix elements for small val-
ues of (n’,1) are shown in Table(3).

The radial integrations were evaluated by Schrédinger®? using the generating

40E, Schrédinger, Ann. der Phys. 79, 362 (1926).
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function expansion for the Laguerre polynomials. Eckart*' and Gordon*? have
calculated these dipole matrix elements by other means. In general, the lifetime
of the hydrogenic states increases with increasing n, varying roughly as n® for
a fixed value of . The decrease in the dipole matrix elements with increasing n
is simply due to the increasing numbers of nodes in the radial wave functions.

The magnitude of the decay rate is estimated as

SHON D s

where the magnitude of the dipole matrix element is estimated as e a where a
is the Bohr radius. On setting hw equal to the electrostatic energy of hydrogen,
the remaining factor is estimated to have the magnitude

wa e?
Z7) ~ [ = 840
() - () 40
where the length scale a has dropped out. Hence, as

L AU S (841)
hic) ~ 137.0359979

one finds that the decay rate is given by

1 c [ e2\*

A 842

T a <h c) (842)
so the decay time is approximately eight orders of magnitude larger than the

time taken for the photon to cross the atom. When averaged over [, the electric
dipole decay rate is given by

% ocz(ani—gl)fvn_ (843)

" 1

wlko

so, as seen in Table(4), the decay is slower for the higher energy levels.

11.1.6 The 2p — 1s Electric Dipole Transition Rate.

Consider the decay of the 2p state (with m = 0) to the 1s state in the hydrogen
atom. As can be seen from Table(2), the initial state is described by an electronic
wave function

Yop(r) = 2\/% (2) eXp[ -

41C. Eckart, Phys. Rev. 28, 927 (1926).
42W. Gordon, Ann. der Phys. 2, 1031 (1929).

3 cosd (844)

Do =
Q|3
—_
=~
3
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Table 4: Electric Dipole Transition Rates for Hydrogen, in units of 103sec™!.

Initial | Final || n=1 | n=2 n=3

2p ns 6.25 - -

3s np - 0.063 -
3p ns 1.64 | 0.22 -
3d np - 0.64 -
4s np - 0.025 | 0.018
4p ns 0.68 | 0.095 | 0.030
4p nd - - 0.003
4d np - 0.204 | 0.070
4f nd - - 0.137
and the final state electronic is given by
2 r 1
s(r) = — ex - = 845
1/)1 (7) \/@73 p |: a :| m ( )
where the length scale a is the Bohr radius
h2
= 846
a= (846)

The decay rate in the Fermi-Golden rule, evaluated in the dipole approximation,
is given by

1 4(")?2 d>{92p 'dls2p
- = = = 847
T 3hcd (847)
The frequency is evaluated from
FL w12 - E2p - Els
4 1
_ m62 -1
2 h 4
3 €2
= - — 848
S 4 (848)
Hence,
L4 (3Y (@Y R |
T 3\8 hoa hed | ea




2
dls,2p

o (849)

9 e2\* ¢

128 \he¢) a
Therefore, the scattering rate is determined by the ratio £ but also is modified
by the fourth power of the dimensionless electromagnetic coupling strength

eN ot (850)
he) ~ 137.0359979

The smallness of this factor allows us to only consider the Fermi-Golden rule
expression for the decay rate. The dimensionless dipole matrix elements are
expected to be non-zero, since they obey the selection rules. They are non-zero,
as can be directly verified by performing an integration. The only non-zero
dipole matrix element originates from the z-component of the dipole

diyy = € / A 97, (1) 1 () (851)

since only the z-component satisfies the Am = 0 selection rule. The angular
integration is evaluated as

\/5 2

=y A

T 3 2
dy / df sinf cos’f = i 27 =
0 4m 3

(852)

Sl-

and the radial integration yields

‘ w0

/oodrrzR*(r)rR (ry = /oodrrélex _ 3

0 1s 2p - o a3 p 2
2\° [

6<3> /0 da:x4exp{—x]

= aj!é (;)5 = 4aV6 (;)5 (853)

Hence, the magnitude of the dipole matrix element is evaluated as

N
S
SHE

5l

dls 2p 2 °
—_ = 4 2 — 4
- V2 ( 3) (854)

Therefore, the dipole allowed decay rate is given by

- )

Hence, the time scale 7 is of the order of 10710 seconds. The exact value of the
decay time is calculated to be 1.6 x 10~ seconds.
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11.1.7 Electric Quadrupole and Magnetic Dipole Transitions.

Consider decays such as the 3d state (with m = 0) to the 1s state in the hydrogen
atom. Since, in this transition, the change in the electron’s angular momentum
is two units, the transition is forbidden in the dipole approximation. Therefore,
the transition rate is evaluated by keeping the next order term in the expansion

exp[—ik.r]%l—ik.r—i—... (856)
The second term in the expansion describes electric quadrupole and magnetic
dipole transitions.

The matrix elements that have to be evaluated are of the form
<nl'm' | (k.r) (é(k).p)|nlm > (857)

This shall be written as the sum of two terms, with different symmetries with re-
spect to interchange of r and p. These two terms will describe electric quadrupole
and magnetic dipole transitions. The matrix elements are written as the sum
of a term symmetric under the interchange of r and p and a term that is anti-
symmetric B

(ker) (el 5) = 5( (ker) (eal®.p) + (k) (o)1) )
(k) QW p) ~ (5.5 (Q®).0))

The first term represents the matrix elements for the electric quadrupole tran-
sitions*3, and the second term represents the matrix elements for the magnetic
dipole transitions. The first term can be written as the scalar products of a
symmetric dyadic

h<rﬁ+ﬁr>~MM (859)

The scalar products are organized such that the left most vector outside the
parenthesis forms a scalar product with the left most vectors within the paren-
thesis, and likewise with the right most vectors. The electronic matrix elements
only involve the dyadic operator, as the wave vector and polarization vectors
are properties of the photon. The matrix elements

<n/[/m/|(rﬁ+]§r>nlm> (860)

are evaluated by first noting that

(1, 9]

= 2ihp (861)

43J. A. Gaunt and W. H. McCrea, Proc. Camb. Phil. Soc. 23, 930 (1927).
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which allows the momentum operator to be written as
im
— | H
|

Therefore, the matrix elements of the dyadic can be expressed in the form of
the matrix elements of the commutator with the dyadic

;1] (862)

<n'l'm'|(rﬁ+ﬁr>|nlm>Z};n<nl' \r[H,r] + [H,
= %<nlm|[ ,rr]lnlm >
En”m’_Enm
= zm( d tm ) < nl'm/
h
= imuwy, <nl'm|rr|nm >

The decay rate in the Fermi-Golden rule, evaluated in the electric quadrupole
approximation, is given by

1 e \’ 3. m? ¢? Wk " - 2
- = <mc> /d . Z|k.<nm|£[|nlm>.ea(@|
Xé(Enlm — E/l/ r— hwk)
= ¢ Gnln'll /koZ|k.<n 'm | rr | nlm > . éu(k)|?
87mh c o -
(864)
where, in the second line k is restricted to have the magnitude
Wnln'l’
k= ——— 865
- (365)
The frequency is evaluated from
h Wi/l = Enl En/l’
met o2 i 2
h2 hic
2
e
~ = 866
; (366)
Hence
e
-~ Q . . € 2
= (hac) 87rh/dkz|k < nl'm' |rr|nlm > . é(k) |
e2\° ¢
~ | —] = 867
(FL c) a (867)
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Therefore, the scattering rate is determined by the ratio £ but also is modified
by the sixth power of the dimensionless electromagnetic coupling strength

eN ot (868)
hic) ~ 137.0359979

The smallness of this factor allows us to only consider the Fermi-Golden rule
expression for the decay rate. The dimensionless quadrupole matrix elements
are expected to be non-zero, since they obey the selection rules which involve
the exchange of two units of angular momentum. They are non-zero, as can
be directly verified by performing an integration. Therefore, the quadrupole

allowed decay rate is given by
1 e2\° ¢
-~ | — | - 869
T (h c) a (869)

Hence, the time scale 7 is expected to be of the order of 1076 seconds*?.

This type of transition is known as an electric quadrupole transition. Because
of the transversality condition

k. éa(k) = 0 (870)

one can add a diagonal term to the dyadic without affecting the result. A
diagonal term with a magnitude that makes the resulting dyadic traceless is
added to the dyadic, leading to the expression

1
Qij = e (xz g — gl |2> (871)
Therefore, the transition rate is governed by the electric quadrupole tensor
< n'l'm" | Qij | nlm > (872)

The symmetric dyadic @; ; has six inequivalent components, which because of
the restriction that the dyadic is traceless, can be reduced to five independent
components. Due to the transformational properties of the dyadic under ro-
tation, it can be expressed as a linear combination of the spherical harmonics

Y2(0, ¢) and nothing else?®. This can be seen from rewriting the quadrupole
tensor
o) xx — g Ty Tz
2
~ = vty =5y (873)
zx 2y 2z — %5

44This estimate will be modified upwards by several orders of magnitude, due to the presence
of a large dimensionless factor that was not accounted for.

45The transformational properties of the dyadic follow immediately from the transforma-
tional properties of the vector r
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in terms of spherical polar coordinates

) 1sin®0 C(l)S 2g02 — £(3cos?0 - 1) L, 1sin® 0 sirll 2¢
— = 3 sin” @'sin 2¢ —5sin”6 cos2p — (3cos®f — 1)
er sin 6 cos 6 cos sin # cos 6 sin ¢

(874)

The presence of states with orbital angular momentum of only two makes the

dyadic an irreducible second rank tensor. Application of the Wigner-Eckart

theorem to an irreducible second rank tensor results in the electric quadrupole
selection rules

I+ U >2>11-1] (875)

The angular momentum carried away by the photon consists of the spin-one
carried away by the photon in addition to the component of the photon’s wave
function described by the spherical Bessel function ji(kr) ~ k r which carries
off one unit of orbital angular momentum. In addition to the angular momen-
tum selection rules, there are parity selection rules for the electric quadrupole
transitions. Since the parity operator satisfies

PrP ! =—r (876)
then the electric quadrupole matrix elements satisfy

rrln > = <o |PrrPtin >
= pupn <n|rr|in > (877)

Therefore, the parity does not change in an electric quadrupole transition as
P Pn = 1.

The magnetic dipole matrix elements are given by

Sk () ) = (k2p) () 0) 67

which can be re-written as

B=YAA—EkAA— YAk (880)

and the second term

is the orbital angular momentum. The orbital angular momentum produces the
orbital magnetic moment given by

B= (rAp) (882)

sin 6 cos 6 cos

sin @ cos 6 sin
£(3cos?6 — 1)



The magnetic dipole transition should be extended from orbital angular mo-
mentum to include the spin magnetic moment which is of the same order

(” )a.(mea(kn

2mec

(2;c>(7"Ap>-(kAéa(k)) (883)

since orbital angular momentum is quantized in units of A. The angular mo-
mentum selection rule for the magnetic dipole transition is given by

Al =0 (884)

and
1> ] Am| (885)

also parity does not change.

Terms with higher-order orbital angular momentum that occur in the ex-
pansion of the photon’s wave function exp[ i k . r ] can be found by using the
Rayleigh expansion. The terms with orbital angular momentum [ are propor-
tional to the spherical harmonics j;(kr) which vary as (kr)! when kr — 0, as is
found from the expansion of the exponential term. The presence of the extra
factors k! in the matrix element has the result that the electric 2°-th multi-pole
transition rates are found to vary as

2s5+1
1 n,n’ ;
© x (w> a2 (886)

where s is the magnitude of the change in the electronic orbital angular mo-
mentum, which satisfies the inequality

(L+10U)>s>|U —1] (887)

The extra factors from the photon’s angular momentum results in an overall de-
crease in the electric multi-pole transition rate by a factor of (;—26)25. It should
also be noted that the relative strength of the higher-order electric multi-pole
transitions increase more rapidly with Z than the electric dipole transitions.
Therefore, it is frequently found that the quadrupole transitions cannot be ne-
glected for the heavy elements. Alternatively, higher-order multipole transitions
do become important in the x-ray region, since in this region the wavelength of
the radiation is comparable to the spatial extent of the charged particle’s wave
function.

11.1.8 The 3d — 1s Electric Quadrupole Transition Rate

The transition 3d — 1s is forbidden to occur via the dipole process, since it
involves a change of | by two units. It may occur as an electric quadrupole
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transition. The electric quadrupole transition rate can be expressed as

1 1 w\”® 2 A 2 2
1. 8m(c) /koZm. < 15| 0|34 > . ealk) 2 (388)

[e%

where Q represents the quadrupole tensor. The frequency factor can be evalu-

ated as A )
w €
(%) = 52 () (359)

hence, the rate can be expressed in the form

1 ¢ 4\® [ e2\°© 4 1 . ~ . )

7'_87Ta<9) (hc) / k;€2a4|k~<18|Q|3d>.ea(b)|
(890)

We shall consider the transition from the m = 0 state of the 3d level to the 1s

state. As can be easily shown, the matrix elements of quadrupole tensor for this
transition are diagonal and are given by

) -% 0 0
< 1s|Q|3d >=< 1s| 0 %= 0 13d > (891)
0 0 Qz2

Therefore, the transition matrix elements are of the form

1 - A
/koZWU{:. <1510 (3d > . énlk) P
«@

=/ DY e~ ” ( bta®): — 5 hotalb)e — o
The direction of the emitted photon k is expressed as
k = (siny cos oy, sin 0, sin @, cos 0, (893)
and the polarization vectors are given by
€1(k) = (cos0y cos g, cos b sin i, — sin 6,)
é2(k) = (—singy,cospy,0) (894)

Thus for the m = 0 level, one finds that the integral over the angular distribution
is given by

1 ~ )
/dnkzﬁm. <150 13d > . énlk) P

1 2 :
/ko‘< 5|sz|3d>| <_2Sin0kcosek)

e? at

4
10 e? q4

3 1 2z | 3d 2
3, 1< 15]Q..|3d > (<95)
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The scattering rate becomes

1 3<4)5c (62)6|<15|QZZBd>|2 (596)

T 20\9/) a \he e? a4

The dimensionless quadrupole matrix elements are evaluated as the product of
an angular integral and a radial integral

1 2z | 3d L1
< L] Qe [3d [ a0 6.0 5 (3 00— 1) ¥30.0)
ea 3
X / dr r* R: (r) —5 Raa(r)
0 a
1[4 [3\%
— — — — 4 —
3 V5 (4> (897)
Finally, one finds the resulting expression for the quadrupole decay rate of the
3d state with m =0 )
1 1 ¢ [ é?
T T 3600 a (m) (898)

which is evaluated as 228 sec™!. From the above analysis, it is seen that angular
distribution for the emitted photon is governed by the factor

cos? 0y, sin? 0, (899)

and the intensity is largest for the cone with 8 =~ 0.28 7w or 0.72 7. This angular
dependence of the emitted radiation is the same as found by considering the
radiation from an oscillating classical quadrupole, for which the radiated power
is given by

dP c w\® 9 9 .9
a0 . =5\ Q° cos® O sin” by (900)
qua

However, the angular distribution of the emitted quadrupole radiation is to
be contrasted with the Am = 0 decay of a 2p electron, that has an angular
distribution of emitted photons given by

sin? 6, (901)

which is maximum for 0, = 7.

The 3d — 1s quadrupole decay rate will be dwarfed by dipole allowed cas-
cade emission processes such as 3d — 2p followed by 2p — 1s. Therefore, the
intensity of the emitted light corresponding to the 3d — 1s process is expected
to be extremely weak. However, the quadrupole line is expected to be much
more readily observed in absorption spectra.
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Figure 23: The angular distribution of quadrupole radiation for the Am = 0
transition, as a function of polar angle 6.

11.1.9 Two-photon decay of the 2s state of Hydrogen.

The 2s state of the hydrogen atom can not decay via the paramagnetic interac-
tion since, as it can be shown that the matrix elements that govern the emission
intensity vanish

<13|€a(k).ﬁexp[—ik;.r]2$>:0 (902)
First on integrating by parts, the matrix elements can be written as
ih < 1s€a(k:).Vexp{ - ik.r] | 25 >

=+4+ih < 25| exp[+ik.r]€a(k).V|1s >*

(903)
On utilizing the expression for the 1s wave function
1 r
P1s(r) = — exp{ — a} (904)
one finds that ()
r 1s(r
Vii(r) = - = = (905)
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Hence, the transition matrix element is given by

L rTe exp[ - k} Cl) ey (906)

a 0 T

The matrix elements can be simply evaluated in spherical polar coordinates if
one chooses the direction of k as the polar axis. The plane-wave, therefore, only
depends on the z-component of r and since

éalk) .k = 0 (907)

the factor é,(k) . r only depends on x and y and is antisymmetric with respect
to the transformations + — — x and y — — y. All other factors are even
functions of x and y. On integrating over the directions in the x — y plane, one
finds that the integral is identically zero.

The above result could have been (partially) anticipated by considering the
selection rules. The electric dipole transition is forbidden by parity. The mag-
netic dipole transition is zero in this non-relativistic treatment. All magnetic
and electric quadrupole and higher multipole transitions are forbidden by an-
gular momentum conservation.

The 2s state decays via two-photon emission which is described by the dia-
magnetic interaction and by the effect of the paramagnetic interaction taken to
second-order in time-dependent perturbation theory. Since only the part of the
paramagnetic interaction that creates a photon is involved, for our purposes the
paramagnetic interaction can be replaced by

1
N q 27w hc?\2
Hpara — = = Z; <Vwk) - Call) Ay o

Likewise, the diamagnetic interaction can be replaced by
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Figure 24: The one-photon emission part of the paramagnetic interaction.
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2 2 ~ ~ ’
. q 2w h e éx(k) . éar (k) ,
Hyiq — g < v ) R aga az,,a, exp | —i(k+k).r

(909)
for two-photon emission. The system is assumed to be initially in an eigenstate

Figure 25: The two-photon emission part of the diamagnetic interaction.

of the unperturbed Hamiltonian | n > but, due to the interaction H;,; makes
transitions to states | n’ >. These states are to be considered as products
of the electronic states and the states of the electromagnetic cavity. Following
the usual procedure of time-dependent perturbation theory, the above state
| ¥, > can be decomposed in terms of a complete set of non-interacting energy
eigenstates | n > via

| ¥y, > = ; Cpr (1) exp{— ;En/t} |n' > (910)

where C,,/(t) are time-dependent coefficients. The probability of finding the
system in the final state | n’ > at time ¢ is then given by |C,/(#)|2. The rate
at which the transition n — n’ occurs is then given by the time-derivative of

|Coe ()]

It shall be assumed that the interaction is slowly turned on whent — — oo.
The interaction can be reduced to zero at large negative times by introducing a
multiplicative factor of exp[ + 7 t | in the interaction, where 1 is an infinitesi-
mally small positive constant. To first-order in the diamagnetic interaction, one
finds

. 2 2
Wy = (24 ' —i (K : o
) = < - ) <n'lexp[—i(k +k).r]|ln > (2m02) (mV>
. :
nga(k),ga/(g’)/ dt/exp[l(ﬁwl+ﬁw+En’_En)t/:|

— 00

(911)

where w = c k and w’ = c k' are the energies of the two photons in the final
state. It should be noted that, since we have evaluated the photonic part of the
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initial and final state, the labels n and n/, now only describe the electronic part
of the inital and final states. The small quantity n has been absorbed as a small
imaginary part to the initial state energy

E, — E, +inh (912)

The paramagnetic interaction is of order of ¢ and the diamagnetic interaction
is of order ¢?. Thus, to second-order in ¢, one must include the diamagnetic
interaction and the paramagnetic interaction to second-order. There are two
second-order terms which represent:

a) emission of the photon (k, a) followed by the emission of a photon (&', o).
(a) P ; Y p :

(b) emission of a photon (k’, ') followed by the emission of the photon (k, a).

Figure 26: The two-photon emission processes to the paramagnetic interaction
to second-order.

The second-order contribution to the transition amplitude is given by
N 2 t t’
—_ 2 1 2
07(3) t) = v q ThRc / dt’ / dt"
h mec Vwir wir V) —oo

1 1

[ > exp| 5 (Bw +hw' — Enn) t' ] expl 5 (Enr + hw — Ey) ']

I3 h

n'’

x < pl'm' | éw(K) . p|n"U"m" >< n"U"m" | éu(k) . p | nlm >
+ ) exp| % (B + hw — Epi) '] exp] % (B + h' — Ey) "]

n//
X < n/l/m/ ‘ éa(k) . @ ‘ n//l//m// > < n//ll/m// | éa’(kl) . @ | nlm >
(913)
The earliest time integration can be evaluated leading to

. 2 2 t .
() B — 9 q 27 hece / , i B, B ,
Cwlt) = (h )(mc> (mv> A ) expl g (Rt By = By~ ) ¥ ]

n’’
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< n'l'm/ [ e () . p | n"U'm” > < 2"U'm" | éa(k) . p | nlm >

(En— n//—hw)

< nll/m/ | éa(k) . @ | n//l//m// > < n//l/lm// | éa/(k/) . @ | nlm >

(En - En// - hw’)

as long as the denominators are non-vanishing.

The coefficients C’,(;)(t) and C’S) (t) have the same type of time-dependence.
The remaining integration over time yields

s t .

< hl> / dt’ exp{%(ﬁw’+ﬁw+En/Enihn)t/}
B exp| % (hw' + hw + Ey — B, —ilin) t ] (915)
N (ho' + hw + E, — E,, — ihn)

The transition rate is given by

19 1) 2)
L a([evae + e

: ) (916)

but the time-dependence of the squared modulus is contained in the common
factor

exp| + (hw' + hw + En — E, — ilm) t ] |2 empnﬂ

(hw' 4+ hw + B, — E,, — ihn)

(917)

Since the momenta and polarizations of the emitted photons are not measured,

the rate is summed over (k,a) and (k’,a’). Therefore, the transition rate is
given by the expression

2n exp{Qnt}

Ly

k,a:k o

M2 (918)

where the matrix elements M are due to the combined effect of the diamagnetic
interaction and the paramagnetic interaction taken to second-order. That is,

M = < lsko ko' | Hyq|2s >

(hw' + hw + B, — Ep)? + 22

|

(914)

n Z < lska,kad | ffpam | 2"U"m" Ko/ > < n"l'm" Ko | ﬁpam | 25 >

EQS — En//l//m// — hwk/

n Z < lska,kad | ffpam | n"U'm" ka > < n"l"m"” ka | pram | 25 >

E2s - En”l”m” - hwk

n’i"m!
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These three terms add coherently, and it should be noted that the intermediate
state is only a virtual state and it can have a higher-energy than the 2s stateS.
In the limit . — 0 the first term in the expression for the transition rate
of eqn(918) reduces to a delta function which expresses conservation of energy
between the initial and final states.

1 7 exp { 2nt }
lim — 5 = (5( FEoy — Fig — hwp — hwk)
=0 7w (hw'+hw+ Ey — E,)? + h¥n?
(920)

In the limit » — 0O the transition rate reduces to the Fermi-Golden rule
expression

— == > [MP§(Ey — Ei, — hwpy — hwy) (921)

k ok’ 0
The emitted photons have continuous spectra. In the expression for the matrix
elements M, the last two terms differ in the time-order that the two photons
are emitted. On inserting the expressions for the interactions into M, one can

pull out the common factors leaving a dimensionless matrix element M’. This
leads to the expression

2 2
q 271 hec 1 ,

M = M 22

(2m62) ( Vv ) N, (922)

where M’ is the dimensionless factor given by

M = é, (k). én (k) < 1s|exp{i(k—|—k’).r} | 25 >

N 2 < ls|éa(k).pexpl[—ik.r]|nl'm” > < n"lI'm" | éu(K') . pexp[—ik .r]]2s :
mn”l”m” EQS - En”l”m” — hwk’

N 2 < ls|éa(K) . pexpl—ik .r][nlI'm" > < n"U'm" |éy(k) .pexpl—ik.r]|2s :
n’l"'m! EQS - E’ﬂ”l”m” — hwk}

The first term is negligible, since 1 > k . r and the electronic eigenstates
are orthogonal. The order of magnitude of the second term is given by the
electronic kinetic energy divided by the excitation energy. Hence, the reduced
matrix elements have a magnitude of the order of unity. The transition rate is
given by

hc?

T 2m c? V2

vkl oyl
kosk o

46Dye to the Lamb shift, there is a 2p state with slightly lower energy than the 2s state.
However, due to the small magnitude of the energy difference, the part of the decay process
involving any real 2p transition is negligibly small.
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One can assume that the dipole matrix elements of the intermediate states
should be randomly oriented in space, since the initial and final electronic states
are isotropic. After summing over the polarizations, the transition rate becomes
isotropic. On setting

SMIMP &1 (925)

one finds

1 2\’ ne Bk [ PK

J— = P— — E _ EI _ _ , 2
T <2 m 02> ( 27 )3 / k / k! 6( 25 1s hwy, hOJk; I9 6)

Since the integrand is independent of the direction of k and k', the angular
integrations can be performed leaving

1 e? Zhe? [ <,
L ) 2 dkk | Ak K §( Bay — Frs — hop — hup (927)
T m C 2 s 0 0

On integrating over k’, one obtains

1 e? 2 ¢ < Wo1
- = — dk k (— — k 928
T <m02> 2 /0 ( ¢ ) (928)

where wyo is related to the energy difference of the 1s and 2s states. An ele-
mentary integration yields

1 LQL @3 (929)
T m c? 12 7 c

The first factor has dimensions of length squared and can be recognized as the
square of the classical radius of the electron. However, since

w12 3 62
— — 930
c 8 hca (930)
and )
h
= 931
a=—— (931)
or ) .
e ae
me B2 (932)

one finds the decay rate is approximated by

1 1 3\ ¢ /e2\’
ERTL (g) a (n) (933)

Thus, the estimated decay rate is 8.75 sec™!.

Shapiro and Breit*7 is 8.266 sec™?.

The exact value calculated by

47J. Shapiro and G. Breit, Phys. Rev. 113, 179 (1959).
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11.1.10 The Absorption of Radiation

If a process occurs in which only a photon with quantum numbers (k, ) is
absorbed, then the numbers of quanta in the initial and final state of the elec-
tromagnetic field are given by

/
Nga = Nka — 1

n/El7B = nﬁ/ﬁ (934)
The matrix elements of the paramagnetic interaction are given by

< n'l'm" {ny g} | Hpara | nlm {ny 5+ >
- — (ch) % Vg o ,/% < n'l'm' | p.éa(k) exp[ + ik.r] | nim >
The photon absorption rate is found from the Fermi-Golden rule expression
x| < nlU'm|p.éu(k) exp{+ik.r]nlm> ? (936)

This is related to the lifetime due to stimulated emission, if the initial and final
states are interchanged.

The scattering cross-section for photon absorption o}, (w) is found by
relating the number of photons absorbed (per second) to the product of the
incident flux and the cross-section. The photon flux is given by the photon
density times the velocity of light

j=="ck (937)

Hence, the cross-section can be written as

V 2 q 2 /20 hc?
Tabsorb(Wk) = <nk’a c) 7 <mc> (Vwk Nk, Z 0 Enim + hwy — Eppme )

n’l’m’

x| < nl'm'|p.éqa(k) exp{ + ik.r} | nlm > |?
which simplifies to

4 72 ¢?
Tabsorb(Wk) = m2 wr > 6 Enim + hwy — Enin )

n'l'm’
x| < n'l'm' | p.éa(k) exp[ + ik.r] | nlm > |?

(939)
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The absorption cross-section is independent of the volume of the electromag-
netic cavity and the number of photons in the incident beam. As a function of
frequency, the Born approximation for the cross-section for photon absorption
contains delta function lines corresponding to the atomic excitation energies.
Measured absorption lines do have natural widths Awy,; /i and the absorbtion
spectra can be approximated by the sums of Lorentzian functions. The widths

70
60 |

10 jk
0 1 1 1 1 AIA

0.7 0.8 0.9 1
ho [ Ryd ]

Figure 27: A sketch of the photon absorption cross-section o(w) (in units of
%2) as a function of photon energy hw (in units of Rydbergs). The plot over-
emphasizes the role of the photon lifetimes, since the ratio of the line-width to
the photon frequency is of the order of (2—26)3

of the lines are governed by half the sum of the decay rates of the initial and

final electronic levels.
1 1 1
AWnl,n/l’ = 3 < — + ) (940)

2 Tnl Tn'l

This formula implies that rapidly decaying levels will yield broad lines, but does
not imply the converse*®. The spectral widths can be described by the inclu-
sion of the effects of interaction to higher orders*®. The higher-order processes
produce small shifts of the atomic energy levels and also give the energies small
imaginary parts, resulting in a Lorentzian line shape. Since a typical atomic
transition rate is of the order of 10® sec™! and a typical photon frequency is of
the order of 10'® sec™!, the widths of the lines can usually be neglected.

The absorption cross-section can be evaluated in the dipole approximation

4 72 e?
Jabsorb(wk) = m ng;n/ 5( Enlm + hWk — E’n/l’m’)

48] ines in the absorption spectra with weak intensities can be broad if the final states are
rapidly decaying.
49V, F. Weisskopf and E. Wigner, Z. Physik, 63, 54 (1930), Zeit. fiir Physik, 65, 18 (1930).
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x| < nl'm' | p.éa(k) | nim > |? (941)

which can be re-written as

472w
UabSOI‘b(wk) = ( k) Z 5 nlm + hwk - En’l’m’)
/l/m/
x| < n'l'm'|r.éu(k) ]| nlm > |2 (942)

For an isotropic medium, the electronic states are degenerate with respect to
the z-components of the orbital angular momentum, so the initial state (n,{,m)
should be averaged over the different values of m

l

21 +1) Z (943)

and the values of m’ for the final states are summed over all possible values.
This averaging process results in an isotropic absorption rate, and is equivalent
to averaging the polarization vector over all directions in space. Therefore, in
the dipole approximation, the absorption cross-section for an isotropic medium
is given by the expression

4 72 9
Uabsorb(w) 3 ( ) Z Wn'l' nl | < n'l'm ‘ T | nlm > ‘ 6(wn/l/7nl — w)

/ll
(944)
The strength of each absorption line can be found by integrating the cross-
section over a narrow frequency range centered on the frequency of the absorp-
tion line. (More specifically, the width of the interval of integration must be
greater than the natural line-width.) The integrated intensity of the transition
(nlm) — (n'l'm’) is given by

ni,n/1/ T€ 4 72 o2 o )
dw Tabsorb(@) = 3 \ne wor e | < n'lU'm’ e | nlm >

/ll_e
(945)
The intensity of each line is proportional to the “oscillator strength” f;—.//
defined as

Wnl,n

2m Wn'l’ nl

= | < 2U'm |7 |nlm > ? (946)

fnl—)n’l’ =

The intensities and the frequencies of all the transitions are related via sum
rules®®. These sum rules involve quantities of the form

Z Wt i | < UM | | nlm > |? (947)

n’'l’m/’
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Table 5: Sum Rules for Dipole Transitions

P Zn'l’m’ wﬁ’l’m’,nlm | < n/l/m/ |£ | nlm > |2

0 < nlm | r? | nlm >
1 3 h
2m
2 %(Enlm—<nlm|V|nlm>)

3 S < nlm | V2V | nlm >

and have values given in the Table(5). The sum rules can be used to provide

checks of experimental data.

Sum Rules for Dipole Radiation

There exists a systematic way of deriving sum rules for the weighted inten-

sities of the dipole allowed transitions. The sum rules are of the form

Y W | < nm | Al lm > P

n’l'm’

where
hwnl,n’l’ = Enl - En’l’

and p is a positive integer.
Consider the expression
F(t) = < nlm | A(t) AT(0) | nlm >
where the operator A(t) is given in the Heisenberg representation

A(t) :exp{—i— ;H’ot}flexp{— ;ﬁot]

50W. Thomas, Naturwiss. 11, 527 (1925).
F. Reiche and W. Thomas, Zeit. fiir Physik, 34, 510 (1925).
W. Kuhn, Zeit. fiir Physik, 33, 408 (1925).
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Then, on taking successive derivatives of F'(t) with respect to ¢, one finds

(%f) - % < nlm | [ Ho , A(t) ] AY(0) [ nim > (952)

and

(8;5) = <;)2 < nlm | [ Hy, [ Hy, A@t)]] AT(0) | nlm >  (953)

etc. This process shows that the p-th derivative is expressed as p nested com-
mutators

<apF) - <> < nm|[[Ho, [... [Ho, [Ho, A@®)]]...]] AT(0) [ nim >

otr h
(954)
Alternatively, one can insert a complete set of states in the definition for F'(¢)
yielding

F@t) = Z < nlm | A@) | n'I'm’ > < o'U'm' | AY0) | nlm > (955)

n’'l’'m/’

but since the states | nlm > are eigenstates of Hy, one has

2

F(t) = Z exp [ i Wil t} ’ < nlm | A|nlI'm > (956)
n/lU'm’
On taking the p-th derivative of this form of F(¢), one finds
OPF 1 T ?
< 5 ) = Z i wﬁlm,l, exp [iwnlm/l/ t] ‘ < nlm|A|nU'm > (957)

n’'l'm’

The sum rules are found by equating the two forms of the p-th time-derivative
and then setting t =0

p 2
Z (Enl — En’l’) < nlm ‘ A | n'l'm' >
n/l’'m’
= <malm|[Hy,[...,[Ho, [Ho, A]]...]] AT | nim >(958)

Hence, the p-th moment of the matrix elements of A is related to the expecta-

tion value of the product of the p-th nested commutator of Hy and A multiplied
by Af.

The expectation value of p nested commutators of A can be expressed as the
expectation value of the product of p— g nested commutators of A with ¢ nested
commutators of AT. This can be demonstrated by noting that the expectation
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value is homogeneous in time. The g-th nested commutator of the operator A
can be defined by
By = [Ho, Bg-1] (959)

where . R
By = A (960)

Likewise, C'q can be defined as the g-th nested commutator of At. However, for
any pair of operators B,_,_1 and Cy, one has

< nlm | By_q_1(t) C4(0) | nim >

Z exp [ i Wil t} < nlm | Bp_q_l | n'l'm’ > < n'l'm’ | C'q | nilm >
n’l’m/’

= < nlm | By_g_1(0) Cy(—=t) | nim > (961)

This is an expression of the homogeneity of time. Hence, on taking a derivative

with respect to ¢ and then setting ¢ = 0, one finds

< nlm|[Hy, Bygo1]Cy|nlm > = (—1) < nlm | By_g1 [ Ho ,Cq] | nim >
(962)

On using the definition of the operators Bp and Cy, the above equation reduces
to

< nlm| By g Cy|nlm >= (=1) < nlm | By_q_1 Cyr1 | nlm > (963)

By induction, this shows that the nested commutators can be distributed be-
tween the two sides of the expression.

< nlm| B, Co|nlm >= (—=1) < nlm| By, Cy | nim >  (964)

which was to be shown.

11.1.11 The Photoelectric Effect

The differential scattering cross-section for the absorption of a photon by a
hydrogen atom in the ground state accompanied by the emission of an electron
shall be derived. For emitted electrons with sufficiently high energies, the wave
function for the photo-emitted electron can be approximated by a plane-wave.
The transition rate is given by the Fermi-Golden rule expression involving the
paramagnetic interaction

! “(6)2(2”02) ST < Kp.éalk) e [k }Il > Po( By +h
- - - —— ) Ma K |p.€x(k)exp|ik.T S 1s WE —
T fL Vw o

m c k

h? k'

2m)

(965)
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The cross-section is given by

4 72 o2 ) , 2 12

= _— € L k. 1 E —

o ;(m2wk0><k|p ea(k)exp[zk r]| s > |2 0( Ers + hwg 5 )
B (966)

where the initial wave function is given by
1 r

s = - - 967
R (967)

As long as the emitted electron is not close to threshold, the final state wave
function can be approximated by a plane-wave

Y (r) = \%V exp{ik’ .r} (9683)

The sum over final states of the electron can be replaced by an integral over the
magnitude of its momentum and its direction

Z - (2‘;)3 /0 - dk’ k" / dQs (969)

k'

It is seen that the factor of the volume in the density of final states cancels with
the factors from the normalization of the electron’s final state. The differential
cross-section corresponds to the part of the cross-section where the outgoing
electron is emitted into the solid angle d€2;/. Hence,

2 k/Z

2m

do’ V 62 > A 12 / . 2
= 5_\ 92 . € . 1 El. _
dasy 27T<m2wkc> /0 dk" K= | < K |p. éa(k) exp[zk r} s > [“0( Eys + hwy
(970)

The integration over the magnitude of electron’s final momentum &’ can be
performed by using the properties of the energy conserving delta function. The
magnitude of electron’s final momentum is denoted by ky

)

2
K2 = h—;” (hwi + FEis) (971)

The result of the integration over k' is

dO' V @2
= Q/ .A . ) 1 2
Y~ 27 K2 (mwkc>kf|<kfd P ea(k)exp[zk r}| s > |
(972)

It is assumed that the initial photon is propagating along the z-axis and is
polarized along the z-direction. The matrix elements involving the momentum
operator only yield a finite result when p acts on ¥15(r), since k . é,(k) = 0.
However, B

Ealk) . P hrs(r) = i h cos@

’(/)18 (T) (973)

a
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Figure 28: The geometry for the photo-emission of an electron from an atom.
An electromagnetic wave, with polarization along the z-axis, is incident along
the x-axis. The photo-emitted electron propagates along the direction k’.

which results in the replacement p, — i hCTOSO. Thus, one finds

aQ ~ 2

d Vv 2
? <62) kg | <k’fdQ'|coseeXp[ik:.r]|1s> 1> (974)
mwy ca
where (60, ) are the polar coordinates of the vector r. The matrix elements are
evaluated using the dipole approximation for the photon wave function and set

exp{ik.r]%lJrik.rnL... (975)

and only keep the first term of the expansion. The factor cosf can be expressed
as a spherical harmonic through

4
cos = ?ﬂ Y5 (0, ) (976)

and the final state electronic wave function can be expressed in terms of the
Rayleigh expansion

exp [ ik H x| = an Ak ) Y00 Y0 o)
l,m

where (6', ') are the polar coordinates of the electron’s final momentum. The
angular integration over the polar coordinates (6, ¢) can be performed by using
the orthogonality relations for the spherical harmonics. The end result is

< kpdQ| cosf|ls >= —4micost drr? ji(kgr) eXp[_:J

1 /Oo
vradV Jo
(978)

where the cosf’ dependence refers to the direction of the emitted electron’s
angular momentum. The radial integral is evaluated to yield

3 2ksa
o Is >= —d7icost || — ——FL__
< kydQ | cosf|1s > i cosf V(1T k:]% ) (979)
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Therefore, the differential cross-section is given by
do ky e? a 9 2ksa 2
=8| — 0 ————— 980
(dQ’) ( k:) (mc2> o (1 + K a?)2 (980)

h2
“=— (981)

the photo-emission cross-section can be re-written as

do\ (ki o (N L, 2ksa 2
() =5 (8) o () o (gon) o

Thus, although the photon is propagating along the x-direction, the electron is
preferentially emitted along the direction of the polarization (6’ = 0). This can
be understood as being due to the effect of ¢ being large, so that the photon’s
momentum is negligible compared with the energy, therefore, (in the dipole
approximation) only the direction of the polarization determines the angular
distribution of the emitted electron. It should be noted that in the relativistic
case, where the momentum of the photon is important, the electrons are pre-
dominantly ejected in the direction of the photon®!. This formula also breaks
down for emitted electrons with low energies. In this case, the correct electronic
wave function for the continuous spectrum of Hy should be used®. The in-
clusion of the Coulomb attraction of the ion in the final state has the effect of
reducing the cross-section near the threshold.

Using

11.1.12 TImpossibility of absorption of photons by free-electrons.

Free clectrons are described by the non-interacting Hamiltonian H, where

R P2

which plane-waves as energy eigenstates
1
¢p(r) = —= exp| — ik .1 (984)
vV
corresponding to the energy eigenvalues
h2 le
Ey = 7 (985)

The matrix elements for electromagnetic transitions in which a photon (k, «) is
absorbed is given by

27 h
—(ch) ‘;kac < EK'"|p.ea(k) exp{+ik.r]|k/ > V.. (986)

51F. Sauter, Ann. Phys. 9, 217 (1931), Ann. Phys. 11, 454 (1931).
52M. Stobbe, Ann. Phys. 7, 661 (1930).
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which is evaluated as

2w hec ~
- ( 4 ) k) S Vg (087)

mc V wg

13>

This shows that momentum is conserved. Furthermore, for the transition rate

Figure 29: The absorption of a photon via the paramagnetic interaction.

to represent a real process, it is necessary that energy is conserved between the
initial and final states
h2 /{1/2 h2k//2

hwg + 5 = oo (988)

It is impossible for this process to satisfy the conditions for conservation of
energy and momentum. This can be seen by appealing to the relativistic for-
mulation where the four-vector momentum is conserved

pu + P, = Dy (989)

Hence,
(p" + ") (pu + p,) = " D, (990)
but the electron’s momenta form a Lorentz scalar which is related to the rest

mass
// 2 2

P p, =", = me (991)
and the photon has zero mass
P py =0 (992)
Therefore, one finds that the cross-terms vanish

Py, =0 (993)

In the rest frame of the electron one has p,’ = (m c, 0 ), so the energy of
the photon is identically zero. Therefore, there is no photon and the absorption
process is impossible.
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11.2 Scattering of Light

Kramers and Heisenberg evaluated the scattering cross-section for light incident
on atomic electrons®®. The incident photon is denoted by (k, ) and the scat-
tered photon by (k’, o’). The scattering cross-section involves the paramagnetic
interaction to second-order and the diamagnetic interaction to first-order. The
matrix elements of the diamagnetic interaction are given by

2
< n'I'm'k'o | Hyq | nlmka > = ( ¢ > < nI'm'kEd | A. A nimka >

2m c?

2m c?

2
— (6> < nlI'm'Ed | (a&aa; o T aL, o dka ) €XP {z (k — k) .r||nlmka >

y (%) ealk) . éw (k)

where it has been assumed that only the initial and final photon are present. On
making use of the long-wavelength approximation A > a, the matrix elements
simplify to

2
A €
< n'I'm'E'd | Hgiq | nlmka > =~ (22> < n'l'm' | nlm >
m ¢

27 h c? . N ,
X <W> EQ(E) . 60/(&)
(995)

The scattering cross-section will be expressed in terms of a transition rate and
the transition rate will be calculated using a similar procedure to that which
was used in describing two-photon decay. An arbitrary state | ¢, > can be
expressed in terms of a complete set of non-interacting states | n >

| ¥y, > = Z Cpr (1) exp{— ;En/t} [n' > (996)

where C,,(t) are time-dependent coeflicients. Initially, the system is assumed to
be in an energy eigenstate | n > of the unperturbed Hamiltonian, and due to
the interaction makes a transition to a state | n’ >. The probability of finding
the system in the state | n’ > at time ¢ is then given by |C,,/(#)|?. It shall be
assumed that the interaction is turned off when ¢ — — oco. The interaction
can be turned off at large negative times by introducing a multiplicative factor
of exp[ + 7 t ] in the interaction, where n is an infinitesimally small positive
constant. To first-order in the diamagnetic interaction, one finds

; 2 2
(1) . —1 ) e 2mhec . —
On/ (t) - ( A > 6n N <2 m 02) ( Or O V) 2 EQ(E) . €Eq (E)

¢ .
/ dt'exp[z(hw’—i—En/—hw—En)t’} (997)
. 5

53H. A. Kramers and W. Heisenberg, Z. Physik, 31, 681 (1925).
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where w = c k and w' = c¢ k' and the long-wavelength approximation has
been used. The small quantity 1 has been absorbed as a small imaginary part
to the initial state energy

E, — E, +inh (998)

The paramagnetic interaction is of order of e and the diamagnetic interaction
is of order e?. Thus, to second-order in e, one must include the diamagnetic
interaction and the paramagnetic interaction to second-order. There are two

Figure 30: Photon scattering processes due to the diamagnetic interaction to
first-order.

terms which are second-order in the paramagnetic interactions that represent:
(a) absorption of the photon (k, a) followed by the emission of a photon (k, o).

(b) emission of a photon (k’, a’) followed by the absorption of the photon (k, a).

4 (k.a) (k',oﬂ)h/ﬁ/ (k) fv‘/ (k)

Y M Y\

Figure 31: Photon scattering processes due to the paramagnetic interaction to
second-order.

The second-order contribution to the transition amplitude is given by
.\ 2 2 t t’
_ 2 A 2
) = ! c The / dt’ / dt”
h mc Vwg wir V oo oo
i

[ Z exp| % (hw' + Ep — Epn) t'] exp| — - (B, — Epr + hw) t" ]

n'’
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x < nl'm' | éu(K) . p|n"U"m" > < n"l'm"” | ea(k) . p| nim >

+ 3 expl % (Ep — Epr — hw) t' ] exp| — % (Ep — Bpr — he') ']

x < n'l'm' | é (k). p|n"l"

m’ > < n"U'm" | éx(K) . p | nlm >
(999)
The earliest time integration can be evaluated leading to

. 2 2 t .
(2) _ — 1 € 27 he / / s / E,_E /
C. ) = < = ) <mc> ( o V) . dt E exp| . (hw' + hw + E, n) ]

n!’

< WlUm' | e () . p | n"l"m" > < n"l'm" | éa(k) . p | nim >
[ (En — BEpv + hw)
< n'l'm! | (k) . p | n"U'm” > < 2"I'm" | éu(K') . p | ndim >
(E, — E,v — huw') ]

(1000)

as long as the denominators are non-vanishing.

The coeflicients C,(;)(t) and C,(ﬁ) (t) have the same type of time-dependence.
The remaining integration over time yields

s t .

( ! ) j/ dt' exp {Z(hw’+aEn/——£Ll—-hw-—ihn)t’}

)] h
. exp| £ (hw' + Eyp — E, — hw — ilin) t | (1001)
B (hw' + B, — By — hw — ihn)

The transition rate is given by

19
- = (‘cf;)(t) + (1)

o 2) (1002)

but the time-dependence of the squared modulus is contained in the common
factor

2 exp[?nt]

(' + By — B, — hw)? + R2np2
(1003)

exp| £ (hw' + Ep — Ep, — hw — ilin) t |
(hw' + B, — By, — hw — ihn)

Therefore, one finds the transition rate is given by the expression

1_ Qn@m[2nt} <€2>2( QﬁhCQ)ZAp(qu
T (hw’ +FE, —FE, — hw)2 + 77,2172 m c? Vg Wi V
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where the matrix elements are given by

M = {éa(k) Cew(K) < nU'm! | nim >
1 < n'l'm! | e (k) . p | n"l'm” > < n"lI'm" | éa(k) . p | nim >
+EZ (EnfEn//+le)

n'’

. 1 Z < 'lU'm’ | éa(k) @ | 2'U'm” > < " m! | ga’(ﬁl) ]2 | nlm >

- (En — Epr — R )

On taking the limit n — 0, the first factor in the decay rate reduces to an
energy conserving delta function. Therefore, one obtains the Fermi-Golden rule
expression

1 2 e2 \?2 2mhe? \?
- = =Z M? §(hwy + E,y — E,, — huwy, 1006
T h (mc?) (mV) (e e = B = ) (1006)

The magnitudes of the final state photon quantum numbers (k') must be inte-
grated over, since these are not measured. This integration imparts a physical
meaning to the expression for the rate which contains the Dirac delta function.
We shall assume that the direction of the scattered photon is to be measured
and that the photon is absorbed by a detector which subtends a solid angle d€)’
to the atom. Therefore, the scattering rate is given by

Tdqy h \me2) (27)3 Vop wir V
(1007)
Since i wyr = h c K/, the integration over the delta function can be performed,
yielding
2 0\ 2 / ”2 2\ 2
1 :27r<e ) VdQ w (27rhc> M2 (1008)
TdO! h m c? (27T)3 h c? WV

The scattering cross-section is defined as the transition rate divided by the
photon flux. The photon flux is found by noting that it has been assumed that
there is one photon per volume V so the photon density is % and the speed of
light is c. Hence, the photon flux is given by {>. Therefore, the cross-section is

determined by the Kramers-Heisenberg formula

<$;>(éiﬂ2<ﬁ)|kﬂz (1009)

The magnitude of the scattering rate is determined by the quantity r. which
has the dimensions of length
2
e
’["e = <m 02) (1010)
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This quantity is often called the classical radius of the electron. The quantity
r. can be expressed as

e? e? R _15

11.2.1 Rayleigh Scattering

Rayleigh scattering corresponds to the limit in which the light is elastically
scattered. Hence, one has
w=u (1012)

In the case of elastic scattering, all the terms in the Kramers-Heisenberg formula
are equally important. That all terms have a similar magnitude can be seen by
re-writing the first term é,(k) . é,/(k’) in a way which is similar to the second.
The scalar product of the polarization vectors can be expressed as

éa(k) . e (K) = jg: éa(k)i 05y éar(K); (1013)

but one can re-write the Kronecker delta function in terms of the commutation
relation

[.131' 5 ﬁj ] =1ih 51'73' (1014)
Thus, one can express the scalar product as a commutator
. . 1 R PO
éalk) . e (k') = = éa(k)i [z, ;] éar(K);
)
1
= = [éalk) .7, P €ar (k') ] (1015)

Since, in the dipole approximation, the diamagnetic contribution to the matrix
elements M is proportional to the overlap integral

< n'l'm’ | nlm > (1016)

the initial and final states must be identical if this is non-zero. Hence, the
result is equivalent to the expectation value in the state | nlm > . On replacing
the matrix elements by the expectation value and then insert a complete set of
electronic states, one finds

< nI'm' | nlm > éy(k) . éx (k)
1

= Z [ < 'l'm! | r.éa(k) | n"U"m"” > < n"U'm” | ey (K') . p | nim >

ih

n’im!

