Chapter 10

Relativistic Quantum Mechanics

In this Chapter we will address the issue that the laws of physics must be formulated in a form
which is Lorentz—invariant, i.e., the description should not allow one to differentiate between frames
of reference which are moving relative to each other with a constant uniform velocity ¥. The
transformations beween such frames according to the Theory of Special Relativity are described
by Lorentz transformations. In case that ¢ is oriented along the zi—axis, i.e., ¥ = w121, these
transformations are

r1 — vt t — Sx

xllzl—IZ,t’:—212,x’2:x2;mg:x3 (10.1)

E e
which connect space time coordinates (z1,2,3,t) in one frame with space time coordinates
(2}, 24, 2%, t') in another frame. Here ¢ denotes the velocity of light. We will introduce below
Lorentz-invariant differential equations which take the place of the Schrodinger equation of a par-
ticle of mass m and charge ¢ in an electromagnetic field [c.f. (refeq:ham2, 8.45)] described by an
electrical potential V (7, ¢) and a vector potential A(7, 1)

2
() = [% GLV - %A(F,t)) " qV(F,t)} () (10.2)
The replacement of (10.2) by Lorentz—invariant equations will have two surprising and extremely
important consequences: some of the equations need to be formulated in a representation for which
the wave functions (7, t) are vectors of dimension larger one, the components representing the
spin attribute of particles and also representing together with a particle its anti-particle. We will
find that actually several Lorentz—invariant equations which replace (10.2) will result, any of these
equations being specific for certain classes of particles, e.g., spin—0 particles, spinf% particles, etc.
As mentioned, some of the equations describe a particle together with its anti-particle. It is not
possible to uncouple the equations to describe only a single type particle without affecting nega-
tively the Lorentz invariance of the equations. Furthermore, the equations need to be interpreted
as actually describing many—particle-systems: the equivalence of mass and energy in relativistic
formulations of physics allows that energy converts into particles such that any particle described
will have ‘companions’ which assume at least a virtual existence.

Obviously, it will be necessary to begin this Chapter with an investigation of the group of Lorentz
transformations and their representation in the space of position 7 and time ¢. The representation
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288 Relativistic Quantum Mechanics

in Sect. 10.1 will be extended in Sect. 10.4 to cover fields, i.e., wave functions (7, t) and vectors
with functions ¢ (7,t) as components. This will provide us with a general set of Lorentz—invariant
equations which for various particles take the place of the Schrodinger equation. Before introduc-
ing these general Lorentz—invariant field equations we will provide in Sects. 10.5, 10.7 a heuristic
derivation of the two most widely used and best known Lorentz—invariant field equations, namely
the Klein—-Gordon (Sect. 10.5) and the Dirac (Sect. 10.7) equation.

10.1 Natural Representation of the Lorentz Group

In this Section we consider the natural representation of the Lorentz group L, i.e. the group of
Lorentz transformations (10.1). Rather than starting from (10.1), however, we will provide a more
basic definition of the transformations. We will find that this definition will lead us back to the
transformation law (10.1), but in a setting of representation theory methods as applied in Secti. 5
to the groups SO(3) and SU(2) of rotation transformations of space coordinates and of spin.

The elements L. € L act on 4-dimensional vectors of position— and time—-coordinates. We will
denote these vectors as follows

o (29, xt, 22, 2®) (10.3)

0 1,2

where 2 = ct describes the time coordinate and (z!, 2%, 23) =  describes the space coordinates.
Note that the components of # all have the same dimension, namely that of length. We will,
henceforth, assume new units for time such that the velocity of light ¢ becomes ¢ = 1. This choice
implies dim(time) = dim(length).

Minkowski Space

Historically, the Lorentz transformations were formulated in a space in which the time component
of x# was chosen as a purely imaginary number and the space components real. This space is
called the Minkowski space. The reason for this choice is that the transformations (10.1) leave the

quantity
s? = (%)% — (@)? = (@) — (2°)? (10.4)
invariant, i.e., for the transformed space-time—cordinates * = (2/%,2'%, 2%, ') holds
(@) = (@) = (@) = (&°) = (@) = (@) = (") - (). (10.5)

One can interprete the quantity v/—s2? as a distance in a 4-dimensional Euclidean space if one
chooses the time component purely imaginary. In such a space Lorentz transformations corre-
spond to 4-dimensional rotations. Rather than following this avenue we will introduce Lorentz
transformations within a setting which does not require real and imaginary coordinates.