/IZI/

—< nl'm [ e (E) . pIn"'m" > < 2"U'm" |r.éx(k) | nim >
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The matrix elements of r can be expressed in terms of the matrix elements of p
via

—_

< nll/ml |B\ | 7/L//l//777/// > — 2 7/ h < n/l/m/ | [ﬁ, ]32] | n//l//m// >
= % < a'l'm'|[r, Hy] | n"lI'm" >
m
= ﬁ ( Epmpprmr — Eprirme ) < n'lI'm | T | n""m"” >
(1018)
Therefore, one finds
< l'm |r|n"U"m" > = LS Y |p|nl"m"” > (1019)
m wn//7n/ -
where
En”l”m” —_ En/l/m/ = hwn//n/ (1020)
Thus, the elastic scattering term in the Kramers-Heisenberg formula is given by
6nlm,n’l’m’ éa(k) : gﬂé'(k/)
1 < 'lU'm’ ‘@ ) éa(k) ‘ U > < ' ‘é ) €QI(E’) | nlm >
B m n! U m! hwn”n/
1 Z < n'l'm! | p.éa(E) | n"U"m"” > <n/lI'm" | p.éa(k) | nim >
m /U m! h Wnn!!
(1021)
but since for elastic scattering F,;, = Fn/p7m/, one has

6nlm,n’l’m’ éa(k) . éa'(kl)
< n'l'm’ ‘@ ) éa(&) ‘ ' 'm > < 0 1'm! ‘Zj ] ga’(kl) | nlm >
En” - En

-

nlm!

N 1 Z < n'l'm! | p.éa () | n"U"m"” > <n/lI'm" | p.éa(k) | nim >
m En// — En

n"im!

(1022)

On substituting this back into the expression for the matrix elements M, one
obtains

I 1 < n'l'm! |? ) éa(k) | 2Um > < " m! |Zj ] éa’(E/) ‘ nlm >
o m En// — En
n//l//m//
N 1 < n'l'm! | p.éa(E) | n"U"m"” > <n/lI'm" | p.éa(k) | nim >
m En// — En
n//l//m//
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N 1 < n'l'm! | éu (k) . p | n"U"m” > < n"U'm" | p. éa(k) | nim >
m n/Um! (En - En” + hLU)
. 1 < n'lU'm/ | €a(k) @ | U’ > < " m! |@ ) €o/(kl) | nlm >
En — En// — hw
n//l//m//
(1023)
which simplifies to
o w < n'l'm! | e (k) . p | n"l'm” > < n"I'm"” | p. éa(k) | nlm >
B m h Z Wn''n ( Wnn + W )
7L//l//,’yll/
< n'lU'm/ | €a(k) @ | 2Um” > < " m! |@ ) goﬂ(ﬁ/) ‘ nlm >
B Wn''n (wnn” - W )
(1024)

In the limit of small photon frequencies compared with the electronic energies,
one can expand the denominators of the matrix element as

! S (1025)
Whn!! ( Wnn! + w ) wfm,/ win” o

When this low-frequency expansion is substituted into the matrix elements, the

leading term vanishes. This can be seen since the leading term is proportional
to

1

> = { < lm' | e (). p|nI'm"” > < 2"I"m" | p.éa(k) | nlm >
w " - -

n'’ nn

— < a'l'm' | éu(k) . pn"l'm" > < 2"U'm" | p.éw(K) | nlm >
(1026)

which can be expressed as
2 17/ ! ~ / "1 1" sl " A~
m Z [ < nl'm' | éu (&) .| n"I"m"” > < 2"I"m" | r.éu (k) | nlm >
n'’

— < nll'm | euk) .r |0 I"m" > < n"lI'm" | r.éu(K) | nlm >
(1027)

or, on using the completeness relation, one finds the expectation value of the
commutator is given by

m? < n'l'm' | [éw(k) . 1, 1.

éa(k)] | nim >= 0  (1028)
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Thus, the leading term of the low-frequency expansion vanishes. Therefore, the

SCat tering I‘a‘e iS eXpreSSed as
Z < ) |
Wnn!!

do re \° 4
= w
dQl m h n//l//m//

X [ < n'l'm! | e (k) . p | n"l"m” > < n"I'm" | p. éa(k) | nim >

//l//

+ < n'l'm' | é(k) .pln

Finally, the scattering rate can be expressed in terms of the dipole matrix ele-

ments as
Wnn!!

do re m\’ 4
= w
dQI h n//l//m//

m’ > < 0" m" | p.éu (k) | nim > }

2

(1029)

X [ < n'l'm' | éu(E) . v | n"U'm"” > < 2"I"m" | r.ée,(k) | nlm >

+ < nl'm' | én(k) . | n"l"

Hence, at long-wavelengths, the scattering cross-section varies as w* as expected

from Rayleigh’s law. Since the typical electronic frequency wy,,~ is in the ultra-
violet spectrum, then
Wppt > w (1031)

for all frequencies in the visible optical spectrum. This leads to the phenomena
of blue skies in the day and red sunsets at dusk.

11.2.2 Thomson Scattering

Thomson scattering occurs for photons with sufficiently high energies
W > Wino (1032)

so that the photon energy is greater than the atomic binding-energy. In this
case, the second and third terms in the Kramers-Heisenberg formula can be
neglected. This is because

/ll//

m" > < n"l"m" | p.éu(k) | nim >
(1033)

1
w~w > = <nl'm|énK) . pln
m p
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2
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Therefore, the scattering predominantly occurs elastically and the scattering
cross-section is given by

do 9
(d@/) e

which is independent of w. The above result is dependent on the scattering
angle via the polarization vectors.

(1034)

In the investigation of the angular dependence of Thomson scattering, it is
convenient to introduce a coordinate system which is defined by the polarization
vectors and direction of propagation of the incident photon and its polarization
€1(k). The coordinate system is composed of the three orthogonal unit vec-
tors (é1(k), é2(k), k). Thus the direction of the polarization vector é (k) defines
the a-direction. In this coordinate system, the scattered photon (k’,a’) is in
the direction k" with polar coordinates (6, ox/). The polarization of the final
photons é, (k") must be transverse to k’. Two polarization vectors are defined

according to
é1(k") = (cosby cospps , cosby singy , — sinf ) (1035)
which lies in the plane of k£ and k&’ and
é(k') = (— singp , cospp , 0) (1036)

which lies in the plane perpendicular to k. In terms of the chosen polarization

k
&(K)
K'—"
oL \‘el(k')
ex(k)

ey(k)

Figure 32: The coordinate system and polarization vectors used to describe
Thomson scattering.

vectors, the scattering cross-section for incident radiation that is polarized along
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the z-direction takes on the form

d 20, 2 , r_
( o ) _ 2 { cos2 O cos? gy for o/ =1 (1037)
m—pOl

dsy sin® g for o/ =2
if the polarizations of the final photon are measured.

If the incident beam has its polarization along the x-direction, and the de-
tector is not sensitive to the polarization, then the final polarization must be
summed over. In this case of a polarized beam and a polarization insensitive
detector, the cross-section is given by

d
(d&) 1 = r? ( cos? Oy cos® ppr + sin? gok/) (1038)
z—PO

where the polarizations of the final state photon have been summed over.

If the incident beam of photons is unpolarized, then ¢ is undefined since
the azimuthal direction of the scattered photon is defined with respect to the
assumed polarization é;(k). In the case of an unpolarized incident beam the
expression should be integrated over ¢ and divided by 27w. The scattering rate

is given by
d 2 29 , f r=1
(‘U :%{ka f%,g (1039)
dsd unpol 2 or o=

if the polarizations of the final state photons are measured. This result is iden-
tical to that obtained by assuming that the initial beam is composed of one half
of the number photons polarized along the x-direction and the other half of the
number of photons polarized along the y-direction. That is

d 1 29, 2., 2 r_
7‘7/ _ rg 5 lcos .6‘15 ( cos® v 2+ sin® g ) for 04/ = 1(1040)
¥ ) unpol 5 (sin® o + cos® ppr ) for o/ =2

The cross-section for unpolarized photons with a polarization insensitive detec-

tor is given by
da) r2 < 9 )
— = 2| 1 + cos“ O (1041)
<dQ/ unpol 2

where the final polarizations have been summed over.

The total cross-section o is obtained by integrating over all directions. The
total Thomson scattering cross-section is independent of whether the initial
beam was polarized or unpolarized. The final result is

8
o= — r?
3
which has a magnitude of 6.65 x 1072? m?. More massive charged particles,
such as protons, can also produce Thomson scattering but the cross-sections for

(1042)

e
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these processes are smaller by factors of (3%)?. The derivation of the Thomson
scattering cross-section breaks down for photons which have energies of the
order of the electron’s rest energy

hw ~ me (1043)

For photons with these high-energies, one must describe the scattering process
relativistically. In this energy region, Compton scattering dominates.

Classical Interpretation

The classical counter-parts of Rayleigh and Thomson scattering can be de-
scribed by a two-step process. In the first step, the incident classical electro-
magnetic field causes an electron to undergo forced oscillations. In the second
step, the oscillating electrons emit electromagnetic radiation.

In the first process, an electron bound harmonically to the atom which re-

sponds to an electromagnetic field Ejexp[ ¢ w t ] can be described by the
equation of motion

i*+wgr:qE0§Reexp[iwt] (1044)
m

where wy is the frequency of the electron’s natural motion. In the steady state,
one finds

1=

4 p
m Lo ,
= m %6 exp |: 1wt :| (1045)

The acceleration of the charged particle can be described by

2

9 2 E
i‘z—mwg%ee){p{iwt] (1046)
wi — w

The accelerating charged particle radiates electromagnetic energy. The emitted
power is given by the Larmor formula

2(]21"2(4.)4
33
2 4E2 4
= =0 Y (1047)
3m? 3 (wi — w?)?

Plw) =

while the incident energy flux is given by

¢ 2

— 1048
= B (1048)

Hence, the scattering cross-section is described by

4
8T o w

= — —_— 1049
7 3 e (wg — w?)? ( )
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This formula has the correct frequency dependence in the limit w < wq in which
case the classical cross-section varies as w?, as expected for Rayleigh scattering.
On the other hand, in the limit w > wy the cross-section becomes frequency
independent, as is expected for Thomson scattering.

11.2.3 Raman Scattering

For inelastic scattering, one has i w # & ', therefore, the condition of con-
servation of energy requires that

Euym + hw = Epppy + ho (1050)
Since it is most probable that the initial electron is in the ground state, one has
Epiirmr > Enim (1051)

which leads to the inequality
hw > ho (1052)

Hence, the final photon has less energy than the initial photon. That is, the

Stokes

n—n'
=
8 L
M1

anti-Stokes
n'—n
-0y, o ote, o' —

Figure 33: The schematic frequency dependence of the observed intensity ex-
pected in a Raman scattering experiment. The ratio of intensities of the Stokes
and anti-Stokes lines provides a relative measure of the initial occupation of the
low-energy state n and the higher-energy excited state n’'.

electromagnetic field has lost energy and left the electron in an excited state.
This inelastic process describes the Stoke’s line. On the other hand, if the
electron is initially in an excited state, then it is possible that the electron loses
energy and makes a transition to the ground state. In this case,

En’l’m’ < Enlm (1053)
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so the final photon is more energetic
hw < ho' (1054)

This process results in the anti-Stokes line.

11.2.4 Radiation Damping and Resonance Fluorescence

In the analysis of photon scattering, it has been assumed that the energy de-
nominators ( B, — FE,» + h w ) do not vanish. If the energy denominator
vanishes, the Kramers-Heisenberg formula becomes singular, however, the phys-
ically observed scattering cross-section may become large but does not diverge.
This is the phenomenon of resonance-fluorescence. Using the classical model,
one can describe the scattering cross-section, if damping is introduced to rep-
resent the lifetime of the electronic states. That is, the dynamics of the bound
electron is modelled by a damped harmonic oscillator

7‘*+w+w§r=qE0%eexp[iwt] (1055)
m
which has the solution
r = L B, Re ! exp | iwt (1056)
= = X
- m 0 W iyw — w? P

since 7 is related to the decay rate and is of the order of 10% sec™!, it is usually
negligible compared with the frequency of light which is estimated as w ~ 10'°

sec!. Following our previous arguments, one finds that the scattering cross-
section is given by
8w q> 2 w?
olw) = — 1057
@) 3 (ch) (w? — w2 )% + 7?2 w? (1057)

which no longer diverges when the resonance condition is satisfied, because of
the damping of the electronic states.

The lifetime of a quantum mechanical state which at ¢ = 0 is represented
by | ¥,(0) > calculated to second-order in the interaction Hy is given by the
Fermi-Golden rule expression. The rate can be expresses as the limit  — 0 by

1 2 | < ¢n/ | IA{I | wn > |2
- — E 1058
o 5 Ny - En — T i n ( )

whereas the energy-shift found in second-order (Rayleigh-Schrodinger) pertur-
bation theory is also given by the limit n — 0 of

_ |<wn’|ﬁ1|¢n>|2
AE, = Re Y B B, v (1059)
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SO
E, = E® + AE, (1060)

Hence, due to the form of the expressions for the shift and the lifetime as the
real and imaginary parts of a complex function, it is possible to consider an
unstable state as having a complex energy®* given by

A
E, —il, ~ EO + AE, —

)
" 2 T,

(1061)

That is, the lifetime can be considered as giving the state an energy-width I',.
This is the natural width of the electronic state. The factor of two in the width
can be understood by considering the time-dependence of the state | ¥, (t) >
which is given by

L (B =il ] (0 > (1062)

| Galt) >exp{ :

Hence, the probability P, (t) that the state has not decayed at time ¢ is given
by

P,(t)

| < 9a(0) [ gn(t) > [
| < 1/’n(0)| eXp|: - %(En - irn)t] |¢n(0) > |2

2
Zr 1
; n/t] (1063)

exp [ -
due to the normalization of the initial state. This time-dependence of P, (t) is
interpreted in terms of the exponential decay of the probability for finding the
initial state

t
P,(t) = P,(0) exp { - — } (1064)

n

This leads to the identification of the relation between the energy-width and

the lifetime "
r, = (1065)

2 T

Hence, the lifetime 7,, of an unstable or metastable state can be incorporated
by introducing an imaginary part '), to the energy.

Therefore, for the case of resonant scattering, one should replace the energies
by complex numbers such that the real part represents the state’s energy and
the imaginary part describes half the state’s decay rate. In the case of resonant
scattering, the Kramers-Heisenberg formula is modified® to

(é?;) = (nfiz>2 <tf) | M |? (1066)

54That is, the perturbation produces a complex shift of the energy-shift which related to
the self-energy ¥, (E) which is to be discussed later
55p. A. M. Dirac, Proc. Roy. Soc. A 114, 710 (1927).
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where the matrix elements are given by

M = {éa(k) e (B < nU'm! | nim >
N 1 Z < 'l'm! | e (k) . p | n"l"m” > < n/"I'm" | éa(k) . p | nim >
m nim! (En - n'’ i]'—‘"” + h w )
1 < n'l'm! | €a(E) @ | " > < n" M m! | €0/(E’) ] @ | nlm >
+ m TL"IZ;H,” (En - n’’ Z.Fn” — h (,d/ )

(1067)

u(ez)ll

Since close to resonance, the resonant denominator is given by I' ~ =£ (7~

. 2 .
whereas the numerator is of the order of <-. Hence, on-resonance, the matrix
2 .
elements can be of the order ()% larger than the non-resonant matrix ele-

ments. Therefore, on resonance, the non-resonant terms may be neglected. In
the following, it shall be assumed that the resonant state is non-degenerate

(da) B < e2 )2 (w/> | < n'l'm' | éa/(ﬁ/) .@|n”l”m” > < nU"'m" ‘ éa(k) @ ‘ nlm > ‘2

m2 c?

sy w (En — E,v + hw )2 + F?L,,
(1068)
This expression can be re-expressed in terms of the product of two factors

do B e22xh\ | < nlm|ék) . p|n"l"m" > >V

av) = \m2wV (Bn — Env + hw)? + T2, ¢
27 (227 h ST/ AN 1, 2 vV w?
W (w) < T b (B R [t > s

(1069)

which is the probability for absorption from the ground state to the resonant
state | n”1”m” > (divided by the incident flux) times the probability for its
decay via emission. On resonance, it appears that the process corresponds to
two sequential processes, first absorption and secondly emission.

For energies slightly off-resonance, the resonant scattering is expected to in-
terfere with the non-resonant scattering process. Likewise, if the resonant state
is degenerate, the sum over the degeneracy must be performed before the matrix
elements are squared leading to constructive interference.

The difference between a resonant process and two step process, is deter-
mined by the lifetime of the intermediate state | n'l'm’ > compared with the
frequency width of the photon beam. The frequency width of the photon beam
may be limited by the monochromator, or by the time-scale of the experiment
if it involves a pulsed light source. If the lifetime of the intermediate state is
sufficiently long compared with the time scale of experiment, it may be possi-
ble to observe the decay long after the incident light has been switched off. In
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this case, the resonance can be considered to be composed of two independent
processes®®. Furthermore, it may be possible to perform further experiments
on the surviving intermediate state. In the opposite case, where the lifetime
of the intermediate state is shorter than the time-scale of the experiment, the
intermediate state will have decayed before the experiment has terminated.

11.2.5 Natural Line-Widths

The interaction representation will be used to calculate the natural width for
the absorption of light (k, ), by introducing the lifetimes of the initial and final
state. Strictly speaking, one should not take the exponential decay of a proba-
bility P, (t) of finding an electron in state 1), too literally. If one considers the
approximate exponential decay as being rigorous, this implies that the Hamil-
tonian should be non-Hermitean which is strictly forbidden. One should think
of the decaying wave function as a wave packet or linear superposition of exact
energy eigenstates (with energies denoted by E). The Fourier transform of the
time-dependent wave function should provide the energy-distribution p,,(E) of
the exact energy eigenstates in the wave packet | 1, (t) >

1 o i
W(E) = dt —Et n A1) X1
p(B) = s [ o] 4 pEE] < ) |n@ 00)
On assuming the approximate form of a decaying wave packet
i [ ¢
(0 n(t = - —-E,t — 1071
< ) [ 6alt) > = 0| — ¢ | aom

where the decay includes transitions to all possible final states, one finds

1 1 1
pn(E) = . - R o ©_h
27 E—En—lﬁ E—En‘f"LQT
h
1 2T
= — U 1072
T (E — E,)? + (5%)2 (1072)

This can only be an approximate form of the energy-distribution since the en-
ergy must be bounded from below. The existence of a lower-bound to en-
ergy distribution implies that the width of the electronic energy level has to
be energy-dependent 22,1 = T, as this must become zero below a threshold
energy. However, it should be noted that the width of the energy-distribution
will determine the approximate exponential decay. Since the perturbations in-
troduce an energy-dependent width to the wave packet, causality requires that
the energy-shift AF,, should also be energy-dependent. Hence, the effects of
the perturbation (such as the energy-shift and lifetime) should be described in

56V. Weisskopf, Ann. der Physik, 9, 23 (1931).

183



terms of a self-energy ¥,,(E)

So(E) = ReSu(E) + i Sm S,(E)
~ AE, — iT, (1073)

The energy-dependent self-energy appears most naturally if one uses Brillouin-

Wigner perturbation theory to calculate the correction to an approximate energy
FE,,. From second-order Brillouin-Wigner perturbation theory, one finds that the

energy-dependent self-energy, when evaluated just above the real E axis, is given

by

<n|H|n > ?
E 4+ in - Ey

S(E+in) = Y | (1074)
Y

This complex self-energy has a real and imaginary part. The imaginary part
can be thought of as occurring via amplification of the infinitesimal imaginary
term ¢ 7 in the denominator, and can be seen to be non-zero when the energy
FE of the component in the wave packet falls in the region when the spectral
density of the approximate F, is finite. Hence, since the F,, are bounded from
below, then so is the energy-distribution p,,(E) since

1 Sm S, (E + i)
T (E — E, — ReX,(E))? + (Sm E,(E+in))?

pn(E) = — (1075)

The real part of the self-energy must also be energy-dependent, since it is related
to the imaginary part via the Kramer’s-Kronig relations

1 e Sm X )
%m@):_f/ gy M Zn(z + i)
T J_ oo E - z
) Pr [ Re X,(2)
o _ - JE ~ni<) 1
Sm X, (E +in) +— /_oo dz FoR— (1076)

where the Principal Part of an integral with a simple pole is defined as

m[iw%hﬂm<mwﬂ”+/ﬁﬁ?) (1077)

e—0 te z o

Hence, the real part of the self-energy is also energy-dependent. The Kramers-
Kronig relation is an expression of causality.

Since the electronic states in the expression for the Fermi-Golden rule decay

rate
1 2w TN 2
- = ‘ < n'l'm |H] |nlm > | (5( B,y — By — hw) (1078)

Tnl—n'l! h

are to be interpreted as wave packets with a distribution of energies, the factor
expressing conservation of energy should be expressed in terms of the energy
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conservation for the components of the wave packets. Hence, the decay rate
should be written as the convolution

o0 o0

1 2 N
= —W| < n'l'm" | Hy | nlm > \2/

T nl—n'l’ h

— 00 — 00
o0

— 00

2 N
% | < n/l'm' | Hy | nlm > |? / dE poyiy( E + hw) pu(E)

We shall use the approximation for the energy distributions suggested by eqn(1072).

In this case, the convolution is evaluated by contour integration as

1 2 171 1 F 2 2;?}" Qf/l
- = —| < nl'm'|Hr|nlm > | R
T nl—n'l! h (hw + Ey — Epp )? + (2m + 5=

since only the terms with poles on the opposite sides of the real-axis yield
non-zero contributions. From this, one can show that the optical absorption
cross-section is given by

2 Tni

3 hc

47 [ e? Wit i ( T
O'absorb(w) = 5 () Z | < n'l'm'|7“|nlm > |2 L 2 Turi/

(wn/l/,nl - w)2 + (

(1081)
which was first derived by Weisskopf and Wigner®”. Hence, the natural width
is given by the average of the decay rates for the initial and final electronic
states. This leads to the conclusion that even weak lines can be broad, if the
final electronic state has a short lifetime.

n’l'm/’

11.3 Renormalization and Regularization

Quantum Electrodynamics treats the interactions between charged particles and
the electromagnetic field, and often contains infinities. The zero-point energy of
the electromagnetic field is one such infinity. In most cases, these infinities can
be ignored since they are not measurable, since the infinities occur as modifica-
tions caused by the introduction of interactions between the charged particles
of a hypothetical system with an electromagnetic field. That is, the infinities
occur in the form of a renormalization of the quantities of the non-interacting
theory. These infinite renormalizations do not lead to the rejection of the theory
of Quantum Electrodynamics since the quantities of the non-interacting system
are not measurable. To be sure, the infinities occur in relations between hypo-
thetical quantities and physically measurable quantities, and so these infinities
can be ignored since the hypothetical quantities are undefined. However, it is
possible to use the theory to eliminate the unmeasurable quantities, thereby
yielding relations between physically measurable quantities to other physically

57V. F. Weisskopf and E. Wigner, Z. Physik, 63, 54 (1930).
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measurable quantities. In Quantum Electrodynamics, the infinities cancel in
equations which only contain physical measurable quantities. This fortunate
circumstance makes the theory of Quantum Electrodynamics renormalizable.

First, it shall be shown how the infinite zero-point energy of the electro-
magnetic field can lead to a (finite) physically measurable force between its
containing walls.

11.3.1 The Casimir Effect

The zero-point energy of the electromagnetic field can lead to measurable ef-
fects. In general relativity, the total energy including the zero-point energy
of the electromagnetic radiation is the source for the gravitational field. The
Casimir effect®® shows that the zero-point energy of the electromagnetic radi-
ation produces a force on the walls of the cavity. We shall consider a cubic
volume V' = L2 which is enclosed by conducting walls that acts as a cavity
for the electromagnetic radiation. This volume is divided into two by a metallic
partition, which is located at a distance d from one side of the cavity. We shall

L-d d

Figure 34: The geometry of the partitioned electromagnetic cavity used to con-
sider the Casimir effect.

evaluate the total energy of this configuration and then deduce the form of the
interaction between the partition and the walls of the cavity.

We shall consider the total energy due to the zero-point fluctuations in the
container. Since the zero-point energy is divergent due to the presence of arbi-
trarily large frequencies, we shall introduce a convergence factor. The introduc-
tion of a convergence factor to remove infinities is the process of regularization.
The introduction of the convergence factor can be motivated by the observation
that, in matter, electromagnetic radiation becomes exponentially damped at

58H. B. G. Casimir, Physica 19, 846 (1953).
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large frequencies. Hence, one can write

1 wE,a
Ezzghwk,aexp[—)\c} (1082)

and then take the limit A — 0.

The presence of the conducting walls introduces boundary conditions such
that the EM field is zero at every boundary. The boundary conditions restrict
the allowed values of k so that the components satisfy

ki L = n; (1083)

for i = z,y and n; are positive integers. The boundary condition for the re-
maining two boundaries leads to the restriction

k.d = 7n. (1084)

The energy of the radiation in one part of the partition can be expressed as

L? [ o > n, w\>
Ba=hes | dkz/o dky Y kg+k;+(d) exp{—)\ k5+k5+(

n,=1
(1085)
where the two polarizations have been summed over. The integration has cylin-
drical symmetry but only extends over the quadrant with positive k; and k,,
therefore, it shall be re-written as

E_hchZ/mdkki 2 (77 e[ aifie + (7))
P P d P d

or, on changing variable to the dimensionless x = k2 (=4-)2

n, m

& 5o A
Ed:hc—z <nzd7r)/ d/i\/lﬁ+1exp|:—n2; \/n+1]
N, 0
(1087)
The factor of n? can be expressed as a third-order derivative of the exponential

factor w.r.t. A

J R — o0 1 03 n, ™A
Ei=—he = S . N
d hc4wn_1/0 dmﬁ_‘_la/\g(exp[ d K + })

(1088)
The summation over n, can be performed, leading to

L2 [ 1 & e[ Ve + 1]
Eg = —he— [ d 2
I —exp[— T VK + 1]

47 Jy e r 10
L2 0 1 (:)3

—hec— dr ( X

47 K+ 1 ON\exp[ ZA Ve + 1] — 1
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Let t=+vk+1s0

2 L% [ dt 0° 1
Es = —h — = 1090
a C47r/1 ta)\3<exp[7rd/\t]—1> (1090)

The factor of t=! can be eliminated by performing one of the differentials with
respect to A.

heL? [ 0? exp[ T2 t ]
E; = —— dt —— d 1091
d 2d 1 8/\2<(exp[”d)‘t]—l)2> ( )
We shall set v
s = exp| Wd ] -1 (1092)
therefore
helL? 07 d > ds
B, = = 2 (& i 1
¢ 2d 0N (7r /\) /50 52 (1093)

where the lower limit of integration depends on A and is given by

so = exp| %l)\] -1 (1094)

The integration can be performed trivially, yielding

2d 0N

B ﬁcL2872 WLA
o 2d 0O\ exp[”)‘]—l

-t | () (erf)] o

hel? 92 d
Ed:c (9<

T = z"
_— = B, — 1096
explz] — 1 nz::o n! ( )
where B, are the Bernoulli numbers, which are given by By = 1, By =
—%, B, = %, By = 0, By = — %7 etc. Therefore, the energy of the

electromagnetic cavity at zero temperature, is finite for a finite value of the
cut-off X but diverges as A™* when A\ — 0. The zero point energy of the cavity
can be expressed as

B hc2L2 [7; 3 Bn(n—jl)(n—3) (7rd)\>"_4] (1007)

n=0
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where the n = 0 term diverges as A~* in the limit as A — 0 and is proportional
to the volume of the cavity d L?. The term with n = 1 also diverges, but
diverges as A~2 and has the form of a surface energy since it is proportional to
L?. The terms with n = 2 and n = 3 are identically equal to zero. The term
with n = 4 remains finite in the limit A — 0 and all the higher-order terms
vanish in this limit. Explicitly, one has

heL? [ 6 By d? 2B d 2 B, w2
2d w2 \4 T A3 4! d2

Ey = + O\ (1098)

The first term in the energy is proportional to L?d, which is the volume of the
cavity and the second term is proportional to L? the surface area of the walls.
The third term is independent of the cut-off and the higher order terms vanish
in the limit A — 0.

The Casimir force is the force between two planes, which originates from
the energy of the field®®. This energy can be separated out into a volume
part and parts due to the creation of the surfaces and an interaction energy
between the surfaces. In order to eliminate both the volume dependence of the
energy and the surface energies, we are considering two configurations of the
partitions in the cavity. In one configuration the plane divides the volume into
two unequal volumes d L? and (L — d) L?, and the other configuration is a
reference configuration where the cavity is partitioned into two equal volumes
L;. The difference of energies for these configurations is given by

AE = Eq + Eyq — 2By (1099)

In the limit L — oo this is expected to reduce to the energy of interaction
between the planes separated by distance d. Since the volume and surface areas
of the two partitions are identical, one finds that the difference in energy of the
two configurations is finite and is given by

72 heclL?

e A = o T (1100)

The d-dependence of the energy difference leads to an attractive force between
the two plates separated by a distance d, which is the Casimir force
2 2
T L
F = ——hc— 1101
240 ' ¢ (1101)
The force is proportional to L? which is the area of the wall of the cavity. The
predicted force was measured by Sparnaay®’. A more recent experiment involv-
ing a similar force between a planar surface and a sphere has achieved greater

590ur considerations only include the part of Fock space that corresponds to having zero
numbers of excited quanta. Hence, the Casimir force is due to the properties of the field, and
is not due to the transmission of real particles (photons) between the planes.

60M. J. Sparnaay, Physica 24, 751 (1958).
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Figure 35: The separation-dependent force between two closely spaced metallic
surfaces due to the modification of the zero-point energy. The lower panel shows
the difference between the experimental results and the theoretical prediction
for the Casimir Force. [After S. K. Lamoreaux, Phys. Rev. Lett. 78, 5, (1997).]

accuracy®!.

To summarize, the physical quantity is the force or difference in energies
when one wall is moved. When the change in energy is calculated, the differ-
ence between the two divergent energies is finite and independent of the choice
of cut-off2.

Cut-Off Independence

It is the boundary condition and not the cut-off that plays an important role
in the Casimir effect. For simplicity, one can choose zero boundary conditions.
The zero-point energy of a cylindrical electromagnetic cavity of radius R and
length d can be expressed as the sum

By =2l Tl i/dkk e (T p( e e (2
T (2m) & P\ e d P d

(1102)

where F(z) is an arbitrary cut-off function (which may depend on an arbitrary

parameter A which is ultimately going to be set to zero). The cut-off must not

effect the low energy-modes so one can choose F'(0) = 1 and all the derivatives
of F(z) to be zero for finite values of z. These assumptions are all in accord with

613. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997).
62The independence of any cut-off procedure can be shown by evaluating the divergent sums
by using the Euler-Maclaurin summation formula.
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Figure 36: The schematic form of the cut-off function F(z).

the ideal case of no cut-off function or F'(z) = 1. The energy can be written as

2 o]
By = S ) (1103)

n,=1

where

QWQZAWMM”ﬁﬂ+C?YF(¢%+C?ﬁU (1104)

The summation can be performed by changing it into an integral, however the
corrections due to smoothing will be kept. This is accomplished by the Euler-
Maclaurin formula. The integral between 0 and N of a function can be roughly
expressed as a summation

/ON dz f(z) =~

by choosing to approximate the integral by the area under a histogram where
the x variable is binned into intervals of width unity centered around z = n.
The corrections at n = 0 and n = N are needed to account for the fact that the
range of integration excludes half the width of the rectangular blocks centered on
n =0 and n = N. The Euler-Maclaurin formulae is equivalent to finding a good
smooth polynomial fit to the integrand, and then integrating the polynomial.
It generates corrections which are given by the derivatives at the end points

N

N—-1 1
FO) + Y f) + 5 f(V) (1105)

N 1 Nl 1
A dr f(z) = iﬂm4-23ﬂm4-5ﬂN)

+ 22 p00) — O+ B (90) - o))
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We shall assume that f(n) and all its derivatives vanishes in the limit of large
n, limy e f(N) — 0, due to the behavior of the cut-off function. The
corrections in the Euler-Maclaurin summation formulae can be evaluated by
noting that the first derivative of f(n) with respect to n is given by

min [ k rn\’
d2 / dk, - F(\/kg + (d) ) (1107)
0 ke )

since the derivatives of F'(z) all vanish for finite z. The integration over the
variable k, is re-expressed in terms of an integration over the variable z, defined

by
™n 2

ko

2

The integration is evaluated through integration by parts

A ) =

SO

dz = dk, (1109)

2

fPm) = T n[:)o dz F(z)

m2n [ 0z

- (1110)

In deriving the above expression, the condition that the first-order derivative of
F(z) vanishes for finite z has been used. It immediately follows that

3
fPm = - 2" o (1111)
and
(3) 2 7T3
[ (n) T B (1112)

and all higher order derivatives vanish. Hence, one finds that at z = 0 all the
m-th order derivatives f(™)(0) vanish, except for m = 3 which is given by

@0 = - 21 (1113)
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Hence, on evaluating the energy of the cylindrical cavity (and using the zero
boundary conditions), one finds that the energy is composed of the sum of an
integral and a finite number of other terms. The integral part of the expression
only depends on the volume of the cavity and is proportional to a divergent
integral, and hence drops out when the energy differences are taken. The only
terms that yield non-zero contributions to the energy difference originate with
@) (0) and depend on d. Tt is these terms that give rise to the Casimir force.
This approach also showed that any particular choice made for the cut-off is
irrelevant.

Mathematical Interlude:
The Euler-Maclaurin Summation Formula.

The Euler-Maclaurin formula allows one to accurately evaluate the difference
of finite summations and their approximate evaluations in the form of integrals.

The Fuler-Maclaurin Formula

If N is an integer and f(x) is a smooth differentiable function defined for all
real values of x between 0 and N, then the summation

N—-1
S = > fn (1114)
n=1

can be approximated by an integral

N
I = / dx f(x) (1115)
0
In particular, by utilizing the “trapedoizal rule”, one expects that
1
I ~ S + 3 (f(O) + f(N)) (1116)

The Euler-Maclaurin formula provides expressions for the difference between the
sum and the integral in terms of the higher-derivatives f(n) at the end points
of the interval 0 and N. For any integer p, one has

sS4 (10450 ) 1= Z S () - o)) 4

(2n)!
(1117)
where By =-1/2, B, = 1/6, B; = 0, By = -1/30, Bs = 0, Bg = 1/42, B; =
0, Bs = -1/30, ... are the Bernoulli numbers, and R is an error term which is

normally small if the series on the right is truncated at a suitable value of p.

The Remainder Term
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The remainder R when the series is truncated after p terms is given by

By ()

T (1118)

N
R= (-1 [ de foii)
0
where P, (x) = B, (x — [z]) are the periodic Bernoulli polynomials. The remain-

der term can be estimated as

2
(2m)?

N
IR| < / dz | £~ Y(z) | (1119)

Derivation by Induction
First we shall examine the properties of the Bernoulli polynomials and the
Bernoulli numbers. Then we shall indicate how the Euler-Maclaurin formula

can be obtained by induction.

The Bernoulli polynomials B, (x), for n = 0, 1, 2, ... are defined by the
generating function expansion

zx & n

z e z

G(Z,J?) = e — 1 = E B’rb(x) ﬁ (1120)
n=0 :

Furthermore, when « = 0, one has

z = Z"

G(2,0) = —— = > B, — (1121)
n=0

where B,, are the Bernoulli constants. Hence, the Bernoulli constants are the

Bernoulli polynomials evaluated at = 0, i.e. B,(0) = B,. Furthermore, on

differentiating the generating function w.r.t. x, one finds

0G(z,x)
— = 1122
e z G(z,x) ( )
which implies that
= 9B, (z) 2" > 2"
— = E B, — 112
= oxr nl z = (z) n! (1123)

On equating the coefficients of 2™ in the above equation, one obtains the im-
portant relation
OB, (x)
ox
Therefore, by integration it easy to show that B, (z) are polynomials of degree
n. The first few Bernoulli polynomials can be explicitly constructed from the

= n B,_1(x) (1124)
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generating function expansion. The first few polynomials are given by

By(z) = 1

1
Bi(z) = x-— 5
By(z) = 2 —ax+ é
Bs(z) = a°— gac2 + %x

1

By(z) = a*—22% 27— 30
Bs(r) = a°— gm‘l + gsc?’ - %x

(1125)

From the generating function expansion, one can show that the Bernoulli poly-
nomials are either even or odd functions of x — % The generating function can
be expressed

1

b (2 ) Ly z
G(z,x) = e (65 —eé> = n;) By () — (1126)

where the second factor is an even function of z, thus, the generating function is
invariant under the combined transformation z — —z and (z — 3) — —(z — 3).
Therefore, one has

> 1 1\ z» = 1 1 2"
By(-+z-=-)Z = Byl =+-=— 1) = 1127
;} <2+x 2) nl T; <2+2 I>< i

so the polynomials satisfy
B,(x) = (= 1)" B,(1—2x) (1128)
In particular for z = 1, one has
B,(1) = (—1)" B,(0) (1129)

The generating function with = 0 can be re-written as the sum of its even
and odd parts

z

G(2,0) = ( 2 ) - g - 7;) B, (0) %Y: (1130)

tanh £

The even part has only even terms in its Taylor expansion, and there is only
one term in the odd part. Hence, the odd Bernoulli numbers vanish for n > 1,
i.e. Bay41(0) =0 for n > 0. Therefore, for n > 2, one has B,,(0) = B, (1). This
equality can be used to evaluate the integrals of the Bernoulli polynomial over
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the range from 0 to 1. On expressing the integral of B, (z) in terms of By 41(z),

one has
1 1
/ dz By (z) = _ / dx 9Bn+1(z)
0 (n+1) Jo ox

Bpi1(1) — Bnya(0)
(n+1)
= 0 forn > 1 (1131)

Hence, the Bernoulli polynomials may be defined recursively via the relation

0B,
az(‘”) = n Bu_y(2) (1132)
if the constant of integration is fixed by
1
/ dx Bp(z) = 0 forn > 1 (1133)
0

The periodic Bernoulli functions P, (z) can be defined by
P,(z) = Bp(x —[z]) (1134)

where [z] is the integral part of z. This definition of P,(z) reproduces to the
Bernoulli polynomials on the interval (0,1) since [x] = 0 in this interval. The
functions P, (x) are periodic over an extended range of x with period 1.

The Euler-Maclaurin formula can be obtained by mathematical induction.
Consider the integral

n+1 n+1 61}
d = d — 1135
[ asw = [ an (1135)
with the identification of
u= f(x) (1136)
and 5
v
— =1= P, 1137
o o(2) ( )
since Pop(x) = 1. Therefore, on using the recursion relation involving the

derivative of the Bernoulli polynomials, one finds that
v = Pi(x) (1138)

Integrating by parts, one obtains

n+1 n+1 T
/ dr f(z) = [ f(z) Py(x) I — / ar 2 pay  (1130)
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but since the periodic Bernoulli polynomial P;(z) is given by

(1140)

N =

P(z) = (z = [2]) -

it has the value of 1/2 at the limits of integration. Hence, the integration reduces
to

tAanxwa _ (f@z+12+—f@)> _tA”deaég)fq@) (1141)

Summing the above expression from n =1 ton = N — 1, yields
N N-1 N
_ () + fIN) __L/" Of(x)
/1 dx f(x) = < 5 + 322 f(n) : dx o Py (z) (1142)

Adding ( w ) to both sides of the equation and rearranging, one finds

ﬁ )= [ gt (FEIOD) [T, 2l

The last two terms, therefore, give the error when the sum is approximated by
an integral. The first correction is simply the end point corrections from the
“trapezoidal rule”, and the second correction has to be evaluated to yield the
Euler-Maclaurin formula. The last correction is of the form of an integral which
can be expressed in terms of the sum of the integrals

Pi(z) (1143)

n+1
/ dz f'(z) Pi(z) (1144)

where the prime refers to the derivative of f(x) w.r.t. . The above expression
can be evaluated by integrating by parts. The integrand is re-written as

n+1 n+1 81}
/ dr f'(z) Pi(z) = / dr u — (1145)
n n Ox
where one identifies the two factors as
u = f'(x)
@ = Pi(x) (1146)
or !

Since the indefinite integral is evaluated as

/f dr’ Pi(z) = % Py(x) (1147)
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the integration by parts yields
n4+1 P / n+1 1 n4+1
| den r@ = | PEEE] D s ) o) i)

However, one has P»(0) = P,(1) = Bs, therefore the above expression simplifies
to

/:H dz Py(z) f'(z) = B ( fl(n“;_f/(n) ) -3 /:de Jra) Bote)

2
(1149)
Then, on summing the above expression from n =1 to n = N — 1, one finds

/1N de Pi(z) f'(z) = B (f'UV);f'(l)) _ % /1Ndx ') Polx) (1150)

This yields the first term in the series of end point corrections in the Euler-
Maclaurin formula, where the correction is the sum of the first derivatives at
the end points multiplied by Bs/2!. The above process can be iterated yielding
a complete proof of the Euler-Maclaurin summation formula.

In order to get bounds on the size of the error when the sum is approximated
by the integral, we note that the Bernoulli polynomials on the interval [0, 1] at-
tain their maximum absolute values at the endpoints and the value B, (1) is the
n-th Bernoulli number.
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11.3.2 The Lamb Shift

The Lamb shift is a shift between the energy levels of the 2 251 and the 2 2P:
levels of hydrogen from the predictions of the Dirac equation as they have the
same n and j values (j = [ = s). The Dirac equation predicts that these two
levels should be degenerate. However, these levels were measured by Lamb and
Retherford®® who found that the 2 29 1 level is higher than the 2 QP% level
by 1058 MHz or 0.033 cm™!. Bethe explained this in terms of the interaction
between the bound electron and the quantized electromagnetic field®*. Simi-
lar shifts should also occur between the n 25% and the n QP% levels, but the

63W. E. Lamb Jr. and R. C. Retherford, Phys. Rev.72, 241 (1947).
64H. A. Bethe, Phys. Rev. 72, 339 (1947).
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magnitude of the shifts should be much smaller, as the magnitude varies as n 3.

Qualitatively, the electron interacts with the fluctuating electromagnetic
field and with the potential due to the nucleus. The zero-point fluctuations
cause the electron to deviate from its quantum orbit by an amount given by Ar
and, therefore, experiences a potential given by

Vir+Ar) = V(r) + Ar.VYV(r) + o1 (Ar . V)2 V(r) +... (1151)
so one expects an energy-shift given by
1
AE = 5 ol < Ar? > < nlm | V2V (r) | nlm > (1152)
Due to the form of the Coulomb potential
2
Vir)y = - . (1153)

the Laplacian is related to a point charge density at the nucleus
V2V (r) = 47 e o(r) (1154)

Hence, the shift due to the fluctuations in the electron’s potential energy occurs
primarily at the origin. The effect of the electromagnetic fluctuations on the
kinetic energy are not state specific, and can be considered as a uniform shift
of all the energy levels, like the electron’s rest mass energy m c?. Thus, the
relative energy shift of the levels is solely determined by the potential at the
origin. Therefore, the states with non-zero angular momenta do not experience
the relative energy-shift since the electronic wave functions vanish at the origin.
Thus, only the 2s state experiences a shift but the 2p state is unshifted.

The magnitude of the Lamb shift can be ascertained by expressing Ar in
terms of the zero-point fluctuations in the electromagnetic field®®. If it is as-
sumed that the electron is bound to the atom harmonically, Ar is determined
from the equation of motion

A +wiAr = L p (1155)
m
where the electric field E has components that are fluctuating with wave vector k
or equivalently with frequency w. This has the result that the position fluctuates
at the frequency w with an amplitude given by

q 1
e

(1156)

65T, A. Welton, Phys. Rev. 74, 1557 (1948).
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Figure 37: A cartoon depicting the modification of the classical orbit of an
electron due to the zero-point fluctuations of the electromagnetic field.

where E,, is the Fourier component of the fluctuating electric field. Hence, the
w-component of the mean squared fluctuation® in the particle’s position is given
by
2 2
q E
<A > = (=) < |25 > 1157
| Arg, | <m> |(w§—w2)2| ( )
On approximating the electromagnetic energy associated with the fluctuating
electromagnetic field < | E2 | > by the half the sum of the zero-point energies
of the photon modes, one has

1% 1
— E? =92-h 11
87r<| > 1 w (1158)

where the factor 2 represents the two types of polarization of the normal modes.
Therefore, on summing over the normal modes, one finds that the mean squared
deviation of the electron’s trajectory from the classical orbit is proportional to

v & B2
. dQ d 2 e
<27rc>3/ / ot <oy

47 h %4 ° w3
= 17k9] d 1159
v e | @) R 09
The integration over w can be approximated as
2

o d 2
/ P (1160)

wo w h wo

where an upper and lower cut-off have been introduced to prevent the integral
from diverging”. The expectation value of the second derivative of the potential

66The average squared fluctuation of the electromagnetic field should, in principle, be cal-
culated as an average over a volume in time and space which encompasses the electron’s
trajectory.

67The upper limit can be considered as being determined by the spatial dimension of the
volume in which the electromagnetic fluctuations are being averaged over. The divergence at
the lower limit of integration is unphysical and is caused by the neglect of the lifetimes of
the electronic states. The inclusion of the lifetimes result in the integrand being finite at the
resonance frequency wo
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for the 2s state is given by

1
< |V | >=dre — (1161)
m™a

where the second factor represents the 2s electron density at the origin. The
corresponding factor for an ns level is expected to vary proportionally to n 3.

Combining the above expressions, one finds that the 2s level is shifted by an

energy given by
4 2 \? /m et m c?
AFEyy = — [ — —— ] 1 1162
2 27r(hc> (TLQ) " 7w (1162)

where the frequency of the electron’s orbit wy has been chosen as a lower cut-off

on the frequency of the electromagnetic fluctuations. Since the logarithmic fac-
2

tor is approximately given by ~ —21In £, one can see that the above estimate

is consistent with the Lamb shift having a magnitude of approximately 4.372
x107% eV.

11.3.3 The Self-Energy of a Free Electron

The corrections to the energy of a free electron due to its coupling to the elec-
tromagnetic field are to be considered®®. It shall be assumed that the electro-
magnetic field is in the ground state | {0} >, and the energy of an electron in
a state with momentum ¢ will be evaluated via perturbation theory.

The lowest-order correction to the electron’s energy comes from the diamag-
netic interaction. From first-order perturbation theory, one finds the correction

AEY =< q{0} | Hua | ¢ {0} > (1163)
On using a plane-wave to represent the electronic wave function
we) = o= e | ig.x] (164
r) = —— expliq.r
VI R

then the first-order change in the electron’s energy due to the coupling to the
field is given by

2

2m c2

AED = ( ¢ ) Py (2 L Cz) all) ) () 0y ol | (0} >

N/ WE WE!

x‘lf/d?’rexp{ iq.r] exp[i(k’ k)r} exp{z‘q.

’
ok a

68W. Heisenberg and W. Pauli, Z. Physik, 56, 1 (1929),
W. Heisenberg and W. Pauli, Z. Physik, 59, 168 (1930).
I. Waller, Z. Physik, 59, 168 (1930).

I. Waller, Z. Physik, 61, 721 & 837 (1930).
L. Waller, Z. Physik, 62, 673 (1930).
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Figure 38: The first-order correction to the rest mass of the electron due to the
diamagnetic interaction.
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since the electronic matrix elements give rise to the condition of conservation of
momentum. Hence, the correction to the energy is found as

2 Vv 21 hec a1
AED = ¢ 2/d3k7
1 <2m02 (27)3 v ~k
e? %4 27 he >
dk k
<2mc2><27r>3( G )8”/0

2 o0
< ¢ h > ‘/ﬁ dk k (1166)
T™m ¢ 0

which diverges. This contribution is independent of the electron’s momentum
g, and since k = k' it can be seen that the contribution of the diamagnetic
interaction to first-order is independent of the quantum state of the electron.
This contribution to the electron’s energy can be lumped together with the elec-
tron’s rest-energy m c?. However, since the corrections are being evaluated for
non-relativistic electrons for which the rest energy is not observable, it is cus-
tomary to ignore the rest-energy and, therefore, this correction shall no longer
be considered.

The paramagnetic interaction, when taken to second-order, also yields a
correction to the electron’s self-energy. This correction can be considered to be
due to a virtual process in which the electron emits a photon and then re-absorbs
it. The second-order correction to the energy is evaluated from

AE® — Z < 4q {0} | E[pam |Q/ lga > < Ql Ik,a | ﬁpam ‘ q {0} >
a Eg/ + hw, — Eg

(1167)
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Figure 39: The second-order self-energy correction of a free electron due to
the paramagnetic interaction. The electron with momentum ¢ emits a virtual
photon with momentum k and then reabsorbs it.

where | ¢’ 13, > is a one-photon intermediate state of the electron-photon
system. We assume that the process does not conserve energy, so that the
denominator is finite. The matrix elements are evaluated as

S 2mhc?
< ¢ lpa | Hpara | ¢ {0} > = vaﬁhﬁmq

X
<I=
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w
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27 hc?
=\ Ve Ml tr

which leads to momentum conservation. The second-order correction to the
electron’s energy takes the form

2 271 hc? \hCI~éa(k)‘2
AE® = (& LA, 1169
F e i W) g e

On summing over the polarizations by using the diadic completeness relation%?