The Group of Lorentz Transformations £ = O(3,1)

The Lorentz transformations L describe the relationship between space-time coordinates z* of two
reference frames which move relative to each other with uniform fixed velocity ¢ and which might
be reoriented relative to each other by a rotation around a common origin. Denoting by x* the
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coordinates in one reference frame and by z/* the coordinates in the other reference frame, the
Lorentz transformations constitute a linear transformation which we denote by

3
= ZL“VQC,,. (10.6)
v=0

Here L*, are the elements of a 4 x 4-matrix representing the Lorentz transformation. The upper
index closer to ‘L’ denotes the first index of the matrix and the lower index v further away from
‘L’ denotes the second index. [ A more conventional notation would be L,,,, however, the latter
notation will be used for different quantities further below.] The following possibilities exist for the
positioning of the indices u,v = 0,1,2,3:

4-vector: x#, x, ; 4 x4 tensor: A¥,, A, APV A, . (10.7)

The reason for the notation is two-fold. First, the notation in (10.6) allows us to introduce the
so-called summation conventon: any time the same index appears in an upper and a lower position,
summation over that index is assumed without explicitly noting it, i.e.,

3 3 3
Yyt = Zylﬂ;“; Ab ¥ = ZA“Z,:n”; AM,BY, = ZA“,,B”[, . (10.8)
new p=0 new v=0 new v=0
. , —_——— —_——
old old old

The summation convention allows us to write (10.6) z'* = LF,z". The second reason is that upper
and lower positions allow us to accomodate the expression (10.5) into scalar products. This will be
explained further below.

The Lorentz transformations are non-singular 4 x 4—matrices with real coefficients, i.e., L € GL(4,
R), the latter set constituting a group. The Lorentz transformations form the subgroup of all
matrices which leave the expression (10.5) invariant. This condition can be written

xuguu$y = xmgule‘w (10.9)
where
1 0 0
0 -1 0 0
0 O 0 -1

Combining condition (10.9) and (10.6) yields
LY pgu Ll 5 227 = gpe 2’27 . (10.11)
Since this holds for any z* it must be true
LY gL’ s = Gpo - (10.12)

This condition specifies the key property of Lorentz transformations. We will exploit this property
below to determine the general form of the Lorentz transformations. The subset of GL(4, R), the



290 Relativistic Quantum Mechanics

elements of which satisfy this condition, is called O(3,1). This set is identical with the set of all
Lorentz transformations £. We want to show now £ = O(3,1) C GL(4, R) is a group.
To simplify the following proof of the key group properties we like to adopt the conventional matrix
notation for L*,

L% LY L% LY

1 1 1 1
L= (L") = 222 ﬁi éi égi : (10.13)
L3 L3 L35 L33

Using the definition (10.10) of g one can rewrite the invariance property (10.12)
LTgL = g. (10.14)

From this one can obtain using
g2 =1 (10.15)

(gLTg)L = 1 and, hence, the inverse of L

L' =gLlg = _I10% LYy L% L3 (10.16)
—-L% L's L% L%
The corresponding expression for (LT)~! is obviously
@wH=t = L HT = gLg. (10.17)
To demonstrate the group property of O(3,1), i.e., of
0(3,1) = {L,L € GL(4,R), LTgL = g}, (10.18)

we note first that the identity matrix 1 is an element of O(3,1) since it satisfies (10.14). We consider
then Ll,LQ (S 0(3,1) For L3 = L;Ls holds

LigL; = LILT gLiL, = LT (LTgLi)L, = LIgLy, = g, (10.19)

i.e.,, Ly € O(3,1). One can also show that if L € O(3,1), the associated inverse obeys (10.14), i.e.,
L= € O(3,1). In fact, employing expressions (10.16, 10.17) one obtains

(L7")"gL™" = gLgggL’g = glgL’g. (10.20)

Multiplying (10.14) from the right by gL” and using (10.15) one can derive LYgLgL” = L’ and
multiplying this from the left by by g(L”)™! yields

LgL” = ¢ (10.21)
Using this result to simplify the r.h.s. of (10.20) results in the desired property
L HTgL™ = g, (10.22)

i.e., property (10.14) holds for the inverse of L. This stipulates that O(3,1) is, in fact, a group.
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Classification of Lorentz Transformations

We like to classify now the elements of £ = O(3,1). For this purpose we consider first the value
of det L. A statement on this value can be made on account of property (10.14). Using det AB =
det Adet B and det AT = det A yields (det L)? = 1 or

det L = +1. (10.23)

One can classify Lorentz transformations according to the value of the determinant into two distinct
classes.

A second class property follows from (10.14) which we employ in the formulation (10.12). Consid-
ering in (10.12) the case p = 0, 0 = 0 yields

(L%)% = (LY)? = (L%)° = (L%)* = 1. (10.24)
or since (L'9)? + (L%9)? + (L%y)? > 0 it holds (L%)? > 1. From this we can conclude
L% >1 or L% < -1, (10.25)

i.e., there exist two other distinct classes. Properties (10.23) and (10.25) can be stated as follows:
The set of all Lorentz transformations £ is given as the union

c=rcluctuch uch (10.26)

where ﬁl, L'ﬁ_, /JT_, ch are disjunct sets defined as follows

£l = {L,Le0@31),detL =1, L% > 1}; (10.27)
£ = {L,L e 0@3,1),detL =1, L% < —1}; (10.28)
£l = {L,Le0@31),dtL =—1, L% > 1}; (10.29)
£t = {L,L €0@3,1),detL = —1, L% < —1}. (10.30)

It holds g € £ and —1 € L as one can readily verify testing for property (10.14). One can also
verify that one can write

cl =gl =rlg; (10.31)
cto= gl (10.32)
£t = —grl = —rlg (10.33)

where we used the definition aM = {M;,3IMy, My € M,M; = aMs}. The above shows that
the set of proper Lorentz transformations ﬁl allows one to generate all Lorentz transformations,
except for the trivial factors g and —1l. It is, hence, entirely suitable to investigate first only
Lorentz transformations in El-

We start our investigation by demonstrating that ﬁl forms a group. Obviously, LL contains 1I.
We can also demonstrate that for A, B € EL holds C = AB € EL. For this purpose we consider
the value of CY = AO#B“O = 22:1 AOijo + A% BY%. Schwartz’s inequality yields

2

3
SA%B, | < (A% S (B)” . (10.34)
j=1

1 j=1

3 3
J:



292 Relativistic Quantum Mechanics

From (10.12) follows (B%)? — E;’: (B’g)? = 1or Z 1(BY0)? = (B%)? — 1. Similarly, one can
conclude from (10.21) Z (A2 = (A%)? 1. (10.34) provides then the estimate

2
3
S A%BI | < [(A%)2 — 1] [(B%)? — 1] < (4%)? (B%)?. (10.35)

One can conclude, therefore, ]Z;’Zl A% BIy| < A%BY%. Since A% > 1 and BY% > 1, obviously
A% BY% > 1. Using the above expression for C% one can state C% > 0. In fact, since the group
property of O(3,1) ascertains CT'gC = g it must hold C% > 1.

The next group property of EL to be demonstrated is the existence of the inverse. For the inverse of
any L € LL holds (10.16). This relationship shows (L7!)% = L%, from which one can conclude
L' e [,1. We also note that the identity operator 1 has elements

1+, = o, (10.36)
where we defined!
1 forpu=v
woo_
oM, = { 0 forp £ v (10.37)

It holds, 1% => 1 and, hence, 1 € [,1. Since the associative property holds for matrix multipli-
cation we have verified that EL is indeed a subgroup of SO(3,1).

LL is called the subgroup of proper, orthochronous Lorentz transformations. In the following we
will consider solely this subgroup of SO(3,1).

Infinitesimal Lorentz transformations

The transformations in El have the property that they are continously connected to the identity 1L,
i.e., these transformations can be parametrized such that a continuous variation of the parameters
connects any element of EL with 1l. This property will be exploited now in that we consider first
transformations in a small neighborhood of 1I which we parametrize by infinitesimal parameters.
We will then employ the Lie group properties to generate all transformations in L .