> talk)éalk) =1 — kk (1170)

(o3

69The completeness relation merely expresses the fact that any vector in a three-dimensional
space can be expressed in terms of the components along three orthogonal directions é;

A = Zd: A; &
i=1

where the components are given by the scalar product
Ay = A g

Hence, the completeness relation follows as
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one finds that the numerator is given by

Z R lq.ék) > =1 ¢ (1 — cos®0) (1171)

where ¢ is the angle between ¢ and k

q.k = qk cosf (1172)
Hence, one has

N R L/dgk 2mh e\ K (1 = cos’f)

q m e (2m ) S\ Ve h;g_hzég;z&)z—hwk
2 (o) ™ 2 2 9
1 —

H— / dkkz/ i sing 14 (1 = cos”6)
21T m2c 0 0 mcose_thz  hek
(1173)

This contribution can be written as being explicitly proportional to the kinetic
energy of the electron, and a factor of k£ can be cancelled from the numerator
and the denominator

2 2 2 00 ™ _ 2
AE® = MO 6)2/ dk/ a6 sing L= s 0)
2m \hc) 7™ Jg 0 2qcost — k — ==
(1174)

It should be evident that the integral diverges logarithmically at large k. The
divergent part of the integral can be written as

gt (et 2 [T > dk
2 o =24 (=)= i _ 2 o
AE, 5 (hc) - /o df sinf (1 — cos“6) /QW -

h

REg? e\ 8 [™ dk
— — | — — 1175
2m (h C) 3 /27;:6 k ( )

If an upper cut-off )\;1 is introduced, then the correction to the electron’s kinetic
energy can be estimated as

g 8 e? h
AE® = - — L — () In(—— 1176
1 2m 37r(hc> n(?mc)\+) ( )

This shift can be interpreted as a (second-order) renormalization of the electron’s
mass from the un-renormalized mass to the physical mass m*

1 1 8 [ € h
- — - = P — 1
m* m[l 377(720) 1n(2mc)\+>+ } (1177)

It is the renormalized mass m* which would be determined by an experiment.
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11.3.4 The Self-Energy of a Bound Electron

The Lamb shift (a quantum electrodynamic shift of the 2s level of Hydrogen
upwards by 1058 MHz) is caused the self-energy of a bound electron. The
self-energy of the state nim can be estimated from second-order perturbation
theory using the dipole approximation, as is appropriate for a completely non-
relativistic calculation. The second-order shift is given by

AE® — ( e? ) T (2vrhc2>| < n'l'm' [ éu(k) . p|nim > |?
nhm m? c? Vwk Enlm - En/l’m’ - hwk
k,a,n'l'm/’
(1178)
On summing over the polarizations using the completeness relation, one obtains

2 hec o0 4 | < n/U'm' |p|nim > |2 (1 — cos®6y)
AE® — (¢ ——f/ Mk/ d sin 6 =
nim m? c2 ( 2m ) 0 0 kSO Z Enlm - En’l’m’ - n Wk

n’l’m’
(1179)
where 0y, is the angle subtended between k and the matrix elements of p. The
angular integration can be performed, yielding

Aﬁ;_<21)ﬂw/m%k§:|<MWWMMm>P

m* c 3w 0 il Enim — Epvmr — howg
(1180)

In the completely non-relativistic limit, the integration over k can be shown to

be linearly divergent at the upper limit of integration.

Hans Bethe argued” that, within the same dipole approximation, the cor-
rection to the kinetic energy of the electron in the state | nlm > is given by an
expression analogous to that of an electron in a continuum state n

2 (¢ h\? [ | < [pln >
@ - 2 () (" i
AT 3ﬂ(h;><mc) [: MMu%; N ——— (1181)

Since momentum is conserved for continuum states (on average), only the state
where n = n’ contribute so the denominator simplifies”*. The expression for the
mass renormalization is divergent and is given by

2 (e AN | < |pln > P
AT = -2 () (L / d £
" 37 \hec m ¢ 0 wwz hw

n’

2 o0 2
I N h / dww < n|p*|n > (1182)
3w \hec m c? 0 w 2m

where the completeness relation has been used. This expression is valid if n
labels either a continuum or a discrete state, since only the mass of the electron

70H. A. Bethe, Phys. Rev. 72, 339 (1947).

71Since we are now using the dipole approximation, the recoil of the free electron which was
taken into account in our previous analysis is now being ignored. [See the denominator of the
first line of eqn(1173).]
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is being altered and the expectation value of p is unaltered. Thus, Bethe argued,
the kinetic energy of an electron in a bound state which has the physical mass
m™ should be approximated as

52 52
<nlm|2 — | nlm > = <nlm\2p—|nlm>
m m
4 ﬁ I /wdww<nlm|]§2nlm>
37 \hc m ¢? o w 2m

(1183)

Now the bare Hamiltonian for an electron bound to a nucleus is given by

2
2 p

Hy = — 1184

0 2 + V(r) (1184)

and the unperturbed energy of the state | nlm > of a hypothetical electron

with mass m is calculated in the non-relativistic Schrodinger theory as

52
EY = < nim | QP— | nlm > 4+ < nlm | V(r) | nlm > (1185)
m

nlm

However, in order to obtain a sensible numerical value for the approximate
energy, Er(gzn has to be expressed in terms of the observed physical mass m*.
Therefore, the bare Hamiltonian has to be expressed in terms of the physical

mass and compensating radiative corrections to the mass

A2

Er(gzn = < nlm|2pm*|nlm > 4+ < nlm | V(r) | nlm >
+i i h /°° dww < nlm | p? | nlm >
31 \hec m c? 0 w 2m
2
= <nlm|2pm*|nlm>+<nlm|V(T)|nlm>
+i e R /°° dw w Z | < 2'U'm/ | p|nim >|?
3m \hec m c? 0 w 2m

n’'l'm’

(1186)

The completeness relation was used in obtaining the last line. The second term
in the above expression for the unperturbed energy is the correction due to
the mass renormalization® which should be combined with the second-order
radiative correction. The total energy (to second-order) is given by

Enlm = E(O)

n,l,m

2
+ zxzzgjﬂn

72Renormalization is an idea which Bethe attributed to H. A. Kramers. Kramers had
proposed that physical quantities should be expressed in terms of observable quantities, with
all mention of bare quantities removed. Kramers was advocating a classical treatment from
which Bethe created a non-relativistic quantum treatment.
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a2

= < nlm | | nlm > 4+ < nlm | V(r) | nlm >

2 m*

2 e? h\® [~ | < n'l'm'|p]|nlm >|?
— =) |— d
+37r(hc> (mc) /0 e Z hw

n’l'm/’

2 [ e? A | < nU'm|p]|nlm > 2
- P - d o
+ 3w (h c> <m c) /0 W Z Eoim — Eoirm — hw

(1187)

n’'l'm’

The overall (second-order) shift from the Schrédinger estimate of the energy for
the state | nlm > (as calculated with the physical mass) is given by the sum
of the last two terms, which is expressed as

En’l’m’ )

hc m ¢

nlm 3

apshift _ 2 (e?) < h >2 /°° dow 3 L= B nim > P (B
0 n'l'm

The integration over w is logarithmically divergent, and can be made to con-
verge by introducing an upper cut-off w; = ¢ A~!. Therefore, the difference
of the linearly divergent self-energy of the bound electron and the linearly di-
vergent, self-energy of the free electron is only logarithmically divergent. After
introducing the cut-off, one finds the result

: 2 e2 | < n'U'm|p]|nlm > |2
AEShlft - _ = — £
nim 37 \he Z m?2 c2

n’l'm/’
FLC)\il + En’l’m/ - Enlm

X Enm - En/ 'm/ 1
( ! ! ) " En’l’m’ - Enlm

(1189)

The square of the mass m can safely be replaced by the square of the physical
mass m* in the expression for the energy shift, since we are only working to
€

first order in h—i All other quantities have been expressed in terms of the

physical mass. If the rest energy of the electron is used as the upper cut-off
energy m ¢ ~ 0.5 x 10% eV, and assuming that the averaged logarithm of the
electron excitation energy corresponds to an energy of the order of 17.8 Ryd,
then the logarithm has a value of about 7.63 and is not sensitive to the precise

value of E,;;, — FE,pme and, therefore, can be taken outside the summation
; 2 e2 2 h? 2

AEShlft — _ = — 1
nim 37 \he e et
| < n/U'm/|p|nlm > |?

x> s

(Enlm - En/l/m’ )
n’l'm/’

(1190)

As later shown by Dyson”, that divergences found in any order in 7 can

73F. J. Dyson, Phys. Rev. 75, 1736 (1949).
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be removed by consistently using the ideas of mass and charge renormaliza-

tion™. Hence, a completely consistent relativistic theory does yield a finite

shift, without the need to invoke any cut-off’>. The weighted sum over the
matrix elements can be evaluated by expressing it in terms of an expectation
value involving commutators of Hy with p. That is

Sl < alm [plnim > *( Bum — Envme )

n’'l’m/’

= Z < nlm | p|n'lm' >< o'Um'|[p, Ho||nim >(1191)

n’l’m/’
and using the completeness relation, one obtains
= <nlm|f3[}é7ffo]\nlm> (1192)

Likewise,

Sl < alm [plnim > |*( Bum — Epvme )

n'l'm/
= - Z < nlm|[p, Hy] | nl'm" >< o'U'm'|p|nim >
e (1193)
which results in
= — < nm|[p, Hy|p|nlm > (1194)

Thus, on adding the above two equations and dividing by two, one finds

Z ‘ < nl'm/ ‘]é ‘ nlm > ‘2 ( Enim — En’l’m/)

n’l’m’
1 .
= §<nlm|[@,[@,Ho]]\nlm> (1195)
On substituting
p=—ih¥ (1196)
and
: P 1% 1197
Hy = —
0= 5, T V) (1197)

74This statement does not imply that a properly renormalized perturbation theory is con-
vergent. In fact, one may argue that if the coupling constant changed sign then systems
containing electrons would be unstable to BCS pairing. Since the radius of convergence of
any expansion is limited by the closest singularity, perturbation theory may only have a zero
radius of convergence. In this case, the theory may be expected to contain non-analytic terms
of the form exp[ — h ¢/ €?].

75F. J. Dyson, Phys. Rev. 173, 617 (1948).
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into the expression for the matrix elements, one obtains

Z ‘ < nl'm/ ‘]E ‘ nlm > ‘2 ( Enim — En’l’m/)
n’'l’m/’
h2
- - ? dgﬁ wnlm(f) V2V(T) wnlm(z) (]‘198)
Substituting the expressions for the matrix elements into the expression for the
Lamb-shift yields

shift _ 2 (€ n’ 20*
Abum = 37 (T“L c) (m2 c? In 72 et

Thus, the energy-shift only occurs for bound electrons as the expectation value of
the Laplacian of the potential will vanish for extended states. For a hydrogenic-
like atom

< nlm | V2V (r) | nim >

(1199)

V2V (r) = 47 Z e 83(r) (1200)
SO
shift 47 e (e n? , . |28% 2
AEnlm = T ﬁ m | wnlm(o) | In 22 64 (1201)

Therefore, the Lamb shift only occurs for electrons with | = 0, since electronic
wave functions with [ ## 0 vanish at the origin. The atomic wave function at
the position of the nucleus is given by

s n a

| Gaool0) 2 = (23)3 (1202)

This yields Bethe’s estimate for the Lamb shift as

: 4 2\® (7% et m 2 h? 2
AEShlft — . 1
700 37 \he 2 M

(1203)

The above formulae leads to the estimate of 1040 MHz which is in good agree-
ment with the experimentally determined value™. The exact relativistic calcu-
lation”” yields the result

shift 4 2 (€ ’ 2
AETLOO = m VA <hc> m C < ln

m02

2 h Wn,n'

31

+ T30 )(1204)

where the mc? in the logarithm comes from the Dirac theory without invoking
any cut-off. The most recent experimentally measured value’ is 1057.851 MHz
which is in good agreement with the theoretical value of 1057.857 MHz.

76W. E. Lamb Jr. and R. E. Retherford, Phys. Rev. 72, 241 (1947).
7TN. M. Kroll and W. E. Lamb Jr., Phys. Rev. 75, 388 (1949).
78G. C. Bhatt and H. Grotch, Ann. Phys. 187, 1 (1987).
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11.3.5 Brehmstrahlung

Accelerating (or decelerating) charged particles radiate. We shall consider the
radiation emitted by a charged particle (such as an electron) that scatters from
a massive charged particle via the Coulomb interaction. It is assumed that the
mass M of the massive charged particle (in most cases, this is a nucleus) is
significantly greater than the electron mass, so that the recoil of the nucleus can
be neglected. The (instantaneous) Coulomb interaction between the electron
and the nucleus is given by
Z e?

Vi) = - = (1205)

The Hamiltonian of the unperturbed electron is simply the kinetic energy. The
incident electron is assumed to have a momentum ¢ and the scattered electron
has momentum ¢’ and the cross-section for the scattering process will be calcu-
lated via low-order perturbation theory.

Rutherford Scattering

To second-order, the scattering cross-section is expressed as Rutherford scat-
tering which is elastic and, therefore, involves no emission of photons. The

Figure 40: The Rutherford scattering process.

Rutherford scattering cross-section is found from the Fermi-Golden rule decay
rate

1 27
7) = ST < g VO g > PA(E, — By) (1200
Rutherford

T

The matrix elements of the Coulomb potential is evaluated as

A
<qd|V(Q)lg > =

- - Vie-dP (1207

On integrating over the magnitude of the scattered electron’s momentum, one
obtains

2T \%4 & A
dq/q/Q(

= a4y _=rar
Viig—4¢1?

1 2
il 0(E, — Ey)
<Td9’>Rutherf0rd ho (27)? 0 ) a I

210



2 2
_ 27V %q 4w Ze Y
h (27)3 R Vilg — ¢ 1?

(1208)

The denominator in the potential has to be evaluated on the energy shell. On
introducing the scattering angle # and using the elastic scattering condition

|g—g’|2 = 2¢*(1 — cos@)
!

:4&%% (1209)

one finds

i‘,,‘2q sirg'/2

q

Figure 41: The geometry for Rutherford scattering. For elastic scattering, the
magnitude of the initial momentum ¢ is equal to the magnitude of the final
momentum ¢ and the scattering angle is 6'.

1 27 V. om anze N\ .,
= 5 29\ vy oz ) 99
TaQ' / Rutherford (27)% n V 4q? sin® 5
(1210)

On diving the scattering rate by the incident flux F of electrons

hq
r— 9 1211

the elastic scattering cross-section is found to be given by

(da) 2 V.V < An 7 e )2
dY ) Rutherford ho(2m)3 R? V4q? sin®%

_ ( mZ 62>2 (1212)

2 9 20
2 h* ¢* sin® 5

which is the Rutherford scattering cross-section for electrons. The scattering
cross-section diverges at § = 0 and is always finite at §/ = 7 no matter how
large ¢ is. The scattering at #’ = 7 is known as back-scattering, and is caused
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Figure 42: The scattering angle dependence of the differential scattering cross-
section.

by the extremely high potential experienced by electrons with very small im-
pact parameters. It was the large cross-section for back-scattering of charged
a-particles from atoms, found by H. Geiger and E. Marsden in 19137, that
was instrumental in verifying Rutherford’s 1911 conjecture®® that atoms have
nuclei which are of very small spatial extent. The divergence in the scattering
cross-section at 6/ = 0 is due to the long-ranged nature of the Coulomb inter-
action, which causes electrons to undergo scattering (no matter how slight the
scattering is) at arbitrarily large distances from the nucleus.

Brehmstrahlung

Elastic scattering of electrons by the Coulomb potential is highly unlikely,
since from classical electrodynamics it is known that accelerated particles ra-
diate. Hence, it is expected that photons should be emitted in this process.
This phenomenon is known as Brehmstrahlung. We shall calculate the Brehm-
strahlung scattering cross-section®! using low-order perturbation theory. The
electron is scattered between the free electron eigenstates due to a perturbation
which is a linear superposition of the Coulomb interaction with the nucleus and
the paramagnetic interaction.

The lowest-order probability amplitude describing Brehmstrahlung is a lin-
ear superposition of two processes. These are:

(a) Scattering of an electron from the nucleus followed by the emission of a pho-
ton. The initial state of the electron is assumed to have momentum ¢ and the
final state of the electron is given by ¢’ while the emitted photon has momentum
k. Therefore, from conservation of momentum, the momentum of the electron

79H. Geiger and E. Marsden, Phil. Mag. 25, 1798 (1913).
80E. Rutherford, Phil. Mag. 21, 669 (1911).
81H. A. Bethe and W. Heitler, Proc. Roy. Soc. A 146, 82 (1934).
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Figure 43: The two lowest-order processes contributing to Bremstrahlung.

in the intermediate state is given by ¢’ + k.

(b) Emission of a photon followed by scattering from the nucleus. Conservation
of momentum indicates that the intermediate state has momentum given by
q—k

The matrix elements for these second-order processes are given by

47 Z e? eh 271 h 2
M, = en 2mhct | o
“ (V|qq/k|2> (mc>\/viwk€a(k‘) (¢ + k)

X( 1 ) (1213)
Eq — BEgr + i
and
47 7 e? eh 21 B2
M, = eh [2mne o
= (o) () e - o
1
1214
x(EqEq—kﬁwarin) ( )

It should be noted that the numerators of the matrix elements simplify because
the photons have transverse polarizations

ca(k) .k =0 (1215)

From the energy conserving delta function in the expression for the decay rate,
one finds
E, = Ey + huwy (1216)

hence the first energy-denominator can be expressed in a similar form to the
second

For small k, the energy-denominators can be expanded, yielding
h h? k2
Eg/—EgurE—&—hwk:hwk—Eg’.k— ™ (1218)
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and
h? k2
2m

h
Eg_ Q—E_hwk:_hwk_FEQ'E_ (1219)

Since the energy of the photon cannot exceed the energy of the initial electron,
one must have ¢ > k, so the third term is smaller than the second term. Due to
the large magnitude of ¢ compared with the electron velocities %, the second
and third terms can be neglected. Therefore, the photon-energy dominates both
the energy-denominators. On substituting the above expressions in the sum of

the matrix elements, one finds

A e 27 h c?
Ma M = —_— -
o <V|q—q’—k2> <mc> \ Ve

( (k) . ¢ N N (k) . qh )
% 4 4

(s ) () i
y <€a(k) (4 - Q)> (1220)

Wk

Using this approximation for the matrix elements, the transition rate is given

by
1 B 2l Z 47 7 e? 2 LQ 27 h 2
T R - Vg — ¢ — k? mc V wyg

g K,
e, (k) . o 2
|G- (d —q) S5(Ey — By — ) (1221)
Wk - -

The terms proportional to k in the Coulomb scattering terms can be neglected,
for low k values. The inelastic scattering cross-section for Brehmstrahlung is
found by replacing the sums over ¢/ and k' by integrals, and dividing by the
incident flux of electrons. This procedure results in the expression

( 2o ) B q'( 2m Z e2 ) Z/ dQY (eQ)
d€¥ dwr ) Brehmse q \n? lqg — ¢ |? 47w, \hec

’h falk) . (¢ — q)

1222
— (1222)

If the angular distributions of the emitted photon (d2;) and the scattered elec-
tron (d€Y') are both measured, the scattering cross-section can be represented
as

(d%) _ 7 (d")
asy ko dwk Brehmse q asy Rutherford
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1 e2 héalk). (g — q)
X47r2wk (hc)z‘ mc

[e3

(1223)

where the second factor is the probability of emitting a photon with energy i wy,
into solid angle d€2;. On summing over the polarization o and integrating over
the directions of the emitted photon, one obtains

( Ao ) B q’( 2m Z e >2
d€Y dwi ) Brehmse q hZ‘Q - q

L2 (@) |h(d —a)
3mwr \hc m ¢

Hence, the scattering rate which includes the emission of a photon of energy
h wy is given by the product of the Rutherford scattering rate with a factor

qg 2 e? 2qh sin%' 2
= — —_— 1225
qg 37wk (hc) ( mc ( )

This particular factorization of the cross-section involving the simultaneous
emission of a soft photon is common to many processes involving the emis-
sion of low-energy bosons. The soft-photon theorem®? shows that properties of
the emitted low-energy photon is insensitive to anything except the global prop-
erties (such as the total charge or total magnetic moment) of the scattered par-
ticle. The cross-section involving the emission of a low-energy photon diverges
as wr — 0, due to the factor of w; ' in eqn(1224). This type of divergence
is an infrared divergence. What this implies is that, in Brehmstrahlung, arbi-
trary large numbers of low-energy photons are emitted. Furthermore, similar
singularities are also found in the w = 0 limit when elastic scattering correc-
tions to the Rutherford scattering process are considered®®. In any experiment
with finite energy resolution, elastic scattering and very low-energy quasi-elastic
scattering processes cannot be distinguished, so it is might be expected that the
elastic scattering and quasi-elastic scattering divergences should be combined.

: (1224)

The divergences found in the problem of Brehmstrahlung were first con-
sidered by Bloch and Nordsieck® who showed that the infra-red divergences
cancel. That is, the infra-red divergence does not exist®®. The cancelation
was achieved adding virtual emission processes for Rutherford scattering to the
Brehmstrahlung cross-section for the emission of photons of energy less than
wp, since these processes cannot be distinguished for sufficiently small photon

82F. F. Low, Phys. Rev. 96, 1428 (1958).

83R. H. Dalitz, Proc. Roy. Soc. A 206, 509 (1950).

84F. Bloch and A. Nordsieck, Phys. Rev. 52, 54 (1937).

85Gince there are an infinite number of low-energy photons present in Brehmstrahlung, then
it is expected that the classical limit of quantum theory applies so that classical electromag-
netic theory should produce exact results.
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frequencies wy. That is, on introducing an infra-red cut-off A_, one finds that
the total inelastic scattering in which a photon with frequency less than wy is
emitted is given by

(da) _ (ClU) {1(€2> (A1HW+ )+
d? ) Brehmse df Rutherford L2 ™ \h ¢ c

(1226)
where the factor A depends on the initial and final momentum of the electron.
This result is logarithmically divergent as A_ — 0. On the other hand, to the
same order, the elastic scattering cross-section is found as

(5 e = () st | 27 (i) (405 )+
d? ) Elastic dQ? ) Rutherford 2m\hc Aome

(1227)
Hence, on combining the results, one finds that the quasi-elastic scattering cross-
section is given by

do do 1/ e? 2 1 wo
aQ = 70 1+ —(+— Aln > T
ds Quasi-Elastic d? ) Rutherford 27\hc mc

(1228)
so the cut-off A\_ cancels and the scattering cross-section does not diverge log-
arithmically. With this reasoning, Bloch and Nordsieck found that the appro-
priate expansion parameter is not hic but instead is given by hcic In ZL “%. The
higher-order perturbations may also describe processes involving larger numbers
of emitted soft photons and results in a multiplicative exponential factor to the

quasi-elastic scattering rate

(do) (do) ep{ 1 <e2>31n25w0+
10 z 70 X F ...
ds Quasi-Elastic dQ? ) Rutherford 27 \hc m c2

(1229)
Therefore, the scattering rate from soft photons vanishes in the limit wy — 0.
This occurs because perturbation theory causes the normalization of the starting
approximate wave function to change, and hence the probabilities of the vari-
ous processes are changed by including higher-order processes. In other words,
since the probability of emitting an arbitrarily large number of soft-photons is
finite, the probability of emitting either zero or any fixed number of soft photons
must be zero. Bloch and Nordsieck’s calculation was restricted to the case of
emission of sufficiently low-energy photons. Pauli and Fierz® also considered
Brehmstrahlung in a non-relativistic approximation. Pauli and Fierz showed
that the infra-red divergences, discussed above, cancel. Pauli and Fierz went on
to examine the remaining ultra-violet divergences, and showed that portions of
the ultra-violet infinities that were found in the calculations of the scattering
processes could be associated with mass renormalization. Using a relativistic
theory Ito, Koba and Tomonaga®” showed that the remaining infinities could

86W. Pauli and M. Fierz, Nuovo Cimento, 15, 167 (1938).
87D. Ito, Z. Koba and S-I. Tomonaga, Prog. Theor. Phys. (Kyoto), 3, 276 (1948).
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be absorbed into a renormalization of the electron charge. Similar conclusions
were arrived at by Lewis®® and by Epstein®®. Dyson“® showed that all infinities
that appear in Quantum Electrodynamics could be cured by renormalization to
arbitrarily high-orders in perturbation theory.

12 The Dirac Equation

In 1928, Dirac searched for a relativistically invariant form of the one-particle
Schrédinger equation for electrons

., 0 ~
ihsv=Hy (1230)

Since this equation is only first-order in time, then the solution is uniquely
specified by the initial condition for ¢. It is essential to only require an evolution
equation which is first-order in time. Dirac®! searched for a set of coupled first-
order (in time) equations for a multi-component wave function 1

1/,(0)
1/}(1)
S : (1231)
w(N—l)

The wave function was assumed to satisfy an equation of the form

g e = pmew
h
[icgtJriha.V]q/J = Bmc (1232)

The equations have to be of this form since, if the equation is a first-order partial
differential equation in time then it must also only involve the first-order partial
derivatives with respect to the spatial components for the resulting equation to
be relativistically covariant. The wave function ¢ is a N-component (column)
wave function and the three as yet unknown components of a and (3 are three
N x N matrices. Since the Hamiltonian is the generator of time translations,
then H should be equivalent to ih%. Hence, as the Hamiltonian operator H
must be Hermitean, then the operators o and § must be Hermitean matrices.

88H. W. Lewis, Phys. Rev. 73, 173 (1948).

89Saul T. Epstein, Phys. Rev. 73, 177 (1948).

90F. J. Dyson, Phys. Rev. 75, 486 (1949).

91p. A. M. Dirac, Proc. Roy. Soc. A 117, 610 (1928).
P. A. M. Dirac, Proc. Roy. Soc. A 118, 351 (1928).
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This set of equations is required to yield the dispersion relation for a relativistic

particle
E\2
() —p? = m?c (1233)
c p

which, following the ordinary rules of quantization, leads to the Klein-Gordon
equation
{ R 0

§W+h2v2]¢m%2¢ (1234)

(which is a second-order partial differential equation in time). The requirement
that the Dirac equation is compatible with the Klein-Gordon equation imposes
conditions on the form of the matrices. On writing the Dirac equation as

hoog

i —

-y (ﬂmc—ihoz.V)zb (1235)

and iterating, one has

2 2
_<’z> %2% _ (ﬁmc—iha.V) "
_ (52m2c2_mmc(5a+aﬁ).v
hQ(a.vf)w (1236)

When expressed in terms of individual matrices a?), the above equation be-
comes

2
(Z) 8327? - <ﬂ2m2c2ithZ(ﬁa(”+0‘(j)ﬂ)vj
J

2
_ % S (a0 + o o) v, v ) ¥ (1237)

]

since the derivatives commute. If the above equation is to be equivalent to the
Klein-Gordon equation, then the coefficients of the various derivatives must be
identical for both equations. Therefore, it is required that the constant terms
are equal

g =1 (1238)
It is also required that the first-order derivative terms vanish and that the
second-order derivative terms should be equal, hence the matrices must satisfy
the anti-commutation relations

a® 8+ B a® 0
a® o) 4 Q) o) — 9§ (1239)
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On imposing the above conditions, Dirac’s form of the relativistic Schrédinger
equation is compatible with the Klein-Gordon equation.

From eqn(1238), one concludes that if the Hermitean matrices are brought to
diagonal form then the diagonal elements are given by + 1. The possible dimen-
sions N of the matrix can be determined by considering the anti-commutation
relations. On taking the determinant of eqn(1239), one finds

deta detg = (—=1)N detf deta®
deta® deta = (—1)N detal? detal® (1240)
Hence, on cancelling the common factors of determinants, one finds
(-1)Y =1 (1241)

so N must be even. Furthermore, the matrices must be traceless. This can be

seen by considering _ _
a® ) = — 40 (@ (1242)

which on multiplying by a(?), yields the relation

o@D = — 4@ f0) 4@

o) = ( a® )t al® @ (1243)
since a¥ is its own inverse. Apart from the negative sign, the form of the
left-hand side is of the form of an equivalence transformation. By using cyclic

invariance, it can be shown that the trace of a matrix is invariant under equiv-
alence transformations. Therefore, one has

Trace oY = — Trace o!¥) (1244)

or

Trace o) = 0 (1245)

which proves that the matrices are traceless.

Since the Dirac matrices satisfy

~>

g =
(a)? =

~>

(1246)

then their eigenvalues must all be +1, as can be seen by operating on the
eigenvalue equation

Bos = As ¢p (1247)
with 8. This process yields
B ds = g B op
= % ¢p (1248)
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which with 42 = I , requires that the eigenvalues must satisfy the equation
=1 (1249)

This and the condition that the matrices are traceless implies that the set of
eigenvalues of each matrix are composed of equal numbers of +1 and —1, and
it also confirms the conclusion that dimension N of the matrices must be even.
The smallest value of the dimension for which there is a representation of the
matrices is N = 4. The smallest even value of N, N = 2 cannot be used since
one can only construct three linearly independent anti-commuting 2 X 2 ma-
trices?2. These three matrices are the Pauli spin matrices (@), Hence, Dirac
constructed the relativistic theory with N = 4.

It is useful to find a representation in which the mass term is diagonal, since
this represents the largest energy which occurs in the non-relativistic limit.
When diagonalized, the § matrix has two eigenvalues of +1 and two eigenvalues
of —1 and so 3 can be expressed in 2 x 2 block-diagonal form. We shall express
the 4 x 4 matrices in the form of 2 x 2 block matrices. In this case, one can
represent the matrix in the block-diagonal form

g = <é 701 ) (1250)

If the three matrices a?) are to anti-commute with 8 and be Hermitean, they
must have the off-diagonal form

i 0 AW
o = (A@')T 0 ) (1251)

where A is an arbitrary 2 x 2 matrix. We shall choose all three A®) matrices
to be Hermitean. Since the three o) matrices must anti-commute with each
other, the A®) must also anti-commute with each other. Since the three Pauli
matrices are mutually anti-commuting, one can set

, (@)
o — <a(<)i> # ) (1252)

where the ¢(?) and I are, respectively, the 2 x 2 Pauli matrices and the 2 x 2
unit matrix. The Pauli matrices are given by

o = ((1) 01 ) (1253)

92In d + 1 space-time dimensions, one can form 241 matrices from products of the set of
d+1 linearly independent (anti-commuting) Dirac-matrices. We shall assume that the product
matrices are linearly independent. Since the number of linearly independent N X N matrices

is N2, the minimum dimension N which will yield a representation of the Dirac-matrices is
d+1
N=2"2.

220



o = (? OZ> (1254)

o® = (é _01 > (1255)

The matrix (%) is defined as the 4 x 4 identity matrix

a® = <(I) 1(,) ) (1256)

This set of matrices form a representation of the Dirac matrices. This can
be seen by directly showing that they satisfy the appropriate relations. Many
different representations of the Dirac matrices can be found, but they are all
related by equivalence transformations and the physical results are independent
of which choice is made.

and

Exercise:

By direct matrix multiplication, show that the above matrices satisfy the
relations

(a(j) )2 — 52 =7 (1257)
and the anti-commutation relations
a3+ pa® = 0
o o) 4 ql) o = 240 (1258)

and so form a representation of the Dirac matrices.

12.1 Conservation of Probability

One can find a conservation law for Dirac’s equation

o

T
LY

(—ihaa.v+ﬁmc2)w (1259)

On pre-multiplying the Dirac equation by 1f, which is the Hermitean conjugate
of the spinor wave function and is defined as the row vector formed by the
complex conjugate of the components

i = (W* , P @ w<3>*) : (1260)

one obtains

o _

iyl 5

(—ihcha.V¢+wTﬁwmc2> (1261)
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The Hermitean conjugate of the Dirac equation is given by

)
—iha(;i=<+ihcv.wTaT+¢TﬁTmc2> (1262)

Since a and  are Hermitean matrices, the Hermitean conjugate equation sim-
plifies to

;
z’h%i(Jrith.wTaJrWﬁm@) (1263)

Post-multiplying the Hermitean conjugate equation by the column-vector ),
yields

ot
—iha—li =(+ihcv.wTaw+wTﬁwmc2> (1264)
On subtracting eqn(1264) from the eqn(1261) and combining terms, one obtains
0
iho (V1Y) = —ihe¥. (Ylap) (1265)
The above equation has the form of a continuity equation
dp
— .j =0 1266
o TV (1266)
in which the probability density is given by
PR— (1267)

Using the rules of matrix multiplication the probability density is a real scalar
quantity, which is given by the sum of squares

p = YO P + |2 4+ @2 4 | B 2 (1268)

and so it is positive definite. Hence, unlike the Klein-Gordon equation, the
Dirac equation does not lead to negative probability densities. The probability
current density j is given by

j=cylav (1269)
In this case, the total probability
Q = / Pz Yty = / d*z p (1270)
is conserved, since

I |
| |
——
S %
[t I8
ok
I~

(1271)



where Gauss’s theorem has been used to represent the volume integral as surface
integral. For a sufficiently large volume, the current at the boundary vanishes,
hence the total probability is conserved

aQ
- =0 (1272)
12.2 Covariant Form of the Dirac Equation

In the absence of an electromagnetic field, the Dirac equation can be expressed
in either of the two forms

o pup = Bmey
tha 0, = Bmcy (1273)

where it has been recalled that
a® =7 (1274)

and the covariant momentum operator is given by

P = ih (8) (1275)

OxH

Or equivalently, after multiplying the Dirac equation by 8 and then introducing

the four v matrices via
o= gat (1276)

one finds that the Dirac equation appears in the alternate forms

Vb = mcy
ihy" Oy = mec (1277)

The four gamma matrices satisfy the anti-commutation relations

WA+ =244 (1278)

where I is the 4 x 4 identity matrix, and ¢g"" is the Minkowski metric. The
gamma matrices labelled by the spatial indices are Unitary and anti-Hermitean,
as shall be proved below.

It is easy to show that the matrix with the temporal index (0) is unitary
and Hermitean
(YO)™H = 4O
(YO = 4O (1279)

since [ is its own inverse and [ is Hermitean.
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The gamma matrices with spatial indices are anti-Hermitean as

()" = (
= (

= (a98)
(

= — 4@ (1280)

since a(? and /8 are Hermitean and, in the fourth line the operators have been
anti-commuted. Now, the gamma matrices with spatial indices can be shown
to be unitary since

@) 40 = 3o g o
= —BBa®

= 7 (1281)

7y

where, in obtaining the second line, the anti-commutation properties of a(?) and
[ have been used, and the property

(W) =p =1 (1282)

was used to obtain the last line. Since it has already been demonstrated that
the spatial matrices are anti-Hermitean

@Oyt = — 4@ (1283)
then it follows that v(*) is unitary as

(/)40 = f (1284)
which completes the proof.

The continuity equation can also be expressed in a covariant form. The

covariant Dirac adjoint of 1 is defined as @T where

0= O (1285)

Hence, since R
() =1 (1286)
the Hermitean conjugate wave function 1! can be expressed in terms of the

adjoint spinor 1)’ via

Wi = 4O (1287)
The continuity equation has the Lorentz covariant form
oGt
1288
oy (1288)
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where the four-vector conserved probability current j# is given by
#*o= eyt at o (1289)

By using the definition of the Dirac adjoint, the current density can be re-
expressed as the four quantities

. —
O = e 4Dy
i = ey (1290)

that, respectively, represent ¢ times the probability density and the j(*) are the
contravariant components of the probability current density.

12.3 The Field Free Solution

In the absence of fields, the Dirac equation can be solved exactly by assuming
a solution in the form of plane-waves. This is because the momentum operator
P commutes with the Hamiltonian H since in the absence of fields there is no
explicit dependence on position. The solution can be expressed as a momentum
eigenstate in the form

2) exp [ — ik, " ] (1291)

where the functions u#(k) are to be determined. On substituting this form in
the Dirac equation, it becomes an algebraic equation of the form

(k<0>fk.a(”;c>ﬂ)w—0 (1292)

where k is a three-vector with components given by the contra-variant spa-
tial components of k*. In order to write this equation in two by two block-
diagonal form, the four-component spinor i can be written in terms of two

two-components spinors
A
b = < afB ) (1293)

where the two two-component spinors are given by

(0)
A _ u
= ()
o)

PP = (u<3> ) (1294)
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Hence, the Dirac equation can be expressed as the block-diagonal matrix equa-
tion

<—k(0)+mhc>l k.o A
( ¢ ) — 0 (1295)

B
k.o <M®ﬁ;>1 ¢

where the three-vector scalar product involves the contra-variant components
of the momentum k" with the Pauli spin matrices ¢(¥. The above equation
is an eigenvalue equation for k(?). The eigenvalues are given by the solution of
the secular equation

(—M®+@;>1 k.o
| | =0 (1296)
k.o (—Mm—ﬁ;>1

which can be written as

(- (5) - () m

Using Pauli’s identity

(03) (oo8) = (a8) 1 e (ann) o

one finds the energy eigenvalues are given by the doubly-degenerate dispersion

relations
2
KO — 4 \/ (T) + K (1299)

Thus, the field free relativistic electron can have positive and negative-energy
eigenvalues given by

E = £/ m2ct + p? 2 (1300)

Since the solutions are degenerate, solutions can be found that are simultaneous
eigenvalues of the Hamiltonian H given by

- < mc? I —ihca.V>

H = —thco.V —mc I

(1301)

and another operator that commutes with H. It is convenient to choose the
second operator to be the helicity operator.

The helicity operator by corresponds to the projection of the electron’s spin
along the direction of momentum. The (un-normalized) helicity operator is
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Figure 44: A cartoon depicting the two helicity states of a spin one-half particle.

given by

S o= —m<'0 0.v> (1302)

This is the appropriate relativistic generalization of spin valid only for free
particles?®, as the helicity is a conserved quantity since

[H,%] =0 (1303)
In the absence of electromagnetic fields, the Hamiltonian is evaluated as
- mc2 1 heco .k
H(k)_(hco.k —mc2I) (1304)

Likewise, for the source free case, the properly normalized Helicity operator is
found as

A(k) = (U'I% 0. ) (1305)

which has eigenvalues of £1.

The axis of quantization of o will be chosen to be along the direction of
propagation k. In this case, the helicity operator becomes

e
Alk) = ( 03 0(03) ) (1306)

and the eigenstates of helicity with eigenvalue 41 are composed of a linear
superposition of the spin-up eigenstates. We shall represent the two-component
spinors ¢f via

ot = u® xy

u(® < 01 ) (1307)

93Helicity is not conserved for spherically symmetric potentials. However, if only a time-
independent vector potential is present, the generalized quantity

S=o.(p-La)
- C

is conserved. This conservation law implies that the spin will always retain its alignment with
the velocity.
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and (bf as

o = u® xg

= u® (01 > (1308)

Therefore, one has

i) = (jg) o ) exp[ — ik x“} (1309)
Likewise, for the negative helicity states, ¢ can be represented via
¢t = u) X—
= oM < f > (1310)
and qﬁf as
pP = u® X—
= u® ( 10 > (1311)
Thus, the eigenstates with helicity —1 are the spin-down eigenstates
u® y_ )
Y_(z) = ( u® y_ ) exp{ — ik x“} (1312)

Clearly, states with different helicities are orthogonal since
X xa = dan (1313)

which is as it should be since they are eigenstates of a Hermitean operator.

On substituting the helicity eigenstates 14 into the Dirac equation for the
free spin one-half particle

. 0 R
ihoor v = Hs (1314)
one finds
A 2 ®) ¢ h kO A
A _ mc o c s
b < Ox ) B ( o® ¢ h k® —m 2 > < o8 ) (1315)

Therefore, the complex amplitudes gbf\l and ¢¥ are found to be related by

oc® ¢ h kB
R~ T rme & (1316)
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This equation shows that the components ¢¥ are small for the positive-energy
solutions, whereas the complementary expression

o® chk® L

Ph = — e - B ory (1317)

shows that (;5;{‘ is small for the negative-energy solutions. Hence, the two
positive-energy and two negative-energy (un-normalized) solutions of the Dirac
equation can be written as

X+
vi(z) = N exp [ — ik, m”} (1318)

c h k®
E 4+ m c? X+

for helicity +1 and

X—
Yv_(z) = Ne exp { — ik, x“} (1319)

ch k®
T E + m c2? X-

for helicity -1. In this expression N, is a normalization factor.

The normalization condition is

/ drypt ¢ =1 (1320)

which determines the magnitude of the normalization constant through

 h? K2
(E + mc?)?
E2 + 2Emc® + m2ct + An% k2

(E + mc?)?

2FE? + 2Emc?
_ 2
= VN ((E+mc2)2)

2 F
= VN2 [——
N <E+m02)

1 = VN82<1+

= VN}(

Hence, the normalization constant can be set as
[E + m c?
L= — 1321
N 2FEV (1321)

For states with negative energies,

for positive F.

E=—Vm2ct + 2r?k? (1322)

229



the lower components are the large components. In this case, it is more conve-
nient to express the negative-energy solutions as

chk
~ me - E X+

() = N exp[ — ik, :c“] (1323)

X+

for helicity +1 and
g x-

Y_(x) = N, exp { — ik, z”] (1324)

X—

for helicity -1. Furthermore, in this expression the normalization constant has

the form
mc2 — F
= _— 132
N V —2EV (1325)

Hence, the positive and negative-energy solutions are symmetric under the in-
terchange E — — E,if A — — A and the upper and lower two-component
spinors (¢4, ¢P) are interchanged.

General Helicity Eigenstates

The Helicity operator for a particle with a momentum # k is given by the
Hermitean operator

| aE) kD — k@
Alk) = +
cos 0y, sin 6y, exp[—ipy]
_ (1326)
sin 6y, exp[+ipy] — cos O
which since
A(k) A(k) = 1 (1327)

has eigenvalues A of 1. The helicity eigenstates®* are given by the two-
component spinors y+. The positive helicity state is given by

] D ()
Xa+ =
A V2k (k — k® ) R
o cos%’“ exp|[—i5F]
= exp[—1 5 ] (1328)

sin %’“ exp[+i5¢]

94C. G. Darwin, Proc. Roy. Soc. A 118, 654 (1928).
C. G. Darwin, Proc. Roy. Soc. A 120, 631 (1928).
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in which (k, 0, @) are the polar coordinates of k. The negative helicity eigen-
state is given by the spinor x -

—k + k®
N _ 1
=
V2Ek(k — k@) RO RRPRAC)
- sin%’c exp[—i%5F]
- exp[—l—i%} (1329)

cos % exp[+i5¢]

Therefore, the general helicity eigenstate plane-wave solutions of the Dirac equa-
tion can be written in terms of two two-component spinors as

XA
ax(z) = Ne exp [ — ik, x“} (1330)
ch k A
E T m 2 XAE

In this expression N, is a normalization factor

[E 4+ m c?
Ne = W (1331)

These plane-wave solutions are useful in considerations of scattering processes.

12.4 Coupling to Fields

The Dirac equation describes relativistic spin one-half fermions, and their anti-
particles. It describes all massive leptons such as the electron, muon and tao
particle, and can be generalized to describe their interaction with the electro-
magnetic field, or its generalization the electro-weak field. In the limit m — 0,
the Dirac equation reduces to the Weyl equation®® which describes neutrinos.
The Dirac equation also describes massive quarks and the interaction can be
generalized to quantum chromodynamics.

In the absence of interactions, the Dirac equation can be expressed in either
of the two forms

Py = Bmcy
ihao'd, = Bmcy (1332)

The interaction with electromagnetic field is introduced as follows. Using the
minimal coupling approximation, where

Py — B = Py — =~ Ay (1333)

95H. Weyl, Z. Physik, 56, 330 (1929).
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and ¢ is the charge of the particle, the Dirac equation in the presence of an
electromagnetic field becomes

at <]§u - ZA;L)¢

iha”(&u—&—ihchu)w = Bmecy (1334)

Bmecy

This process has resulted in the inclusion of the interaction with the electro-
magnetic field in a gauge invariant, Lorentz covariant manner. The appearance
of the gauge field together with the derivative results in local gauge invariance.
Sometimes it is convenient to define a covariant derivative as the gauge-invariant
combination

. q
D, = — A 1
w= Ot il A, (1335)

The concept of the covariant derivative also appears in the context of other
gauge field theories. Using this definition we can express the Dirac equation in
the presence of an electromagnetic field in the compact covariant form

ihy"D,v = mcy (1336)

The presence of an electromagnetic field does not alter the form of the conserved
four-vector current s
= Y (1337)

which is explicitly gauge invariant.

12.4.1 Mott Scattering

We shall consider the scattering of positive-energy electrons from a nucleus of
charge Z. The initial electron beam has momentum % k which is scattered by
the target nucleus. The detector is positioned so that it detects all the scattered
electrons with momentum % k’. The initial and final states of the positive-energy
electron can be represented by the Dirac spinors of the form v,

Xo
Vpo(x) = Ny exp [ — ik x“} (1338)
- chk.o
Ey -‘1—7’1’7'7,7(22 Xo

where the normalization constant is chosen as

E, + mc?

Ne = 2E.V

(1339)

The interaction Hamiltonian with the electrostatic field of the nucleus is given

by the diagonal matrix
. Ze (I 0
Hpyy = — (0 7 (1340)

r
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The flux of incident electrons is defined by

F = — 1341
= (1341)

where 5
= [ — 1342
o= (%) (1342)

Therefore, the electron flux is given by
hk c?

F = 1343
( V Ej ) (1343)

The elastic scattering cross-section in which the final state polarization is un-
measured is given by

(1344)
where the delta function ensures conservation of energy. Since the polarization
of the final state electron is unmeasured, the spin ¢’ is summed over. The
integration over k' can be performed, yielding

do EV \° .
(WJ<%MﬂJ D | < Ko'|Hyu ko > P (1345)

where k and k" are restricted to be on the energy shell (E = Ej, = Ey/). The
matrix elements can then be evaluated as

- 477 e E + mc?
Ko | Hin | k = -
< Bk = (7 we) (557

A0 (o k) (o k)
(E + mc )2 )“

xxz,<l+
(1346)

where the normalization constants have been combined, since energy is con-
served. Likewise, the complex conjugate matrix elements are given by

N A E + mcd
k Hiy | K0 = -
< ol e = (75 Zep) (5ev")

A (o k) (a. k)
(B + mec ) )”

X Xg (I +
(1347)

These expressions for the matrix elements are inserted into the scattering cross-
section. Since the final state polarization is not detected, then ¢’ must be
summed over. The trace over ¢’ is evaluated by using the completeness relation

D xer Xb =T (1348)
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The resulting matrix elements involve the spin-dependent factor

i (I N c? h? 1(Eg+knz iza)ék/) ) (I N c? h? EEJJ.FkT/n)C(Qf;.k) ) o

(1349)

The products of matrix elements shown above can be evaluated with the aid of
the Pauli identity. The sum of the cross-terms can be evaluated directly using
the Pauli identity. We note that since the vector product are antisymmetric in
k and k', the sum of the vector product terms cancel. That is

A h?
(E+me) (a. k)(c k) + (c.k)(a k)
A h? .
:mﬂbk'ﬂ (1350)

The remaining term is evaluated by using the Pauli identity for the inner two
scalar products, and then re-using the identity for the outer two scalar products.
Explicitly, this process yields

04 4
W {W-k)(o.k’)(a-k’)(o.k)]
A nt N
= (Fimay EEI (1351)

Hence, the cross-section is given by

sy e |k —

(1352)
It should be noted that the last two terms originated from the combined action
of the Pauli spin operators and involved the lower two-component spinors. The
last term can be simplified by using the elastic scattering condition & = k' and

then using the identity
Anrtkt = (B2 — m?ct)? (1353)

in the numerator. On canceling the factor of ( E 4+ m ¢? )? in the denominator of
the last term with a similar factor in the numerator, the last term is recognized
as being just ( E — m ¢? )2. Hence, on combining the first and last terms, one
finds the result

do Z €? ? 2 2 4 2 32 ’
o) = h202|k—k"|2 2(E°4+m*c*)+2ch"k.E | (1354)

The scattering angle €’ is introduced in the square parenthesis through

k. kK = k* cos@ (1355)
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and also in the denominator of the Coulomb interaction by
0/
|k — K | = 4k sin? 3 (1356)
Furthermore, the factor of m? ¢* in the square parenthesis can be replaced by
m?ct = E? — 2R kP (1357)

so that the cross-section takes the form

do Ze? ’ 2 22,2 . 20
<de) N (2h2c2k2 sin2‘g) {E Sk SIHQ}

27Z e FE 2 o\? . L0
— (4h2 EyE sin292/> {1 — <c> sin 2} (1358)

where the expression for the magnitude of the velocity

21 k>
W = (c - ) (1359)

has been introduced. The above result is the Mott scattering cross-section®S,
which describes the scattering of charged electrons. It differs from the Ruther-
ford scattering cross-section due to the multiplicative factor of relativistic origin,
which deviates from unity due to the electron’s internal degree of freedom. The
extra contribution to the scattering is interpreted in terms of scattering from the
magnetic moment associated with the electron’s spin interacting with the mag-
netic field of the nuclear charge that the electron experiences in its rest frame.
It should be noted that even if the initial beam of electrons is un-polarized, the
scattered beam will be partially spin-polarized (due to higher-order corrections).

12.4.2 Maxwell’s Equations

Maxwell’s equations can be written in the form of the Dirac equation. We
introduce a four-component wave function ¢ given by

0
B _ ;g1
Y = B® _,;p® (1360)
B®) _;EB)

Maxwell’s equations can be written in the form

4
i ot O = — Tﬂj (1361)

96N. F. Mott, Proc. Roy. Soc. A 124, 425 (1929).
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where j is the contravariant form of the current four-vector

cp
+(1)

. J
J @
j(3)

(1362)

We shall require that the matrices a* are Hermitean and that they satisfy the
equation A

(a*)? =1 (1363)
On comparing with the form of Maxwell’s equations?”, one finds that the Ma-
trices are given by

100 0O
010 0
) = 00 1 0 (1364)
00 0 1
0 -1 0 0
-1 0 0 0
ot = 0 0 0 i (1365)
0 0 i 0
0 0 -1 0
0 0 0
a? = 1o 0 o (1366)
0 —i 0 0
0 0 0 -1
0 0 —i 0
a®) = 0 i 0 0 (1367)
1.0 0 0

The matrices corresponding to the spatial indices are traceless and satisfy the
anti-commutation relations

a® a9 1 o) o = 24, (1368)

and
a® @ = Z ghik o) (1369)
k

On pre-multiplying Maxwell’s equations in the form

4
it O = — Aéﬁ ] (1370)

97Since the first element of 1) is zero, the first columns of the matrices are not determined
directly from the comparison. The first rows are determined by demanding that the matrices
are Hermitean.
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with the operator
ia” 0, (1371)
one obtains A
—a’ "9, 0 = —i — a” 8,j (1372)
c
Utilizing the anti-commutation of the spatial matrices, the left-hand side sim-
plifies to
0,0 + 2 a”0 L9 P (1373)
a ") ¢ ot
On substituting the new form of Maxwell’s equations in the second term, the
expression reduces to

87 0
— | = H ) — — g 1374
{ 0, 0 1/1+262 at]} (1374)
Thus, the equation becomes
47 (2 0
w, _ AT (20 .
8M61/)—zc (c@t oz@,,)g (1375)

The zero-th component of the source term vanishes, due to conservation of
charge.

12.4.3 The Gordon Decomposition

The interaction of the Dirac particle with the electromagnetic field is described
by the interaction Hamiltonian which is described by the 4 x 4 matrix

iy = (Z) ey A, (1376)

The matrix interaction Hamiltonian operator yields an interaction Hamiltonian
density H; given by

7:[1 = <Z) CET 'YuwAu

(‘C’) i A, (1377)

where j# is the four-vector probability current density which satisfies the con-
dition for conservation of probability. Due to the prominence of the current
density operator in applications of the Dirac equation, since it naturally de-
scribes interactions with an electromagnetic field and the conservation laws, the
physical content of the current densities shall be examined next.

In the presence of an electromagnetic field, the four-vector current density
is given by the expression

§ = e Y (1378)
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where .
P = Pt 40 (1379)

One can rewrite the current density by using the Dirac equation
iﬁv“(@quih(]CAM)?/J—mcw (1380)
and the Hermitean conjugate equation
ih(@Mihchu>way“Tmch (1381)

On symmetrizing the current density and then substituting the Dirac equation
in one term and its Hermitean conjugate in the other term, one obtains

(w*v”w +1/JT7”1/J>

= (— ( Oy —z‘;cAu)ww“w(O)v”w+ww<0>v”v”(aﬂ+ih"cAu>w)

i h . q 1 y — . q
= ( (0p — i3 Au)¥ 7O T O vy 4 Ty 7“(6,L+zhcAu)¢>

Cc

where the partial derivatives only operate on the wave function immediately to
the right of it. The identity .
A0 = ] (1383)

has been used to express 1! in terms of ET. However, since the v matrices
satisfy
(0)

the current can be further simplified to yield

v

i h
2m

where, once again, the partial derivative only operates on the wave function
immediately to the right of it. Furthermore, if one sets

(7“7” +v”7“> = g1

N = N =

(fy“ yo— YAt > = —qioh” (1386)
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then the current density can be expressed as the sum of two contributions

P
— e (=i - T ow) 2L T A )
_":n;(w Uu,u¢> (1387)
where
¥ g (- =T ow) w2l T
js = —zhmaiu@)T a“’”w> (1388)

This is the Gordon decomposition®® of the probability current density. A similar
expression can be derived for the matrix elements of the interaction operator

between states @; and 1,. As shall be shown, the first contribution in the Gor-
don decomposition is gauge invariant and dominates the current density in the
non-relativistic limit. The second contribution involves the matrix ¥ which
is anti-symmetric in its indices and has the form of a spin contribution to the
current density.

Let us examine the first term in the probability current density. If ¥ repre-

sents an energy eigenstate, then j£°) is given by

i = ( )w v - A0y (1389)

This contribution obviously yields the main contribution to (c times) the prob-
ability density

i x ey (1390)

in the non-relativistic limit since the rest mass energy dominates the energy
(%)

E ~ m c?. The spatial components of j.'/ are given by
. ih — — q —t
= — \Y4 — \Y4 - — Y A 1391
o= oo (¥ e - () | - LTav (31
where the derivatives have been expressed as derivatives w.r.t. the contravariant
components z(9 of the position vector. This expression coincides with the full
non-relativistic expression for the current density j®.

We now examine the second term j# in the Gordon decomposition. For
future reference, the anti-symmetrized products of the Dirac matrices ¥ will

98W. Gordon, Zeit. fiir Physik, 50, 630 (1928).
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be expressed in 2 x 2 block diagonal form. Therefore, since

I 0
0)  _—
= (0 )
i 0 O'(i)
MO <—a<i> A ) (1392)

and
ot = (W” A e ) (1393)
the matrices are found as

. ) 0 oW

and

Iy y ok 0
O ( 0 oW ) (1395)
k

The two by two block diagonal matrix of Pauli spin matrices will be denoted

by &. For an energy eigenstate, the time component of j§0) is identically zero.

Hence, the spatial components of jgl) are given by

. h —t
jy= —5 YN (Y a9) (1396)

where ¢ is the 2 x 2 block-diagonal Pauli spin matrix

-

The additional term in the current density clearly involves the Pauli spin-
matrices. To elucidate its meaning, its contribution to the energy shall be
examined. On substituting this term in the interaction Hamiltonian density,
one finds a contribution

=) |

QO > (1397)

N
c =5
_ qh —t
_ +2mCA.<VA<waw>> (1398)

On integrating over space, the interaction Hamiltonian density gives rise to the
interactions contribution to the total energy. By integrating by parts, it can
be shown that this energy contribution is equivalent to the energy contribution
caused by an equivalent form of the interaction Hamiltonian density

~spin qh  —t
H; = _ch(w g). (Y ANA)
o
= -2 (vev).B (1399)



where B is the magnetic field. Hence, the interaction energy contains a term
which represents an interaction between the electron’s internal degree of free-
dom and the magnetic field.

12.5 Lorentz Covariance of the Dirac Equation

One goal of Physics is to write the laws in a manner which are independent
of any arbitrary choices that are made. Within special relativity, this implies
that the laws of Physics should be written in a way which is independent of
the choice of inertial reference frame. Dirac’s theory is Lorentz covariant if the
results are independent of the Lorentz frame used. To this end, it is required
that the Dirac equation in a Lorentz transformed frame of reference has the
same form as the Dirac equation in the original reference frame, and also that
the solutions of these two equations describe the same physical states. That is,
the two solutions must describe the same set of measurable properties in the
different reference frames, and therefore the results are simply related by the
Lorentz transformation.

The first step of the proof of the Lorentz covariance of the Dirac equation
requires that one should be able to show that under a Lorentz transformation
defined by

AP — AP = AP, AY (1400)

then the Dirac equation is transformed from
N q
7#(pM_EAu)¢:mC¢ (1401)
to an equation with an equivalent form

O L e 4 (1402)

K c

Furthermore, the four components of the spinor wave function v’ are assumed
to be linearly related to the components of ¢ by a four by four matrix R(A)
which is independent of x*

¥(2') = R(A) ¥(x) (1403)

Hence, the transformed Dirac equation can be re-written in terms of the un-
transformed spinor

A )Y = med
m ¢ R(A) 9 (1404)

=

z

<
I

if such an R(A) exists. The v*/ matrices must satisfy the same anti-commutation
relations as the v* and, therefore, only differ from them by a similarity trans-
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formation®®. The transformations of v/ just results in the set of the four linear
equations that compose the Dirac equation being combined in different ways,
so this rearrangement can be absorbed in the definition of R(A). That is, one
can choose to impose the convention that v#' = ~*. The transformed Dirac
equation can be expressed as

(P, — S A )RMA) G = mcRA) P

A (B —

SRESESHES]

A ) RN Y = meRA)® (1405)

where the transformation properties of the momentum four-vector have been
used'%. On multiplying by the inverse of R(A), one has

RN A A (P — 2 A )RMN) Y = mey (1406)

oI

R7YA) v R(A) A (P — %Ay Y = mecr (1407)

where the four by four matrices R(A) have been commuted with the differential
operators and also with the components of the Lorentz transform. The condition
for covariance as

RUA) ' R(A) A, = (1408)

The transformed Dirac equation has the same form as the original equation if
the transformed v*/ matrices satisfy the same anti-commutations and conditions
as the unprimed matrices. This can be achieved by choosing v*/ = ~#. This
choice yields the condition for covariance as

RTLA) 7 R(A) A = 4 (1409)
Since for a Lorentz transform one has
A AP, = 0,7 (1410)
then multiplying the above covariance condition by A”, leads to
RTHA) A R(A) = A¥, o (1411)

The above equation determines the 4 x 4 matrix R(A). If R(A) exits, the Dirac
equation has the same form in the two frames of reference and the solutions
are linearly related. Pauli’s “fundamental theorem” guarantees that a matrix
7@(A) exists which does satisfy the condition. Instead of following the general
theorem, the solution will be inferred from consideration of infinitesimal Lorentz

99This is a statement of Pauli’s fundamental theorem [W. Pauli, Ann. Inst. Henri Poincaré
6, 109 (1936).]. For a general discussion, see R. H. Good Jr. Rev. Mod. Phys. 27, 187
(1955).

1001t should be noted that the matrices A,Y and R act on totally different spaces. The
matrices A," act on the components of the four-vectors ¥, whereas the R matrices act on
the components of the four-component Dirac spinor .
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transformations.

The matrix R(A) will be determined by considering the effect of an infinites-
imal Lorentz transformation

AF, = 6", + €, + ... (1412)

where 6#,, is the Kronecker delta function. The matrix R(A) for the infinitesimal
transformation can also be expanded as

- 7
R =1 — 1 e, w) + .. (1413)

where w,” is a four by four matrix that has yet to be determined. The inverse

matrix can be written as
R = [+ ieﬂy W+ (1414)

to first-order in the infinitesimal quantity e,. On substituting the matrices for
the infinitesimal transform into the equation that determines R, one obtains

.

o (07 = ) = e (1415)
or on raising and lowering indices

% €po <wp" Y= wp") = 9" €0 77 (1416)

Thus, since €, is anti-symmetric as it represents an infinitesimal Lorentz trans-
formation, the matrix w?”? can be restricted to be anti-symmetric in the indices,
because any symmetric part does not contribute to the matrix R. By making
specific choices for the anti-symmetric quantities €,,, which are zero except for
a chosen pair of indices (say « and 3), one finds that the anti-symmetric part
of w®? is determined from the equation

R I e R e (1417)

N | .

These sets of equations have to be satisfied even if arbitrary choices are made for
the infinitesimal Lorentz transformations €,,. The infinitesimal unitary matrix
R can be expressed in terms of six generators w”? of the infinitesimal Lorentz
transformation

R:f—iepng“Jr... (1418)

The set of matrices w” that define R must satisfy the equation

(W7 9" ] = g7 = ¢"7 (1419)

N | .
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The set of (as yet unknown) matrices w? that solve the above set of equations
are given by ‘

W = 0% = 2[4, 4] (1420)
which are the six generators of the general infinitesimal Lorentz transformation.
This solution, and hence, the existence of R(A) shows that the solutions of the

Dirac equation and the transformed equation are in a one to one correspondence.

Proof of Solution

It can be shown that the expression for c®# given in eqn(1420) satisfies the
requirement of eqn(1419), by evaluating the nested commutator through repeat-
edly using the anti-commutation properties of the v matrices. The commutator
can be expressed as a nested commutator or as the sum of two commutators

(0%, ] = 2117 21, 7]
A C R O PCRANET) I (PE)
On using the anti-commutation relation for the v matrices
% (w AP AP e > = ¢*f I (1422)
one can eliminate the second term leading to
[0 "] = [P, "] + g™ [, ]
= i[9", ] (1423)

where the second line follows since the identity matrix commutes with v*. One
notices that if the v#’s are anti-commuted to the center of each product, some
terms will cancel and there may be some simplification. On using the anti-
commutation relation in the second term of the expression

[0%7 1] = i<vavﬂv”—v“7avﬂ) (1424)
one finds
[0%F, A" ] = <W”‘ VA Tty = 2 g vﬁ) (1425)
Likewise, the v matrices in the first term can also be anti-commuted, leading to
[0%F, A" ] = (29“’57"‘ R A S Al e 29“’“75)
_ 9 (gm Sy g B ) (1426)
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since the middle pair of terms cancel. Hence, one has proved that

[Uaﬂ M ] — (gu,a ,yﬂ _ guﬁ & ) (1427)

DO .

which completes the identification of the solution of the equation for w®?#.
Therefore, since R(A) exists, it has been shown that the form of the Dirac
equation is maintained in the primed reference frame and that there is a one
to one correspondence between the solutions of the primed and unprimed frames.

Equivalence of Physical Properties

It remains to be shown that the 1) and v’ describe the properties of the same
physical system, albeit in two different frames of reference. That is, the proper-
ties associated with 1) must be related to the properties of 1)’ and the relation
can be obtained by considering the Lorentz transformation. The most complete
physical descriptions of a unique quantum mechanical state are related to the
probability density, which can only be inferred from an infinite set of position
measurements. The probability density, should behave similarly to the time
component of a four-vector as was seen from the consideration of the continuity
equation. Therefore, it follows that if the four-vector probability currents of ¥
and 1)’ are related via a Lorentz transformation, then the two spinors describe
the same physical state of the system.

The probability current four-vector j* in the unprimed frame is described
by

. —t
o= e Ay
= cyf O 44y (1428)

and in the primed frame, one has

e
et RY A0 41 Ry (1429)
The identity . .
R = 4O Rl 4O (1430)

will be proved below, so on using this identity together with
A0 A0 = (1431)
the probability current density can be re-written as
o= et 4O O REAO) A1 Ry
= eyt /O R4 Ry (1432)
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However, because the covariant condition is given by
RUA) A* R(A) = A, 4¥ (1433)
the current density can be expressed as
o= et O A, Y
—t
= Auu c w Y w
AP, g7 (1434)
Hence, the probability current densities j#/ and j* found in the two reference
frames are simply related via the Lorentz transformation. Therefore, the Dirac

equation gives consistent results, no matter what inertial frame of reference is
used.

Proof of Identity

The identity . .
RN (A) = 7O RI(A) 1 (1435)

can be proved by starting from the expression for the expression for R appro-
priate for infinitesimal transformation given by

. A 1 »
R:I—Fgeuu[’y",fy]—k... (1436)
Hence, the Hermitean conjugate is given by
. ~ 1 y
RI :I+§6W[7T,’y’”]+...
. N 1 »
RI = Ifgew,[’y”,'yT]Jr... (1437)

since the Hermitean conjugate of a product is the product of the Hermitean
conjugate of the factors taken in opposite order. On forming the product
70 Rt 40 and inserting a factor of

A0 = ] (1438)

between the pairs of four by four v matrices in the commutator and noting that

A O it A O =y (1439)
one finds that
. . 1
7O RO = f —gew['y“,’y”]-ﬁ-.-.
_ p-! (1440)



The last line follows from the observation that on combining the expression for
R with the expression for (9 R 79 the terms of order e cancel. Hence to
the order of €2, the product (%) RT 7 coincides with R~L. This concludes
the discussion of the desired identity.

Finite Rotations

Consider a finite rotation of the coordinate system specified by the transfor-
mation matrix A
=AM, ¥ (1441)

Specifically, a finite (passive) rotation through an angle ¢ about the é; direction
can be expressed in terms of the transformation matrix

1 0 0 0
0 «cosp + sinp O
0 — sinp cosyp 0
0 0 0 1

A= (1442)

The above transformation represents a rotation of the coordinate system while
the physical system stays put. For an infinitesimal rotation through dy, the

2)
x®

<

m

Figure 45: A passive rotation of the coordinate system through an angle ¢ about
the és-axis.

transformation matrix reduces to

1 0 0 0
o 1 460 0

A 0 —6p 1 0 |t (1443)
0 0 0 1

to first-order in the infinitesimal quantity d¢. Therefore, with the infinitesimal
form of the general Lorentz transformation

AF, = 6*, + €, + ... (1444)
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on lowering the first index, one identifies
€12 = — €21 = — 0p (1445)

The infinitesimal transformation of a Dirac spinor was determined to be given
by

R(p) = I — %em, ot 4+ L. (1446)

Hence, for a infinitesimal rotation one has

R(Op) = I + — (dpot?— dpo>t) + ...

= I 4+ -d0pob? + ...

NN RN N

= exp [ i %‘p ol? ] (1447)

since 0¥ is anti-symmetric. On compounding N infinitesimal transformations
about the same axis R(dp) using their exponential form, and defining N d¢ =
©, one obtains the finite rotation R ()

R(¢) ( R(5¢) )N

— exp {z g o2 ] (1448)
Therefore, for a finite rotation, the transformation matrix is given by
_ P 1.2 ]
R(p) = exp|i 5 7 (1449)

which can be expressed in terms of even and odd-powers of o2 via

R(¢) = cos { g 01’2] + i sin 20172 (1450)
but since
1
o2 = o[, @]
= 6@ (1451)

the transformation can be expressed as

R(p) = cos { % &<3>] + i sin { g a(?’)} (1452)



The above expression can be simplified by expanding the trigonometric functions
in series of ¢ and then using the property of the 6¢) matrices

(6®)2 =1 (1453)
Since the repeated use of the above identity leads to

(&(3) )2n _ f
( 6_(3) )2n+1

Q>

@) (1454)

the series simplify and can be re-summed leading to
R(p) = cos [ b } [ + isin [ % } 5® (1455)

Therefore, under a finite rotation through angle ¢ around the unit vector é, a
spinor is rotated by the operator
é.a (1456)

R(p) = cos% I + i sin

RS

From the above equation, due to the presence of the half-angle, one notes that
a rotation ¢ and through ¢ + 27 are not equivalent, since

R(p+21) = — R(p) (1457)

which changes the sign of the spinor. For spin one-half electrons, it is necessary
to rotate through 47 to return to the same state

Rp+4m) = R(p) (1458)

A quantity which is bi-linear in @T and 1 will remain invariant under a rotation
of 2.

Finite Lorentz Boosts

A finite Lorentz boost by velocity v along the é; direction can be expressed
in terms of the transformation

coshy — sinhy 0 O
_ — sinhx coshy 0 O
A = 0 0 10 (1459)
0 0 0 1
where the rapidity y is defined by
v
tanhy = — (1460)
c
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SO

1
cosh =
RV OF
sinhy = ——toe 1461
RV OF e
For an infinitesimal boost through Jx, the transformation matrix reduces to
1 —dx 0 O
_ — 0x 1 0 0
A = 0 o 1.0 | T (1462)
0 0 01

to first-order in the infinitesimal quantity dx. Therefore, with the infinitesimal
form of the general Lorentz transformation

AF, = M, + €+ L (1463)
on lowering the first index, one identifies
€01 = — €190 = — 0X (1464)

The infinitesimal transformation of a Dirac spinor was determined to be given
by
R@x) = I — % €y oM+ L (1465)

Hence, for a infinitesimal Lorentz boost one has

R(y) = I + 2%(5}(00’1 + ...
= exp {z %X o1 } (1466)

On compounding NV successive infinitesimal Lorentz boosts (with parallel veloc-
ities) given by R(dx) and defining N dx = x, one obtains the finite Lorentz
boost R(x)

RO = (max))N
= exp{iN(SQXUO’l}

— exp [2 % o0 ] (1467)

Therefore, for a finite Lorentz boost, the transformation matrix is given by

R(y) = exp[i % 00’1} (1468)
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which can be expressed in terms of even and odd-powers of ¢%! via

R(x) = cosh {2 g o1 ] + sinh {z g ot ] (1469)
but since
i
ot = 3 [y©, 4]
= iaW (1470)

the transformation can be expressed as
R(x) = cosh[ - ga(l)] + sinh[ - ga(l)} (1471)

The above expression can be simplified by expanding the hyperbolic functions
in series of x and then using the property of the o matrices

(aM)? =1 (1472)

Since the repeated use of the above identity leads to

(a(l) )2n - ]
(a(l) )2n+1 _ a(l) (1473)

the series simplify and can be re-summed leading to

R(x) cosh[ - )2(} I+ sinh[ - ;C} o)

cosh { ’5] [ — sinh [ ;(] a® (1474)

Therefore, under a finite boost through velocity v, a spinor is rotated by the
operator

R(x) = cosh% [f - tanh% o) }
= coshg [f - tanhg 0. a} (1475)
where the rapidity x is determined by
tanhy = % (1476)

Exercise:
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Determine the relationship between the rapidities for a combined Lorentz
transformation consisting of two successive Lorentz boosts with parallel veloci-
ties vg and vq.

Exercise:
Starting from a solution of a free stationary Dirac particle with spin o,

perform a Lorentz boost to determine the solution for a Dirac electron with
momentum p’.

L'

Figure 46: A cartoon depicting a stationary free-electron confined in a volume
V' with proper length L, viewed from a coordinate system moving with velocity
v anti-parallel to the é;-axis.

Exercise:

Show that the helicity eigenvalue of a free Dirac particle can be reversed by
going to a new reference frame which is “overtaking” the particle.

12.5.1 The Space of the Anti-commuting v*-Matrices.

One can form sixteen matrices I'; from the product of the four v matrices. Since
the v* matrices obey the anti-commutation relations

(9", " b = 29" 1 (1477)

all other products can be reduced to the above products. The order of the
matrices is irrelevant, since the different matrices anti-commute. Also, since
()2 = + I, one only needs to consider the products in which each matrix
enters at most one time. Hence, since each of the four matrices either appear as
a factor or do not, there are only 2* such matrices. These sixteen I'; matrices
can be constructed from I, v, " = i ~v* 4, 4% and %) 4#, by choosing
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Table 6: The Set of the Sixteen Matrices I';, with their Phase Factors (j > 1)

4O i 40
A(0) (i) i gtk () )
A = 40 A1) ) G)

appropriate phase factors.
Closure under Multiplication

The set of matrices I'; formed from the set of v* are closed under multipli-

cation, so
Ty = aij Iy (1478)

where af . = 1. The sixteen I'; matrices can be chosen as the product of the

members of the above set multiplied by a phase factor taken from the set + 1
and =+ 4, such that the condition
(L) =1 (1479)

is satisfied. Furthermore, by counting the number of non-equivalent factors of
the v in the products, one can show that

0,T; =1 onlyif i =3 (1480)
Also, by anti-commuting the factors of v* in the products, one can show that

LT, = +0; T, (1481)

Specifically, for a fixed I'; not equal to the identity, one can always find a
specific I'y, such that
;T = —Ty Iy (1482)

which on multiplying by I'y results in

T T = — T (1483)
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Traceless Matrices

The above facts can be used to show that the I'; matrices, other than the
identity, are traceless. This can be proved by considering

— Trace I'; = Trace( — I'; ) = Trace( Ty T'; Ty )
= Trace(I; Ty 'y ) = TraceT; (1484)

in which the existence of a specific 'y, which anti-commutes with I'; has been
used, and where the cyclic invariance of the trace has been used as has been
(Tk )? = I. Hence, all the T'; matrices, other than the identity, are traceless

Trace I'; = 0 (1485)

Linear Independence

The sixteen I'; matrices are linearly independent. The linear independence
can be expressed in terms of the absence of any non-trivial solution of the
equation

Y GiTi =0 (1486)

other than C; = 0 for all . If the I'; are linearly independent, the only solution
of this equation is
C; =0 foralli (1487)

This can be proved by multiplying eqn(1486) by any one I'; in the set which
leads to

C;I+ > CGIiT; = 0
i#j

CiI+> CiaijTe = 0 (1488)
i#j

On taking the trace one finds

0 = Cj Trace I+ Z C; a;; Trace I'y,
i#j
= C;4 (1489)

since the matrices I'j, are traceless. Hence, all the C; are zero, so the matrices
are linearly independent.
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Uniqueness of Expansions

The existence of sixteen linearly independent matrices require that the ma-
trices can be represented in a space of N x N matrices, where N > 4. Any
matrix A in the space of 4 x 4 matrices can be uniquely expressed in terms of
the basis set of the I';. For example, if

A=) CT; (1490)

then on multiplying by I'; and taking the trace, one has
Trace( AT; ) = Z C; Trace(I'; T'; )

= C; Trace(I; T'; ) + Z C; Trace(I; T )
i#]
= O Trace( ) + Z C; Trace( a;; I'y )
i#]
= ;4 (1491)

Hence, the coefficients C; in the expansion of A are uniquely determined as

1
C; = 1 Trace( AT, ) (1492)

Schur’s Lemma

The uniqueness of the expansion can be used to show that the product of I';
for fixed 7 with the set of I'; for leads to a different I'j, for each j. This can be
shown by assuming that there exist two different (linearly independent) values
I'; and I'js which lead to the same I'y,

Fi Fj = ai,j Fk
Fi Pj/ = Q;j Fk
(1493)
On multiplying by I';, one obtains
Fj = ai,j Pz Fk
Fj/ = Q5 Fz Fk
(1494)
Hence, one infers that
r, =%, (1495)
Qi,j
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which contradicts the assumption that I'; and I';; are linearly independent.
Therefore for fixed 4, the product of I'; I'; leads to a different result I'y, for the
different I';.

One can also prove Schur’s lemma. Schur’s Lemma states that if a matrix A
commutes with all the v#’s, then A is a multiple of the identity. If A commutes
with the v#*’s, it also commutes with all the I';’s. Schur’s lemma follows from
the expansion of A as

A=CTi + > Gy (1496)
j#i
for any i such that I'; # I. Then, one notes that there exits a I';, such that
Iy I Ty = — Ty (1497)

Since it has been assumed that A commutes with all the T';, for the specific Ty
one has

A = FkAFk
= I, I; Ty + Z Cj Ty T Ty
J#i
= —GiTi + ) CT,T; Ty (1498)

j#i
Furthermore, since the I'; matrices either commute or anti-commute
Doy T = (£1),, T (1499)
the above equation reduces to

A = -G+ > Ci(+£1),Ty (1500)
J#i
which should be compared with the assumed form of the expansion
A=CTi+ > CGT, (1501)
J#i

Since the expansion is unique, the coefficients of the I'; are unique and in par-
ticular
C; = —C; (1502)

so C; = 0 for any i such that I'; # I. Hence, if A commutes with all the I';
then A must be proportional to the identity.

Pauli’s Fundamental Theorem
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Pauli’s fundamental theorem states that if there are two representations of
the algebra of anti-commuting y-matrices, say v*’ and v*, then these represen-

tations are related via a similarity transformation
7W =9 AH g-1

where S is a non-singular matrix.

(1503)

The theorem requires that one constructs a set of sixteen matrices I';’ from
the v*' following the same rules with which the I'; were constructed from ~*.

Then one can describe the non-singular matrix by
S =Y I/FT,
i
where F is an arbitrary 4 X 4 matrix.

First one notes that
Fi F] = ai,j Fk

S0 on iterating, one has
_ 2 12 2
FZ‘ Fj Fz Fj = al’j Fk = a I

since

2 =1
On pre-multiplying eqn(1506) by I'; T';, one obtains

D00, 000 = af ;T T
but since
LT, 0T = 1
eqn(1508) reduces to
0, = a; ;T

However, as
Fi Fj = ai,j Fk

the equation becomes

2

;5 Fk = ai,j Fj Fz

or since a; ; =1, the equation can be expressed as
;
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The 1"; matrices are constructed so that they satisfy similar relations to the T';.
In particular, the I‘; matrices satisfy

Fi/ Fj, = Q45 Fk, (1514)
with the same constants a; ; as the unprimed matrices.

Pauli’s theorem follows from the above relations by noting that

/ST, =T/ ( Z I,/ FT;) T (1515)
J
but on recalling that
I; 0 = aj; Tk (1516)
and
L/ T = a;; Ty (1517)
one finds R
/ST, = Z al; Ty F Ty (1518)
J
Therefore, with a;{ ; = 1, the above equation reduces to

I/ ST = > LW FTy (1519)
J

However, since ¢ is fixed and j is being summed over, every I'y appears once
and only once in the product. Therefore, the sum can be performed over k

/ST, = Z I, FTI,, = S (1520)
k

If one can show that the matrix S has an inverse, then on post-multiplying by
S~ one finds o )
r/Sr; st =1 (1521)

Furthermore, since I';’ is its own inverse, then on pre-multiplying by I';’ the
equation reduces to

S, 87t =1/ (1522)
This is a generalization of the statement of the theorem. As a particular case,
one may choose I'; = ~* in which case the theorem becomes

A = Gl G (1523)

which was the initial statement of Pauli’s fundamental theorem made above.
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The matrix S is non-singular and has an inverse. This can be shown by
using Schur’s Lemma. One can construct a matrix S’ in a manner which is
symmetrical to the construction of S. That is

S =Y T,GT/ (1524)

From symmetry it follows that since eqn(1520) is given by

S =T/8T; (1525)

one also has . .
S =T,5871/ (1526)

Therefore, on taking the product, one obtains

§S = 1, 8T/ ST
= I, 88T, (1527)

Hence, by Schur’s Lemma one sees that S’ S commutes with all the matrices in
the space, therefore it must be a multiple of the identity

'8 =kl (1528)

where k is a constant. By a judicious choice of the magnitude of the elements
of F', the constant k can be set to unity, yielding

S'S =1 (1529)

Thus, S is non-singular so the inverse exists and is given by S = g.

12.5.2 Polarization in Mott Scattering

When evaluated in the Born Approximation, Mott scattering does not result
in the polarization of an unpolarized beam. However, when higher-order cor-
rections are included, Mott scattering produces a partially polarization of the
scattered electrons'®'. If the incident beam is polarized by having a definite
helicity, it is expected that the helicity may change as a result of the scattering.

The probability of non-helicity flip scattering and helicity flip scattering can
be evaluated using the Born approximation. The initial beam will be considered
as having a momentum p parallel to the és-axis and as having a helicity of +1.
The initial spinor is proportional to

_ B+ me X+ DT
¢g>+(£) = W ( o «il;ncz N exp | ? 7 (1530)

10IN. F. Mott, Proc. Roy. Soc. A 124, 425 (1929).

(S|
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Figure 47: Helcity non-flip and helicity flip Mott scattering of an electron with
helicity +1. The scattering angle is 0.

The electrons are assumed to be elastically scattered to a state with final mo-
mentum p’. The scattering is defined to occur through an angle 6,/ in the z —x
plane. The final state is composed of a linear-superposition of states with dif-
ferent helicities. Since the final state helicities are specified relative to the final
momentum, the final state helicity eigenstates can be obtained by rotating the
initial state helicity eigenstates through an angle 6, around the é;-axis

U (1) = R(Op) Yy ()

E, + mc XA/ p.r
= 77?,9/ c / ) =
\ 2E, v RO (Epfﬁw2 Xar >6Xp[’ n }

(1531)
where the rotation operator is given by
5 ap/ 4 T ep’ ~(2)
R(Oy) = | cos 5 I — 1 sin - & (1532)

which does not mix the upper and lower two-component spinors. Therefore, one
finds that the final state two-component spinors representing helicity eigenstates
are given by

9/ 9/
X, = |:COS§I — 4 Sin% 0(2)} X4
cos 2
= | o2 (1533)
sin %
and
9/ 9/
X. = |:COS§I — 9 sin% 0(2)} X—
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.0,
= ( B ) (1534)
cos -

2

Therefore, the final state basis states are given by

E, + m 2 X/ p.r
L) = e ¢ i ex = 1535
Vi (1) \\ "2E,V A Xy P [155)

The Born approximation scattering cross-section can be expressed in terms of
the modulus squared matrix elements

‘ / d*r ' () 7

which is evaluated as

477 e ? Y  p? 2 E, + mc? ? XITIX
Viip —p |? (E, + mc?2)? 2FE, AT AT

(1536)

2

B 47 7 é? 2 (E, + mc*)? + N 2 p? 2 p 2
= (""" X' ar X+ (1537)
Viip —p | 2E,(E, + mc?)
Therefore, the probability for non-helicity flips scattering is proportional to
An Z e \? 6,
x [ T2C ) o222 (1538)
Viep - v 2

whereas the probability for helicity flip scattering is given by

477 e > m?\? o Op
i 1539
> (lep’l2> (Ep) T (1539

It is seen that the probability for helicity flip scattering vanishes in the ultra-
relativistic limit. Also, in the non-relativistic limit, a static charge cannot flip
the spin. Therefore, in the non-relativistic limit, if one expresses the spin eigen-
state as a linear superposition of the final helicity eigenstates

Op Oy

— sin

g X+ 2
one is lead to expect that the relative probability of helicity flip to non-helicity
flip will be governed by a factor of

X+ = cos X (1540)

2 0w
2

which agrees with the above matrix elements evaluated in the non-relativistic
limit. The cross-section for non-flip scattering is determined as

do 27 e E 2 0,
dQ2 44+ 4 % p? sin” - 2
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whereas the cross-section for spin flip scattering is given by

d 27Ze2mc \° 0,
7 = (228 mC ) g2 e (1543)
sy +,— 4 ¢2 p? sin® 9% 2

The Born approximation to the total cross-section for scattering of polarized
electrons, in which the final polarization is not measured, is given by

(da) _ (da) n (da)
), av), . T \av),

2ZeE, \° 0, 2\ 2 0,
<2 26 2p9,> [coszg + <n20) sin? g}
4 ¢® p* sin” - P

27¢*E, \° 2 L0y

= (== ) |- (BE) s (1544)

4 2 p? SIHQ% E, 2

which is the same as the cross-section as calculated for unpolarized electrons.
The degree of polarization of the scattered beam is given

9 .90
Ez cos® B — m? ¢! sin? 4

P(0y) = e o (1545)
EI% cos? 5~ + m? c* sin” &

If the initial beam of electrons is unpolarized, the scattered electrons would be
observed to be partially polarized, where the net polarization is in the plane
perpendicular to the scattering plane. However, the polarization is due to pro-
cesses of higher-order than the Born approximation and is governed by the factor

(2<).

12.6 The Non-Relativistic Limit

The non-relativistic limit of the Dirac equation should reduce to the Schrodinger
equation. As shall be seen, the appropriate Schrédinger equation for a particle
with positive-energy is modified due to the existence of spin. The non-relativistic
limit is described by the Pauli equation'©2.

The Dirac equation can be written as

(z‘Zi—ZA(J)w: {a-(ﬁ—

The equation can be written in 2 x 2 block diagonal form, if the wave function
is expressed in the form of two two-component spinors. We shall mainly focus
on the positive-energy solutions and recognize that, in the non-relativistic limit,
the largest component of the wave function is ¢ and the largest term in the

A)+ Bme | (1546)

oI

102y, Pauli, Z, Phys. 44, 601 (1927).
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energy is the rest mass energy m c2. Therefore, the spinor wave function will

be expressed as
A . mc?
w:(QfB )exp{—z - t} (1547)

The above form explicitly displays the rest-mass energy of the positive-energy
solution of the Dirac equation. Hence, the Dirac equation takes the form

(g -0m) (5) - (2GR

—2m ( ¢% ) (1548)

where the rest mass has been eliminated from the equation for the large com-
ponent ¢“ of the positive-energy solution. Since the kinetic energy and the
potential energy are assumed to be smaller than the rest mass energy, the equa-
tion for the small component

(ihaat—qA0>¢B:ca.<ﬁ—zA)(bA—chQ(ﬁB (1549)

can be expressed as
1
¢ = o.(ﬁ—ZA)¢A (1550)

2mece

Substituting the expression for the small component into the equation for the
large component, hence eliminating ¢?, one finds the equation

LA et = L  — 44y i oA (1551)
gy — 40 Tom \ T 2T A

which is the Pauli equation. The equation can be simplified by expanding the
terms involving the Pauli spin matrices. The Pauli identity can be used to
obtain

(= (e-

where the last term originates from the non-commutativity of the components
of p and A. Since the magnetic field B is given by

B=VAA (1553)

[SEES]

I
~
N
'B)
|
SRS
s
~——
[\v]
|
o |32
St
Q
N
<
>
I
S~

the Pauli equation can be expressed as

0, 1
LT

. B ¢* (1554
50 B (1554)

2
(ﬁ— qA) o' + q Ao ¢* -
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The Pauli equation'®? is the non-relativistic limit of the Dirac equation. It rep-
resents the Schrodinger equation for a charged particle with spin one-half. The
two components of the spinor ¢# in the Pauli equation represent the internal
spin of the electron. The last term represents the anomalous Zeeman interaction
between the magnetic field and the electron’s spin.

The other contribution to the Zeeman interaction originates with the elec-
tron’s orbital angular momentum L. The ordinary Zeeman interaction occurs
between the constant magnetic field B and the orbital angular momentum and
originates from the gauge-invariant term in the Hamiltonian

(ot o (e, (1555)
2m b c T o2m P 2¢c L

where the vector potential has been expressed in terms of the uniform magnetic

field via 1
A = ;B AL (1556)

The expression for the energy term can be further simplified to

1<p_qA)2 _ 4 <p.(B/\?")+(B/\7")'13>

2m \ & c 2m dme \ &
2
q 2
+2m02
ﬁQ q q2 A2
= — — B A D
m 2mc<( r) p>+2m02
~9 2
p q . q 2
= — - B A
m 2mc< (r p)>+2m02
~9 2
p q 2 q 2
= — — B.L A 1557
2m 2mc< ) +2m02* ( )

In obtaining the second line, the i-th component of p has been commuted with
the i-th component of ( B A r ). In obtaining the third line, the (cyclic) vector
identity

(ANB).C=(BAC). A (1558)

has been used. The first term in eqn(1557) represents the usual non-relativistic
expression for the kinetic energy of the electrons, the second term represents
the ordinary Zeeman interaction which originates from the paramagnetic inter-
action. The last term represents the diamagnetic interaction.

The total Zeeman interaction is the energy of the total magnetic moment M
in the field B R
HZeeman = - M . ﬁ (1559)

103W. Pauli, Z, Phys. 44, 601 (1927).
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The Dirac equation results in the Zeeman interaction of the form

I:IZeeman = - a B (IA/ + hU)
2mc
q N
= — B.| L 28 1560
2mec (+ ) ( )

where the spin angular momentum S has been identified as

§:

| St

a (1561)

It is seen that both the spin angular momentum and the orbital angular momen-
tum of the charged particle interacts with the magnetic field, therefore, both
contribute to the magnetic moment. However, it is noted that the magnetic
moment can be written in the form

M=q<£+gs> (1562)

— 2mec

where the magnitude of the magnetic moment is determined by the factor quhc

which is the Bohr magneton. The Dirac equation shows that the spin angular
momentum couples with a different strength to orbital angular momentum, and
the relative coupling strength g (the gyromagnetic ratio) is given by g = 2.
The existence of spin and the value of 2 for the gyromagnetic ratio were the
first successes of Dirac’s theory. Quantum Electrodynamics'%* yields a small
correction to the gyromagnetic ratio of

s=2(1+ () + ) (1563

which has been experimentally verified to incredible precision!?®. Using the fea-
tures associated with spin, Dirac’s theory correctly described the fine structure
of the Hydrogen atom. The second success of the Dirac equation followed Dirac’s
physical interpretation of the negative-energy states in terms of anti-particles'?6.
The second round of success came with the discovery of the positron by Ander-
son'07,

Exercise:

The Dirac equation can be phenomenologically modified to describe particles
with anomalous magnetic moments. The Dirac equation is modified to

qh
4 m c?

, . g
zhv“(aﬂ—i—zﬂfl#)—i—n

1043, S. Schwinger, Phys. Rev. 73, 416 (1948).

1051, M. Foley and P. Kusch, Phys. Rev. 73, 412 (1948).

R. S. Van Dyck Jr., P. B. Schwinberg and H. G. Dehmelt, Phys. Rev. Lett. 59, 26 (1987).
106p_ A. M. Dirac, Proc. Roy. Soc. A 126, 360 (1930).

107C. D. Anderson, Phys. Rev. 43, 491 (1933).

oMV F,, — mel | = 0 (1564)
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Show that the modified equation is Lorentz covariant and that the Hamiltonian
is Hermitean. Also derive the corrections to the magnetic moment due to the
spin by examining the non-relativistic limit.

12.7 Conservation of Angular Momentum

The law of conservation of angular momentum will now be examined. For a
relativistic electron the orbital angular momentum and the spin angular mo-
mentum are not separately conserved. However, the total angular momentum
which is the sum of the orbital angular momentum and spin angular momentum
is conserved.

The orbital angular momentum L defined by
L=rnAp (1565)

is not conserved for a spherically symmetric potential. The Dirac Hamiltonian
is given by

H=ca.p+pmc+ 1V(r) (1566)

The matrices shall be expressed in a 2 x 2 block diagonal form. Therefore, the

identity matrix is written as
- I 0
1 = ( 0 I ) (1567)

I 0
8 = < 0 _J ) (1568)
Finally, the a matrices are of off-diagonal form
0 o
g 0
< ? 6’ > a (1569)

where & is the 2 x 2 block-diagonal Pauli spin matrix. The rate of change of
orbital angular momentum is given by the Heisenberg equation of motion

and

(¢4

9 . .

inl = (L, A (1570)
ot

The orbital angular momentum operator commutes with the mass term and

with the spherically symmetric potential V(). The orbital angular momentum

does not commute with the momentum. Thus,

OF - ¢li.a.

ih o ] (1571)

13>
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Hence, the Heisenberg equation of motion can be expressed in the form
0 1 [

“\r1 o

_ 0 I 5. [

- " \ro )%t

However, the components of the orbital angular momentum L® and momenta
pl9) satisfy the commutation relations

, 0.

8
I

1 h

S
|t~
IS

|~

] (1572)

(L@, pW ) = in Yy ok p® (1573)
k

Therefore, one finds

I~

.. 0
Zha A

N

(1574)

13>

— ihe ( 0! ) (

which shows that orbital angular momentum is not conserved for a relativistic
electron with a central potential.

The spin angular momentum is also not conserved. This can be seen by
examining the Heisenberg equation of motion for the Pauli spin operator

inlds -

5 2 , H (1575)

=

The spin operator commutes with I and B but does not commute with the «
matrices. Hence,

>
I

]
¢ 76}.13(? OI) (1576)

The components of the Pauli spin operators satisfy the commutation relations

=

¢l

12
IS,

)

SIS

=

[g(i) , o) ] = 23 Z gk k) (1577)
k

which, clearly, have a similar form to the commutation relations for the orbital
angular momentum. Hence, spin angular momentum is not conserved since
0 0 I
Y
ih 5 & ic ( I 0 (

A D) (1578)

I
3>
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The total angular momentum J is defined via

J =L+ 8
A ho.
= L+§g (1579)
The total angular momentum is conserved since
. 0 . 0 & o, 0 4
. 0 I . . 0 I . R
:th[([O)(UAp)_(IO>(U/\p):|
=0 (1580)

which follows from combining eqn(1574) and eqn(1578). This confirms the in-
terpretation of the quantity S defined by

S:

o8

(1581)

| S

as the spin angular momentum of the electron.

12.8 Conservation of Parity

Dirac was very conscious that his book “Principles of Quantum Mechanics”
never contained any mention of parity. It seems that he had questioned the
requirement of parity invariance!®® since biological systems are not parity in-
variant. Dirac’s viewpoint was vindicated by the discovery that the weak inter-
action violates parity.

The parity transform P acting on the coordinates (¢,r) has the effect
P (t,r) — (t',r') = (t,—r) (1582)

which is an inversion of the spatial coordinates. Thus, the parity reverse the
space-like components of vectors, so the effects of the parity operation on the
position and momentum vectors are given by

-1

Prpt = i

PpP!t = —p (1583)
However, the effect of the parity transform on pseudo-vectors such as orbital
angular momentum L = r A p is such that

PLP!' = L (1584)

108 The question of parity conservation in weak interactions was raised subsequently by T. D.
Lee and C. N. Yang [T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).]
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which is unchanged. This implies that spin angular momentum should also be
invariant under the parity transform

PoP?t = ¢ (1585)

If the Hamiltonian H is invariant under a parity transform, one requires that
H=PHP! (1586)
Imposing parity invariance of the Dirac Hamiltonian

H:cg.zj—i—ﬁmcg—i—fV(f) (1587)

yields a condition on the potential

Vi) = V(-r) (1588)
and also to conditions on the Dirac matrices
PaP™?t = —a
PPt = 3 (1589)

The condition on the potential is the familiar condition for parity invariance
in classical mechanics. In the standard representation, in 2 x 2 block diagonal
form, the requirement of parity invariance on the Dirac matrices become the

matrix equations
P(rE) e (08
g 0 g

Fal I O ~N—1 _ I 0

P(O—I )73 = <0—I> (1590)
The above equation shows that, in the standard representation, the parity op-
erator can be uniquely factorized as

P = (é 701. ) P (1591)

where the operator P only acts on the coordinates r. The presence of the matrix
in the parity operation on the Dirac spinor should be compared with the effect
of the parity operator on the four-vector potential of Electrodynamics A*(r)
which is given by the product of spatial inversion and a matrix operation

P A'(r,t) = A", P A"(r,t)

O‘q

Yy AY(—r1,1) (1592)
where the matrix v#, given by
1 0 0 0
Y, = 8 _01 _01 8 (1593)
0o 0 0 -1



reverses the direction of the spatial components of the vector field.

The effect of the parity operator on the Dirac four-component spinor wave
function can be computed from

Py(tr) =

_ (_qﬁ;é?é;’—_r?)q) ) 7 (1594)

Hence, in the standard representation, the parity operator changes the relative
sign of the two two-component spinors. Due to the presence of the term — I in
the lower diagonal block of the parity matrix, the lower two-component spinor
#” in the Dirac spinor is said to have a negative intrinsic parity.

The parity eigenstates satisfy the eigenvalue equation

Py =t (1595)
with eigenvalues 1, = =£1, since P2 = . The application of the parity
operator on the Dirac spinor leads to the equation

%) (35)
. = 1596
(55 my 67 (1596)

Hence, the two-component spinors ¢ (r) and ¢ (r) have opposite parities under
spatial inversion

Potr) = mp o)
Pof(r) = —u,¢"(r) (1597)
In polar coordinates, the spatial part of the parity operation P is equivalent to

a reflection
0 — © — 0 (1598)

followed by a rotation
= p+ 7 (1599)

which has the effect that

sinf — sinf

cos — — cosb

exp{im(p} - (—l)mexp{imgo} (1600)
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Hence, the spherical harmonics with m = {

1) 2011
Y(0,0) = (21 z') N l4+ sin' 9 exp[il@} (1601)
. ™

are eigenstates of the parity operator and have parity eigenvalues of (—1)!. The
lowering operator L—, defined via

ﬁ_—hexp{—i@}<§9—icot9;p> (1602)

is invariant under the parity transformation

PL-P ' =1L~ (1603)

Therefore, on repeatedly operating on Y}l(& ) with the lowering operator L~
(I —m) times, one finds that under the parity transformation

Yo(0.9) — (= 1) Y,(0,9) (1604)

which shows that all states with a definite magnitude of the orbital angular mo-
mentum [ are eigenstates of the parity operator and have the same eigenvalue.

Exercise:

Show that under a parity transformation the positive-energy solution for the
free Dirac particle ;" (z) transforms as

P, (x) = ¢fy () (1605)

while the negative-energy solutions 1, _(z) transform as

P p,(e) = —¢7, (@) (1606)

Hence, the parity operation reverses the momentum and keeps the spin invari-
ant for the positive-energy and negative-energy solutions solution. The extra
negative sign implies that the negative-energy solution has opposite intrinsic
parity to the positive-energy solution.

Exercise:

Consider the parity transform as an example of an improper Lorentz trans-
formation A, for which det| A | = — 1. If the Lorentz transform is given
by

o =AM, ¥ (1607)

the spinor wave function transforms via

¥(2') = R(A) ¥(x) (1608)
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where 7@(A) “rotates” the spinor. The covariant condition for the Dirac equation
is

R7YA) A R(A) = A*, 4¥ (1609)
For a parity transformation, one has
2 =z, (1610)

since the spatial components of z* change sign. Hence, for a parity transforma-
tion, the transformation matrix is determined as

Ay = gu, (1611)
which is an improper Lorentz transformation since
det|]g| = —1 (1612)
Therefore, the covariant condition reduces to
RTUA) " R(A) = guw 7" (1613)

Solve for the matrix R(A) which shuffles the components of the Dirac spinor.