Accordingly, we consider transformations

L*, = 6", + €, ; €', small. (10.38)

For these transformations, obviously, holds L% > 0 and the value of the determinant is close to
unity, i.e., if we enforce (10.14) actually L% > 1 and detL = 1 must hold. Property (10.14)
implies

(L +)g(l+¢)=g (10.39)

where we have employed the matrix form e defined as in (10.13). To order O(e?) holds

g+ ge=0. (10.40)

Tt should be noted that according to our present definition holds 6,, = g¢,,0”, and, accordingly, oo = 1 and
011 = d22 = b33 = —1.
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Using (10.15) one can conclude
el = —geg (10.41)
which reads explicitly
600 610 620 630 —600 601 60 603
1 €y €1 elo —ely —ely —€l3
Dy €y €2y &3 = 2o —€2; —€2y —eg (10.42)
3 €lz €23 €3 ey —€31 —e3y —€33
This relationship implies
ey, =20
& =6y, j=123
= —€, j k=123 (10.43)
Inspection shows that the matrix € has 6 independent elements and can be written
0 —w; —w2 —ws
—w1 0 —’ﬁg 192
= 44
(1, V2,93, w1, w2, w3) Cws s 0 —v (10.44)
—ws3 —192 191 0
This result allows us now to define six generators for the Lorentz transformations(k = 1,2, 3)
Ji = €(V; = 1, other five parameters zero) (10.45)
Ki = e(wg = 1,other five parameters zero) . (10.46)
The generators are explicitly
000 O 0O 00O 00 00O
000 O 0 0 01 00 -1 0
T=loo00 1 "2 [0o 000" |01 00 (1047)
001 O 0 -1 0 0 00 00
0 -1 00 00 -1 0 00 0 -1
-1 0 0 0 00 00O 000 O
Ki=l o o000 ["% [ 10 00" 000 o (1048)
0 000 00 00O -1 0 0 O
These commutators obey the following commutation relationships
[Ji, Je] = ekemInm (10.49)
[Ki, K¢l = —€romIm
[Je, Ke] = epom Kim

The operators also obey

jK = JiJ1 + Jodo +J3J3 = 0

(10.50)
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as can be readily verified.

Exercise 7.1:
Demonstrate the commutation relationships (10.49, 10.50).

The commutation relationships (10.49) define the Lie algebra associated with the Lie group El.
The commutation relationships imply that the algebra of the generators J, Ki, k = 1,2, 3 is closed.
Following the treatment of the rotation group SO(3) one can express the elements of 51 through
the exponential operators

- =

L(J, @) = exp(ﬁ-J + w-K) . U@ € R® (10.51)

where we have defined J - J = 22:1 Opdy and @ - K = Zi:l wi K. One can readily show,
following the algebra in Chapter 5, and using the relationship

3, = (8 %k ) (10.52)

where the 3 x 3—matrices Ly are the generators of SO(3) defined in Chapter 5, that the transfor-
mations (10.51) for @ = 0 correspond to rotations of the spatial coordinates, i.e.,

L(J, @ = 0) = <8 ?%(19) ) . (10.53)

Here R(g) are the 3 x 3-rotation matrices constructed in Chapter 5. For the parameters 9y of the
Lorentz transformations holds obviously

O, € [0,27] , k=1,2,3 (10.54)

which, however, constitutes an overcomplete parametrization of the rotations (see Chapter 5).
We consider now the Lorentz transformations for J = 0 which are referred to as ‘boosts’. A boost
in the z1—direction is L = exp(w1Kj). To determine the explicit form of this transformation we
evaluate the exponential operator by Taylor expansion. In analogy to equation (5.35) it issufficient
to consider in the present case the 2 x 2—matrix

L = exp<w1 ( _01 _01 >> = i:—? ( _01 _01 )n (10.55)

n=0
since
o 00
exp (w1 Kj) = exp 00 (1) 8 (10.56)
0 0 0 1

Using the idempotence property

<_01 _01>2=<é(1)>:]1 (10.57)
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one can carry out the Taylor expansion above:

/ - w%n - w%n—l—l 0 -1
L' = 1 —_— 10.58
Z (2n)! * Z (2n+1)! ( -1 0 > ( )

n=0 n=0

. 0 -1 cosh w —sinh w
=coshw; 11 + smhw1< 1 0 > = < —sinhutl coshwll )

The conventional form (10.1) of the Lorentz transformations is obtained through the parameter

change
sinh w;

1 = cosh @, = tanhw, (10.59)

Using cosh?w; — sinh?w; = 1 one can identify sinhw, = / cosh?w; — 1 and coshw; = +/sinh®w; + 1.
Correspondingly, one obtains from (10.59)

Vecosh?w; — 1 sinh wy

v = = (10.60)

coshwy Vsinh?wy + 1 '