12.9 Bi-linear Covariants

Under an Lorentz transformation
= AF, 2 (1614)

(where A% > 0 for an orthochronous transformation), the Dirac spinor 1
transforms according to

V(') = R(A) y(x) (1615)
and the condition that the Dirac equation is covariant under the orthochronous
Lorentz transformation is

R7UA) 4* R(A) = A*, oY (1616)

From the transformational properties of the Dirac spinors, together with the
identity R A
YO RIA) AP = R (1617)

one can find the transformational properties of quantities that are bi-linear in
the Dirac spinors.

Thus, for example, the bi-linear quantity ET 1) transforms according to
Py = gl Oy

Wt RYA) 49 R(A) ¥

= T (792 RIA) 4P R w

= Ty RTA) RA) ¥

=9y (1618)
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Table 7: The sixteen bi-linear covariants @TQ 1 for the Dirac equation.

Quantity Bi-linear Transformed Number of
Covariant Matrix Matrices
PQu | R QRM)
Scalar ET I P I 1
Vector o' R AP, Y 4
Anti-symmetric Tensor ET ot? ap At A 0P T 6
Pseudo-scalar @T AR det| A | @ 1
Axial-Vector ET A At | det | A | A*, 4B 4¥ 4

where a factor of (y(?) )2 = I has been used in the third line and the identity

has been used in the fourth. Thus, one finds that @T 1) transforms like a scalar.

Likewise, one can show that the bi-linear quantities ET ~H 1) transform like
the components of a four-vector. That is

T = T O gy
= T RIA) O R(A) ¥
= 7 (79)2 RIA) 4V 2 R(A) ¥
= v W RTA) R ¥
= B RTA) Y RM) v
= AP Y (1619)
where the covariant condition has been used in obtaining the last line. Since

this relation holds for Lorentz boosts, rotations and spatial inversions, ET LY
is a four-vector.

The anti-symmetric quantity o defined as

ot —

[, 7] (1620)

N | .

can be used to form a bi-linear quantity ET ot ). This bi-linear quantity
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transforms like a second-rank anti-symmetric tensor, since

Doty =l O g gy

WT RI(A) 4 o R(A) v
(1) RIA) 4@ o R(A) ¢
= 0T O RTA) o R(A) v

= P RYA) o R(A) o (1621)

For ;1 # v, the antisymmetric quantity o*¥ can be written as
otV = oty (1622)

Therefore, one may re-express the bi-linear quantity as

oty = i P RTYA) 4" Y R(A) ¢
= i 0 RTUA) A R(A) RTHA) 77 R(A) ¢
= ’L@T Aﬂp ’Yp Ay‘r 'YT w
= AL AL P oy (1623)

where we have inserted a factor of I = R(A) R™'(A) in the second line, and
used the covariant condition (twice) in the third line. Hence, the bi-linear quan-

tity ET ot? 1) transforms like an anti-symmetric second-rank tensor.

One can define a quantity v* in terms of a product of all the y-matrices

A = A0 1) @) ) (1624)

It is easily verified that v(*) anti-commutes with all the v*,

{7, ™} =0 (1625)

Furthermore, one has R
(792 =1 (1626)

In the standard representation of the Dirac matrices, the matrix v*) has the
two by two block diagonal form

NON (? é ) (1627)

The quantity 7(*) can be used to construct a bi-linear covariant quantity ET v &) 9,
Under an orthochronous Lorentz transformation, the bi-linear quantity trans-
form according to

—t
P AD g = Pt 4O 4@y
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= T RI(A) v v R(A) ¥

= ¢f (7@ )2 RIA) 4@ 4@ R(A) ¢

— A RIA) 4O /D R(A)

— PR A RA) ¥ (1628)

A proper Lorentz transformation, such as a boost and a rotation, are generated
by the quantities o which involves the anti-symmetrized product of the two
Dirac matrices v* and 7. Since the matrices v* and 7" individual anti-commute
with v, their product commutes with v(*). Hence, one can commute ) and
R(A). Therefore, the bi-linear quantity transforms as

@) 4D () = (@) 4D P(a) (1629)

which behaves like a scalar under a proper orthochronous Lorentz transforma-
tion for which det| A | = 1. However, for an inversion where det| A | = — 1,
one has R(P) = ~(© which anti-commutes with v(*). Hence, for an inversion,
one has

) AW (@) = =B (@) v ® () (1630)

so the quantity changes sign. In general, for an orthochronous transformation
one can show that

RYUA) v R(A) = det| A | 4¥ (1631)

so one has

@) AW (@) = det| AT (@) 1D (a) (1632)

Therefore, the quantity ET ) ) transforms as a pseudo-scalar.

One can also define the bi-linear axial-vector ET 44~k 9p. From consid-
erations similar to those used previously, one can show that these quantities
transform according to

G A (@) = det| A | A, B (x) 7D 4 (a) (1633)

Hence, ET A4 Ak ) transforms like a four-vector under proper orthochronous
Lorentz transformations. However, the spatial components do not change sign
under an inversion, but the time components do change sign. Therefore, ET A8 Ayt qp
transforms like an axial-vector.

Exercise:

Show that a modified Dirac equation described by

h
PR (O i Ay ) — i L

- oy B, —mel | =0 (1634)
C

4dmec
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is covariant under proper Lorentz transformations, but is not covariant under
improper transformations.

Show, by considering the non-relativistic limit, that the above equation de-
scribes an electron with an electric dipole moment. Determine an expression for
the electric dipole moment.

12.10 The Spherically Symmetric Dirac Equation
The Dirac Hamiltonian for a (electrostatic) spherically symmetric potential is

given by

H=ca.p+pmc+ 1V(r) (1635)

The angular momentum operator J and the parity operator P commute with
the Hamiltonian H. Therefore, one can find simultaneous eigenstates of the
three operators H, J2, .J, and P. The energy eigenstates satisfy the equation

ca.p+ Bmce +1V() |y = E (1636)

On writing the four-component spinor in terms of the two two-component
spinors ¢4 and ¢P the energy eigenvalue equation reduces to the set of cou-
pled equations

) ¢ (x)
) ¢ (r) (1637)

In spherical polar coordinates, the operator (¢ . p ) can be expressed as

(E - V(@) —mc) o) = cf
(E = V() +mc) o) = cf

1Q

S 13

1Q

oy . cos @ sinf exp[—ig] \ 9
(e.p) = - < sinf exp[+iy] — cosf or
_ih — sind cos® exp[—ip] \ O

r cos @ exp[+iyp] sin @ 00

_ih 0 — i exp[—ig] \ O

r sind \ i exp[+iy] 0 Oy

(1638)

which has a quite complicated structure. For future reference, it shall be noted
that the matrix part of the coefficient of the partial derivative w.r.t. r is simply

equal to
r.g
-— 1639
(=2) (1639)

which is independent of the radial coordinate r. The operator ( ¢ . p ) can be
cast in a more convenient form through the repeated use of the Pauli identity.
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First, the 2 x 2 unit matrix can be written as

I = (””)2 (1640)

r

since different Pauli spin matrices anti-commute
{o® oD, =269 ] (1641)

and are their own inverses. Therefore, one can express the operator ( o . p ) as

S
SH
I

r.o . 0 21 A

where the Pauli identity has been used in going between the second and third
lines. Therefore, the two-component spinors satisfy the set of coupled equations

r.g ‘ 0 2
c<r2)<—zhrar+h
214

n

r.a . 0
c<r2)<—zﬁrar+

It is seen that, due to the effect of special relativity, the Dirac equation results
in the coupling of the spin and the orbital angular momentum.

(E - V() = me) ¢ ()

[t

.Ji>¢B(T)

(E = V() + mc*)é"(r)

<

.£>¢%n
(1643)

Two-Component Spinor Spherical Harmonics

The angular dependence of the two-component wave functions ¢ (r) and
#B(r) are determined by the eigenvalue equations for the magnitude and the
z-components of the total angular momentum

J=L+S (1644)

Thus, the two-component spinor eigenstates of total angular momentum Qé j. 0, 9)
which describes the angular dependence, are formed by combining states of or-
bital angular momentum I, represented by Y. (6, ¢), and the spin eigenfunction
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Table 8: The Clebsch-Gordon Coefficients for adding orbital angular momentum
(I,m) with spin quantum numbers (3,s.) to yield a state with total angular
momentum quantum numbers (j,j.). The allowed values of m are given by
Jz=m+ 8.

N[

sZ:Jr% S, = —

<
Il
+
N
2|+

Jz+% l_jz+%
I+ 1 214+ 1

L—j- + 3 U+j- + 3
- 21+ 1 21+ 1

<
Il
~
I
=

X+- On combining states with orbital angular momentum [ and spin s = %, one
finds states with total angular momentum which satisfy
l+1>‘>l 1 (1645)
g =7 = 2
Thus, it is found that the possible eigenstates correspond to j = [ + % and
j=1- % Furthermore, the corresponding eigenfunctions are expressed as

[l+ 3+ I+35—j
l z l z 1
Ql+%7jz (9790) = 2l2+ 1 }227%(0,@) X+ + 2l2+ 1 Y;ZJF%(G;SD) X—
[1+3—3 [+ 3+
l _ 2 z l 2 z l
Qlféhjz (97(¢D) - 2 +1 }/;27%(97@) X+ + 27 +1 Y;z+%(9790) X-

(1646)

where the coefficients are identified with the Clebsch-Gordon coeflicients given
in Table(8). The functions Q) ; (6, ¢) are the analogue of the spherical harmon-
ics Y.L (0, ¢) in relativistic problems where spin and orbital angular momentum
are coupled.

However, since orbital angular momentum is not a good quantum number,
the angular dependence of the eigenstates of the Dirac Hamiltonian can be
expressed as a linear superposition of states with different values of the orbital
angular momentum [. For a fixed value of j, one finds that the possible values
of the orbital angular momentum [ are determined by

1
. !
J + 2
. 12 1
io=1-3 (1647)

278



where I’ = [ + 1. The appropriate two-component spinor angular momentum
eigenstate with quantum numbers (j,j,) found by combining a spin one-half
and orbital angular momentum I’ = (I + 1) is given by

I+ 3 I+3+j
Ql+1 2 l+1 z l+1 _
1. 00 21+3 )X+ + 2z+3 ) X

(1648)

As shall be seen later, the two-component spinors Q| ;.(0,) and Q§+ 5.(0,9)
PRNES

have opposite parities. In fact, the two-component spinors generated by angular
momentum ! and I’ = (I + 1) are related by the action of the pseudo-scalar

<r.a> _ < cos  sing exp[—igo]) (1649)

r sinf exp[+iy] — cosf

which changes sign under a parity transformation, (6, ) — (7 — 6, ¢ + 7). The
explicit relationship is given by

(’“;f’) L, (0,9) = — 04%16,9) (1650)

as can be shown by examination of Table(1). Likewise, on using the identity

(T : ‘7>2 =1 (1651)

r

one finds that the inverse relationship between the two-component spinors is
also given by

rT.o
<T> QL 0,0) = — QL (0, 9) (1652)

Therefore, one concludes that the two angular momentum eigenstates have dif-
ferent properties under the spatial inversion transformation r — —r.

Mathematical Interlude:
The Action of the Operator ( 7 . ¢ ) on the Spinor Spherical Harmon-

i+ L
ics Q152 (6, ¢).

Here, it will be argued that the spinor spherical harmonics satisfy the equa-
tions

r.g i+3 i— 5
( r ) Qj,jz (9,(,0) Qj,jz (9550)

£L.g i—3 +1
( ) 2;20,0) = —Q;20,9) (1653)




The components of the total angular momentum
JO Z (0 4 g (1654)
commute with (7. S ). That is
[JO, (r.8)] =0 (1655)

The complete proof of this statement immediately follows from the proof of the
relation for any one component J®, since (r . S) is spherically symmetric.
Thus, for ¢ = 1, one has
[j(l) C(r. S)] - [ﬁ(l) + SO M g 4 22 5@ 4 46) 5*(3)]
SO LMW 2@ 4 §O LW O]
+ 2@ [ SV 8@ 4 B [ 8W 5B (1656)

Using the commutation relations

(00, §0)] =  pciik GO (1657)
and o ) .
[LO | 20 ] = ¢ hehik z®) (1658)
one finds that
S (e §)] = in ( @ 3 | §B) 4@ | 2@ g8 _ 43 @ )
- (1659)

which was to be shown. From repeated use of the above commutation relations
which involve the components J* it immediately follows that

(77, (r.8)] =0 (1660)

i1 ~2 A
Thus, since Qﬁ? is a simultaneous eigenstate of J  and J(®) and because these

A el
operators commute with (r . S ), then (r . S) Q;iz is also a simultaneous
eigenstate with eigenvalues (j, 7, ).

1 A2 N
Since the states (r . S ) Qj?2 are simultaneous eigenstates of J and J®)

with eigenvalues (74, j,), and because this subspace is spanned by the basis com-

irl
posed of the two states inf (0, ), the transformed states can be decomposed
as

r.o i1 . j+1 o i~ 3
(B2) 9i6.) = i) 92000 + Co_ii) 2200
r.o i1 o 1 o 1
(22) aiskew) = coatii) 9000 + 0G0) 92 0.0)
(1661)
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where the coefficients Cx 4 (J, j,) will be determined below.

First, we shall show that the coefficients Cy 1 (4, j,) are independent of j,.

This follows as jA * commutes with ( r . S ) since all the components J@ com-
mute with (r . S ). Thus, one has

y (PO i+% r.gy : i+%
ﬁ(1n>%&WM)= (T)Ji@&ww) (1662)
and
(1. g\ Li+d L ae ot sy el
7 (BE) ko) = Culi) 0000 + Cotii) I 2 R0
r.g N .. A .. R
(B22) 7 k00) = Coslinde 1) J* 2550.9) + Coie £1) I 0200

(1663)

Hence, on comparing the linearly-independent terms on the left-hand sides, one
concludes that

Cit(4,d- 1) = Ciy(4iJ2)

etc. Therefore, the coefficients Cy 1 (4, j,) are independent of the value of j,.
Henceforth, we shall omit the index j, in Cy +(7, j.).

From considerations of parity, it can be determined that Cy (j) = C__(j) =
0. Under the parity transformation r — — r, one has

j+1 1 i+1
Q20,9) — (=152 Q7 2(0,0) (1665)

which follows from the properties of the spherical harmonics Y}, (6, ¢) under the
parity transformation. Also one has

(r;r) o (r}(j) (1666)

under the parity transform. Thus, after the parity transform, one finds that the
transformed states have the decompositions

r.o i1 el i1
(22) et = - cat) 8o + o) 9t 0.)
r.o ji—1 . i . i1
(22) ko = cmapios - e 9o
(1667)
which by comparison with eqn(1661) leads to the identification
Cirlj) = C_(j) = 0 (1668)
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Therefore, recalling that the coefficients are independent of j,, one can express
the effect of the operator on the spinor spherical harmonics as

rT.o i s 1
(2:2) afston = o) 9tow

r
r.g i— 5 +
(B2) ks = ot ooy (1669)
Furthermore, since
2
<T'”> . (1670)
r

one obtains the condition

Cim(G) -1 () = 1 (1671)

. o . . . T .o . . .
This condition can be made more restrictive as (r> is Hermitean, which

leads to
Ci-(j) = C+(j)" (1672)

The above two equations suggest that C_(j) and Cy_(j) are pure phase fac-
tors, such as

Q
i
—
.
~

I

x|+ 100) |
Coali) = | - i00)] (1673)

The phase factor can be completely determined by considering the relations
(1669) with specific choices of the values of (6, ). As can be seen by examining
the case where ¢ = 0, the phase ¢(j) is either zero or 7. For the case ¢ = 0,
the operator simplifies to

r.o\ cosf  sinf
( r > - (sin9 —cosf ) (1674)

The spinor spherical harmonics are given by

_ Jjt+1-7- ]+2
i0.9) = ot Vo400

32z i myﬁrz (0, )

J+]z YJ 51 9

QE(0,0) I ‘5( 7 (1675)
i=j- yI—
2 Y ,10,9)

which becomes real for ¢ = 0 since the spherical harmonics become real. Hence,
on inspecting eqn(1669) with ¢ = 0, one concludes that the phase factors are
equal and are purely real. That is

Ci-() = C4(j) = 1 (1676)
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Finally, by considering 6 = 0, for which

E)-(G8)

and the spherical harmonics reduce

i+l 2 +1+1
Y/ 0.0 = T b0 (1678)

41
one finds that, for fixed j, only the four spinor spherical harmonics Qiff (0, )

_ 2j+1 (5 L
@0 = . ;;1 .
j=47%,0
i—% 2§+1 0j.-3.0
2;;700.9) = T . (1679)

8 Jz+270

are non-zero. The spinor spherical harmonics with 8 = 0 are connected via

1 0 ES
(0 . ) Q5 09) = _Qﬁa(o ©) (1680)
Hence, one has determined that
Ci—(j) = C1(j) = -1 (1681)

which holds independent of the values of 6 and j, so the effect of the operator
on the spinor spherical harmonics is completely specified by

r.o j+1 j—1
(22) oo = -allew

r.o j—2 i+1
( ) Q20,0 = —Q2(0,) (1682)

as was to be shown.

The Ansatz

If one only considers the spatial part of the parity operator P, the two-
component spinor states Ql, A (9 ) have parities (—1)"

PQl/iéjz(&w) = (-1 Ql/ié,jz(H,go) (1683)
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Furthermore, as has been seen, the upper and lower two-component spinors of
the four-component Dirac spinor must have opposite intrinsic parity. Therefore,
the desired simultaneous eigenstates for the relativistic electron can be either
represented by the four-component Dirac spinor 1, (r) with parity (-1 =
(=1)+373) of the form

“(r) Ql 0
(r) = r . 0-0) (1684)

1+1
- QHNZ (0, 0)

Vg

QJz

or by ¢}, (r)

Fa(o] Q-+l (g
L P
(r) = . 0 ¢) (1685)

g (1) o
IR UTSRNCND)

Uiy

2.7z

which has parity (—1)"*2+2. In these expressions f=(r) and g*(r) are scalar
radial functions that have to be determined as solutions of the radial equation.
These states do not correspond to definite values of the orbital angular mo-
mentum since the upper and lower two-component spinors correspond to the
different values of either [ or I’ = [ + 1 for the orbital angular momentum.

To condense the notation, the energy eigenstates will be written in the com-

pact form
fi( ) la
+ _ 2(9790)
wj,jz@) = ( . g (7«) le; 9, ) ) (1686)

VEVE

where lp = j £ %andlB =j F %

The Radial Equation

We shall find the radial Dirac equation for the solution 7,/} _(r). The Dirac
spinor wave functions in eqn(1685) and eqn(1684) are substituted into eqns(1643).
The spin-orbit interaction term can be evaluated by squaring the expression

J=1L+ 8 (1687)
which leads to the identity
. 1 A2 A2 2
S.L=3(L-L-s (1688)
When this operator acts on the relativistic two-component spinor spherical har-
monic 97 ,.» one finds
S . LQ _E i (j 4+ 1) —la(1l +1)—§ Qla (1689)
== 3d= 2 j ‘7 A A 4 3.3z
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which for j =14 + % yields

R 1
S.LOY = 5 (- 5) (1690)
and for j =14 — %, one obtains
R 3
§.LQ§32=—3(3+§)Q§.§Z (1691)

The Dirac equation can be written in the general form

(B — V(r) —mc2)@m - ch(T'U> <ra - 25.£>(”)le.

J:J= r2 87‘ h2 T =

o) 90 g _ o) (0 26 1) g

(B = V() +mc) == Q5 = Ch(ﬂ)(rarfﬂs'L o
(1692)

Following Dirac, it is customary to define an integer « in terms of the eigenvalues
of . L via

. K2
(8.L)Qx = -5 (1 + om) QA
. K2
l l
(8.L)9f = -5 (1 - 8)Q (1693)

N[

i+ L1
Therefore, if Q%% = Q772 e j=14—1 thenr = (j+1).

T
Otherwise, if Qé‘*jz = Q;’jj, ie j=1a4+ %’ then k = — (j+

).

On substituting the above expressions in the Dirac energy eigenvalue equa-
tion for 1; ;, (1) one finds

(B - V(i) —me2) L0 g _ ch(T'U> (ra +1 - ﬁ> @ijz

VEVES ,r2 a,r r

(B vl s me) S0l = —en (55F) (g ne e ) B0l

e 8T

N[—=

(1694)

Since the radial spin projection operator is independent of r, it can be com-
muted to the right of the differential operator in the large parenthesis. Then on
using either the relation given in eqn(1650) or in eqn(1651), one finds that the
relativistic spherical harmonics factor out of the equations, leading to

(2 v —me) B = cen (e I8 ) 2

g(r) d 1+ s\ fr)

(B = vy e me) 80 = en (e )
(1695)
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Table 9: The Relationship between 7, I4, [, k and Parity. The parity eigenvalue
is given by 7, = (—1)1A and k= +(j + 3).

K 1A 1B Parity
k=0+3) |J+sz|i—3]| (1"
r==(+3) | i-5 [i+s | (D"

Therefore, the Dirac radial equation consists of the two coupled first-order dif-
ferential equations for f(r) and g(r). On multiplying by a factor of r and
simplifying the derivatives of f(r)/r, one finds the pair of more symmetrical
equations

(E—V(r)—mcz)f(r)—i—ch(aar -

SId 3=

(E — V() + mc*)g(r) —ch((;ar—k
(1696)

The above pair of equations are the central result of this lecture.
The Probability Density in Spherical Polar Coordinates.

The probability density P(r) that an electron, in an energy eigenstate of a
spherically symmetric potential, is found in the vicinity of the point (r,8, ) is
given by

P(r) = o'(r)¥(r)
= () e 0.0 0.0 + (2950) als 000" 0l 0.0
(1697)

However, due to the identity
Q% (0,0)" O (0,0) = QF (6.9)" QF (6.90) = A;);,(6)  (1698)

the probability is independent of the azimuthal angle ¢ and the sign of j, (just
like in the non-relativistic case) and has a common angular factor of A;; ().
Thus, the probability distribution factorizes into a radial and the angular factor

Py = (YO8 L OB A0 (16%9)

r2 r2
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Table 10: Relativistic Angular Distribution Functions

i | il Aj15.1(8)

1 1 L

2 2 47

31 7= (1 + 3 cos?0)

3 3 3 gin2

3 3 5 sin 0

% % %(1—2005294—500849)
% % %sin29(1+15 cos?0)
5 5 15 gind

2 s 35 sin” 0

The angular distribution function for a closed shell is given by the sum over the
angular distribution functions. Due to the identity,

4 25 + 1
> ) = 2= (1700)
Jz==J

one finds that closed shells are spherically symmetric, as is expected. The first
few angular dependent factors A;; (#) are given in Table(10) and the corre-
sponding non-relativistic angular factors are given in Table(11). On compar-
ing the relativistic angular dependent factors with the non-relativistic factors
[V (8, ¢)|?, one finds that they are identical for |j,| = j. Since the relativistic
distribution is the sum of two generally different positive definite forms origi-
nally associated with the two spinors x4 and x_, it generally does not go to
zero for non-zero values of 6.

12.10.1 The Hydrogen Atom

The radial energy eigenvalue equation for a hydrogenic-like atom is given by

(E+Zf—nﬁ)mymm<£—f>w)=o
(E + 2:2 +m02)g(r)ch(§r+lz)f(r) =0

(1701)
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Figure 48: The relativistic (left) and non-relativistic (right) angular distribu-

tions A; ;. (0) for j = § and j = 3.
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Figure 49: The relativistic (left) and non-relativistic (right) angular distribu-

tions A;;.((0) for j = 3.
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Table 11: Non-Relativistic Angular Distribution Functions

0] 0 =
1 0 % cos? 6
1|1 = sin’*0

The above equations will be written in dimensionless units, where the energy is
expressed in terms of the rest mass m ¢ and lengths are expressed in terms of
the Compton wave length % A dimensionless energy e is defined as the ratio
of E to the rest mass energy

E
= 1702
€= (1702)
For a bound state, m ¢> > E > — m c¢? so the value of the magnitude of

€ is expected to be a little less than unity. A dimensionless radial variable p is
introduced which governs the asymptotic large r decay of the bound state wave
function. The variable is defined by

p=+V1-e (rmc) (1703)

R

In terms of these dimensionless variables, the Dirac radial equations for the
hydrogen-like atom become

(-5
<

+
[T e
_I_
|2
N———
&’1
VS
S
NE:
|
=
N———
<
I
o

—_
| |+
o [}
_l_

~ 0 K B
p)g_(ap+p>f_0 (1704)

v = (iﬁ) (1705)
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is a small number.
Boundary Conditions

The asymptotic p — oo form of the solution can be found from the asymp-
totic form of the equations

B 1—ef+g
1+ € 8pg
1 + € 0
- = ~ 1
VT 3 0 (1706)

Hence, on combing these equations, one sees that the asymptotic form of the
equation is given by

o%f
R 1707
Therefore, one has
fNAeXp{—p]—FBexp[—Fp} (1708)

and, likewise, g has a similar exponential form. If the solution is to be nor-
malizable, then the coefficient B in front of the increasing exponential must be
exactly zero (B = 0).

The asymptotic p — 0 behavior of the solution can be found from

d
7f+<ﬂ8—“>g =0
P

0
’yg(paern)f =0 (1709)

where it has been noted that both the angular momentum term s and the
Coulomb potential v govern the small p variation, while the mass and en-
ergy terms are negligible. This is in contrast to the case of the non-relativistic
Schrédinger equation with the Coulomb potential, where for small r the Coulomb
potential term is negligible in comparison with the centrifugal potential. We
shall make the ansatz for the asymptotic small p variation

[~ Ap
g ~ Bp° (1710)

where the exponent s is an unknown constant and then substitute the ansatz in
the above equations. This procedure yields the coupled algebraic equations

YA+ (s —Kk)B =0
vyB - (s+k)A =0 (1711)
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Hence, it is found that the exponent s is determined as solutions of the indicial
equation which is a quadratic equation. The solutions are given by

s = £ /K2 — 7?2 (1712)

Since, the wave function must be normalizable near p — 0,

lim/dr<|f|2+|g|2)<oo (1713)
n—0 n

one must choose the positive solution for s. Normalizability near the origin
requires that 2 s > — 1. Hence, one may set

s = VKr?2 — o2 (1714)

This will be a good solution for kK = — 1 if Z does not exceed a critical value.
For values of Z greater than ~ 172, the point charge can spark the vacuum
and spontaneously generate electron-positron pairs'®?. The solution with the
negative value of s given by

s = — /K2 — A2 (1715)
could also possibly exist and be normalizable if v is greater than a critical value

v, determined as
5 = V1 — A2 (1716)

This critical value of « is found from

Yo = (1717)

V3
2

which corresponds to Z, ~ 118. The solutions corresponding to negative s
are, infact, un-physical and do not survive if the nucleus is considered to have
a finite spatial extent.

The Frobenius Method

We shall use the Frobenius method to find a solution. The solutions of the
radial equation shall be written in the form

flr) = eXp{ - p} p* F(p)

or) = exp[ - p]ps G(p) (1718)

109H, Backe, L. Handschug, F. Hessberger, E. Kankeleit, L. Richter, F. Weik, R. Willwater,
H. Bokemeyer, P. Vincent, Y. Nakayama, and J. S. Greenberg, Phys. Rev. Lett. 40, 1443
(1978).
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This form incorporates the appropriate boundary conditions at p — 0 and
p — o0o. The coupled radial equations are transformed to

1 — ¢ 0
1 0
+6p+7 G — p— +s+rk—p|F =0
V 1-—c¢ dp
(1719)

The functions F'(p) and G(p) can be expressed as an infinite power series in p

F(p) = Z an p"
n=0

Go) = 3 bas (1720)
n=0

where the coefficients a,, and b,, are constants which have still to be determined.
The coefficients are determined by substituting the series in the differential
equation and then equating the coefficients of the same power in p. Equating
the coefficient of p” yields the set of relations

1 —
(— 1+Ean1+7an)+(n+s—/<;)bn—bn1:0
1 + €
(UlGbn_l—i—fybn)—(n—i—s—i—/{)an—i—an_l = 0

(1721)

This equation is automatically satisfied for n = 0, since by definition a_; =
b_1 = 0 so the equation reduces to the indicial equation for s. These relations
yield recursion relations between the coefficients (ay, b, ) with different values of
n. The form of the recursion relation can be made explicit by using a relation
between a,, and b,, valid for any n. This relation is found by multiplying the
first relation of eqn(1721) by the factor

1+
1 —

™

(1722)

e

and adding it to the second, one sees that the coefficients with index n — 1
vanish. This process results in the equation

1 1
<Uli_2’y(n+s+/i)>an+<'y+ 1t2(n+55)>bn0

(1723)

valid for any n. The above equation can be used to eliminate the coefficients
b, and yield a recursion relation between a,, and a,_;. The ensuing recursion
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relation will enable us to explicitly calculate the wave functions G(p) and hence
F(p).

Truncation of the Series

The behavior of the recursion relation for large values of n can be found by
noting that eqn(1723) yields

1 + ¢
1 — €

n Ay, ~ n b, (1724)
which when substituted back into the large n limit of the first relation of
eqn(1721) yields

N an ~ 2 ap_1 (1725)

Since the large p limit of the function is dominated by the highest powers of
p, it is seen that if the series does not terminate, the functions F(p) and G(p)
would be exponentially growing functions of p

F(p) ~ exp{ + 20}

G(p) ~ exp{ + 2 p} (1726)
Therefore, the set of recursion relations must terminate, since if the series does
not terminate, the large p behavior of the functions F'(p) and G(p) would gov-

erned by the growing exponentials. Even when combined with the decaying
exponential term that appear in the relations

~

—
=

—
|

p® F(p) exp[ - p}
g(r) = p°*G(p) exp[ - p} (1727)

the resulting functions f(r) and g(r) would not satisfy the required boundary
conditions at p — oco. We shall assume that the series truncate after the n,-th
terms. That is, it is possible to set

an,.+1 = 0
bps1 = 0 (1728)

Thus, the components of the radial wave function may have n,. nodes. Assuming
that the coefficients with indices n, + 1 vanish and using the first relation in
eqn(1721) with n = n,. + 1, one obtains the condition

1 + €
1 — €

bnr = — Qn, (1729)
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A second condition is given by the relation between a,, and b,

1 1
( +€7—(n+5—|—ﬁ:)>an+<’y+ + (n+s—/<:)>b7L:0

1 — € 1 — €
(1730)

valid for any n. We shall set n = n,. and then eliminate a,,, using the termination
condition expressed by eqn(1729). After some simplification, this leads to the

equation
ey = (n, + 8)Vv1 — € (1731)

This equation determines the square of the dimensionless energy eigenvalue €2.
On squaring this equation, simplifying and taking the square root, one finds

P €V D) (1732)

V(n + )7 1 7

or, equivalently, the energy of the hydrogen atom'!? is given by

ch

E =+ (1733)

2

L+ ks

where

s = \/ (j + 37)2 _ e (1734)

This expression for the energy eigenvalue is independent of the sign of x and,
therefore, it holds for both cases

jo= 1+ = (1735)

Hence, the energy eigenstates are predicted to be doubly degenerate (in addition
to the (25 4+ 1) degeneracy associated with js), since states with the same j but
have different values of I’ have the same energy. If the positive-energy eigenvalue
is expanded in powers of -y, one obtains

E%mc2—1mc2 72
2 (ne + 4+ )2

(1736)

which agrees with the energy eigenvalues found from the non-relativistic Schrodinger
equation. However, as has been seen, the exact energy eigenvalue depends on
n, and (j + %) separately, as opposed to being a function of the principle quan-
tum number n which is defined as the sum n = n, + j + % Hence, the Dirac

110C, G. Darwin, Proc. Roy. Soc. A 118, 654 (1928).
C. G. Darwin, Proc. Roy. Soc. A 120, 621 (1928).
W. Gordon, Zeit. fiir Physik, 48, 11 (1928).
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equation lifts the degeneracy between states with different values of the angular
momentum. The energy levels together with their quantum numbers are shown
in Table(12). The energy splitting between states with the same n and different
j values has a magnitude which is governed by the square of the fine structure
constant Z (;—20) That is

1 72
E ~ md|1- =
2 (n, + 5 + 2)2
1 ~4 ( 1 3 >+ }
2(n, + 5+ 5P \(j+3) 4(n+Jj+3)

(1737)

The fine structure splittings for H-like atoms was first observed by Michelson!!!
and the theoretical prediction is in agreeement with the accurate measurements
of Paschen''?. The fine structure splitting is important for atoms with larger Z.
This observation has a classical interpretation which reflects the fact that for
large Z the electrons move in orbits with smaller radii and, therefore, the elec-
trons must move faster. Relativistic effects become more important for electrons
which move faster, and this occurs for atoms with larger values of Z. Although
the fine structure splitting does remove some degeneracy, the two states with
the same principle quantum number n and the same angular momentum j but
which have different values of [ are still predicted to be degenerate. Thus, for
example, the QSJ»:% and the 2Pj:% states of Hydrogen are predicted to be de-
generate by the Dirac equation. It has been shown that this degeneracy is
removed by the Lamb shift, which is due to the interaction of an electron with
its own radiation field. The Lamb shift is smaller than ghe fine structure shifts
discussed above because it involves an extra factor of 7—.

The Ground State Wave Function

The ground state wave function of the hydrogen atom is slightly singular
at the origin. This can be seen by noting that it corresponds to n, = 0 and
k = —1. Since the dimensionless energy is given by the expression

e = 1 — 2 (1738)

one finds that the dimensionless radial distance p is simply given by

m(rmc)

h
m c
- — T
T\ h
Z e*m
= ——r (1739)
h
H11A. A. Michelson, Phil. Mag. 31, 338 (1891).
2R, Paschen, Ann. Phys. 50, 901 (1916).

p
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Table 12: The Equivalence between Relativistic and Spectroscopic Quantum
Numbers.

n=n.+|kl | n. | k=2 + %) nL; | Degenerate (mECQ)
Partner

1 0 -1 15% 1—92

_ _ ol
2 1 1 25% QP% 2+2ﬂ
2 1 +1 2P; 25’% --
2 0 -2 2P; 1—172

B I, LA
3 2 1 35% 3P% 5'*‘4\/@
3 2 +1 3P% 35% --

_ _
3 1 2 3P% 3D3 PN
3 1 +2 3D% 3Ps --
3 0 -3 3D 1—572
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where the characteristic length scale is just the non-relativistic Bohr radius
divided by Z. The wave functions are written as

flp) = eXp[ - p} p* F(p)

9(p) = exp[ - p} p* G(p) (1740)
Since n, = 0, the recursion relations terminate immediately leading to the
functions F'(p) and G(p) being given, respectively by constants ag and by. Since
k = — 1 for the ground state, the recursion relations are simply

yag + (s +1)by = 0

vbo — (s —1)ag = 0 (1741)

The solution of the equations results in the index s being given by
s = /1 — 42 (1742)

and

ap Y Y
This shows that the lower component is smaller than the upper constant by
approximately -, which has the magnitude of ¢ where v is the velocity in Bohr’s
theory. The ratio of by to ag determines the radial functions as

b VI— 2 -1
oo st R 2 (1743)

@ = ap"! exp[—p]
@ = aolflp“ exp{p] (1744)

Since Y (0, »)
ponents are just

ﬁ, the angular spherical harmonics for the upper com-

(1745)

and the lower components are given by

r.g 1
QB(G’SD) = — 77/'* \/ﬁ Xo-
_ 1 cos sin 6 exp|—i¢)]
T Vin ( sin 0 exp[+iy) — cosf Xo (1746)

Thus, apart from an over all normalization factor, the four-component spinor
Dirac wave function 1) is given by

Xo
v = N Vi eXp[ _ p] » (U) . (1747)

\/47’( 77"
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Figure 50: The large f(r) and small component g(r) radial wave functions for
the 1.5 1 ground state of Hydrogen.

Hence, it is seen that as p approaches the origin, at first the wave function is
slowly varying since

2

2 72 gl
pVIzri=l o exp[ -3 lnp} ~ 1 - el Inp (1748)

but for distances smaller than the characteristic length scale

h 2
. = - = 1749
T mey eXp[ 72} (1749)

the wave function exhibits a slight singularity. This length scale is much smaller
that the nuclear radius so, due to the spatial distribution of the nuclear charge,
the singularity is largely irrelevant. This singularity is not present in the non-
relativistic limit, since in this limit one assumes that the inequality | V(r) | <
m ¢? always holds, although this assumption is invalid for r ~ 0. Therefore, one
concludes that the relativistic theory differs from the non-relativistic theory at
small distances, which could have been discerned from the use of the Heisenberg
uncertainty principle.
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Figure 51: The radial wave functions for the 25 1 and QP% states of Hydrogen.

12.10.2 Lowest-Order Radial Wavefunctions

The first few radial functions for the hydrogen atom can be expressed in the

o0 ()
o2 ()]

(1750)

\
—
=
I
—_
+
7N
3
- | =
(]
N~~~
7 N
Q3
~_
w
o
»
ho]
| — |
|
|

Q
—
=
Il

|
—

|
7N
3 o

o

[\v]
N~
7 N
Q3
~_
»

0]
>
ko]
| — |
|
ISH ]

where the above form is restricted to the case where the radial quantum number
n, take on the values of 0 or 1. The index s is the same as that which occurs
in the Frobenius method and is given by the positive solution

s = K2 =42 (1751)

It is seen that the radial wavefunction depend on the dimensionless variable p
defined by

= - 1752
p=- (1752)

where the length scale a is given in terms of the energy E and the Compton

wavelength by
EN12/n
=|1- — 1
-Ga) ) a7

The values of the indices s, energy F, length scale a and normalization N
are given in Table(13). Since the two-component spinor spherical harmonics
Q;jz(e, ) are normalized to unity, the normalization condition is determined
from the integral

NQ/Owdr(|f|2+g|2)=1 (1754)
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involving the radial wave functions. The integral is evaluated with the aid of

the identity

/ <m¢”bﬂp[‘20}::24”“”FW+b+n
0

(1755)

The coefficients ¢,, and d,, in the above expansion of the radial functions differ

Table 13: Parameters specifying the Radial Functions for the Hydrogen atom.

State s (mEcz> a (7 7 C) N

- — — BN B
k=-1| V1= J1-79 1 Ve ersiD)

15:

2

. R \/ﬁ o (_E 1 JGED) 1 pth
K= Y 2 m c? 2 25 a /T(2s+1)
253

2

_ — | I | o () |1 JEE L e
K V1792 2 2\me) |2\ Em v e
2P

2

_ — o2 a2t
K= -2 4 — v 1 1 2 Va \/ar(2s+1)

2Py

from the coefficients a,, and b,, that occur in the Frobenius expansion, since the
values of the ratio ¢, /d,,, has been chosen to simplify in the limit of large n. In
particular at the value of n, (at which the series terminates), the ratio is chosen

to satisfy

instead of the condition

Cn,

dn,
an, L+ (mEcz)
bn. 1 - (%)
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The relative negative sign and the square root factors in the coefficients have
been absorbed into the expressions for the upper and lower components f(r) and
g(r). The square root factors are responsible for converting the upper and lower
components, respectively, into the large and small components for positive F,
and vice versa for negative E. The expansion coefficients are given in Table(14).
Since the ratio of the magnitudes of the polynomial factors is generally of the

Table 14: Coefficients for the Polynomial in the Hydrogen atom Radial Wave-
functions.

State co o do dy
k=—1 1 0 1 0
151
2
B (2541 E 25 )+l
k=-1 Z(mCQ) |:28+1:| 2|:(mc2)+1:| [25+1
253
2
E (7552)71 E (Wzl 52)71
K= 2|:<mc2>_1:| |:28+1:| 2<mc2> |:25+1
2P
2
ZP%

order of unity, the ratio of the magnitudes of the small to large components is
found to be of the order of ~.

12.10.3 The Relativistic Corrections for Hydrogen

The Dirac equation for Hydrogen will be examined in the non-relativistic limit,
and the lowest-order relativistic corrections will be retained. The resulting equa-
tion will be recast in the form of a Schrédinger equation, in which the Hamil-
tonian contains additional interaction terms. The resulting interactions, when
treated by first-order perturbation theory, yield the fine structure. The physical
interpretation of the interactions will be examined. Historically, the following
type of analysis and the ensuing discussion of the Thomas precession played a
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decisive role in compelling Pauli to reluctantly accept Dirac’s theory.

The Dirac equation can be expressed as the set of coupled equations

(ihaat—V—m62>¢A = —ihc(g.y)qﬁB
(ihgt—v+mc2>¢3 = —ihc(a.V) ¢t (1758)

where ¢4 and ¢? are, respectively, the upper and lower two component spinors
of the four-component Dirac spinor ¢. The energy eigenvalues of these equations
are sought, so to this end the explicit time-dependence of the energy eigenstates
will be separated out via

1/J:<(fs>exp[—2Et} (1759)

Also the non-relativistic energy e will be defined as the energy referenced with
respect to the rest-mass energy
E=md + ¢ (1760)

The coupled equations reduce to
(e - V) ¢ = —ihc(a.V) P

V)¢t (1761)

(e -V 4+ 2 m02> pP = —ihc(a.
The pair of equations will be expanded in powers of (-£-)? and only the first-
order relativistic corrections will be retained. One can express ¢¥ as

¢B B —ihc(g.2)¢‘4
e -V +2 mc?

_ ! [1 ; EV]_l(a-ﬁ)aﬁA

2mec 2m c?
1 E—V A
~ 1 — . D 1762
2mc< 2m02+ >(U p)o (1762)

to the required order of approximation. The above equation can be used to
obtain a Schrédinger-like equation for the two-component spinor ¢*. Since a
Schrédinger equation is sought for g, a correspondence must be established
between the pair of spinors (¢“,¢P) and 1s. The probability density is the
physical quantity which is directly associated with both types of wave functions.
The probability density associated with the Schrodinger equation should be
equivalent to the probability density associated with the Dirac equation. The
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probability density associated with the four-component Dirac spinor depends
on both ¢4 and ¢Z,

P(r) = (quT ot + Pt ¢B) (1763)

The probability density associated with the two-component Schrédinger wave
function depends on g

P(r) = ¢k s (1764)

The probability density is normalized to unity. On equating the two expressions
for the normalization and substituting for ¢, one obtains

/d3£¢§ws _ /d3r(¢AT¢A + l(o.ﬁ¢A>T(o.ﬁ¢A>)

4 m?2 c?

1
= [ (60t ¢ a0t (28) (2.5) 6"
3. A} p? A
L/d£¢ (I*'4mmﬂ)¢ (1765)

Therefore, the two-component Schrédinger wave function can be identified as

A2
p
Vs = <1+8m202+...>¢“ (1766)
or, on inverting the expansion
A P’

Expressing ¢4 in terms of 15 in the equation for ¢ yields the equation
1 e —V p?
B .
~ 1 - . I —
¢ 2mc< 2mc2>(0 p)( 8m202>ws

271nc {(“'ﬁ) (I - 8;;;) - <€2mc‘;) (U-ﬁ)]ws
(1768)

Q

On substituting ¢? and g into the equation for ¢4, one finds the (two-
component) energy eigenvalue equation

(e—V><I—8£262)1/)s
SB[t (1 i) - (50w e

o9
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or

A2 A2
< e-V et 4v_L > s

8 m? ¢? 8 m?2 ¢2

_ Hjﬂ(; 82;) _ (U.;a><in;‘cfz>(a.ﬁ>}ws
(1770)

The above energy eigenvalue equation can be expressed as

9 9 9
(e v s L4y 2P ) s
C

2m 8m 8 m? 2
4
P . 14 R
= | - —— . —_— . 1771
{ 16m302+(g p)(4m202)(0 p)}lﬁs( )
The term proportional to the product of the energy eigenvalue € and the kinetic
energy can be re-written as

A2 A2

p p
68m202ws - SmQCZGwS
9 9
D p
~ —— (V — 1772
8m202( +2m)ws ( )

to the required order of approximation. On substituting the above expression
into the energy eigenvalue equation (1771), one finds

52 o4 52 52
p p p p
v - £ Vv Vv
(6 2m+8m362+ 8m2c2+8ch2 )1/)3

4 m?2 ¢?

_ [(g.m(v)w.ﬁ)]ws (1773)

The above equation will be interpreted as the non-relativistic energy eigenvalue
equation for the two-component wave function g, which contains relativistic
corrections of order (¥£)2. The energy eigenvalue equation (1773) will be written
in the form

~9 A4
ey = [me—’—v]ws_MfL)?’cQQpS
2V V P2 1%
—(W) s + {(U-ﬁ) (W)(o.ﬁ)]ws

(1774)

where the relativistic corrections are symmetric in p? and V. This represents the

energy eigenvalue equation for a two-component wave function g, similar to

the Schrédinger wave function, but the above equation does include relativistic

corrections to the Hamiltonian. The first correction term is
ﬁ4

Hyiy = ~ 5753 (1775)
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which is recognized as the relativistic kinematic energy correction, that origi-
nates from the expansion of the kinetic energy

€ = m2c2 + p2c — mc?
»’ p*
~ 5 T B (1776)

The remaining two correction terms

[(Uﬁ)(m‘g@) (c.

will be interpreted as the sum of the spin-orbit interaction and the Darwin term.
It should be noted that the sum of these two terms would identically cancel in
a purely classical theory. This cancellation can be shown to occur since, in the
classical limit, V' and p commute, and then the Pauli-identity can be used to
show that the resulting pairs of terms cancel.

) } - (W> (1777)

8 m?2 ¢?

13>

The factor
2(a.ﬁ)V(a.ﬁ)—<ﬁ2V—|—Vﬁ2) (1778)
can be evaluated as
2;3.Vp—<p2v+Vﬁ2)+2m.(pAvp> (1779)

The first two terms can be combined to form a double commutator, yielding

5.1 v+ 2ia (hAVD) (1750)
or
+h2V2V+2ia.(ﬁAVﬁ> (1781)
The last term can be evaluated, resulting in the expression
+h2V2V+2ho.(VV/\ﬁ) (1782)
since
pADP =0 (1783)

Using these substitutions, the remaining interactions can be expressed as the
sum of the spin-orbit interaction and the Darwin interaction

2

h 2

R N h .
Hso + Hpyrwin = +4m2c2g' (VV /\p) +
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The first term is the spin-orbit interaction term, and the second term is the
Darwin term. For central potentials, the Darwin term is only important for
electrons with [ = 0. The evaluation and the physical interpretation of the
energy shifts due to the three fine-structure interactions will be discussed sepa-
rately.

12.10.4 The Kinematic Correction

The kinematic interaction

ﬁ4

Hiiy = — S 2 (1785)
originates from the expansion of the relativistic expression for the kinetic energy

of a classical particle

e = vVm2e2 +p2e2 — mé?
2 4

~ L P (1786)

2m 8 m3 2

The first-order energy shift due to the kinematic correction I;[Kin can be eval-
uated by using the solution to the non-relativistic Schrodinger equation

H? 2 2\ 2 5
p mc 7 e 7 e
£ _ | - mc .
2m¢5 [ 2712(77,0) + , :|’(/JS (787)
which leads to
3, ot p*
— ) 3,1 me® (Ze2\?  Ze2 P
- 2mc? / &z ¥s(r) [ 2 n2 ( hc + , Ys(r)
Z e\ 3 7% et 1
_ 2 I
e (hc) Snt QmCQ/dzdjS(z)ﬁ?/}S(ﬂ) (1788)

Hence, the first-order energy shift due to the kinematic correction is evaluated

as
Ze\'[ 3 1
AFy. = 2 — 1
Kin me <hc> [8714 n3(2l—|—1)] (1789)

This term is found to lift the degeneracy between states with fixed principle
quantum numbers n and values of the angular momenta [. The relativistic kine-
matic correction to the energy is found to be smaller than the non-relativistic
energy by a factor of

Z e?\?
(he ) ~ 7% x 107 (1790)
C
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which can be identified with a factor of (£)? as can be inferred from an analysis
based on the Bohr model of the atom. One sees that the relativistic corrections
become more important for atoms with larger Z, since the correction varies as
Z*. This occurs because for larger Z the electrons are drawn closer to the nu-
cleus and, hence have higher kinetic energies, so the electron’s velocities draw
closer to the velocity of light.

12.10.5 Spin-Orbit Coupling

To elucidate the meaning of the spin-orbit interaction, the interaction will be
re-derived starting from quasi-classical considerations of the anomalous Zeeman
interaction of a spin with a magnetic field.

Consider a particle moving with a velocity v in a static electric field E. In
the particle’s rest frame, it will experience a magnetic field B’ which is given by

1 E 1
B/:_,M;%,E/\U (1791)

for small velocities v. The magnetic field B’ is a relativistic correction due to
the motion of the source of the electric field. If an electron is moving in a central
electrostatic potential ¢(r) caused by a charged nucleus, the radial electric field

is given by 86
(81“) (1792)

Hence, the magnetic field experienced by an electron in its rest frame is given

by
B = - : <8¢>T/\p
mecer \Or =

-1 (?)L (1793)

mcr

E=-

=S s

which is caused by the apparent rotation of the charged nucleus. In the electron’s
rest frame, the electron’s spin S should interact with the magnetic field through
the Zeeman interaction

HiG = — s —gsB' .S (1794)
where gg is the gyromagnetic ratio for the electron’s spin. Dirac’s theory pre-
dicts that the spin is a relativistic phenomenon and also that gs = 2 for an
electron in its rest frame. This interaction with the magnetic field will cause
the spin of the electron to precess. The spin precession rate found in the elec-
trons rest frame is calculated as

Wrest = 5. 98 B’ (1795)
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However, the electron is bound to the nucleus and is orbiting with angular
momentum L. Therefore, one has to consider the corrections to the precession
rate (and the interaction) caused by the acceleration of the electron’s rest frame.