These two equations yield

coshwy = 1/4/1—v?; sinhw; = vy /4/1—0?, (10.61)

and (10.56, 10.59) can be written

1 —v1
Viw Viw o°
= L— 0 0
exp (lel) = \/1—1)% \/l—v% (1062)
0 0 10
0 0 0 1

According to (10.3, 10.6, 10.51) the explicit transformation for space-time—coordinates is then

xr1 — vt t — nx
A ! ’:711’3;’2:x27x’3:$3 (10.63)

351—\/1_,0%7 \/1—11%

which agrees with (10.1).
The range of the parameters wy can now be specified. vy defined in (10.59) for the case k = 1
corresponds to the relative velocity of two frames of reference. We expect that vy can only assume
values less than the velocity of light ¢ which in the present units is ¢ = 1. Accordingly, we can
state vy, €]—1,1[. This property is, in fact, consistent with (10.59). From (10.59) follows, however,
for wy,

wg €] — 00, 00 . (10.64)

We note that the range of wy-values is not a compact set even though the range of vg-values is
compact. This property of the wg-values contrasts with the property of the parameters 9 specifying
rotational angles which assume only values in a compact range.



296 Relativistic Quantum Mechanics

10.2 Scalars, 4—Vectors and Tensors

In this Section we define quantities according to their behaviour under Lorentz transformations.
Such quantities appear in the description of physical systems and statements about transformation
properties are often extremely helpful and usually provide important physical insight. We have
encountered examples in connection with rotational transformations, namely, scalars like r =
V22 + 22 + 22, vectors like 7 = (21,22, 23)T, spherical harmonics Yy, (7), total angular momentum
states of composite systems like Vp,,, (€1, ¢2|71,72) and, finally, tensor operators Ty,,. Some of these
quantities were actually defined with respect to representations of the rotation group in function
spaces, not in the so-called natural representation associated with the 3-dimensional FKuclidean
space E3.

Presently, we have not yet defined representations of Lorentz transformations beyond the ‘natural’
representation acting in the 4-dimensional space of position— and time—coordinates. Hence, our
definition of quantities with special properties under Lorentz transformations presently is confined
to the natural representation. Nevertheless, we will encounter an impressive example of physical
properties.

Scalars The quantities with the simplest transformation behaviour are so-called scalars f € R
which are invariant under transformations, i.e.,

f=7. (10.65)

An example is s? defined in (10.4), another example is the rest mass m of a particle. However, not
any physical property f € R is a scalar. Counterexamples are the energy, the charge density, the
z—component x3 of a particle, the square of the electric field |]£77’(7_"7 t)|? or the scalar product 7 - 7
of two particle positions. We will see below how true scalars under Lorentz transformations can be
constructed.

4-Vectors The quantities with the transformation behaviour like that of the position—time vector
x# defined in (10.3) are the so-called 4-vectors a*. These quantites always come as four components

(a®,a',a?,a®)” and transform according to

" = LF,a” . (10.66)
Examples of 4-vectors beside z# are the momentum 4-vector

m mu
Ep),F= —u=x,p= —= 10.67

e N (1067
the transformation behaviour of which we will demonstrate further below. A third 4-vector is the
so-called current vector

Po=(

JE = (p, J) (10.68)
where p(7,t) and J (7, t) are the charge density and the current density, respectively, of a system of
charges. Another example is the potential 4-vector

—,

Ar = (V, A) (10.69)

where V (7, t) and A(F, t) are the electrical and the vector potential of an electromagnetic field. The
4-vector character of J# and of A* will be demonstrated further below.
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Scalar Product 4-vectors allow one to construct scalar quantities. If a* and b* are 4-vectors
then
at g, b” (10.70)

is a scalar. This property follows from (10.66) together with (10.12)

a/uguubw = L“pg;wLyaapbo = apgpaba (10.71)

Contravariant and Covariant 4-Vectors It is convenient to define a second class of 4-vectors.
The respective vectors a,, are associated with the 4-vectors a#, the relationship being

ay = guwa’ = (a°,—a',—a* —a*) (10.72)

where a” is a vector with transformation behaviour as stated in (10.66). One calls 4-vectors a,
covariant and 4-vectors at contravariant. Covariant 4-vectors transform like

dy = guwl’,9as (10.73)

where we defined
" = guv (10.74)