Thomas Precession

Electrons exhibit two different gyromagnetic ratios. The gyromagnetic ratio
of gs = 2 couples a spin to an external magnetic field and there is a gyro-
magnetic ratio of unity for the lab frame. This gyromagnetic ratio of unity (in
the lab frame) enters the coupling between the spin of an electron in a circular
orbit to the magnetic field B’ experienced in the electron’s rest frame''3. We
shall find the gyromagnetic ratio in the lab frame, by calculating the rate of
precession that is observed in the lab frame and then inferring the (lab frame)
interaction which produces the same rate of precession.

In the electron’s rest frame, the gyromagnetic ratio due to the orbital mag-
netic field B’ (caused by the charged nucleus) is given by g; = 2. This gyro-
magnetic ratio yields a spin precession rate in the electron’s rest frame of

e

Wrest = 2m e gs B/ (1796)
The spin precession rate observed in the lab frame will be calculated later. The
rate of precession as observed in the electron’s rest frame has to be corrected
by taking into account the motion of the electron. The correction is due to
the non-additivity of velocities in successive Lorentz transformations. First,
the transformation properties of Dirac spinors under infinitesimal rotations and
boosts will be re-examined. Secondly, infinitesimal transformations will be suc-
cessively applied to describe the particle’s instantaneous rest frame and the

Thomas precession.

A Lorentz transform of a spinor field ¢ is achieved by the rotation operator
R via )

W'(r) = Ry(R'r) (1797)
where R shuffles the components of the spinor. For a passive rotation (of the

coordinate system) through the infinitesimal angle d¢ in the 7 - j plane, the
infinitesimal Lorentz transform has the non-zero elements

€ = —€,; = —0p 1798
Ni 7,

Hence, the four-component spinor is transformed by a rotation operator of the
form

R(6p) = exp[ + i = om} (1799)

1131, H. Thomas, Nature 117, 514 (1926).
L. H. Thomas, Phil. Mag. 3, 1 (1927).
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where

o = B [’Y(Z) ) ’Y(j) ]
. (k) 0
_ 1,5,k g
= Ek I ( 0 o® ) (1800)

Hence, for a passive rotation through an infinitesimal angle d¢, the four-component
Dirac spinor is rotated by

. . O i k0
R(Gp) = 1 +i— Y &7F < 0 oW ) + ... (1801)
k

which can be expressed in terms of the projection of the (block diagonal) spin
operator S = % & on the axis of rotation é as

N o X
R(6p) = I+%(é.@)+...
= f+%(é.$)+... (1802)

which is in accord with the definition of spin S as the generator of rotations.

If the primed frame of reference has a velocity v along the k-axis relative
to the un-primed frame, the infinitesimal Lorentz transform has the non-zero

elements v

Ok = T o = — 7 (1803)

A Lorentz boost along the k-axis corresponds to a rotation in the 0 - k£ plane
through an “angle”
R(x) = eXP[ + igoo’k] (1804)

where the “angle” x is governed by the boost velocity v through

tanhy = ¢ (1805)
c
However, )
SOk — % (7O 4B ] = §a® (1806)
SO
R(x) = exp|: — ga(k)} (1807)

Therefore, for a Lorentz boost with an infinitesimal velocity v along the k-th
direction, one finds

Rix) = I — % a® 4+ (1808)
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The infinitesimal transformation is guaranteed to be consistent with the source
free solution of the Dirac equation. For example, if the above transformation is
applied to the solution of the Dirac equation describing a positive-energy parti-
cle at rest, the transformed solution describes a particle moving with momentum
p = — m v when viewed from the moving frame of reference.

Figure 52: A cartoon depicting a rotating charged spin one-half particle, along
with the precession of the spin due to the external field in the particle’s rest
frame and the Thomas precession.

Consider the rotation Ry of a spinor due to an infinitesimal Lorentz trans-
formation with “small” velocity v, then

Ry =1 — a.v + ... (1809)

1
2c
At a time 6t later, the electron has changed its velocity since it is accelerating.
The new velocity of the electron’s rest frame is given by

v = v + adt (1810)

On performing a second Lorentz transform with the boost a ¢, one finds the
rotation

a.adt + ... (1811)
R A A N 1 - 1
R = R2R1<Ia.a6t><la.v>+...

The Pauli identity can be used to evaluate the last term

(a.a)(a.v) = (6.a
= a.vl +ié.(anv) (1813)
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where, since the product of the two a’s yields a two by two block diagonal form
which involves the four by four matrices I and 6. Hence, the right-hand side acts
equally on both the upper and lower two-component spinors. Furthermore, since
the orbit is circular, the acceleration is perpendicular to the velocity, therefore

a.v =0 (1814)

<

Thus, the combined boost corresponds to the transformation
i
4 2

R =1- a.(v+adt) +

o8

1
— . A ot 1815
P (a Aw)dt + (1815)
The combined boost is identified as producing an infinitesimal Lorentz boost
through v + @ 6t and a rotation around an axis é through the infinitesimal
angle d¢ given by

5(pé%2—162(g/\y)6t (1816)
The rotation part acts on both the upper and lower two-component spinors in
the Dirac spinor. The rotation angle d¢ is linearly proportional to the time
interval dt. This class of rotations due to the combination of Lorentz boosts are
known as a Wigner rotations. Hence, it was shown that the spinor rotates with
the angular velocity given by

1
wr = galent)
q
= —— (E A 181

L (B Aw) (1817)

The magnitude of wr is calculated as
wp = —— B’ (1818)

T 7 2me

and its direction is opposite to the precession of the spin in the electron’s rest
frame.

On combing the two precession frequencies, one finds that in the lab frame
the spin’s precession rate is given by

Wlab = Wrest — Wr
e
= - 1) B 1819
o (g5 — 1) (1519)

It is clear that the moving spin experiences an effective interaction which is

reduced by the factor
-1
<gs> (1820)
gs

when compared to the interaction in the electron’s rest frame. Hence, the gyro-
magnetic ratio that enters the spin-orbit coupling should not be gg but should

312



be given by ( gs — 1).
The Spin-Orbit Interaction

In the lab frame, the interaction between the moving electron’s spin S mag-
netic moment and its field is inferred to be

rrLab q
HL? = — 5 —(9s —1)B' .8 (1821)
where gg is the gyromagnetic ratio. Since the magnetic induction field is given
by
1 J¢
B = - — | L 1822
- mecer <8r> - ( )
where the electrostatic potential is given by
q/
or) = L (1823)
r
the spin-orbit interaction can be expressed as
A~ q/
H = — -1 L.S 1824
SO 2mc(gs )mCTS** ( )

Hence, the spin-orbit interaction is found to be given by

. Z e?

Hgpo = (gs —1)L.S

2 m? 2 r3 (1825)
The spin-orbit coupling is a relativistic coupling which, apart from the Thomas
precession factor, indicates that the electron’s spin interacts with a magnetic
field in its rest frame via the gyromagnetic ratio of 2. The magnitude of the
interaction agrees precisely with the interaction found from the perturbative
treatment of the Dirac equation.

To first-order in perturbation theory, the spin-orbit coupling interaction
yields a shift of the energy levels. Since the total angular momentum J is a
good quantum number, one can write

1

L.52<j(j+1)l(l+1)i> (1826)

but j for a single electron can only take on the values j =1 + %, SO

L.S:(i(lJr;)—l) (1827)

The expectation value of 3 is evaluated as

fory - _ ! AN
[ oo 5o = o ) 0
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for I # 0. So the first-order energy-shift due to the spin-orbit coupling can be
expressed as

7 62 4 + ( l + 1 ) _
AFE = mc? 2
50 (hc> [4ml(l+;)u
Therefore, the spin-orbit interaction lifts the degeneracy between states with

different j =1 £ % values. For [ = 0, the numerator vanishes since the total
angular momentum can only take the value

(1829)

+ N|—

1)

(1830)

DN | =

i=+

The energy shift produced by the spin-orbit coupling is about a factor of the
square of the fine structure constant

€2 \? 1)?
(h/c> ~ <137> ~ 1074 (1831)

smaller than the energy levels of the hydrogen-like atom

m e (7 e2\?
En ~ =505 (n) (1832)

calculated using the non-relativistic Schrodinger equation. The spin-orbit split
levels are labeled by the angular momentum values and the j values, and are
denoted by nL;. Hence, for n = 2 and [ = 1, one has the two levels 2P1 and
2P3, while for n = 3 and [ = 2 one has the levels 3D3 and 3D5, and so on. Tt
is seen that the spin-orbit interaction is increasingly 1mportant for atoms with
large Z values, as it varies like Z4.

12.10.6 The Darwin Term

The Darwin term has no obvious classical interpretation. It only has physical
consequences for states with zero orbital angular momentum. However, it does
play an important role for the s electronic state of hydrogen, and is essential in
describing why the Dirac’s theory makes the 25 1 and 2P1 states of hydrogen
degenerate. This degeneracy was an essential mgredlent in’the discovery of the
Lamb shift and the subsequent development of Quantum Electrodynamics.

The Darwin interaction is given by

. 7 Z e h?
Hparwin = O mZ 2 6°(r) (1833)
which produces the first-order shift
7 7 €2 h?
AEDarwin = 5,22 ¥§(0) ¥s(0) (1834)
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Hence, the shift only occurs for electrons with [ = 0. Furthermore, since the
probability density for finding the electron at the origin is given by

; 1 z\°
0 0)=—=(—) ¢ 1835
0 s =+ (Z) o (1835)
to first order, the Darwin term produces a shift
mc2 74 [ e \*
AEDarwin = 2 13 (hc> 01,0 (1836)

which shifts the energies of s states upwards. The Darwin term reflects the fact
that the relativistic corrections are important for small r since the inequality

9 Z e?
mc >

(1837)

required for the non-relativistic treatment to be reasonable is violated in this
region.

12.10.7 The Fine Structure of Hydrogen

E S P
Kinematic —— 2Py
\4
Spin Orbit
_— 28y, S )
Kinematic
Darwin
N
n=2

Figure 53: The Grotarian energy level diagram for the n = 2 shell of hydrogen
(blue). The diagram shows the magnitude and sign of the various relativistic
corrections. It should be noted that states with the same j are degenerate.

When the various relativistic corrections are combined, for [ = 0, the Darwin
term exactly compensates for the absence of the spin-orbit interaction. There-
fore, the energy shifts combine to yield one formula in which ! drops out. This
implies that the energy levels only depend on the principle quantum number n
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and the total angular momentum j. States with different orbital angular mo-
menta are degenerate, even though the individual interactions appear to raise
the degeneracy. The relativistic corrections inherent in Dirac’s theory of hydro-
gen yields energy shifts and line-splittings which are described as fine structure.
The energy levels are described by

1 Z2%a2 1 7% ot 1 3
E ~ 2l - 22 2 -2 .
e 2 2 2w ((j+§) 4n>+ }

(1838)

a = (2%;) (1839)

is the fine structure constant. Generally, states with larger j values have higher
energies. The fine structure splittings decrease with increasing n like n=3, but
increase with increasing Z like Z4. The splitting of the lower energy levels are
largest, for example

where

2 4 1 1
Bopy — Eapy, = — = ( -z ) ~ 4533 x 1070 oV (1840)

This splitting corresponds to a frequency of 10.96 GHz. The energy levels are
predicted to be doubly degenerate (in addition to the degeneracy associated
with j3), the degeneracy is just the number of states with different { values that

yield the same value of j. Since j is found by combining ! with the electronic
1

spin s = 3, there are two possible [ values for each energy level which are given
by the solutions of either
1
ji=1+ 3 (1841)
or
. 1
i=1-3 (1842)

The higher-order relativistic corrections do not alter the conclusion that the
states labeled by (n, j) are degenerate, as the energy levels found from the exact
solution of the Dirac equation only depend on n and j. For j = % the energy
levels, although predicted to be degenerate by Dirac’s theory, are experimentally
observed as being non-degenerate. The first experiments that revealed this split-
ting were performed by Lamb and Retherford''. These scientists found that
the 25% was shifted by about 1057 MHz to higher energies relative to the 2P%.
The relative shift of the n.S 1 level of hydrogen with respect to the nP% level is
known as the Lamb shift.

Lamb and Retherford’s Experiment

14W. E. Lamb Jr. and R. E. Retherford, Phys. Rev. 72, 241 (1947).
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Figure 54: The Grotarian energy level diagram for the n = 3 shell of hydrogen
(blue). The diagram shows the magnitude and sign of the various relativistic
corrections. It should be noted that states with the same j are degenerate.

Lamb and Retherford designed an experiment to accurately measure the fine
structure of the hydrogen atom. In the experiment, the time scales were such
that the population of all excited states, other than the meta-stable 2.5 1 state
of hydrogen, radiatively decayed to the ground state. Hence, the number of
induced transitions from the 2.5 1 state could be monitored by simply observing
of the population of hydrogen atoms not in the ground state.

O

L
[oven J o
H, Cavity Hi

Figure 55: A schematic of the apparatus used in the Lamb-Retherford exper-
iment. The beam of H molecules is produced in an oven, the beam is excited
by cross-bombardment with an electron beam. The population of the 25 1 is al-
tered in the microwave resonator, and the population is observed via the current
emitted at the tungsten plate.

A beam of hydrogen atoms was produced by dissociating hydrogen molecules
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in an oven. The thermal beam of hydrogen atoms was then cross-bombarded
with electrons, which excited some of the hydrogen atoms out of the ground
state. Since the electron-atom scattering doesn’t obey the radiation selection
rules, a finite population of atoms (about 1 in 10%) were excited to the long-lived
251 state. Subsequently, the other excited electronic states rapidly decayed to
the ground state by the emission of radiation. The beam of hydrogen atoms was
then passed through a tuneable (microwave) electromagnetic resonator, which
could cause the hydrogen atoms in the meta-stable level to make transitions
to selected nearby energy levels. Again, any non-25 excited state of hydrogen
produced by the action of the resonator rapidly decayed to the ground state.
The resulting beam of hydrogen atoms was incident on a Tungsten plate, and
the collision could result in electron emission if the atoms were in an excited
state, but no emission would take place if the hydrogen atom was in the ground
state. Therefore, the current due to the emitted electrons was proportional to
the number of meta-stable hydrogen atoms that survived the passage through
the resonator. Hence, analysis of the experiment yielded the number of transi-
tions undergone in the electromagnetic resonator.

A 3160 CENTIMETERS
§39487 MEGACYCLES

GALVANOMETER DEFLECGTION -'tc:m'mnsns)
o]

N

\

N ‘\U\\

2000 2501

1000 1500
MAGNETIC FIELD - (GAUSS)

Figure 56: The dependence of the current emitted from the tungsten plate on
the applied magnetic field. The resonance frequency was set to 9487 Megacycles.
[W. E. Lamb Jr. and R. C. Retherford, Phys. Rev. 72, 241 (1947).]

In the resonator, an applied magnetic field Zeeman split the excited levels of
hydrogen and, when the oscillating field was on-resonance with the splitting of
the energy levels, the hydrogen atom made transitions out from the meta-stable
25 1 state. At resonance, the frequency of the oscillating electromagnetic field
is equal to the energy splitting. Therefore, for fixed frequency, knowledge of the
resonance magnetic field allowed the splitting of the energy levels to be accu-
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rately determined. The field dependence of the resonance frequency indicated

1300

1200 /

FREQUENCY - (MEGACYCLES /SECOND)

1000 2000 3000
MAGNETIC FIELD ~(GAUSS)

Figure 57: The observed dependence of the resonance frequencies on the applied
magnetic field. The solid lines are the predictions of the Dirac theory and the
dashed lines are the result of Dirac’s theory if the energy of the 2S5 state is
simply shifted. [W. E. Lamb Jr. and R. C. Retherford, Phys. Rev. 72, 241
(1947).]

that at zero field the degeneracy between the 2.5 1 and QP% states were lifted,
with the 25 1 state having the higher energy.

12.10.8 A Particle in a Spherical Square Well

The radial equation for a relativistic spin one-half particle in a spherically sym-
metric “square well” potential is given by

(E—V(r)—mcg)f(r)—l—ch(gr - :>g(r) =0
(E——VW)+7n§)g&)—»ch<§i+—f)tﬂﬂ = 0

(1843)
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We shall examine the case of an attractive central square well potential V (r)
which is defined by

. —Vy forr < a
Vi) = { 0 forr > a (1844)

In the region r < a where the potential is finite, the Dirac radial equation

0.5

V(@)/V,

-1

-1.5
0 0.5 1 1.5 2

r/a
Figure 58: A spherically symmetric potential well, of depth V4 and radius a.

becomes

(E+V0m02)f(r)+ch<§r -

(E+Vo+mc2)g(r)—ch(§r+
(1845)

The function f(r) satisfies a second-order differential equation, which can be
found by pre-multiplying the second equation by the operator

ch<§1:> (1846)

and then eliminating g(r) by using the first equation. This process yields the
equation

c”ﬁ(iifdi;1)>fw((E+‘6f”f&>f@
(1847)
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By using a similar procedure, starting from the second equation, one can find
the analogous equation for g(r)

c2h2<82 B M)wg — _<(E+Vo)2—m204>9(7‘)

87’2 T2
(1848)

It should be recognized that the term proportional to x ( £ + 1) on the left-
hand side of the eqn(1847) for the large component, when divided by 2 m 2,
is equivalent to the centrifugal potential in the non-relativistic limit. The small
component experiences a different centrifugal potential. Furthermore, the quan-
tity

(E + V)2 — m?c! (1849)
plays a similar role to the kinetic energy in the non-relativistic Schrodinger
equation.

Real Momenta
If the quantity ( E + V)2 — m? ¢ is positive, it can be written as
(E +Vo)?2 —m?c* = Rk > 0 (1850)

where kg is real. These equations can be expressed in dimensionless form by
introducing the dimensionless variable variable p = kg r. The radial equations
simplify to become

2
p2gp§+<p2—n(fﬁ+l))f = 0
2629 2
pap2+(p—ﬁ(n—1)>g =0 (1851)

Since (apart from the sign) « is identified with a form of angular momentum,
one sees that the upper and lower components experience different centrifugal
potentials. These equations have forms which are closely related to Bessel’s
equation. If one sets

f= 07 Xy (1852)
and )
g = P Y,y (1853)
the equations reduce to the pair of Bessel’s equations
(‘32X 1 8X 1 1
2 [r+5] [r+5] 2 2 _
82Y 1 oY, 1 1
2 K5l lx—3| 2 2 _
s TP, +<p(ﬂ2))Y|K,_;| =0

(1854)
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of half-integer order. The spherical Bessel functions and spherical Neumann
functions of order n are defined in terms of the Bessel functions via

. T
inp) = 3, Jny1(p)
T
m(p) = Tp Nn+%(P) (1855)
Therefore, the general solutions of each of the radial equations can be expressed
as
m = Ay j 1 1(k 7‘) + A 1 1(117 7‘) (1856)
P Jie+11-1Fo 1 Me+11-1(Ro
and
9 _ ;i k B k 1857
= = Bodje—g-3(kor) + Biie_y-3(kor) (1857)

However, since the functions f(r) and g(r) in the upper and lower components
are related by the differential equations

(5 5) () - 8202 () o

and

1 — E —m e
2 + A g(’/’) - _ ( + VO mc ) f(r) (1859)
op P r ch ko r
the two sets of coefficients (Ag, A1) and (By, B1) must also be related. The

explicit relations can be found by using the recurrence relations for the spherical
Bessel functions j,(p)

o (p”“ jnlo) ) = G (p) (1860)

and
3% ( =" Jn(p) ) = — " jns1(p) (1861)

The spherical Neumann functions 7, (p) satisfy identical recurrence relations.
This yields the relations

E 2
Ay = sign| & t Vot me By
Chko

. E+Vy+mc
A = SIgn</<;> ( C%ko )Bl (1862)

Hence, for positive-energy solutions. the upper components are the large com-
ponents and the lower components are the small components. In the inner
region, one must set A; = By = 0, since the wave function are required to be
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normalizable near the origin and the spherical Neumann functions 7, (p) diverge
as p~ ("t as p — 0.

Imaginary Momenta

If the quantity ( E + Vy )2 — m? ¢ is negative, it can be written as
(E + V)2 —m?ct = —2n*kk <0 (1863)

where kg is real. This corresponds to the case of negative kinetic energies. In
this case, one can express the solution in terms of the modified spherical Bessel
functions

T .
fE“) = 4 Z|n+§|(“07“) + A k|n+%|("€07‘) (1864)
and
@ = By ije_1(kor) + By Ky 1 (kor) (1865)

Because to the factors of 7 in the definitions of the modified spherical Bessel
functions, the amplitudes of the upper and lower components are related via

E+ Vy+mc?
A, = — B
0 ( Chli() ) 0
E \% 2
- ( +C%;mc)31 (1866)

where a minus sign has appeared in the first equation. Again, we see that for
positive energies, for r < a, the upper components are the larger components
and the lower components are the smaller components.

Bound States

The bound state energy E must occur in the energy interval

mc2 > FE > —mc? (1867)
so that the wave function in the region r < a where the potential is zero is
exponentially decaying. Since E? — m? ¢* < 0, the wave functions in the

outer region should also be expressed in terms of the modified spherical Bessel
functions. The quantity k1 can be defined as

E? — m?ct = —n? Kl (1868)
and the equations can be expressed in terms of the dimensionless variable
p =ik (1869)

In this case, it is more useful to express the solution of the radial Dirac equation
in terms of the spherical Hankel functions k7 (p). The spherical Hankel functions
are defined via

hE(p) = dn(p) % i nu(p) (1870)
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For asymptotically large p, these functions are complex conjugates and represent
out-going or incoming spherical waves

lim hf(p)alexp[ii(p—(n—kl)ﬂ-)} (1871)
p—o0 P 2

The factor of p~! reflects the fact that the intensity of an outgoing wave-packet
decreases in proportion to p~2 in order to conserve energy and probability. From
the asymptotic variation, it is seen that the spherical Hankel functions hi (ip)
with imaginary arguments, respectively, represent exponentially attenuating or
growing spherical waves. In the exterior region, the solutions are represented

by
f(’r) _ ! —+ . / — .
= Cy h‘m+%|_%(zmr) + C h‘%%‘_%(zmr) (1872)
and
g(r) _ ! + . / — .
== = Dy h" 4 (ikir) + Dy ho 1 4 (ikir) (1873)
r lk=51—3 lk—31—3

The coefficients of the upper and lower components are related via

E + mc?
' = —|——— ) D!
0 < ch Kk ) 0
E 2
o = (;m) Iy (1874)

as can be seen by substituting the asymptotic form of the Hankel functions given
by eqn(1871) in the asymptotic form of the differential equations relating f(r)
and g(r) with V; = 0. If this wave function is to be normalizable at p — oo,
one must set C; = D} = 0.

The solutions for the wave functions have been found in the inner and outer
regions of the potential. The solution must also hold at » = a. This is achieved
by demanding that the upper and lower components of the wave function are
continuous at r = a. These conditions are demanded due to charge conservation
O, j* = 0, since the current j* only depends on the components of ¢ and does
not (explicitly) depend on their derivatives.

Since the wave function at the origin must be normalizable, and since the
wave function must be exponentially decaying, when r — oo, the matching
condition for the upper component becomes

AO j‘ﬁ_,'_%‘_%(k’oa) == C(/) h+ 1 (ima) (1875)

lkt+31—3
and the matching condition for the lower components becomes

(koa) = Dg h (ik1a) (1876)

In=41-3

Bo Jjin-41-

1
2
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By eliminating the amplitudes from the two matching conditions by using
eqn(1874), one can arrive at the equation

. N '
sign (k) (E + Vo + ch) (]|m+§|—;(k0a)) _ (E + m02> <h|n+;—;
¢ h ko Jin-11-1 (koa) ¢ h ki h;_%l_%(mla)
(1877)
In the above expression, the quantities ky and x; are defined by
Rk = (E + Vp)? — m?ct (1878)
and
Wk = m? et — B (1879)

These equations determine the allowed values for the energy. The above set of
equations have to be solved numerically to find the energy eigenvalues. We note
that for the Dirac particle, the spin effectively results in the formation of a cen-
trifugal barrier (either for the upper or the lower component) even for electrons
in s states. As a result, the potential Vy must exceed a critical strength if it is
to yield a bound state.

12.10.9 The MIT Bag Model

From the point of view of symmetry, a baryon, such as a neutron or proton, are
thought of as being composed of three (valence) quarks. For example, the proton
is considered to be made of two up quarks and a down quark (p = (uud)), while
the neutron is considered to be made of one up quark and two down quarks
(n = (udd)). These valence quarks are assumed to be surrounded by a sea of
gluons which bind the quarks together and a sea of virtual quark/anti-quark
pairs that are produced by the gluon field. Likewise, mesons are considered
to be made of a quark and an anti-quark, but these valence quarks are also
surrounded by a sea of gluons and quark/anti-quark pairs. The gluon force has
the property that the energy of interaction increases as the separation between
the quarks increases. It is this property of the gluon force that results in the
quarks being confined, so that no single quark can be found in nature.

The MIT bag model''® is a simple purely phenomenological model for the
structure of strongly interacting particles (hadrons). The model is based on
the spherically symmetric potential of radius a, but it will be assumed that the
quark mass can have one or the other of two values. The quark is assumed to
have a small mass (approximately zero) if it is located within a sphere of radius
a, and the mass is assumed to be very large (or infinite) if » > a. To be sure,
the quark mass is assumed to be a function of r such that

m = 0 if r <a
m — oo if r>a (1880)

115A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F. Weisskopf, Phys. Rev. D 9,
3471, (1974).
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It is the infinite mass of the quark for » > a that results in the confinement of
the quark to within the hadron. That is, in the exterior region, the infinite rest
mass energy exceeds the bound state energy so the exterior region is classically
forbidden, therefore, the particle is confined to the interior.

Inside the hadron, where both the potential energy and the mass m are zero,
the kinetic energy parameter kg can be expressed entirely in terms of the energy

via E = h c kg since the potential is assumed to be zero. Therefore, the radial
components of the Dirac wave function can be expressed as

f(r) :

T = Ao dieryi-g (hor)

@ = sign(k) Ao jj._1/-1(kor) (1881)

where the amplitudes of the upper and lower components are the same, since
the potential and mass are zero for r < a.

Outside the hadron, where r > a, the energy E is assumed to be much less
than the rest mass energy, m c? > I, therefore, the momentum parameter is
imaginary and one can set i ¢ k1 =~ m ¢2. In the exterior region, the radial
functions can be expressed as

G ‘
¥ = C} hr;+%|,%(ml7”)
Q =y (i) (1882)

since the imaginary momentum parameter has a magnitude which is governed
by the large mass m. Due to the large magnitude of k1, the wave function
decays very rapidly in the exterior region.

The bound state energy is determined from the matching condition

sign(ﬁ)(W) S <W> (1883)

ht . 1 (ik1a)

|w—

Nl

zl-

Due to the asymptotic properties of the spherical Hankel functions, their ratio
is unity for large k1. This leads to the energies of the quarks being governed by
the simplified matching condition

it ti-1(koa) = — sign(k) jj._1)—1(koa) (1884)

where
E = chkg (1885)

The above equation governs the ground state and excited state energies of the
individual quarks inside the hadron. Since the spherical Bessel functions oscil-
late in sign, the above equations will result in a set of solutions for k¢ with fixed
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k. From the structure of the equations, it is seen that the solutions kg will only
depend on the integer number x and the value of a. Since another boundary
condition should also be imposed at the bag’s surface, only states with angular
momentum j = % should be retained. This extra condition restricts the interest
to states with k = — 1.

We shall examine the lowest-energy bound state which corresponds to the

case K = — 1. The bound state energies are given by the matching condition
Jo(koa) = ji(koa) (1886)
Since .
) sin p
jo(p) = (1887)
p
and )
) sinp — p cosp
B = () (1588)
the energy eigenvalues are determined by the solutions of
= 1 (1889)
P= 1 F cot p
which has an infinite number of solutions which, asymptotically, are spaced by
7. The smallest solution corresponds to kg a = 2.04. Hence, the energy of the
1
£
a
E': 0.5
0 ‘
0 1 2 3 4
p

Figure 59: The radial dependence of the quark-distribution in the ground state
of the MIT bag.

lowest-energy quark is give by the formula

2.04 ch
Ei- 1m=0 = —— (1890)
a
The solutions with larger values of kg, corresponding to excited states with
k = — 1 are given by analogous expressions. Therefore, if one knows the value
of a, one could find the energies required to excite a single-quark between the
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Table 15: The lowest single-particle energies (in units of Ej, ,,, a/c h) of the MIT
Bag Model.

Ny k=—1|KrK=4+1 | k=-2| k=42

ny =0 2.04 3.81 3.21 5.12
ny =1 5.40 7.00 6.76 8.41
ny =2 8.58 10.17 10.01 11.61

ne =3 11.73 13.31 13.20 14.79

single particle levels. This could allow one to calculate the excitation energies
required to change the hadron’s internal structure.

In conclusion, the MIT bag model, when interpreted as being a strictly
single-particle picture, predicts that the set of excitation energies (for the in-
ternal structure) of each of the basic hadrons can be put into a one-to-one
correspondence with each other. That is, the family of excitation energies for
each hadron should fall on-top of each other, if one scales the energies by mul-
tiplying them with the hadron’s characteristic length scale a. The bag radius
is determined by the use of further phenomenological considerations. However,
although the model can be used to fit the right size for a nucleon (~ 1 fm),
the model predicts that a meson (such as the pions which are composed of a
quark and anti-quark in the combinations of either (u,d), (d, @) or %(d& —un)

) should have almost the same radii'®

an (3 i
w_ (2) s

Hence, the ratio of the nucleon mass M, to the pion mass M, is expected to be
given by the formula

1
M,  3x204/a, 3 (27 (1892)
M,  2x204/a, 2 \3
1161t is assumed that the bag energy is given by the sum of a volume term B a® and the sum
of the quark energies % Zn Q. Minimizing the energy w.r.t a results in the bag radius a
being determined by
ch
=35 o

n
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Table 16: The Observed Energy Levels for the charmonium system (c¢) in units
of MeV /c?.

15() 3Sl 3-PO 3P1 3P2

2981 | 3097 | 3415 | 3510 | 3556
3686 | 3770 - - -

- 4040 - - -

- 4160 - - -

which yields a ratio of 1.36. This ratio is far too small for the triplet of 7 mesons
since M, ~ 139 MeV/c? and M,, ~ 938 MeV/c?. Although it is in adequate
for the pseudo-scalar mesons, the MIT bag model is more appropriate for the w
vector meson which is composed of %(uﬂ +dd) and has a mass of M, ~ 783

MeV /c2, or the p vector meson %(uﬂjh dd) with a mass M, ~ 776 MeV/c?.
Hence, at best, the MIT Bag model produces mixed results. The MIT Bag
model is also quite unappealing, since the basic assumptions of the bag model
do not follow from Quantum Chromodynamics, and the model is neither re-
normalizable nor is it Lorentz invariant.

12.10.10 The Temple Meson Model

A quark and anti-quark pair form bound states. Thus, for example a charmed
quark/anti-quark pair (c,¢) can form states with different internal quantum
numbers'!?. The experimentally determined energies for the J/¥ system!!®
are given in Table(16). Similarly, the Upsilon particle!'® (bb) has a similar set
of energy levels. The energy levels of the Upsilon system!'?? are tabulated in
Table(17). For positronium!?!, like the hydrogen atom, it is the electromagnetic
force mediated by vector photons which binds the electron and positron into a
bound state. For a quark/anti-quark bound state, it is the color force mediated
by massless vector gluons that bind the quark/anti-quark pair together. The
color force has the property that it increases with increasing separation of the
quark/anti-quark pair, which has the consequence that the quarks are confined.
Furthermore, high-energy inelastic scattering experiments on hadrons indicate

1173, E. Augustin et al. Phys. Rev. Lett. 33, 1406 (1974).

J. J. Aubert Phys. Rev. Lett. 33, 1404 (1974).

118The data are taken from the Particle Data Group: http://pdg.lbl.gov
1195 W. Herb, et al. Phys. Rev. Lett. 39, 252 (1977).

W. R. Innes et al. Phys. Rev. Lett. 39, 1240 (1977).
120The data are taken from the Particle Data Group: http://pdg.lbl.gov
12IM. Deutsch, Phys. Rev. 82, 455 (1951).
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Table 17: The Observed Energy Levels for the Upsilon system (bb) in units of
MeV/c2.

150 3-P() 3-Pl 3-P2

9460 | 9860 | 9893 | 9913
10025 | 10232 | 10255 | 10268
10355 - - -
10580 - - -

that at small separations the quarks only interact weakly. This property is
called asymptotic freedom. It was the realization by ’t Hooft'??, Gross and
Wilczek!?? and Politzer'?* that non-Abelian gauge theories possessed the prop-
erties of asymptotic freedom that led to the acceptance of the theory of Quantum
Chromodynamics. The screening of the color force between the quarks at large
distances (due to virtual quark/anti-quark pairs) is more than compensated by
an anti-screening due to virtual gluon pairs. However, at small distances the
color force vanishes.

The rest-mass energy of the quarks and anti-quarks will be modeled by
m(r)cm0<ciwa.r> (1893)

which describes an energy similar to that of an elastic string which couples to
the spin'2®. The model has two undetermined parameters, the quark mass mq
and the string tension mg ¢ w. The mass m(r), and the Dirac equation, can be
used to determine the energy levels of quarkonium.

Exercise:

Show that the positive energy eigenvalues of the Dirac equation with the
mass m(r) given by

m(r)CZmo(c—iwa.r> (1894)

are determined as

Enji = moc®ViA+ 1 (1895)

122G, ¢’ Hooft, unpublished (1972).

123D, J. Gross and F. A. Wilczek, Phys. Rev. Lett. 30, 1343 (1973).

1241, D. Politzer, Phys. Rev. Lett. 30, 1346 (1973).

125D, Tto, K. Mori and E. Carriere, Nuovo Cimento, 51 A, 1119, (1967).
P. A. Cook, Nuovo Cimento Lett. 1, 419 (1971).
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where the dimensionless parameter ¢ corresponding to the string tension is given

by
t = < he > (1896)

mo c2

and A is given in terms of the quantum numbers as

A 2(n—j) + 1if j =1+

N~ N~

A = 2(n+j) +3ifj=1- (1897)

Hence, find the best fit to the excitation spectra of quarkonium.

12.11 Scattering by a Spherically Symmetric Potential

First, the polarization dependence of scattering of an electron from a Coulomb
potential will be examined in terms of the scattering amplitudes, and second,
by using a partial wave analysis, the scattering amplitudes will be expressed in
terms of phase shifts.

12.11.1 Polarization in Coulomb Scattering.

The scattering of a relativistic electron by a Coulomb force field results in spin-
flip scattering since the electron has a magnetic moment which interacts with
the magnetic field produced in the electron’s rest frame. Since the Coulomb
potential is spherically symmetric, the angular momentum J2 and J®) com-
mute with the Hamiltonian, hence, (j,j3) are constants of motion. However,
the orbital angular momentum L does not commute with H.

The Dirac wave function 1(r) can be expressed in terms of two two-component
spinors

bir) = ( jovss ) (1898)

One only need specify the upper component ¢“(r), since once ¢*(r) has been
specified ¢P(r) is completely determined. For example, for the in and out
asymptotes, the Dirac equation reduces to

(B me e ) (B) 0 e

Hence, the lower two-component spinor is completely determined in terms of
the upper two-component spinor

5 ¢"(1) (1900)



In the scattering experiment, a plane-wave with momentum p parallel to the
és-axis falls incident on the target. The in-asymptote can be described by a
state which is in a superposition of eigenstates of S®) given by

vi(r) = N, ( L ) exp [z B cos@} (1901)

Ep + m c2 Xﬂ: FL
From the Rayleigh expansion, one observes that the in-asymptotes are not eigen-
states of (J)? = (L+.9)? since they are formed of linear superpositions of many
~2 ~2
states with differing eigenvalues of L but have a fixed eigenvalue of S . How-

ever, the in-asymptote are eigenstates of J® = LB 4+ §G) with eigenvalues
+ 2.
2

Figure 60: The geometry of the asymptotic final state of Mott scattering. At
large r, the beam separated into an unscattered beam 1, and a spherical out-
going wave Yoyz.

The corresponding out-asymptotes can be described as spherical outgoing
waves. Even though the in-asymptote may have a definite eigenvalue of S®),
the spherically symmetric out-asymptote waves may contain a component with
flipped spin, due to the action of the spin-orbit coupling

(SL> _ 8B i® +;(S+ﬁ + 5£+) (1902)

active in the vicinity of the target. In spherical polar coordinates, the orbital
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angular momentum raising and lowering operators are given by

. 0 3}
+ _ : ;
L™ = =+ h exp[tiy] ( 50 + i cotd 84,0) (1903)

Hence, on noting that X
Sty =0 (1904)

one finds that the out-asymptotes can be expressed as

out N _ (f(0) £ g(8) exp[ £ ip] 5F) e \ 1
D = N, ( cpli2) (f(0) + g(0) exp[+ip]ST) xx ) 7 0
(1905)

where €, is a unit vector in the radial direction. It should be noted that the
out-asymptote describes an outgoing spherical wave when r — oo. Therefore,
the operator ( ¢ . p ) appearing in the asymptote has simplified since

. N, r.o ., 0 29 (S.L
Tll)nolo(g.g) o rli»Igo( T )[_lharJ“ h( T )}

- (Z“) ( - ihaar) (1906)

which reflects that the spin-orbit coupling term is ineffective at » — oco. Simi-
larly, the effect of the differential operator can be evaluated as

) . 0 1 pr P prT
Tlggo—zhar(rexp[zh])HTeXp[zh (1907)

In light of the comment about the upper two-component spinor, one sees that
the scattered wave is determined by

()
( 9(0) exp[+ig] ) (1908)

for an incident beam with positive helicity, and by

—g(0) exp[—ig]
< 10) > (1909)

if the initial beam has a negative helicity. The quantities f(0) and ¢(6) are gen-
eralized scattering amplitudes that have the dimensions of length, and depend
on 6 but do not depend on ¢ as both the in and out asymptotes are eigenstates
of J® with eigenvalues i%. A partial wave analysis can be performed on the
Dirac equation to yield expressions for the scattering amplitudes f(#) and g(6)
in terms of phase shifts. A detailed knowledge of the scattering amplitudes is
not required for the following analysis.
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If the in-asymptote has the spin quantized along the direction given by
(sin O cos ps, sin s sin g, cos 8, ), the upper component of the Dirac wave spinor
is determined by the two-component spinor

6 s Ps

cos % exp|—its

Xs = ( 2 p[ . 3
2

]
sin % exp[+i£:] ) (1910)

The out-asymptote is then determined by the two-component spinor

s Os _j®s] _ in 9= | Ls. —q 1
¢A(t> — f(a) COng exp[ .Z(pg] 9(0) SHL 2 exp[.+zg2] eXp[.;SO} ~ exp Zﬁ
g(0) cos 5 exp[—i%] exp[+ip] + f(0) sin %G exp[+ig] r h
(1911)
The probability for scattering is proportional to
9 9 2
I(0,9) o ’ f(6) cosf exp[—i%] — g(0) Sinf exp[—&—i%] exp[—iyp]
2
.Ps

93 - s - . 93
+ ’ g(0) cos - exp[—z%] exp[+ip] + f(0) sin - exp[—l—z?]

- (|f<e> 2 1] 90) |2) © sing, sin(p— ) i (f*(9) g(0) — 1(0) g*<9>)
(1912)

which clearly depends on the azimuthal angle .

If the initial beam is unpolarized, the direction of the initial spin (6, ps)
should be averaged over by integrating over the solid angle dQ2y, = dys dfs sin 6.
This process yields the scattering probability for the unpolarized beam

/ ZQ; 10,9) = (|f(9) >+ | 9(6) I2> (1913)

which is independent of the azimuthal angle . It should be noted that the
unpolarized cross-section differs from the polarized cross-section.

Even if the initial beam is unpolarized, the final beam will be partially
polarized. The direction of the net polarization is determined by evaluating the
matrix elements of S and averaging over the direction of the initial spin, #; and
s. The result is proportional to

h ; [(0) g(0) — f(6) g=(6) (sin g, — cos ¢, 0) (1914)

2 | f(0) 12 + [9(0) 7

Hence, the polarization is perpendicular to the scattering plane. It should also
be noted that the net polarization of the scattered wave is determined by the
relative deviation of the scattering cross-section for polarized electrons from the
unpolarized scattering cross-section.

[y
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12.11.2 Partial Wave Analysis

The Dirac equation with a spherically symmetric potential V' (r) has solutions

of the form it
NI
U(r) = < - ar) JJ’J;( 9) ) (1915)
? gT QJ 322 (07@)

i L
where the two-component spinor spherical harmonics Qﬁj (0, ) are given by

+i+iFj. iE3
o ¥ 1/]7 Y72 (0,0
03 e V-1 (09) (1916)

I Jtstiti. it
V 2]+1:|:1 YJZJrl (0,9)

and the radial functions f,;(r) and g, (r) satisfy

(F-ve) - me) 1) = —ch((,f—f) e
(EV(T)+mc2>gK(r) - ch( ’:) (1917)

where k = + (j + 3 ). If the momentum £ k is defined via

ERE: = B2 — m?é (1918)

the asymptotic 7 — oo form of the solutions of these coupled equations with
positive values of k are of the form of a linear superposition

(1)

r = An j,{(k’l") + BR m(kT) (1919)

where j.(kr) and 7, (kr) are the spherical Bessel and the spherical Neumann
functions. For negative values of x, the solutions are given by

fx(r)

= Ay Jor—1(kr) + By n—w—1(kr) (1920)

The spherical Bessel and spherical Neumann functions have the asymptotic
forms

cos(kr — (k+1)%)

Inlhkr) = kr
(k) — Sin(krfk(f+1)g) (1921)

The solutions for a free particle do not involve the spherical Neumann functions,
since they are not normalizable at the origin. The amplitudes of the asymptotic
solution in the presence of a finite potential V' (r) are usually written as

— = — tand.(k) (1922)
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where 4, (k) are the phase shifts that characterize the potential. The phase
shifts depend directly on k (and the energy) and only depend indirectly on j
and [ through x. The phase shifts are defined so that the asymptotic variation
of the radial functions is given by

felr) o0 (F) cos(kr — (k +1)F + dx(k))

192
r T (1923)

and only differs from the asymptotic variation of the free particle solutions
through the phase shifts. Furthermore, if this is decomposed in terms of incom-
ing and outgoing spherical waves,

e exp i (b7 = (413 + 200 ) |

r 2r

mp{i(kzr<ﬁ+ng>} .

their fluxes are equal due to conservation of particles and, as written, the in-
coming spherical waves are not modified by the phase-shifts.

+

The general asymptotic r — oo form of the wave function for the scattering
is composed of the un-scattered wave and a spherical outgoing wave. The polar-
axis is chosen to be parallel to direction of the incident beam which is also chosen
to be the quantization axis for the spin. If the incident beam is polarized with
spin-up, the upper two-component spinor has the form

1 £0) exp { ikr }

A _ .

¢T(T)_<0 )exp{zkrcos@]—i—(g(e)exp[iw] )r
(1925)

whereas for a down-spin polarized incident beam

. exp { ikr }
¢f(£) = ( 10 ) exp[ikrcos&] + < —9(0) ;2(0%[_“‘0] ) —
(1926)

On recalling the Rayleigh expansion

exp{ikrcosﬁ} = Z it (21 4 1) ji(kr) Pi(cos®) (1927)
1
one can find the scattered spherical outgoing wave by subtracting the un-
scattered beam from the total wave function. On using the asymptotic large r
variation, one obtains the asymptotic form
. ) cos(kr — (I1+1)Z
exp[zkzrcosé)] — ;ﬂ(?l + 1) ( . %) Pi(cosf) (1928)
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which has a similar form to the asymptotic form of the total wave function.
In particular, the spin and orbital angular momentum eigenstates can be de-
composed in terms of the spinor spherical harmonics. Thus, for the up-spin
polarized incident beam one has the upper two-component spinor

47
Pileost) x+ = /5777 Yo(0:9) x4
Viz l
T2l +1 (MQHH - Vi, ) (1929)
and for the down-spin beam
Pleost) vo = 1/ —" vi(6,)
11cos X— - 21 + 1 o\, ®) X—
. 47 . l
= 5o (\ﬁ—klfh+;é + vﬁf%féﬁ% )(19mn

Therefore, when expressed in terms of a superposition of continuum energy
eigenstates corresponding to different values of j and x, the asymptotic form of
the Rayleigh expansion becomes

kr—(1+1)Z
exp[ikrcos@})g — 47T2il cos(kr — (1 + )2) (\/l+1Q§+11—\[lQ§11>
l

kr

(1931)
and

kr—(+1)%
exp[ikrcosﬁ} X. — Vi E it cos(kr — (1 +1)3) <\/l+1Q§+§)_%+\/lQ§_;_
1

kr

(1932)
Although the coefficients A, of the exact wave function are as yet unknown, they
can be determined by requiring the scattered spherical wave does not contain
terms proportional to

exp[— ikr]

- (1933)

which would represent an incoming spherical wave. This requirement leads to
the outgoing spherical wave having a spin-up component given by

vViar [(l+1)
20k 4 V2i+1

( exp[ 24 6_1_1(k)] — 1)

l

exp{ikr}
+7 - Lk = 4
vV2I0i+1

r

(exp[2i65(k)] - 1) } Y5 (6, ¢)
(1934)
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and the down-spin component is given by

ﬁ ZZ: \/Tj;ll)[(exp[2iéll(k)] _ 1)

exp{ikr}

r

- (ewl2iam] - 1) | viee (1935)
In the above expressions, the index on the phase-shifts d,;(k) refer to the value
of k. Hence, for a spin-up polarized incident beam, the scattering amplitudes
are given in terms of the phase-shifts via

flo) - VAT [f/% ( exp[ 2061 1(K) ] — 1)
+ \/%H ( exp[ 2 0(k)] — 1) ] Y0, ) (1936)
and
g(0) explip] = \2/14]: El: \/W [(exp[Qidll(k)] - 1>
— ( exp[ 2 6(k) ] — 1) } Y8, ¢) (1937)

A similar analysis can be applied to the scattering of an incident beam which is
down-spin polarized, giving similar results.

If the incident beam is un-polarized, the elastic scattering cross-section is
given in terms of the scattering amplitudes by

(%) = (17@P + 1901 (1938)

where the polar angle 6 is the scattering angle.

12.12 An Electron in a Uniform Magnetic Field

We shall consider a Dirac electron in a constant magnetic field B = B®) ¢,
aligned parallel to the z direction. The vector potential can be chosen such that

A = Buzg, (1939)
We shall search for stationary states with energy F, where
A .
w:(i’B )eXp[—%Et} (1940)
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In the standard representation, the energy eigenvalue equation is represented
by the set of coupled equations

(E — md)¢tr) = co.(p —

S

) ¢ (r)
4) ¢ (r)

SEESESNES]

(E +mc®)¢P@r) = co.(p —
(1941)

Substituting the expression for ¢ from the second equation into the first, one
obtains the second-order differential equation for ¢4

(E?> — m>c*)¢* = & <0.(ﬁ - Zf1)>2¢AW)
— &((ﬁ—-ZAF-—qﬁo-B>¢Wﬂ

= (ﬁQCQ + ¢ B*2* — 2qp,cBx — qchU(Z)B>¢A(r)
(1942)

Since p, and p, commute with x, one can find simultaneous eigenstates of H,
Py and p.. Hence, the two-component spinor »* can be expressed as

¢ (r) = exp [ ikyy + ik, z] o4 (x) (1943)

in which ®4(z) is a two-component spinor which only depends on the variable
z. In this case, the exponential term can be factored out of the eigenvalue
equation. The resulting equation has the form

82
—h202+(chky—qu)2—qchBJ(Z)] dA(z) = (B2 —m?c — 2% k?) o4 (2)

Ox?
(1944)
The equations decouple if the two-component spinor ®4(z) can be taken to be
an eigenstate of the z-component of the spin operator

o4(z) = f(2) xo (1945)

where
™ Xe = 0 Xo (1946)

in which the eigenvalues of ¢(*) are denoted by o. Therefore, the eigenvalue
equation can be reduced to

2
—h202aa—;2+(q3)2 (x—mj) ]f(x) = (E?-m? A -2k +qchBo) f(z)
(1947)
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which (apart from an overall scale factor) is formally equivalent!?% to the (non-
relativistic) energy eigenvalue equation for a shifted harmonic oscillator, with
frequency 2 ¢ | ¢ | B. The modulus sign was inserted to ensure that the frequency
whO is positive. The energy eigenvalues are determined from

1
(E*> —m?c — n*k2 + gchBo) :2|q|chB(n—|—§)(1948)

Hence, for an electron with negative charge ¢ = — e one finds that the positive-
energy eigenvalue is given by the solution

el|lh
c

E—C\/m2c2+h2kg+(2n+1+a)| B (1949)
This expression has an infinite degeneracy as it is independent of the continuous
variable k. It also has a discrete (two-fold) degeneracy between the levels with
quantum numbers (n,0 = 1) and (n + 1,0 = —1). The two-fold degeneracy
can be understood as a consequence of the generalized helicity o . (p — 2 A)

commuting with the Hamiltonian H. This results in the spin’s alignment with
the electron’s velocity being preserved, as the spin’s precession is precisely bal-
anced by the electron’s orbital precession. It should be noted that if the g factor
deviates from 2, and such an anomaly in the g factor is expected from Quantum
Electrodynamics and has been found in experiment, then this degeneracy will
be lifted. The calculated ( ¢ — 2 ) anomaly for an electron is given by

g — 2 1/« )’ a\? a\*
= —|—]—03284986 ( — ) +1.17611(—) —1434|— | +...
2 Theor 2\ m s us T

(1950)

a = (;1) (1951)

is the fine structure constant. The experimentally determined value of the g
anomaly is found as

where

-2
(g ) = 0.0011659208 (1952)
2 Expt

126 The explicit (but dimensionally incorrect) analogy is obtained by setting the Harmonic
Oscillator mass, mpQ, as

1
MHO T 52

and then determine the frequency from

2
2 2 _ qB
HO YHO = (c>

340



and differs from the theoretical value in the last two decimal places'?”. In

the non-relativistic limit, the expression for the relativistic energy eigenvalue
reproduces the expression for energies of the well-known Landau levels

h? k2 1+—a)<e|hB>

E ~md + + (n + 5

(1953)

2m mc

which are doubly-degenerate.

12.13 Motion of an Electron in a Classical Electromag-
netic Field

Consider an electron in a classical electromagnetic field represented by the real
vector potential A*. For simplicity, electromagnetic field will be represented by
a plane wave defined over Minkowski space that depends on the phase ¢ defined
by

¢ =k, (1954)

Hence, the vector potential is written as
At = AP (¢) (1955)
The vector potential satisfies the Lorentz Gauge condition
9, At =k, A (@) = 0 (1956)

where the prime indicates differentiation with respect to ¢. The classical vector
potential must satisfy the source-free wave equation

9, 0" A" = k, k¥ A*(¢)" = 0 (1957)
which results in the condition
k, kKX =0 (1958)

which is the dispersion relation for a free electromagnetic field.

The Dirac equation for a spin one-half particle with charge ¢ can be used to
obtain the second-order differential equation

2
—h2@mw—aihZAﬂau+Z2AHA“—nFc2—ith“hn”Ax¢Y]w=:
(1959)

127This discrepancy could indicate the importance of virtual processes in which heavy par-
ticle/antiparticle pairs are created. The (g — 2) anomalies for the muon and its anti-particle
have also been measured [G. W. Bennett et al., Phys. Rev. Lett. 92, 1618102 (2004).].
These experiments show that particles and anti-particles precess at the same rate. However,
the value of the (¢ — 2) anomaly is inconsistent with the theoretical prediction based on the
standard model of particle physics.
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where 1 is the four-component Dirac spinor. In deriving this, the Lorenz gauge
condition has been used to re-write

VM'VVau(AVw) = 'YH'YUau(AV¢> - gu’y(auAV>7/}
(1960)

in the diagonal terms.

Following Volkow!?®, the solution of the second-order differential equation
can be found in the form

w:exp[—ip

} 20 (1961)

where p,, is a four-vector and F(¢) is a four-component spinor. This form re-
duces to the form of a free particle solution when A* = 0 in which case p,
becomes the momentum of the free particle. The exponential form is unaltered
when the vector potential is non-zero since arbitrary multiples of the electro-
magnetic wave vector k can be added to the momentum of the free particle, in
which case p,, has a different interpretation. For a transverse polarized vector
potential describing an electromagnetic wave travelling in the és direction, the
operators

p1 = iho
Py = ihdy (1962)

commute with the time-dependent Dirac Hamiltonian and are constants of mo-
tion. Although the particle’s energy and momentum operators do not commute
with the Hamiltonian, as these quantities are not conserved due to the interac-
tion with the field, the quantity

ﬁ?»_ﬁO:?;h(ag—ao) (1963)

does commutes with the Hamiltonian and, therefore, is conserved. The con-
servation of this quantity can be interpreted in terms of the energy absorbed
or emitted by the electron due to interaction with the classical electromagnetic
field being accompanied by the absorption or emission of similar amount of mo-
mentum'??. Despite the different interpretation of py in the presence of the
classical field, the four-vector p, shall be chosen to satisfy the condition

P p, = m*c? (1964)

which is the dispersion relation for a free electron'3°.

128D. M. Volkow, Zeit. fiir Physik, 94, 25 (1935).

129For the quantized electromagnetic field, the absorption of a photon involves the absorption
of the energy and momentum given by the four-vector h k#, where k* = (k,0,0,k).

1301f the condition on p* is dropped, the function F(¢) will acquire an overall phase factor

that depends linearly on ¢ and on the constant value of p* p, — m2 2.
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The form of the wave function of eqn(1961) is to be substituted into the
second-order differential eqn(1959). It shall be noted that

A* 9, F(¢) = k, A* F(¢) = 0
0" 9, F(9) = Kk, F(¢)’ = 0 (1965)

since A" satisfies the Lorenz gauge condition and k* satisfies the dispersion
relation for electromagnetic waves in vacuum. On substituting the ansatz into
the second-order equation, using the above two equations and the choice of p,,
satisfying the free-electron dispersion relation, one finds that the second-order
equation reduces to a first-order differential equation for the spinor F'(¢)

2
2ihp, k' F(¢) = {2314“17“— ;A"A#—kihzv“k“v”AV(gﬁ)’} F()

(1966)
which only depends on ¢ since the exponential phase-factor which depends on
pu ¥ has been factored out. The first-order equation can be integrated w.r.t.
¢ to yield

— iq ¢ / lg ’ ’ b g kA
Fo) = o0 | = s [0 (0 a0 - 5 L) A ) do+ LR RO

(1967)
where F'(0) is an arbitrary constant four-component spinor. The exponential of
the matrix is defined in terms of its series expansion.

Fo) = o] - pit [1(rae) - ) L) A ) ao |

q Y ku " Ay
=—r— | F 1
X exp { P Y (0) (1968)
The above form can be simplified by expanding the last exponential factor due
to the identity

(7“ kv Ay ) =0 (1969)

for all integers n such that n > 1. The identity can be proved by

Yk AT ke Ay = — AR YT Ry Ay Ay + 2977 Ay ke A Ry A,
= ="k kY AP A, (1970)

where the first line follows by using the anti-commutation relations for the
matrices and the second line follows from applying the Lorenz gauge condition.
The expression can be further simplified by noting that on anticommuting the
first pair of v matrices, one has

=V kYT k" Ay Ay

Y ke AM kv Ay AP Ay + 2977 Ky ke

= 3 ks kLY AL AP A

= Yk, k" AP A, (1971)
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the third line follows from the condition k* k, = 0 and the last line follows
from interchanging the first two pairs of summation indices. On comparing the
first and last lines, one notes that the right-hand side is zero. Therefore, one
has proved the identity

Yk, Ay ke A, =0 (1972)

Using, the above identity, the spinor F'(¢) can be expanded as

hcpy k* c

P4 R A
I+ =2 A2 F 1
x ( R (0) (1973)

Fo) = o] - pit [T () - L L) Ao ) ao |

Hence, the spinor solution of the second-order differential equation can be ex-
pressed as

SR

} ( P 9 R Ay ) F(O)  (1974)

) = exp[z’ e

where S given by

¢ 1
S=-po - | ( P A - 5 T AN Auw/)) d¢’ (1975)

is the classical action of a particle moving in an electromagnetic field.

If the above equation is to be a solution of the Dirac equation, one needs to
exclude redundant solutions of the second-order equation. This can be achieved
by demanding that as r — oo one has A* — 0. In this limit, the above
solution reduces to

¥ — exp {-— i p“hxu ] F(0) (1976)

which satisfies the Dirac equation if

(»wtpﬂ —»7n(3) FO) =0 (1977)

Therefore, one demands that F'(0) satisfies the above supplementary condition
which is the same as for a free particle. Hence, one can set

Xo
F(0) = Np - (1978)
m Xo
where the normalization constant is given by

pO® + mec

Np = 50V

(1979)
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The spectrum of eigenvalues of the electron’s energy can be found by Fourier
transforming the above solution with respect to time, which shows that the elec-
tron absorbs and emits radiation in multiples of & w. The Volkov solutions have
been used to describe the Compton scattering of electrons by intense coherent
laser beams, and is also the basis of the strong-field approximation sometimes
found useful in atomic physics'!.

The current density is derived from the expression

o= e Ay (1980)

Since the Dirac adjoint spinor is given by

—t 2a Ay )
v = F (0) (I + c I exp i (1981)

the current density is evaluated as

. c q q p, A" ¢ A, AY
Ju_p(o)v{pucAﬂJrk“(— (1982)

Hence, the current is composed of a constant component p* and an oscillatory
component form the vector potential, and an oscillatory component which is
second order in the vector potential. This implies that the electromagnetic field
has measurable consequences. For a vector potential A* which is a periodic
function with a time-averaged value of zero, the time-averaged current density

is given b
o A VY (e (1983)
7= p©® VvV b 2 2 k> py

which shows that the electromagnetic wave does not drop out from time-averaged
quantities.

12.14 The Limit of Zero Mass

The Dirac equation has the form
Wy = mcep (1984)

where the v matrices are any set of matrices which satisfy the anti-commutation
relations
A AV A AR = 2 g T (1985)

1311, V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964). [Sov. Phys. J.E.T.P. 20, 1307
(1965).]

F. H. M. Faisal, J. Phys. B 6, L89 (1973).

H. R. Reiss, Phys. Rev. A 22, 1786 (1980).
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The Dirac equation is independent of the specific representation of the v matri-
ces. We have chosen the representation

I 0
NON (0 iy ) (1986)

and 0
(%) _ 0 ) ol

where ¢! are the Pauli-matrices. This is the standard representation.

We can find other representations which differ through unitary transforma-
tions

W o= U (1988)

where the explicit form of the v matrices transform via

A = U A Ut (1989)
and the Dirac adjoint is transformed via

P = A (1990)

These unitary transformations of the gamma operators keep matrix elements of
the form

/ d*r oyt Ay (1991)
invariant.
The chiral representation is found by performing the unitary transform

U:é(ﬁ II) (1992)

starting with the standard representation. In the chiral representation, the
matrices have the form

~O7 = (? ({ ) (1993)
and )
VO < _(S(i) UO(” > (1994)
The components of the wave function in the chiral representation 1)’ are denoted
as / oL
Y = (¢R/ ) (1995)
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The components ¢’ and ¢f are related to the components of 1 in the standard

representation via
Ly 1 A _ B
(o )= (0 5) (1996)

The chiral representation is particularly useful for the description of massless
spin one-half particles, such as might be the case for the neutrino. The neutrino
masses are extremely small. The masses have evaded direct experimental mea-
surement. However, direct measurements have set upper limits on the masses
which decrease with time'?2. In this case, with the limit m — 0, the Dirac
equation takes the form

’ <gt ’ CJ.V) ( o ) =0 (1997)

R/
(gt—ca-V> 0 ¢

Hence, the Dirac equation for a massless free particle reduces to two uncoupled

equations, each of which are equations proposed by Weyl!33
0
<({%—|—CO.V>¢R’:O (1998)
and 5
(w—ca.v>¢“:0 (1999)

The Weyl equation describes a spin one-half massless particle by a two com-
ponent spinor wave function. The Weyl equation violates parity invariance.
The Weyl equation was considered to be un-physical until the discovery of the
(anti-)neutrino'®* and the associated violation of parity invariance!®®. After the
parity violation of the weak interaction was established, the Weyl equation was
adopted to describe the neutrino'6.

Inexplicably nature seems to have selected the Weyl equation for ¢, but not
¢r to describing neutrinos. The solutions of the Weyl equation for free particles

0 Lo_
<atca.v>¢ =0 (2000)

1321, Langer and R. Moffat, Phys. Rev. 88, 689 (1952).
V. A. Lyubimov, F. G. Novikov, V. Z. Nozik, F. F. Tretyakov, and V. S. Kosik, Phys. Lett.
94B, 266 (1950).
A. 1. Belesev et al., Phys. Lett. 350, 263 (1995).

133H. Weyl, Zeit. fiir Physik, 56, 330 (1929).

134C. L. Cowan Jr., F. Reines, F. B. Harrison, H. W. Kruse and A. D. McGuire, Science
124, 103 (1956).
F. Reines and C. L. Cowan Jr., Phys. Rev. 113, 273 (1959).

1350, S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes and R. F. Hudson, Phys. Rev. 108,
1413 (1957).

136, D. Lee and C. N. Yang, Phys. Rev. 105, 1671 (1957).
A. Salam, Nuovo Cimento 5, 299 (1957).
L. Landau, Nuclear Phys. 3, 127 (1957).
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can be written as

(0) 1 j
L _ U (3
P e T
Since helicity is conserved, one can choose the direction of p as
quantization. The positive-energy solution is given by

oL — (;?) Q%(xp[— i(Et——pz)}

which has negative helicity and has energy given by

>t

E_=c¢p
The negative-energy solution is given by
1 1 i
L
ok = (O > Wexp{ ﬁ(Etfpz)
which has positive helicity and the energy is given by

Ey = —cp

(2001)

the axis of

(2002)

(2003)

(2004)

(2005)

This negative-energy solution will describe anti-particles. The Weyl equation for
¢ has a positive-energy solution with positive helicity, and a negative-energy
solution with negative helicity. Since only neutrinos with negative helicity are
observed in nature, only ¢ is needed. The anti-neutrinos have positive helicity

and are represented by ¢7.

A=+1 A=-1
R L =
¢ ¢ A=l Vv \%
N AN @ "\ P
—>
A Vv A Elementary Excitations
A=+1

Figure 61: The dispersion relations for ¢ and ¢®. The elementary excitations
are the negative-helicity neutrino v and a positive-helicity anti-neutrino 7.

The Neutrino

The neutrino was postulated by Pauli to balance energy and

momentum

conservation in beta decay. In beta decay, it had been observed that neutron
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decay products included a proton and an electron. However, it was observed
that the emitted electron had a continuous range of kinetic energies. Therefore,
another neutral particle must have been emitted in the decay. This particle was
termed the anti-neutrino, and the reaction can be written as

n—p+e + 7 (2006)

Conservation of angular momentum requires that the neutrino has a spin of %
Furthermore, since an energy of 1.2934 MeV is released in the transformation of
a neutron to a proton, and since sometime the decay processes produce electrons
which seem to take up all the released energy, the neutrino was suggested as
having zero mass. An upper limit on the neutrino’s mass of a few eV follows
from the Fermi-Kurie plot'37. The Fermi-Kurie plot of the electron energy
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Figure 62: The Fermi-Kurie plot of the energy distribution of the electrons
emitted in the beta decay of tritium, >H — 3He+ e~ 4+ .. The decay releases
18.1 keV. It is seen that the electrons produced in the decay process have a
non-zero probability for carrying off most of the released energy. Hence, one
concludes that the anti-neutrinos are almost massless. The dashed blue curve
is the curve expected if the neutrino had a mass of 3 keV.

distribution is based on the phase space available for the emission of the electron
and anti-neutrino'®®. The joint phase-space available for the electron of four-
momentum (E./c,p) and the anti-neutrino of four-momentum is (E,/c,q) is
proportional to the factor

0T = dpp / dq ¢ 6(E — E.(p) — E.(q))

c? c?

= anp) P50 [am, ) P 5 - £.) - B0)

1371, Langer and R. Moffat, Phys. Rev. 88, 689 (1952).
V. A. Lyubimov, F. G. Novikov, V. Z. Nozik, F. F. Tretyakov, and V. S. Kosik, Phys. Lett.
94B, 266 (1950).
A. 1. Belesev et al., Phys. Lett. 350, 263 (1995).
138F, Fermi, Zeit. fiir Physik, 88, 161 (1934).
F. N. D. Kurie, J. R. Richardson and H. C. Paxton, Phys. Rev. 48, 167 (1935).
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1
= — dE.(p)p Ec(p) vV E.(¢)> — m2 ¢* E,(q)
E,(¢)=E—E.(p)

= LB pEp) V(E - B0 - m2d (E - Edp))
(2007)

where, since the anti-neutrino’s trajectory is unobservable, its momentum is in-
tegrated over. This phase-space factor partially governs the energy distribution
of the emitted electrons. The second to last factor in the accessible volume
of phase-space contains the dependence on the anti-neutrino’s mass m, and it
is this factor which is high-lighted by the Fermi-Kurie plot. The plot is de-
signed to exhibit a linear energy variation until the line cuts the F-axis, if the
anti-neutrino is massless. On the other hand, if the anti-neutrino has a finite
mass, the line should curve over and cut the F-axis vertically. In this case, the
anti-neutrino mass would be determined by the difference between the linearly
extrapolated intercept and the actual intercept.

The process of beta decay does not conserve parity. The non-conservation
of parity was discovered in the experiments of C. S. Wu et al.'®?. In these
experiments, the spin of a °°Co nucleus was aligned with a magnetic field. The
spin S = 5k %°Co nucleus decayed into a spin S = 4h %° Ni nucleus by emitting
an electron and an anti-neutrino.

0Co — ONi + e + 7, (2008)

Since angular momentum is conserved, the spin of the electron and the anti-
neutrino initially must both be aligned with the field. In the experiment, the
angular distribution of the emitted electrons was observed. Because the helicity
of the electrons is conserved, the angular distribution of the electrons can be
used to prove that the electrons all have negative helicity, and hence it is inferred
that the anti-neutrinos should have positive helicity. Since helicity should be
reversed under the parity operation, and since only negative helicity electrons
are observed, the process is not invariant under parity. Hence, parity is not
conserved.

The electrons that are emitted in beta decay have negative helicities. If
the momentum of an emitted electron is given by (p, 0, ¢,), then its helicity

operator is
B cos 0, sin 0, exp[—ip,]
Ap = ( sin 6, exp[+ip,] —cos b, (2009)

The helicity operator has eigenstates x given by

Ap Xg, = £, (2010)

139C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes and R. F. Hudson, Phys. Rev. 108,
1413 (1957).
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which are determined as

T cos %” exp[—i %]
X0, sin 97” exp[+i %]
—sin? —i¥e
. - su; 7 exp| i ] (2011)
P cos & exp[+i 52

Since angular momentum is conserved and the emitted electrons only have neg-
ative helicity, the angular distribution of the emitted electrons is proportional to
the square of the overlap of the initial electron spin-up spinor with the negative
helicity spinors

0
= sin? 2

2

1

= 3 (1 — cosb,) (2012)

| X;gi_zoJr Xa_p |2

which is in exact agreement with the experimentally observed distribution. From
the distribution of emitted electrons one is led to expect that the anti-neutrino
has positive helicity.

The helicity of the neutrino was measured in an experiment performed by
Maurice Goldhaber et al.'4?. In the experiment, a '°2Eu nucleus with J = 0

140M. Goldhaber, I. Grodzins, A. W. Sunyar, Phys. Rev. 109, 1015 (1958).

Ve
S=h/2 ﬁ
i
S:h/ZA
Co
S=5h Ni
S=4h

Figure 63: The spin S = 5k of the C'o nucleus is aligned with the magnetic field.
The Co undergoes beta decay to Ni which has S = 4% by emitting an electron
e~ and an anti-neutrino 7.. The spin of the electron and the anti-neutrino
produced by the decay must initially be aligned with the magnetic field, due to
conservation of angular momentum.

351



0 02 04 06 08 1
o/n

Figure 64: The angular distribution of the emitted electron in the beta decay
experiment of Wu et al.

captures an electron from the K-shell and decays to the excited state of a °2.Sm
nucleus with angular momentum J = h and emits a neutrino.

B2Ru + e — P28m* + v, (2013)

The J = h excited state of Sm™* subsequently decays into the J = 0 ground
state of Sm by emitting a photon.

1528m* — 289m + 4 (2014)

Goldhaber et al. measured the photons with the full Doppler shift, from which
they were able to infer the direction of the recoil of the nucleus. The photons

N

O

u

Y Sm
COwams - =

Figure 65: A schematic depiction of the experiments of Goldhaber et al. which
determined the helicity of the neutrino.

were observed to be right-circularly polarized, which corresponds to having a
negative helicity. Therefore, the photon’s spin was parallel to the momentum of
the emitted neutrino. Since the ground state of Sm has zero angular momentum,
the excited state of the Sm* nucleus must have had its angular momentum
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oriented along the direction of motion of the emitted neutrino. Since the sum of
the angular momentum of the excited state (J = %) and the emitted neutrino
must equal the spin of the captured electron %, the neutrino must have its spin
oriented anti-parallel to the angular momentum of the Sm™* nucleus. Hence, the
neutrino has negative helicity.

12.15 Classical Dirac Field Theory
The Dirac Lagrangian density is given by

£=¢T<ihcv”(8u+z‘cqh/1ﬂ)—mc2>¢ (2015)

which, since T and v are independent, the momentum conjugate to 1 is

1 ac

¢ 0(0ot))

= ih ET ~(©

= ihyt (2016)

I =

The momentum conjugate to ¥ vanishes

1 oL
o - =
T = 3@
=0 (2017)

The Lagrangian equation of motion is found from the variational principle which
states that the action is extremal with respect to 1 and ¢!. The condition that
the action is extremal with respect to variations in 1T leads to the Dirac equation

ihv“(8u+i£z4ﬂ)w:mcw (2018)

after the resulting equation has been multiplied by a factor of v(9). On making
a variation of the action with respect to 1, one finds the Hermitean conjugate
equation
—ihc(aﬂ—i%A#)ﬂfy”—mCQJT:0 (2019)
c

That this is the Hermitean conjugate of the Dirac equation can be shown by
taking its Hermitean conjugate, which results in

ihc'y’”'y(o)((’?“+2'£Au)w—m02v(o)w:O (2020)

The above equation can be reduced to the conventional form by multiplying by
7 and by using the identities

>

) 40 =

O = ,m (2021)

~©

(0) VM v

gl
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Hence, the equation found by varying 1 is just the Hermitean conjugate of the
Dirac equation

ihy" (0, + il%xﬁi)w = mc (2022)
C

Furthermore, it is surmised that the starting Lagrangian is appropriate to de-
scribe the Dirac field theory.

The Hamiltonian density H is determined from the Lagrangian by the usual
Legendre transformation process
H = clldgy + cIIt g " — L
= iheypl Oy — L
= ihc@T’y(O) Oy — L
= —ihed Y (¥ —i LAY+ (me? 4+ gy A0 )y
(2023)
where the relation between the covariant components of the vector potential to
the contravariant components A = — A has been used in the last line.
The result is identifiable with the Hamiltonian density that appears in the usual

expression for the quantum mechanical expectation value for the energy for the
Dirac electron.

The set of conserved quantities can be obtained from Noether’s theorem.
The momentum-energy tensor T*, is given by
oL oL

™, = —— 0 + ——— 0t — 04, L 2024

5(0.0) D@ (2024

which is evaluated as

Th, = ihcd A" — oM, L

= ithTv”&ﬂ/} + o4, | — ihciTv”(ap +i£Ap)1/J +mc2ETz/J

Hence, one finds the energy density 79 is given by
T% = —ihed 7 (Y —itA)p+ 8 (mc +qy®a)y
= —ihevla (¥ —i L A)y + ot (Bme + qA®)
(2026)

which is the Hamiltonian density H. On integrating over all space, one sees
that the energy of the Dirac Field is equal to the expectation value of the Dirac
Hamiltonian operator

/‘sz% 2./1F£¢Tﬁ%ﬁ (2027)
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Likewise, (¢ times) the momentum density 7°; is found from
o
T = ihey 9 a5
= ihecyl 9
= colpj o (2028)

where the partial derivative has been identified with the covariant momentum
operator. Hence, the contravariant component of the momentum is given by

; 0
T = —ihcyl =
thcy £ WP

= ¢l p?) o (2029)

where the usual (contravariant) momentum operator is defined as

; 0
pU) = — i h — 2030
b ih o (2030)
Therefore, the j-th component of the momentum is given by
. 1 . .
P = = / Br 7% = / Bryt p) (2031)
c

which is equal to the expectation value of the momentum operator.

One can also determine the conserved Noether charges by noting that the
Lagrangian is invariant under a global gauge transformation

v =y

exp{—&-z’ap}z/}

*

P* - exp{ - icp} ) (2032)

where ¢ is a constant real number. The infinitesimal global gauge transforma-
tion produces a variation in the (independent) fields

b = +idp
St = —idp (2033)

Since the Lagrangian is invariant under the transformation, then
oL =0 (2034)
so we have

0 0L

_ @i) 5 + (;f) St + <a(gfw)> 5(0,0) + <5)(§f¢*)> 5(0,u1")
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After substituting the Euler-Lagrange equations for the derivatives w.r.t. the
fields ¢ and ¢*, the variation is expressed as

o (55g) o (i) ]

For an arbitrary gauge transformation through the fixed infinitesimal angle dy,
this condition becomes

Hence, one finds that there is a current j# which satisfies the continuity equation
. 3" =0 (2038)
where (apart from the infinitesimal constant of proportionality) the current is

siven by ) ) oL oL .
i s | (awm) v <a<w>) | (2039)

For the Dirac Lagrangian, the second term is identically zero and the first term
is non-zero. Hence, on adopting a conventional normalization, the conserved
current is identified as

= e (2040)
This is the same expression for the conserved current that was previously derived
for the one-electron Dirac equation. Hence, the one-particle Dirac equation
yields the same expectation values and obeys the same conservation laws as the
(classical) Dirac field theory.

12.15.1 Chiral Gauge Symmetry

In the limit of zero mass, the Dirac Lagrangian takes the form
L= ihcy A0, (2041)
Starting with the standard representation and making the unitary transform

U = % (§ ;I) (2042)

one finds that in the chiral representation the Dirac Lagrangian reduces to
L =ihec (W ot 9, o% + ¢'R ol 9, o ) (2043)

where ¢” and ¢® are two-component Dirac spinors and the two sets of quantities
ot and 6" are expressed in terms of the Pauli matrices as

O—Z - (Jovfg)
o = (0%, ) (2044)



The difference between o and ok, reflect the different chirality of ¢* and ¢”. In
the absence of the mass term, the Dirac Lagrangian possesses two independent
scalar gauge transformations. These transformations corresponds to the global
gauge transformations

ot — oM = " exp[ieL]
ot — of = oF exp {i@R} (2045)

where 07, and 0 are independent angles. The Lagrangian has a U(1) x U(1)
gauge symmetry. The presence of a mass term would couple the two fields and
reduce the gauge transformation to one in which p = 6.

In the chiral representation, the Hermitean matrix defined by

A = 40 41 4(2) 46) (2046)

takes the form
-1 0
A® = ( P ) (2047)

The general gauge transformations for the massless fermion can be expressed as
the product of two independent transformations

P — ) = exp[i <6L;FQR> f] exp[z' <0R29L> 7(4)} ¥ (2048)

where ¢ is a four-components spinor

b = ( jﬁ ) (2049)

The first factor represents the usual global gauge transformation for the Dirac
Lagrangian with finite mass. This transformation yields the usual conserved
four-vector current ji; defined by

, —t
Jy = et (2050)

The second factor is specific to the Dirac Lagrangian with zero mass. It is
called the chiral transformation or axial U(1) transformation. Using the anti-
commutation relation

{yW, v} =0 (2051)

one can show that the exponential factor in the chiral gauge transformation has
the property that

" exp |:Z (GR;HL> 7(4) :| = eXp|: — 3 (91%2_9[’> 7(4) :| A (2052)
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This property can be used to show that the Lagrangian is invariant under the
chiral transformation because

@T/ ,yp, au ,(/)/

2 2

= IOy 5,9
= @T ’Yﬂ au P

which involves two commutations. Since the massless Dirac Lagrangian is invari-
ant under the chiral transformation, Noether’s theorem shows that the current

o= e Wy (2054)

is conserved. This conserved current transforms like a vector under proper
orthochronous Lorentz transformations but does not transform as a vector under
improper orthochronous transformations. Therefore, the current is an axial

current. The conserved axial density jff) is given by

jgo) _ @T ~©) @) 4
= 9ty
— ¢t E of + TR R (2055)

which is the difference between the number of particles with positive helicity
and the number of particles with negative helicity.

In the presence of a mass m, the Dirac Lagrangian in the chiral representation
is

L = ihc<¢TLog8H¢L +¢TRU§8M¢R) — m c? (¢TL¢R+¢TR¢L>
(2056)

and one finds that the axial current is not conserved because the mass term is
not invariant and acts like a current source

0u ity = i IO AWy (2057)
To summarize, just like the Proca equation yields a zero mass for the photon
if one imposes U(1) gauge invariance on the electromagnetic field'4!, the neu-
trino must have zero mass if one imposes a global U(1) chiral gauge invariance.
Furthermore, the existence of conservation of chirality for the massless neutrino
implies that the weak interaction must involve a coupling proportional to a fac-
tor of either (I +~®) or (I —~®).

M1Schwinger has noted that the condition of gauge invariance does not necessarily result
in the photon being massless. He argued that if the electromagnetic coupling strength were
larger, the photon could have finite mass. [J. Schwinger, “Gauge Invariance and Mass”,
Physical Review, 125, 397 (1962).]
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Exercise:

By considering an infinitesimal chiral gauge transformation on the Lagrangian
for massive Dirac particles, determine 0L and show that this leads to the axial
current j not being conserved.

12.16 Hole Theory

The negative-energy solutions of the Dirac equation lead to the conclusion that
one-particle quantum mechanics is an inadequate description of nature. In clas-
sical mechanics, the dispersion relation for a free particle is found to be given
by

m2 ¢t + p? ¢? (2058)

The negative-energy states found in classical mechanics can be safely ignored.
The rational for ignoring the negative-energy states in classical mechanics is
that, the dynamics is governed by a set of differential equations which result
in the classical variables changing in a continuous fashion. Since the particle’s
energy can only change in a continuous fashion, there is no mechanism which al-
lows it to connect with the negative branch of the dispersion relation. However,
in quantum mechanics, particles can make discontinuous transitions between
different energy levels, by emitting photons. Hence, if one has a single electron
in a positive-energy state where E > m c?, this state would be unstable to
the electron making a transition to a negative-energy state which occurs with
the simultaneous emission of photons which carry away an energy greater than
2 m 2. The transition rate for such process is quite large, therefore, one might
conclude that positive-energy particles should not exist in nature. Furthermore,
if one does have particles in the negative-energy branch, they might be able to
further lower their energies by multiple photon emission processes. Hence, the
states of negative-energy particles with finite momenta could be unstable to
states in which the momentum has an infinite value.

Dirac noted that if the negative-energy states were all filled, then the Pauli
exclusion principle would prevent the decay of positive-energy particles into
the negative-energy states. Furthermore, in the absence of any positive-energy
particles, the Pauli exclusion principle would cause the set of particles in the
negative-energy state to be completely inert. In this picture, the filled sea
of negative-energy states would represent the physical vacuum, and would be
unobservable in experiments. For example, if charge is measured, it is the
non-uniform part of the charge distribution that is measured, but the infinite
number of particles in the negative-energy states do produce a uniform charge
density. Likewise, when energies are measured, the energy is usually measured
with respect to some reference level. For the case of a vacuum in which all
the negative-energy states are filled with electrons, the measured energies cor-
respond to energy differences and so the infinite negative energy of the vacuum
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Figure 66: A cartoon depicting the vacuum for Dirac’s Hole Theory, in which
the negative-energy states are filled and the positive-energy states are empty.

should cancel. Therefore, Dirac postulated that the vacuum consists of the
state in which all the negative-energy states are all filled with electrons'4?. Fur-
thermore, physical states correspond to the states were a relatively few of the
positive-energy states are filled with electrons and a few negative states are un-
occupied. In this case, the electrons in the positive-energy states are identified
with observable electrons, and the unfilled states or holes in the distribution of
negative-energy states are also observable. These holes are known as positrons
and are the anti-particles of the electrons. The properties of a positron are
found by computing the difference between the property for a state with an
absent negative-energy electron and the property of the vacuum state.

We shall assume that the vacuum contains of N electrons which completely
fill all the N negative states and, for simplicity of discussion, the effect of cou-
pling to the electromagnetic field can be ignored. Then the charge of a positron
gp is the difference between the charge of the vacuum with one missing electron,
and the charge of the vacuum

@p = (N —1)g — Ng. (2059)

Therefore, one finds that the positron has the opposite charge to that of an
electron

b = — e (2060)

142p_ A. M. Dirac, Proc. Roy. Soc. A 126, 360 (1930).
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Hence, the positron has a positive charge. Likewise, the energy of the vacuum
in which all the electrons occupy all the negative-energy states is denoted by
Ep. The positron energy will be denoted as E,(p_). The positron corresponds
all states with negative energy being filled except for the state with the energy

Ec(p,) = — m?ct + pZct (2061)

which is unfilled. The positron energy is defined as the energy difference

Bip) = (B0 - B ) - B
= — Ecp,)

= ym2ct + pZct (2062)

Therefore, the positron corresponds to a particle with a positive energy. From
this it is seen that the rest mass energy of the positron is identical to the
rest mass energy of the electron. If the vacuum corresponds to a state with
momentum P, and if the negative-energy state with momentum p, s unfilled,
then the momentum of the positron would be given by P, where

Bp = (Pope>P0

= —p (2063)

—€

Hence, the momentum of the positron is the negative of the momentum of the
missing electron

Sp
Likewise, the spin of the positron is opposite to the spin of the missing electron,
etc. The velocity of an electron is defined as the group velocity of a wave packet
of momentum P, Hence, one finds the velocity of the negative energy-electron
from )

= P — Ee
v, op (p)

—€

2
C
= - Le (2065)

/m2 ¢t + P2 c2

while the velocity of the positron is given by
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Table 18: The relation between properties of Negative Energy Electron and
Positron States.

Particle || Charge | Energy | Momentum | Spin | Helicity | Velocity

Electron || — |e| | — | E| +p +Lo] o.p v
Positron || + |e| | + | E | -p ~L5| a.p v
2
= — Bec
m? ¢t + p? ¢
= 2 (2066)

Therefore, the positron and the negative-energy electron states have the same
velocities.

Hole theory provides a simple description of the relation between a negative-
energy state and anti-particle states. Mathematically, this relation is expressed
in terms of the charge conjugation transformation. A unique signature of the
hole theory is that a positive-energy electron can make a transition to an unfilled
negative-energy state emitting radiation, which corresponds to the process in
which a electron-positron pair annihilates'*?

e+e — 27 (2067)

In this process, it is necessary that the excess energy be carried off by two
photons if the energy-momentum conservation laws are to be satisfied. Likewise,
by supplying an energy greater than a threshold energy of 2 m c?, it should be
possible to promote an electron from a negative-energy state, thereby creating
an electron-positron pair. Since it is unlikely that more than one photon can
be absorbed simultaneously, electron-positron pair creation only occurs in the
vicinity of a charged nucleus which can carry off any excess momentum.

vy e+ e (2068)

The positively charged electron, predicted by Dirac, was found experimentally

143p_A. M. Dirac, Proc. Camb. Phil. Soc. 26, 361 (1930).

362



Unoccupied Positive Energy States
l -
“o
E or
~~
L
-1 F
oL Occupied Negative Energy States

Figure 67: A cartoon depicting electron-positron production in Dirac’s Hole
Theory. In this case, an incident vy-ray produces an electron-hole pair. The
process is restricted to occur in the vicinity of heavy particles that can act as a
momentum sinks.

by Anderson'** and the electron-positron creation'*® and annihilation pro-

cesses'*® were observed shortly afterwards.

Dirac commented™7 that in scattering processes involving low-energy elec-
trons, such as Thomson scattering, it is essential that negative-energy states
appear as virtual states, if one is to recover the correct scattering cross-section
in the non-relativistic limit. The involvement of negative-energy states in the
scattering of light is a consequence that, in the standard representation, the
lower two-component spinor in the Dirac wave function for a free (positive-
energy) electron vanishes in the low energy limit, and also because the coupling

144C. D. Anderson, Phys. Rev. 43, 491 (1933). Anderson observed the curved trajectories
of the charged particles in a cloud chamber in the presence of a magnetic field. Anderson
inferred the charge of the particles from their direction of motion. The insertion of a lead
plate in a cloud chamber caused the particles to lose energy on one side of the plate which
was observed as a change in the radius of curvature of the particle’s track. Therefore, the
examination of the radius of curvature of the track on both sides of the plate allowed the
direction of motion to be established.

5P M. S. Blackett and G. P. S. Occhialini, Proc. Roy. Soc. A 139, 688 (1933). These
authors were the first who correctly identified the positively charged particle as the anti-
particle of the electron, in full accord with the predictions of Dirac’s hole theory.

146 3. Thibaud, Phys. Rev, 35, 78 (1934).

7P, A. M. Dirac, Proc. Roy. Soc. A126, 360 (1930).
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to the radiation field is produced by ~(®) v - A. The interaction operator can
be expressed as

g 0

fffmez—qoz.AZ—q<O U)A (2069)

which only connects the upper and lower two-component spinors of the initial
and final states ,, and v,,. Hence, as light scattering processes are at least of
second-order in A, the intermediate state v,» must involve a negative-energy
electron state. Since the Pauli exclusion principle forbids the occupation of
the filled negative-energy states, hole theory ascribes the intermediate states
as involving virtual electron-positron creation and annihilation processes. This
shows that, even for processes which appear to involve a single electron in the
initial and final states, one must abandon single-particle quantum mechanics
and adopt a multi-particle description. Therefore, a purely single-particle de-
scription is inadequate and one must consider a many-particle description such
as quantum field theory.

12.16.1 Compton Scattering

We shall consider Thomson scattering of light by free electrons. In this process,
light is scattered from the initial state (k,«) to the final state (k,«) and the
(positive-energy) electron makes a transition from the initial state (¢, o) to its
final (positive-energy) state (¢’,0’). The Thomson scattering cross-section of
light is given by the expression

do V wy 2
(ko/) - <2 T T“LCQ) | M (2070)

where the matrix element M are determined from

< ¢ K, | Hme | ¢" > < ¢ | Hi| ¢, ka0 >
M= Y ¢ ko [ Hin | ¢ q" | Hintl ¢,k

q//

< glvklval | IA{Int |Q”aEaa7E/70/ > < g//7kaaak/aa/ | ant |gaE7O‘ >
(Eg — Eq// — hwﬁf)

+

(2071)

and where ¢ indicates all the quantum numbers of a positive-energy free electron
state. The sum over ¢” represents a sum over all possible intermediate states
of the electron, no matter whether they are positive or negative-energy states.
The matrix element M is composed of a coherent superposition of matrix el-
ements for virtual processes which represent the absorption of a photon (k, «)
followed by the subsequent emission of a photon (k’,a’) and the process where
the emission of light precedes the absorption process.
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Figure 68: Processes involving negative electron states ¢” which contribute to
Compton scattering.

Since the basis set is composed of momentum eigenstates, the evaluation
of the spatial integration in the matrix elements of the interaction results in
the condition of conservation of momentum. Hence, for the process where the
photon (&, «) is absorbed before the emission of the photon (k’, '), the momenta
are restricted by

q
"=k + 4 (2072)

which leads to the identification of the momentum of the intermediate and final
states as

1

¢ =q+ k-

EOQuEN

(2073)

In the second process, where the emission process precedes the absorption, con-
servation of momentum yields

k+q=k+ kK +¢
E + E/ 4 g// — E/ + Q, (2074)
which yields
7// =g - )4
¢ =qg+k-—F (2075)

The limit in which the initial electron is at rest ¢ = 0 shall be considered. The
momenta of the incident and scattered photon will be assumed sufficiently low
so that the momentum of the electron in the intermediate state can be neglected
since ¢ ~ 0. That is, the Compton scattering process will be consider in the
limit & — 0 and k" — 0.
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If the initial (positive-energy) electron is stationary and has spin o, its wave
function can be represented by the Dirac spinor

Yog(r) = % ()6” ) (2076)

Because the interaction Hamiltonian has the form of an off-diagonal 2 x 2 block
matrix

A~ __g O Q
Hi = — - (J 0 ) A (2077)

the only non-zero matrix elements are those which connect the upper two-
component spinor to the lower two-component spinor of the virtual state. Also,
momentum conservation requires that the virtual state also be one of almost
zero momentum. Hence, the electron in the virtual state must have the form of
a negative-energy eigenstate

1
vy ~ = (,0) (2078)

since the contribution from a positive-energy state with small momentum is
negligibly small. Therefore, the electronic part of the matrix elements involving
the initial electron simply reduce to the expression

< Yorgr | Hint | og > = |e| xbiaxo - A (2079)

Likewise, the matrix elements which involve the final (positive energy) electron
are evaluated as

< 1/%;/@ | I;[Int | dja”,g” > = ‘ € | Xj;’ g Xo' - A (2080)

From these one finds that, to second-order, the matrix elements that appear in
the transition rate are given by

o 2mhe (Xbr @ - (k) Xor ) (Xb & - €alk) Xo )
V\/W o’ Eg - Eg” + hWE

(XL o ealk) Xor ) (Xb0 0 €ar(K) X0 )
E’]g — Eq// — hwE/

M =

+

e? 27 h c? t , t
2m ) \V opop Do | (X g ear®) Xor ) (Xon 2 - €alk) Xo )

+ (xb @ €alk) xor ) (xbo o - ear(K) X0 ) ] (2081)
where one has set
E, — By =~ 2m ¢ (2082)
On using the completeness relation for the two-component Dirac spinors
> Xor Xbw =1 (2083)

o’
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the matrix elements are evaluated as

W~ () (Fommas ) o [ (2 all) (2w )) + (el (220) |
B (2084)

The products in the above expression can be evaluated with the aid of the Pauli
identity. The result is

(g.éalk)) (g éa(E)) = (éalk) éa(K)) +ig. (éalk) Aéa(k)) (2085)

Therefore, after combining both terms and noting that the pair of vector product
terms cancel since the vector product is antisymmetric under the interchange
k < k', one finds that the matrix elements reduce to

e2 271 hc?
M =~ Tl 2e,(k) . o (k' -
(2mc2> (WW) o [ ol B [ x
2 2 A 2
M =~ c TR ) 6,0 2 ealk) . e (k) (2086)
2m 2 V. /Tk W ’

Hence the matrix elements are diagonal in the spin indices. The above matrix
elements are identical to the matrix elements that occur in the non-relativistic
quantum theory of Thomson scattering. On substituting this result into eqn(2070),
one recovers the non-relativistic expression for the differential scattering cross-

section
do Wi 2 \2 )
(ko/) = e <wk) (m 02> | éalk) - éw (&) I
2

2
G0 <w’“) ( ¢ 2) cos? © (2087)
L(JE m cC

c0sO = éq(k) . e (k) (2088)

is the angle subtended by the initial and final polarization vectors. Hence, one
concludes that the negative-energy states do play an important role in light
scattering processes which involve low-energy electrons. The result, although
correct, does need re-interpretation, since the states of negative energy are as-
sumed to be filled with electrons in the vacuum and, therefore, the electron is
forbidden to occupy these levels in the intermediate states.

%

where

Electron-Positron Interpretation

The first contribution to the matrix elements, which was described above,
has to be re-interpreted as representing a process in which an electron that
initially occupies the negative-energy state ¢ makes a transition to the positive-
energy state ¢’ while emitting the photon (k’, o). This transition is subsequently
followed by the positive-energy electron q absorbing the photon (k, o) and falling
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Figure 69: Processes involving positrons which contribute to Compton scatter-
ing.

into the empty negative-energy state. In this process, the negative-energy states
are completely occupied in the initial and final state, and the energy of the initial
and final states are conserved. By re-ordering the factors in the matrix elements
and noting that since

Eg + ﬁwE = Eg/ + FLUJE' (2089)

the contribution to the matrix element of these two descriptions are identical
(apart from an over all negative sign).

The second contribution to the matrix elements can be viewed as originating
from an electron which initially occupies a negative-energy state ¢” that absorbs
the photon (k, o) and makes a transition to the positive-energy state ¢’. This
is followed by the electron in the positive-energy state ¢ emitting the photon
(k',a’) and then falling into the empty negative-energy state ¢”. Again, on
re-ordering the matrix elements and noting that ;

E, — hwy = By — huwy (2090)

one finds an identical expression (and the multiplicative factor of minus one).
Hence, Dirac hole-theory does lead to the correct classical result.

The above description is quite cumbersome, but can be made more concise by
adopting an anti-particle description of the unoccupied negative-energy states.
The first contribution to M first involves the creation of a virtual electron-
positron pair with the emission of the photon (k’,a’). The electron which has
just been created in the momentum eigenstate (¢’,0’) remains unchanged in
the final state. Subsequently, the positron annihilates with the initial electron
(¢, o) while absorbing the photon (k,«). Since the intermediate state is a vir-
tual state, energy does not have to be conserved. The second contribution to M
involves the creation of a virtual electron-positron pair with the absorption of
the photon (k, ). The created electron (¢',0’) remains in the final state while
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the positron subsequently annihilates with the initial electron (¢,0) and emits
the photon (k’,a’). This process is also a virtual process if the energy of the

incident light 7 wy, is less than 2 m c2.

The perturbative expression for the Compton scattering cross-section can
be evaluated exactly, without recourse to non-relativistic approximations. The
exact result is

do N CA N (P (2091)
— | = —-ro | — — — - cos
dQ 4 °“\w w! w
where © is the angle between the polarization vectors. This result was first
derived by Klein and Nishina!4® in 1928.

12.16.2 Charge Conjugation

Charge conjugation is the operation of replacing matter by anti-matter, so that,
for example, electrons will be replaced by positrons and vice versa. The opera-
tion of charge conjugation consists of first taking the complex conjugate of the
Dirac equation

{7“(ih8u—iz4u)—mc}w=0 (2092)

which describes a particle with charge q. We shall also assume that 1 describes
a positive-energy solution. Complex conjugation yields the equation

{v“*(—ihau—ifl;)—mc}w*zo (2093)

The complex conjugate of a positive-energy solution ¢* has a time-dependent
phase that identifies it with a negative-energy solution. The vector potential
A, is real. In the standard representation 7(*), v() and (%) are real, whereas
7 is imaginary and, therefore, satisfies

L) (2094)

We shall multiply the complex conjugate of the Dirac equation by v and anti-
commute v with the real 4** and commute ¥® with the v(®* matrix. This
procedure changes the sign in front of the term originating from the differential
momentum operator w.r.t. the sign of the mass term. This procedure yields

7(2) {'y“*(—ihau — %Au) — mc}w* = 0

{WM(ihaﬂ—l—un)—mc]v(Q)w* = 0 (2095)
C

1480, Klein and Y. Nishina, Zeit. fiir Physik, 52, 843 (1928).
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Hence, one sees that v(2)1)* describes a Dirac particle with mass m and a charge
of — ¢ moving in the presence of a vector potential A*. The fact that the opera-
tion of charge conjugation (in any representation) involves complex conjugation
is related to gauge invariance. Charge conjugation is a new type of symmetry for
particles that have complex wave functions which relates particles to particles
with opposite charges. The charge conjugate field ¢ is defined as

V¢ = Cy* (2096)

which is the result of the complex conjugation followed by the action of a linear
operator C. The joint operation can be represented as an anti-unitary operator.
The charge conjugation operator C is defined as the unitary and Hermitean
operator

C = —iy® (2097)
The charge conjugation operator is Hermitean as
Cf = 4+iy@t = 4@ = ¢ (2098)
and it is unitary since
Cte = —4@ @ = ] (2099)

where the anti-commutation relations of the v matrices have been used. It was
through this type of logic that Kramers'4® discovered the form of the charge
conjugation transformation which turns a particle into an anti-particle.

The expectation values of an operator Aina general charge conjugated state
¢ are related to the expectation values in a general state ¢ via

*

<wC|A|wC>=—<<w|w<2>fi*v<2>|w>) (2100)
This can be shown in the position representation, by writing

/ Br ) Aver) = / Br i) 61 A ¢ (o)

( / &Br pi(r) T A% C* (r) ) (2101)

*

where we have used the identity z = (2*)* in the second line. However, since C

is real, one finds

( / d'r 41 (r) € A C () )

— ( / &’r f(r) 7 A" 7@ (r) )
(2102)

/ B e (r) A ve(r)

149H. A. Kramers, Proc. Amst. Akad. Sci. 40, 814 (1937).
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This shows the relation between expectation values of a general operator A in
a state ¥(r) and its charge conjugated state ¢°(r).

We shall examine the effect of charge conjugation on the plane wave solutions
of the Dirac equation. The plane-wave solutions can be written as

(E + mCQ) ( % ) |: . :|
k() =\ —r—=-~ cho. ex — ikt 2103
Vo k(T) SEV chg ko P p | (2103)

The charge conjugate wave function is given by
orx(®) = C o)

E 2 A *
- —( erC)C’(ch*X.Uk " )eXP{ﬁLiku“’C/t}
E

2EV Frme Xo
(2104)
where
G = —iq®
0 —ic(?
o ic® 0
0 0 0 -1
0 01 0
= 0 1.0 0 (2105)
-1 0 0 O

2 cha" .k _«
wg@(x):i&@) W<_E+562xa>exp[+ik#xﬂj|
(2106)
which has the form of a plane-wave solution with negative energy £ — — E,
and momentum i k — — h k. Furthermore, the spin of the charge conjugated
wave function has been reversed'®® ¢ — — g, since when i @ acts on the
complex conjugated positive-eigenvalue eigenstate of the spin projected on an

arbitrary direction

0 -
X cos 5 exp[+iZ]
X+o(0,0)" = ( L F 3 (2107)
sin g exp[—i¥]
150Note that the helicity is invariant under the joint transformation
g — —a
k= -
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it turns it into the negative-eigenvalue eigenstate

0

_ [ —sing exp[—i¥]
X—O’(va) - ( COS% eXp[*“Z%] (2108)

That is, up to an arbitrary phase factor, the lower two-component spinor is
given by
i 0® X4o(0,0)" = x—0(0:9) (2109)

Likewise, it can be shown that the upper two-component spinor is proportional
to

io® (o k) xiol0,0) = -

) X—o (0, ) (2110)

The end result is that the charge conjugated single-particle wave function has
the form

E 2y [ _ehle. (k)

(2111)
The properties described above are the properties of a state of a relativistic free
particle with a negative energy eigenvalue — E, momentum — A k and spin — g.
The absence of an electron in the charge conjugated state describes a positron,
with positive energy F, momentum A k and spin o.

More generally, even when an electromagnetic field is present, the charge
conjugated wave function of a positive-energy particle corresponds to the wave
function of a state with reversed energy ¥ — — E| reversed spin g — — g
and reversed charge ¢ — — ¢. Therefore, the charge conjugated state corre-
sponds to the (negative-energy) state which when unoccupied is described as an
anti-particle.

Exercise:

Consider massless Dirac particles, m — 0. (i) Show that the energy-helicity
eigenstates coincide with the eigenstates of ). (ii) Hence, show that the oper-
ators % ( I+ A4 ) project onto helicity eigenstates. These projection operators
relate the four-component Dirac spinors onto the independent two-component
Weyl spinors ¢¥ and ¢%. (iii) Show that charge conjugation transforms ¢ into

™.

Exercise:
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Prove the completeness relation for the set of solutions for the Dirac equation
for a free particle

5 (@(m balt), + G510 ¢z<r'>p) — 1) by, (2112)

[0}

where A and p denote the components of the Dirac spinor!®!.

13 Local and Global Gauge Symmetries

Global transformations are defined to be transformations which are the same
at every point in space-time, whereas local transformations vary from point to
point. Global symmetries, such as invariance under rotation, spatial translation,
and time translations, lead to laws of physics such as conservation of angular
momentum, linear momentum and energy. Local transformations do not lead
to new physical laws, but do lead to constraints on the form of the interactions.

A familiar example of a local transformation is the gauge transformation
in Quantum Electrodynamics. The Lagrangian density for Quantum Electro-
dynamics Loep given by the sum of the field-free electrodynamic Lagrangian
density and the Dirac Lagrangian density

1 , —t A
Loep = —mF“’ F., + cv (’y“(p# — %Au)_ mc>w (2113)

The role of the source term for the electromagnetic field is played by the term
in the Dirac Lagrangian which represents the coupling to the vector potential.
The expression for the QED action

Soep = /dSU4 LoED (2114)

is invariant under an infinite number of infinitesimal gauge transformations with
the form

Ay — A=A, + 9, A
b - ¢'=w—(’q)Aw
hc

Pl = gl = ¢l + <;i) Ayl (2115)

151 Frequently, the relativistic free electron states are given a manifestly covariant normaliza-
tion, in order to facilitate covariant perturbation theory. The use of different normalization
conventions results in changes the form of the completeness relation.
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Applying Noether’s theorem to the action yields an infinite number of continuous
currents, which, up to a multiplicative factor, are given by

i = () - (a@w) (o) 2o e
which satisfy the continuity conditions
O, jxn =0 (2117)
The currents are identified as
= i FU¥ 9, A + q 9 7Y A (2118)

On substituting the Euler-Lagrange equation for the electromagnetic field
4 _
0 P = "L e 4y (2119)
c

into the second term of the four-vector current density, one finds that the con-
tinuous current has the form

1
v = —_— 114
K= = o (F A) (2120)

The conserved charge (Q can be defined as a volume integral of the temporal
component of the four-vector current density

1
Qr = - /d?’tj/(\o)(f)

C
_ 1 3 1,0
= 47rc/draﬂ(F A)
_ 1 3
- MC/dzE(ﬂA) (2121)

For a global transformation for which A is constant over all space-time, one can
write

Queemer. = 1oy [P (T E) (2122)
4me
On using Gauss’s law
V.E=4np (2123)
one finds that global gauge invariance ensures conservation of electrical charge
QA:const. = % /d3£ P(i) (2124)

However, for any of the infinite number of spatially varying A which vanish on

the boundaries
Qn = / rV.(EA)

H>1

d*S . E A

Il
C>>4>

(2125)



Hence, although local transformations lead to an infinite number of symmetries
and an infinite number of continuous currents, all the conserved charges are
zero. Thus, local gauge invariance does not leads to new conserved quantities.
It does, however, constrain the form of the interactions.

14 The Many-Particle Dirac Field

14.1 The Algebra of Fermion Operators

Second quantization of fermions amounts to adopting an occupation number
representation. Therefore, we shall examine No. accounting for fermions'®2.

Fermion operators satisfy anti-commutation relations. The anti-commutator
of two operators A and B is defined as

{A, B}, = AB + BA (2126)

The fermion creation and annihilation operators, éjx and ¢,, satisfy the anti-
commutation relations

{ éL ) é% }+ =

(o ia}s = 0 (2127)
and

{é:& ) éﬁ }+ = 5&,,3 (2128)

where the quantum numbers « and 3 describe a complete set of single-particle
states.

The anti-commutation relation
el = —él el (2129)

is merely a re-statement of the anti-symmetric nature of a fermionic many-
particle wave function under the permutation of a pair of particles, as is the
Hermitean conjugate relation

bo by = — i3 ta (2130)

The number operator 1, is defined as

fa = ¢ ¢4 (2131)

152p, Jordan and E. Wigner, Zeit. fiir Physik, 47, 631 (1928).
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The choice of anti-commutation relations results in the eigenvalues of the num-
ber operator to be restricted to either n, = 1 or n, = 0. This can be seen by
examining the identity

N T = Ty (2132)
which follows from
o fo = El, Ea €l Ca
= &l ey — &l el ey i

& e + 2,

Ca Co (2133)

where we have used the anti-commutation relation for the creation and annihila-
tion operator to obtain the second line and used the anti-commutation relation
for two annihilation operators to obtain the last line. On comparing the second
and third lines, one recognizes that

el el éqéq =0 (2134)
Hence, we have
flo Mo = € ¢C
a o a Ca
= (2135)
Thus, the eigenstates of the number operator satisfy the equation

o ooy | New > = g | Na >
n2 [ ne > = ng|ne > (2136)

Therefore, for there to be non-trivial eigenstates the eigenvalues must satisfy
the equation
No (Ng — 1) =0 (2137)

which only has the solutions n, = 0 and n, = 1. Thus the choice of anti-
commutation relations for the creation and annihilation operators results in
the Pauli exclusion principle. The Pauli exclusion principle states that a non-
degenerate quantum state can not be occupied by more than one fermion.

The number operator satisfies the commutation relations

[
[

as can be seen by using the fermion anti-commutation relations. The hierarchy
of eigenstates of the number operator can be found from the action of the
creation operator. In particular, one can define the eigenstate of the annihilation
operator with eigenvalue zero by

a s Cﬁ 5(,(7;3 éTB
as €a] = —dapés (2138)

>

>

ba |0 >=0 (2139)
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The state | 0 > is also an eigenstate of the number operator with eigenvalue
Zero since

éléa |0 >
0 (2140)

g | 0 >

A general eigenstate of the number operator with eigenvalue n,, can be expressed
as

ity
Ine >= o)l g 5 (2141)
Ne!

as can be seen by using the commutation relation
[, (h )" ] = na (el ) (2142)

If this operator equation acts on the state where the quantum state « is unoc-
cupied | 0 >, and using the condition

Mo |0 >= 0 (2143)
one finds the state of equation(2140) satisfies the eigenvalue equation
oo | N > = Ng | Na > (2144)

with eigenvalue of either unity or zero.

A general number operator eigenstate can be expressed in terms of the oc-
cupation numbers of all the single-particle states

|{na}>H{(\;"%}|o,o,o,...,o> (2145)

where the allowed values of the set of occupation numbers n, are either unity
or zero. The sequencing or ordering of the creation operators in this expression
is crucial, since the interchange the positions of the operators may result in a
change in sign of the state. For example, the action of a creation operators on
a general number eigenstate has the effect

a=1

s
623|n1n2 e ng ... > = (—1)(Zi:1 ") nyng ..omg+1 ... > (2146)

where the sign occurs since this involves anti-commutating ég with Z’?:l n;
other creation operators to bring it into the G-th position.

14.2 Quantizing the Dirac Field

The quantization of the Dirac field proceeds exactly the same way as for non-
relativistic electrons'®. However, the negative-energy states will be described

153W. Heisenberg and W. Pauli, Zeit. fiir Physik, 56, 1 (1929).
W. Heisenberg and W. Pauli, Zeit. fiir Physik, 59, 168 (1930).
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with a different notation from the positive-energy states. The change of no-
tation is to reflect the intent of describing the (quasi-particle) excitations of
the system and not to describe the many-particle ground state which is unob-
servable. The wave functions ¢, (r) describing the positive-energy states of the
non-interacting electrons are indexed by the set of quantum numbers « = (k, o).
The negative-energy states are described as the charge conjugates of the positive-
energy states. Therefore, the negative-energy states are described by the same
set of indices o and the corresponding wave functions are denoted by ¢S (r).
The annihilation operator for electrons in the positive-energy state « is denoted
by é,. However, the operator which removes an electron from the (negative-
energy) charge conjugated state ¢¢ (r) is denoted by a creation operator f)L The
change from annihilation operator to creation operator merely represents that
creating a positron with quantum numbers « is equivalent to creating a hole in
the negative-energy state!®*. The effect of the annihilation operators on Dirac’s
vacuum | 0 >, in which all the negative-energy states are fully occupied are

é |0 > =0
bo |0 > = 0 (2147)

where the first expression follows from the assumed absence of electrons in the
positive-energy states, and the second expression follows from the assumption
that all the negative-energy states are completely filled, so adding an extra elec-
tron to the state ¢¢, is forbidden by the Pauli-exclusion principle. More concisely,
the above relations state that the vacuum contains neither (positive-energy)
electrons nor positrons. It is seen that the form of the anti-commutation rela-
tions are unchanged by this simple change of notation. The anti-commutation
relations become

{éh ehty = {Gas s}y =0

(el e )r = dap (2148)
for the electron operators

{(AJL,IA);[;}JF = {EQ»B,@}Jr:O

{ Z)L ’ 85 }-‘r = 5&,5 (2149)

for the positron operators, and the mixed electron/positron anti-commutation
relations are given by

(el b = {éa.bgte = {& bpts =0 (2150)

The mixed electron/positron anti-commutation relations are all zero, since the
operators describe electrons in different single-particle energy eigenstates. In

154\, H. Furry and J. R. Oppenheimer, Phys. Rev. 45, 245 (1934).
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this notation, the field operators are expressed as'®®

b = Y (%(T) S BL) (2151)

«

and

0 =% (a0 d + oo ) (2152)

[e3%

The field operators 1/3([) and ﬁT(z) are expected to be canonically conjugate, as
we shall show below.

The Lagrangian density is given by
ES) R
L =cy (ihv“@umc>¢ (2153)

so the momentum field operator f[(z) canonically conjugate to T/AJ(E) is given by

oL ES)

r) = — = 1 r) 7O = i ndtr
II(r) 5007) hoap (r) vy hoapt(r) (2154)

>
ol

Hence, one expects that the field operators 9t (r) and 1/;@) are canonically con-
jugate and, therefore, satisfy the equal-time anti-commutation relations

{1 )x, ¥} = S —1') dr,p (2155)

where A\ and p label the components of the Dirac spinor. The anti-commutation
relations for the field operators can be verified by noting that

{91(), D) }+

a,B

)3 ( (e es Yo 000) os() + L, B}y 05(0) 050"

T {ba s é be 6250 65() + Lba s B Y4 657(0) S5() )

= 5 (G 600 6902 + s 65°(0) 050 )

o,
= 3 () + 6w ) )
= -1

where the fermion anti-commutation relations have been used in arriving at the
second line. The positive-energy states and their charge conjugated states form
a complete set of basis states for the single-particle Dirac equation, so their

155W. Heisenberg and W. Pauli, Zeit. fiir Physik, 56, 1 (1929).
W. Heisenberg and W. Pauli, Zeit. fiir Physik, 59, 168 (1930).
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completeness condition has been used in going from the third to the fourth line.
The equal-time field anti-commutation relations can be generalized to field anti-
commutators at space-time points with a general type of separation. In the case
where the two field points z and z’ have a space-like separation

(at = 2™ ) (2 — ') <0
causality dictates that the anti-commutators are zero

{9M(2), d@) }+ = 0
56

That is, for space-like separations, there is no causal connection'®® so a mea-
surement of a local field at 2’ cannot affect a measurement at x. N. Bohr and

AX >0

ct

AX <0

Figure 70: Due to causality, the anti-commutator of the field operator should
vanish for space-like separations. The anti-commutators can be non-zero inside
or on the light cone.

L. Rosenfeld'®” have put forward general arguments that the commutation rela-
tions also place limitations on the measurement of fields at time-like separations.

The Hamiltonian density for the (non-interacting) quantized Dirac field the-
ory can be expressed as the operator

ﬂzz[ﬂtv(o)c(—ihfy.v—i—mc)lz) (2157)
and the Hamiltonian operator is given by
H = / d’r H (2158)

When the expansion of the quantized field in terms of single-particle wave func-
tions is substituted into the Hamiltonian, one finds

H = > (Eaégéa +Eg;8a6;)

«

156 Qutside the light-cone there is no way to distinguish between future and past.
157N. Bohr and L. Rosenfeld, Kon. Dansk. Vid. Selskab., Mat.-Fys. Medd. XII, 8 (1933).
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[e3

where the expression for the energy of the charge conjugated state
E = — E, (2160)

has been used. On anti-commuting the positron and annihilation operators, one
finds

HZEa<éLéa+ELBQ1) (2161)

The last term, when summed over «, yields the infinitely negative energy of
Dirac’s vacuum in which all the negative-energy states are filled. The vacuum
energy shall be used as the reference energy, so the Hamiltonian becomes

H =Y E, (éfl éo + D, Ba> (2162)

which describes the energy of the excited state as the sum of the energies of the
excited electrons and the excited positrons. The energies of the positrons and
electrons are given by positive numbers.

The momentum operator defined by Noether’s theorem is found as
P=>% nk (52,0 Cro + b, bro ) (2163)
k,o

which is just the sum of the momenta of the (positive-energy) electrons and the
positrons. The spin operator is defined as

. A o
5<% / Pr it 6 (2164)

This is evaluated by substituting the expression for the field operators in terms
of the single-particle wave functions and the particle creation and annihilation
operators. The expectation value of the spin operator in the charge conjugated
state ¢, is given by

/ dr 651 (r) & ¢%(r) - ( / &r ol (r) v o 7P $alr) )

< / &Br ¢l (1) 0@ 6% 0@ ¢u(r) >*

(/@%%m&%mf
(

/d%¢Mﬂ&¢JH) (2165)
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The third line follows from the identity

2) _

8

o 5% o

(2166)

The last line follows since ¢ is Hermitean. Hence, the spin operator is evaluated
as

G h T f . ot .
ﬁ = E Z Xo-// O Xo’ (Ck,o'” CE@" + bE’U” b&)o./ (2167)

Jya—y
kio'\o

which is just the sums of the spins of the electrons and positrons.

Finally, the conserved Noether charge corresponding to the global gauge
invariance is given by

Q / d*r (1) ¥(r)

> (ég ba — bl by + 1) (2168)

The last term in the parenthesis, when summed over all states «, yields the total
charge of the vacuum which is to be discarded. Hence, the observable charge is
defined as

-

e

el éq — b by ) (2169)

which shows that the total electrical charge defined as the difference between
the number of electrons and the number of positrons is conserved.

14.3 Parity, Charge and Time Reversal Invariance

The Lagrangian density may posses continuous symmetries and it may also
posses discrete symmetries. Some of the discrete symmetries are examined be-
low.

14.3.1 Parity

The parity eigenvalue equation for a multi-particle state with parity n, can be
expressed as
Ply >=mny |y > (2170)

Since the action of the parity operator on states is described by a unitary opera-
tor, operators transform under parity according to the general form of a unitary
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transformation. In particular, the effect of the parity transformation on the
field operator is determined as

db(r) = () = Pidr) P (2171)

The parity transformation is going to be determined in analogy with the parity
transformation of a classical field, in which the creation and annihilation oper-
ators are replaced by complex numbers. The parity operation on the quantum
field can be interpreted as only acting on the wave functions and not the particle
creation and annihilation operators. Quantum mechanically, this corresponds
to viewing the parity operator as changing the properties of the states to the
properties associated with the parity reversed states. Since the field operator is
expressed as

b = Y ( balr) + B ¢z<r>) (2172)

[e%

one has
PiwP =% (@Pow P+ iLPowP) (2173)

[

However, under a parity transform a general Dirac spinor satisfies

P ¢alr) = 0l dpalr)

P ga(r) = n5° ¢pa(r) (2174)
where n is a phase factor which represents the intrinsic parity of the state.
Furthermore, since P2 = I, then the intrinsic parities nf and n¢ have to
satisfy the conditions

(ny )? =1
(n5¢)? = 1 (2175)

So the intrinsic parities are £1. The intrinsic parity of a state ¢,(r) and its
charge conjugated state ¢¢ (r) are related by

me o= (2176)

This follows since charge conjugation flips the upper and lower two-component
spinors and these two-component spinors have opposite intrinsic parity. There-
fore, the state ¢,(r) and the charge conjugates state ¢¢ (r) have opposite pari-
ties. Therefore, it follows that the field operator transforms as

PP =Y (n§ éa dpalr) — nb B ¢%a<r>) (2177)

[0}

so the quantum field operators transforms in a similar fashion to the classical
field.
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The relations between parity reversed states and parity reversed charge con-
jugated states can be verified by examining the free particle solutions of the
Dirac equation and noting that the parity operator consists of the product of
() and spatial inversion r — — r. This spatial inversion acting on a wave
function with momentum k and spin o becomes a wave function with momentum
—k and spin o, up to a constant of proportionality. A free particle momentum
eigenstate is given by

¢g,k(:v)N< ch iy >eXp{i(kox(O)k.r)} (2178)
a E +7m = Xo
The application of the parity operator to the above wave function yields

P boila) = N O ( i )exp[—ukox@ +k.r>}

E+mc2X

N(_cni@a )eXp{—i(k‘ox(O)Jrk-r)}
E+ma Xo
= ¢o,—k(2) (2179)

as anticipated. The charge conjugated state is given by
o () = C ¢, (2)

NC’(umXi* . )exp[+ik“x4 (2180)

E+mz2 o

where
G o= ia®
0 0 0 -1
0 01 0
o 0 1 0 O (2181)
-1 0 0 O
Therefore, the charge conjugate wave function is given by
chk.o* &«
Chl@) = =i N [ Frme Xo exp{ + i kM x,t} (2182)
= — Xo

The effect of the parity operator on this state leads to

chk.o" «
P oS, (x) = _l'&(z)N(E-i-_:v,cfxo>exp{+i(kz(o)x0+kz.r)}
= Xo

k.
= —i&(Z)N<— E+ m c? “>exp[+i(k(0)xo+k.r)}
X

= — ¢y _x(®)
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where in the first line the parity operator has sent r — — r and the factor of
7 has flipped the sign of the lower components. In the second line we have
re-written k as —(—k) in the two two-component spinor, in anticipation of the
comparison with eqn(2180) which allows us to identify the factor of ¢¢ _; (z).
This example shows that a state and its charge conjugate have opposite intrinsic

parities.

From the general form of the parity transformation on Dirac spinors, one
infers that the parity transform of the field operator is given by

PP =Y ( 0L dpalr) — B ol ¢%a<r>) (2184)

[0}

On setting o = P « and noting that « = P ', one finds

75 1[}(2) 75 = Z (777F>)a/ é'Po/ ¢a’ (Z) - 7771:0:’ 8;30/ ¢2¢’ (E) ) (2185)

Pao’

and on transforming the summation index from o’ to «

50 . P4 P i -
PUWP = 5 (oo trault) — i b, 000 ) (2150
(0%
Thus, the parity operation can also be interpreted as only affecting the particle
creation and annihilation operators, and not the wave functions. Quantum
mechanically, this interpretation corresponds to viewing that the particles as
being transferred into their parity reversed states

PP =Y <p P dalr) + P} mg(r)) (2187)

e}

In this new interpretation, the effects of parity on the fermion operators are
found by identifying the operators multiplying the single-particle wave functions
in the previous two equations. The resulting operator equations are
75 Ca 75 = 7771;1 CPa (2188)

and . R

PO, P = — np bpg (2189)
which shows that fermion particles and anti-particles have opposite intrinsic
parities. Therefore, we conclude that, irrespective of which interpretation is
used, the field operator transforms as

PimP =Y (nif éu dpalr) — 7 B ¢%a<r>) (2190)

[e3%

which shows that the quantum field operators transforms in a similar fashion
to the classical field.
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14.3.2 Charge Conjugation

Under charge conjugation, the classical Dirac field transforms as
Y= Pt = =iy (2191)

(up to an arbitrary phase) since this is how the single-particle wave functions
transform. Classically, the (anti-linear) charge conjugation operator C is the
product of complex conjugation and the unitary matrix operator C =—i ~3).
If the classical field is expressed as a linear superposition of energy eigenfunc-
tions, the amplitudes of the eigenfunctions are represented by complex numbers.
In the charge conjugated state, these amplitudes are replaced by the complex
conjugates. In the quantum field, the amplitudes must be replaced by parti-
cle creation and annihilation operators. If an amplitude is associated with an
annihilation operator, then the complex conjugate of the amplitude is usually
associated with a creation operator. Hence, we should expect that charge con-
jugation will result in the creation and annihilation operators being switched.

Since the quantum field operator is expressed as

b = Y ( balr) + B qsz(r)) (2192)

[e%

the charge conjugate operation C transforms the field operator via

b = e =Y (@L@W)@ ; zaé¢;<r>é) (2193)

[e3

where, in accord with the earlier comment about the relation between the quan-
tum and classical fields, the single-particle operators have been replaced by their
Hermitean conjugates. However, under charge conjugation general Dirac spinors
satisfy

Chalr) = n° ¢Slr)
C ¢5(r) 1% Gal(r) (2194)
therefore,
@ = I = X () +hon) ) 199)

[}

However, if the charge conjugation operator is to be interpreted as only acting
on the single-particle operators, one has

F@ = X (CaCont) + o)) (2196)

[
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For consistency, the two expressions for 1/36(2) must be equivalent. Hence, the
operator coefficients of ¢, (r) and @< (r) in the two expressions should be iden-
tical. Therefore, one requires that

c

= 7 ba
= peél (2197)

N

Qs
> O
Q-+ Q
(@}

In other words, charge conjugation replaces particles by their anti-particles and
their quantum numbers a are unchanged. Furthermore, we identify the charge
conjugated field operator as

b= CC = —in 4@t (2198)

where z/AJT is the Hermitean conjugate (column) field operator. Apart from the
replacement of the complex amplitudes with the Hermitean conjugates of the
creation and annihilation operators, the above expression is identical to the ex-
pression for charge conjugation on the classical field.

The charge conjugation operator has the effect of reversing the current den-
sity operator

CT A" GC = -5 A9 (2199)

which is understood as the result in the change of the charge’s sign.

14.3.3 Time Reversal

The time-reversal operation interchanges the past with the future. Time reversal
transforms the space-time coordinates via

T (ct,r) = (—ct,r) (2200)

Thus, under time reversal, the time and spatial components of the position
four-vector have different transformational properties. Furthermore, the energy-
momentum four-vector transforms as

T (p",p) = (9, -p) (2201)

Hence, the position four-vector and momentum four-vector have different trans-
formational properties. Due to the above properties, angular momentum (in-
cluding spin) transforms as

TJ=-J (2202)

Therefore, we find that time reversal reverses momenta and flips spins.

According to the Wigner theorem'®®, time reversal can only be implemented
by an anti-linear anti-unitary transformation. Since the time reversal operator

158F, P. Wigner. Géttinger. Nachr. 31, 546 (1932).
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T interchanges the initial and final states, then

< Ty | T > = < ¥ |y >
= < 5| >* (2203)

Thus, 7 must be an anti-unitary operator. Furthermore, if the initial state is
given by a linear superposition

|¢z > = Z Ca|¢a > (2204)

then the overlap is given by

S < T TCalda > = > CL< tylda > (2205)

Hence, one infers that

Ijrzcoz‘(ba >:Zczj’|¢a> (2206)

which is the definition of an anti-linear operator and so we identify 7 as an
anti-linear operator.

It can be shown that the time-reversed Dirac wave function defined by

Ty(tr) = =7V y® g (~t,1) (2207)
satisfies the Dirac equation with ¢ — — ¢. For example, the plane wave
solutions of the Dirac equation can be shown to transform as

,jr ¢Q7E(£7 t) = - ,Y(l) 7(3) ¢;,E(Za _t)
¢, —k(1:1) (2208)

which flips the momentum and the spin angular momentum. It should be noted
that the matrix operator () v(3) does not couple the upper and lower two-
component spinors, but nevertheless is closely related to the operator — i v(2)
which occurs in the charge conjugation operator.

Also, if the Dirac field operator is required to satisfy
Tot,r) T = — W A& g*(—t,7) (2209)
then the single-particle operators must satisfy

'jyca'j' = CTa
Tb, T = brg (2210)

which correspond to particles following time-reversed trajectories.
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Table 19: Discrete Symmetries of Particles.

The charge conjugated of a state is a negative energy state with momentum —p
and spin —o, that is interpreted as the state of antiparticle with momentum p
and spin o. a

Q| p | | A

Charge Conjugation || — + | + +
Parity =] ] =

Time Reversal + — — +
CPT — |+ = | =

It is known that the weak interaction violates parity invariance. However,
there was a slight possibility that the weak interaction conserves the combined
operation of charge conjugation and spatial inversion'®?. Christenson, Cronin,
Fitch and Turlay'%® performed experiments which showed that the combined
operation C' P is violated in the decay of K mesons. There is reason to believe
that the weak interaction is invariant under the combined symmetry operation
C' P T, since this is related to Lorentz invariance.

The combined symmetry operation C P T transforms a Dirac spinor as

Y'(@@) = CPT ()

Y () (2211)

1593, C. Wick, A. S. Wightman and E. P. Wigner, Phys. Rev. 88, 101 (1952).
1607, Christenson, J. W. Cronin, V. I. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).
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14.3.4 The CPT Theorem

The CPT theorem states that any local'®! quantum field theory with a Her-
mitean Lorentz invariant Lagrangian which satisfies the spin-statistics theorem,
is invariant under the compound operation CP ’f, where the operators can be
placed in any order.

The proof of the theorem relies on the fact that any Lorentz invariant quan-
tity must be created out of contracting the indices of bi-linear covariants (quan-
tities such as the current density j,, which involve products of the +,) with the
indices of contravariant derivatives 9. Since the joint operation P 7T results in
each of the contravariant derivatives 0" in the product changing sign, the theo-
rem ensures that the corresponding bi-linear covariants with which the deriva-
tives are contracted with must undergo an equivalent number of sign changes
under the compound operation C P 7. The theorem only assumes invariance
under proper orthochronous Lorentz transformations and makes no assumptions
about reflection. The improper transformations are treated as analytic continu-
ation of the Lorentz transformation into complex space-time. The theorem was
first discussed by Liiders!%? and Pauli'®®, and then by Lee, Ochme and Yang!%4.

The theorem has several consequences, such as the equality of the masses of
particles and their anti-particles. This follows since the mass mc is an eigenvalue
of p(©) in the particle’s rest frame and since one can find simultaneous eigenstates
of the commuting operators p* and the product C P T. If one denotes the
compound operator as

6=CPT (2212)
then
<U|H|V > = <U|06'OHO'O|T >
= <V |6'HO|T > (2213)

since the CPT theorem ensures that © commutes with the Hamiltonian
OHO6™ = A (2214)
If | ¢ > represents a stable single-particle state, such as

| O >= ¢l |0 > (2215)

161 A Local Field Theory is one expressible in terms of a local Lagrangian density in which
interactions can be expressed in terms of products of fields at the same point in space-time.
It would be truly remarkable if this concept were to continue to work at arbitrarily small
distances!

162@. Liiders, Dan. Mat. Fys. Medd. 28, 5 (1954).

G. Liiders, Ann. Phys. 2, 1 (1957).
L63W. Pauli in Niels Bohr and the Development of Physics, Pergamon Press, London (1955).
1647 D. Lee, R. Ochme and C. N. Yang, Phys. Rev. 106, 340 (1957).
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then the state © | ¢ > describes an anti-particle with flipped angular momen-
tum. This follows since the vacuum satisfies

610 >=10> (2216)
Therefore, the single-particle state transforms as

0| > = 067160 >
= 0 6710 > (2217)

By successive applications of ¢ , P and T, one finds that the operator 6 cl 61!
reduces to the creation operator for the anti-particle with reversed angular mo-
mentum. Therefore, the state 6 | ¥ > describes an anti-particle with flipped
angular momentum. From the equality of the expectation values

<U|H|U> = <U|06'HO|T > (2218)

one finds that the energy of a particle is equal to the energy of an anti-particle
with a reversed spin. However, as the rest mass cannot depend on the angular
momentum, the mass of a particle is equal to the mass of its anti-particle. For
unstable particles, the equality of the mass of the particle and anti-particle is
ensured by the invariance of the S-matrix under CPT.

Likewise, one can use the CPT theorem to show that the total decay rate
of a particle into products is equal to the total decay rate of the anti-particle
into its products'®. It should be noted that the partial decay rates into specific
final states are not equivalent, only the sums over all final states are equal.

14.4 The Connection between Spin and Statics

The above result for the energy operator of the Dirac field illustrates the “Spin
Statistics Theorem” proposed by Pauli'®®. The theorem states that particles
with half odd-integer spins obey Fermi-Dirac Statistics and particles with integer
spins obey Bose-Einstein Statistics. The Dirac spinor describes spin one-half
particles, and if these particles are chosen to satisfy anti-commutation relations,
then the energy of the excited states is given by

Apirae = 3 Ea ( & + B b ) (2219)

(03
which only has positive excitation energies. Hence, if the wave function changes
sign under the interchange of a pair of spin one-half particles the energy is
bounded from below. If the field operators had been chosen to obey commu-
tation relation, then the wave function would have been symmetric under the

165T. D. Lee, R. Oehme and C. N. Yang, Phys. Rev. 106, 340 (1957).
166\, Pauli, Phys. Rev. 58, 716 (1940).
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interchange of particles. If this were the case, there would be a negative sign in
front of the positron energies so that the energy would have been unbounded
from below. This would have implied that the vacuum would not be stable, and
the theory is erroneous. This can be taken as implying that spin one-half par-
ticles must obey Fermi-Dirac Statistics. The other part of the theorem compels
integer spin particles to be bosons. Therefore, since photons have spin one, the
expression for the energy of the electromagnetic field is considered to be given
by

: hw |+ N
HPhOtOIl = Z 9 |: G’E,a Uk,a T Qo ag o (2220)
k.o

This Hamiltonian represents the energy of a spin-one particle. The photon
creation and annihilation operators satisfy commutation relations, therefore,
the energy can be expressed as

2 h wy AT A
Hphoton = Z B |:2ak,a Af,o + 1] (2221)

ko

which is the sum of the vacuum energy (the zero-point energies) and the ener-
gies of each excited photon. The excitation energies are positive. If it had been
assumed that the photon wave functions were anti-symmetric under the inter-
change of particles, then one would have found that the photon energies would
have been identically equal to zero. Furthermore, the excited photons would
have carried zero momentum and, therefore, be completely void of any physi-
cal consequence. Hence, one concludes that spin-one photons must obey Bose-
Einstein Statistics. The generalized theorem'®7 is an assertion that a non-trivial
integer spin field cannot have a anti-commutator that vanishes for space-like sep-
arations and a non-trivial odd half-integer spin field cannot have a commutator
that vanishes for space-like separations.

15 Massive Gauge Field Theory

Following Yang and Mills'%®, we shall consider a two-component complex scalar

field. The field can be expressed as a two-component field, representing states

with different isospin
_ (™
> = ( & ) (2222)

where the ®; are complex scalars. That is
P, = Re®; + i Sm P,

167R. Streater and A. S. Wightman, PCT, Spin and Statistics, and All That, Princeton
Univ. Press (2000).
168C. N. Yang and R. L. Mills, Phys. Rev. 96, 191 (1964).
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This is equivalent to assuming four independent real fields. The inner product
is defined as
TP = O} B, + B Dy (2224)

15.1 The Gauge Symmetry

We shall assume that the Lagrangian is invariant under a generalized gauge
transformations of the form

P — @ = exp[ - m“”} Uo (2225)

where a(?) is an arbitrary scalar. The invariance of the Lagrangian under mul-
tiplication of the wave function by the phase factor, is equivalent to the usual
U(1) gauge invariance which has been discussed in the context of the electro-
magnetic field. The operator U must be a unitary operator, if the norm of ® is
conserved by the generalized gauge transformation

oo = T Ut U @
= ol (2226)
Therefore, one requires o R
Ul =1 (2227)

and so U must be a unitary operator. The operator U is assumed to be an
arbitrary unitary matrix that acts on isospin states, that is, it acts on the two
components of ®. Furthermore, it shall be assumed that the unitary matrix
has determinant + 1. Hence, the Lagrangian is assumed to be invariant under
a set of SU(2) gauge transformations. A general transformation of SU(2) is
generated by the three operators

SO = O
S =
N—

\l\
&
Il
7 N
o =
o

o ) (2228)

where these matrices generate a Lie algebra. That is, the algebra of the com-
mutation relations is closed, since

[0 700 ] = 24 giak 7B (2229)

where £49F is the antisymmetric Levi-Civita symbol. An arbitrary unitary
transformation can be expressed as

U = exp{ —iy o TW} (2230)
k
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where the «y, are three real quantities. This represents an arbitrary rotation in
isospin space!®”. The U(1) gauge transformation can also be represented in the
same way. Namely, the U(1) transformation can be expressed as

Uy = exp{ — i a® T<°>] (2231)

where 7(9 is the unit matrix

70 = ((1) N ) (2232)

We should note that since 7(?) commutes with all isospin operators, the U (1)
symmetry is decoupled from the SU(2) symmetry, and hence, when a coupling
to gauge fields is introduced, the U(1) gauge field may have a coupling constant
which is different from the coupling constant for the three SU(2) gauge fields.

15.2 The Coupling to the Gauge Field

We shall start with a Lagrangian density Lgscqiqr describing the field free two
component scalar field, given by

Lscatar = 0, 1 0" & — V(3! D) (2233)
where V(®T®) is an arbitrary scalar potential. For example, in a Klein-Gordon
field theory describing particles with mass m

V(o ®) = (mhc)Q of @ (2234)

The Lagrangian is invariant under the combined gauge transformation if the
quantities o are independent of z. In this case, the field is invariant under the
transformation which is identical at each point in space, so the Lagrangian is
said to have a global gauge invariance.

We shall alter the Lagrangian, such that it is invariant under a gauge trans-
formation which varies from point to point in space. These are local gauge
transformations, in which the o*(x) depend on . If the Lagrangian is to be
invariant under local gauge transformations, then one must introduce a coupling
to gauge fields A,. This coupling compensates for the change of the derivatives
under the gauge transformation, so that

(1= 11a.)o] (- 00)o]
(3= r9) o [ (- o) ]

169WWe shall not stop and contemplate the question of what restricts our measurements have to
be quantized along the isospin z-direction, and shall not ponder why there is a super-selection
rule at work.
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Since
o = U@ (2236)

we require that

(- nw)o] o[ (s -nw)e]

so the fields A* must transform as
AV = [ AR T ’U(aﬂ lﬁ) (2238)
g

where the derivative only acts on the unitary transformation. Since the U are
generated by 7(®) there must be four components of A, i.e. the fields have
four components A**. The matrix form of A* is given by

3
A=Y ek
k=1
Ar-(3) A1) Am(2)
- ( A g AR (2) _ AmB) > (2239)

Under a gauge transformation U, the vectors A** are transformed in isospin
space. For a global gauge transformation, the transformation is a rotation in
isospin space. The gauge field A* is also required to transform as a four-vector
under Lorentz transformations.

We shall identify the contravariant derivative for the massive scalar particles
as'™ as
DF = 0" — ig A" — ig® A (2240)

and one recognizes that this has the same form as the coupling of charged
particles to the EM field. In that case, the coupling occurs solely via 7(9), the
coupling constant is given by ¢° = ;L and the field A*(®) = A" is the
four-vector potential. Since 7(°) commutes with all isospin operators, it is not
necessary to consider ¢g° to be identical with the g value for the SU(2) gauge

fields.

15.3 The Free Gauge Fields

We have four real four-vector fields A**. These are the gauge fields. The free
gauge fields exist in the absence of the particles, and has a free Lagrangian. The
field strength tensors F* are given by the SU(2) generalized form of the EM
field tensor

FHv = DE AY — DY AW (2241)

170This can be related to the contravariant derivative familiar in the context of general
relativity, if one follows the logic adopted by Weyl and considers GR as a gauge field theory.
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where D is the covariant derivative only involving the SU(2) triplet of gauge
fields. It should be noted that since the gauge fields do not commute, this
involves terms which are second-order in the field amplitudes. That is

FHJ’(8”AV8VA#)ig(A“AVAVA“) (2242)

The quadratic terms can be evaluated by using the commutation relations of
the isospin operators 7(¥). The k-th component of the SU(2) triplet of gauge
fields is given by

3
Ffr = OMAY — 0YAR 4+ g D R (AN AY - AV AL
(i-d}=1

3
= OMAY — O"AL + 29 Y R (AR AY - AV AY)
{i>j}=1
(2243)

where the indices 7 and j are summed over and £%7* is the Levi-Civita symbol.
In arriving at the above expression, we have used the identity

3
0 700 = 507 7O g N gk o) (2244)
k=1

found by combining the anti-commutation and commutation relations for the
Pauli spin matrices. There is no contribution to the last term in the field tensor
from the U(1) gauge field A{, since 7(0) commutes with all other matrices. The
zeroth-component of the field tensor is simply given by
wy L AV vV oAM

F(o) = O"Aly — 0 A(o) (2245)
as expected for an electromagnetic field. Since the SU(2) gauge fields don’t
commute, the field theory is a non-Abelian gauge field theory. Under an SU(2)
transformation, the field tensors transform according to

Frvo s prv = g prv gt (2246)

which is just a local unitary transform in isospin space. The Lagrangian density
for all the free gauge fields can be expressed as

1
Lgauge = — o Trace F*" F, , (2247)

where the Trace is evaluated in isospin space and takes into account that there
are a total of four fields. The Lagrangian density can be expressed directly in
terms of the contributions from four components of the field. The result can be

expressed as
1

3

k vk

Comge = = 1= D Fiow F* (2248)
k=0
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where we have decomposed the fields as

Fuw = > iy 7 (2249)
k

evaluated the product of the Pauli spin matrices and used the fact that the
Pauli spin matrices 7(¥) for k # 0 are traceless.

One can consider the k-components of the vector potential A* (i.e. the three
real components A} for fixed p) as forming three-vectors A* in isospin space.
These quantities transform as three-vectors under transformations in isospin
space, and also the A" transform as four-vectors under Lorentz transformations
in Minkowsky space-time. The three-vector fields are spin-one bosons with
isospin one. Hence, we might expect that the isospin triplet should contain two
oppositely charged particles and one uncharged particle. These particles are
supplemented by the particle corresponding to the single uncharged field A?o)'
In terms of this set of isospin vectors, the free gauge field Lagrangian density
can be written in the form of a sum of a scalar product in isospin space and an
isospin scalar

1
16 7

Egauge =

1 v v AM
e (8#Am)——8 A%)>(éhAmm)_-awA%m))

It should be noted that the Lagrangian reduces to the sum of four non-interacting
electromagnetic Lagrangians in the limit ¢ — 0. However, at finite values of
g, the Lagrangian density contains cubic and quartic interactions with coupling
strengths that are fixed by gauge invariance in terms of the single gauge param-
eter g.

Figure 71: The interaction vertices representing the interaction of three and
four isospin triplet gauge field bosons.

Exercise:

397

( (9" AY — 0¥ AM) + 29 A* /\AV) ( (aMAV — a”Au) + 2g AH /\Ay>

(2250)



Determine the equations of motion for the vector gauge fields, in the presence
of a source term

1
Ling = — - Trace (A, . j") (2251)

where the current source j* has also been decomposed in terms of Pauli spin
matrices.

It is convenient to introduce the two combinations

1
+ _ - (1)  A2)

Ay = \/§<Au FiA, ) (2252)
which appear in the isospin matrix form of A,,. These combinations are mutually
complex conjugate. Likewise, one can introduce the combinations of the field
tensors

1
+ 1 S (2
Py = ﬁ (F,Ey F e Ffw> (2253)
which are evaluated as

Fiy = (0, F2igAD )AL — (0, F 209 AY ) 47 (2254)

The third component of the field tensor can be written as
F3 = (0,AD — 0, AP ) + 2ig (A, Af — A, Af)  (2255)
In terms of these new combinations, the free Lagrangian for the gauge fields

become

1 1 1

Loange = — T6= F0) pror0) — oo F3) pronB) — 5= Faw Frvt (2256)
where the first two terms are recognized as being similar to the Lagrangian den-
sity for the electromagnetic field. It was first hypothesized by Sheldon Glashow
that the electro-weak interaction is produced by the massless vector bosons de-
scribed by the above Lagrangian'”'. Masses for the gauge bosons should not
be added by hand, since the resulting theory would not be renormalizable. To
retain renormalizability of the theory, and to have massive vector bosons, we
need to break the symmetry.

15.4 Breaking the Symmetry

We shall assume that our massive charged scalar boson field has broken symme-
try!™. The small amplitude excitations of the field with broken symmetry will

1718, L. Glashow, Nuclear Physics 22, 579-588, (1961).
1723, Weinberg, Phys. Rev. Lett. 19, 1264 (1967), Abdus Salam, Proc. of the 8th Nobel
Symposium, Stockholm (1968).
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be modified, as will be the excitations of the gauge fields. Due to the symmetry-
breaking of the scalar field, the U(1) vector gauge field will become coupled to
the triplet of SU(2) gauge fields. When the symmetry is broken, the elementary
excitations of the coupled system of fields change and these new excitations will
represent the observable particles.

The potential for the two-component scalar field is chosen to be given by
2 2
m c
V(®) = ot o — g2 2257
) <2h¢>o> [ %} 20

where ¢g is a fixed real constant. The lowest-energy state described by this
potential is given by

T d = ¢2 (2258)
This state is degenerate with respect to global rotations in the four-dimensional

space of Re &1 , Sm ®; , Re &5 , Im Py which keeps the magnitude of ®
constant and uniform over space.

The symmetry is broken by assuming that the physical ground state corre-
sponds to one specific choice of the uniform field ®. Given the specific ground
state which the system chooses spontaneously, one can make use of the global
gauge invariance to describe the ground state ®( as a field which has one non-
zero component which is real. That is, o*

* can be chosen so that
e O
o = (%)

= ( ﬁo ) (2259)

The excited states can be expressed as

o — < %o N ) (2260)

where the local gauge degrees of freedom have been used to make y; real. This
excited field is invariant under the transformation

d — & = Upy @ (2261)
where U EM 1s restricted to have the form
R 1 0
Usm = 0 exp{ — iA} (2262)

This is a transformation in which the U(1) transformation is combined with a
specific SU(2) transformation

| xp | + i

no| >
rof>

ﬁEM = exp[ — 1

] ’ 2263
N
] (2263)
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and will turn out to represent the residual U(1) gauge invariance of the electro-
magnetic field.

The Lagrangian density for the isospin doublet of scalar fields and their
couplings can be evaluated for the excited state as

2
Locatar = (D,®)7 DI — <mhc) X2 (2264)

where the covariant derivative of the doublet of scalar fields is given by

_( "xa , AmO) (¢ 4+ x1) : AG) (G + x1)
DHq)_( 0 )—zgo< 00 1 )—’9<\/§A”’_(¢0+X1)>

(2265)
A new interaction strength A can be defined as

A=/ @ + ¢ (2266)

and on defining an angle 6 via

tang = L (2267)

90

the coupling constants can be represented as

go = A cosf
g = A siné (2268)

Thus, the covariant derivative has the connection with the field
Af = cosh A*O) 4 sing ARG (2269)

The field A% will turn out to be the field that describes the neutral Z particle.
The field orthogonal to the Z field is defined as

Al = — sinf ABO 1 cosh ARG (2270)

When expressed in terms of the transformed fields and constants, the covariant
derivative terms become

m
DhP — < 8‘8)(1 ) —i(¢0 + x1 )( g \/A?ilfﬂ, > (2271)

The lowest-order terms in the Lagrangian density of the non-uniform scalar field
and all its couplings to the gauge fields are expressed as

2
m c _
£scalar = OuX1 a”Xl - ( A ) X% + )‘2 d)g A% AmZ + 292 ¢(2) AH+ Ap,
(2272)
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The higher-order terms, which have been neglected, describe the self-interactions
between the scalar field and the residual interactions between the scalar field
and the gauge fields.

The Lagrangian density for the free gauge field is

1 1
- (0) prs(0) _ 3) puwi(3) _ — ot
Loauge = — 76 Fuw I 16 Luw F" 5 L E10T(2273)

has to be expressed in terms of the new fields A% and A%,,. The inverse
transform is given by

Alu‘1(0) = cosb A% — sin@ A%M

AHB) = 4ing A+ cosf ALy, (2274)

If one defines F'¥ and Fiy; as the transformed field tensors evaluated to lowest-
order in the fields

Fv = ot A — 9VAY
Fgyy = 0" Ay — 0"Apy (2275)

then the original field tensors can be expressed as

Flgy = cost F" — sinf Fry;
F(‘g)” = sin@ FY + cosO Fiyp + 2ig (AL AL — A” AY)

(2276)

The Lagrangian density describing the small amplitude excitations of the scalar
field and the gauge fields can be written as

2
m c
L:Free = a,qu aMX1 - () X%

h
- 16% F;L’V’Z F’ZM + N ¢(2J A% AM,Z
- 16% Fuvem Fiyg
- 8% F, PPt 4+ 297 ¢f AMY AL (2277)

In electro-weak theory, the first term represents the free uncharged scalar
boson. The second term describes an uncharged vector particle with mass Mz
proportional A ¢g. The third term describes the uncharged massless vector
particle known as the photon. From the equations of motion for A*®  the
remaining term can be shown to describe a pair of charged particles with masses
My proportional to g ¢g = sin@ X ¢g. These particles are known as the W+
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and W~ particles. The WT and W~ particles are charged and the observed
charges are £ e. The interaction mediated by the massive vector bosons is found
to have a finite range (~ 107¥m), and is responsible for the weak interaction.
The experimentally determined masses'™ are My c? ~ 80.33 GeV and Myzc? ~
91.187 GeV. Nearly all the parameters of this theory have been determined
through experiment, the only exception is the mass m of the scalar particle
which remains to be discovered. The ratio of the masses determines the angle
6 vial™

Mw

Mz
which yields sin @ ~ 0.8810. The W* particles carry electrical charges +e since
they couple to the electromagnetic field. This can be seen by examining the
W field tensor

= ginf (2278)

FiY = (0" 5 2igAn® )AL — (0" F 2ig A" ) AL (2279)
where
ARG = sing AL + cosf A%, (2280)

Therefore, the covariant derivatives of the fields D* A4 couple them to the elec-
tromagnetic field A%, with either a positive or negative coupling constant of
magnitude 2 g cosf. Since only electrically charged particles couple to the
electromagnetic field, one can make the identification

(;C> = 2g cosf = \ sin20 (2281)

which determines the coupling strengths. Furthermore, because the coupling
strengths have been completely determined, the observed masses can be used
to determine ¢g. This leads to the identification
.2 212
sin“20 ( Mzc
¢2 = (Mze”) (2282)

8mhec (%ZC)

which leads to ¢g ~ 178 GeV /vhe, where he ~ 197 MeV fm. Hence, the
only undetermined parameter is the mass of the Higgs particle m. Recent ex-
periments!'”® have found a narrow resonance with an energy of approximately
126 GeV. The resonance has properties consistent with those expected of the
Higgs particle. The resonance decays either into two photons or two vector
bosons. Yang Mills theories, even if symmetry is spontaneously broken as in the
Weinberg-Salam theory, were shown to be renormalizable by G. t’ Hooft!76.

173@. Arnison, A. Astbury, B. Aubert, et al., Phys. Lett. B, 122 103-116 (1983).
G. Arnison, O. C. Allkofer, A. Astbury, et al., Phys. Lett. B 147, 493-508 (1984).

1741t is customary to define the Weinberg angle Ay via cos @y = My

Mz
175Physics Letters B, 716, 1 (2012), Physics Letters B, 716, 30 (2012).
176G, ¢’ Hooft, Nuclear Physics, B 35, 167 (1971), G. 't Hooft and M. Veltman Nuclear
Physics B 44, 189 (1972).
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