We like to point out that from definition (10.72) of the covariant 4-vector follows a* = ¢g"”a,. In
fact, one can employ the tensors g and g, to raise and lower indices of L*, as well. We do not
establish here the consistency of the ensuing notation. In any case one can express (10.73)

a, = L,%a, . (10.75)

Note that according to (10.17) L, is the transformation inverse to L?,. In fact, one can express
(L=HYT)H, = (L_l)”ﬂ and, accordingly, (10.17) can be written

(LY, = L,,". (10.76)

The 4-Vector 9, An important example of a covariant 4-vector is the differential operator

0 0
— — (= 10.
Oy Dk ( iR V) (10.77)
The transformed differential operator will be denoted by
) def 0
9, = TR (10.78)

To prove the 4-vector property of 9, we will show that ¢g"”0, transforms like a contravariant 4-
vector, i.e., g9, = L*,9"°d,. We start from /¥ = L#,2z¥. Multiplication (and summation) of
't = LF,x¥ by LP,g,, yields, using (10.12), gopa” = LPogpua’™ and gH7 gy, = 0*y,

v

¥ = ¢"LPogpur’™ . (10.79)

This is the inverse Lorentz transformation consistent with (10.16). We have duplicated the expres-
sion for the inverse of L*, to obtain the correct notation in terms of covariant, i.e., lower, and
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contravariant, i.e., upper, indices. (10.79) allows us to determine the connection between 0, and
8;1. Using the chain rule of differential calculus we obtain

N,
8,& == w@ == g”ngagpu&, == LHV&, (1080)
=0

Multiplication by g™ (and summation over p) together with g’\“gw = p yields
"o, = L 597 0, (10.81)

i.e., 0, does indeed transform like a covariant vector.

d’Alembert Operator We want to construct now a scalar differential operator. For this purpose
we define first the contravariant differential operator

0
H pr Hv g _— —
0 g’ o, (at’ V) . (10.82)
Then the operator

90" = 02 — V2 (10.83)

is a scalar under Lorentz transformations. In fact, this operator is equal to the d’Alembert operator
which is known to be Lorentz-invariant.

Proof that p” is a 4-vector We will demonstrate now that the momentum 4-vector p* defined
in (10.67) transforms like (10.66). For this purpose we consider the scalar differential

(dr)?* = datdx, = (dt)* — (dF)? (10.84)

It holds

<%>2 =1 — (7)? (10.85)

from which follows

d 1 d
— = ——. 10.86
dr 1 — 72dt ( )
One can write "
0 m m
P V=2 V- ozd (10.87)
The remaining components of p* can be written, e.g.,
1 1
1 mu m dr
= = . 10.88
P V1 — 2 V1 — §2 dt ( )
One can express then the momentum vector
dxt d
UL - (10.89)

de

wo—_
P V1 — 2 dt
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The operator m% transforms like a scalar. Since z* transforms like a contravariant 4-vector, the
r.h.s. of (10.89) alltogether transforms like a contravariant 4-vector, and, hence, p* on the L.h.s. of
(10.89) must be a 4-vector.

The momentum 4-vector allows us to construct a scalar quantity, namely

P = pgup’ = E* — p° (10.90)
Evaluation of the r.h.s. yields according to (10.67)

2 22

B2 _ 52 Mmoo 10.91
=i 1o " (10.91)

or
P'py = m? (10.92)

which, in fact, is a scalar. We like to rewrite the last result

E? = p? + m? (10.93)

or
E = +v/p? + m?. (10.94)

In the non-relativistic limit the rest energy m is the dominant contribution to E. Expansion in %

should then be rapidly convergent. One obtains

—-‘2

(ﬁ) (7?)°

This obviously describes the energy of a free particle with rest energy 4+m, kinetic energy :l: and
relativistic corrections.

10.3 Relativistic Electrodynamics

In the following we summarize the Lorentz-invariant formulation of electrodynamics and demon-
strate its connection to the conventional formulation as provided in Sect. 8.

Lorentz Gauge In our previous description of the electrodynamic field we had introduced the
scalar and vector potential V' (7,¢) and /Y(F, t), respectively, and had chosen the so-called Coulomb
gauge (8.12), i.e., V - A = 0, for these potentials. This gauge is not Lorentz-invariant and we will
adopt here another gauge, namely,

OV (Fit) + V- A t) = 0. (10.96)

The Lorentz-invariance of this gauge, the so-called Lorentz gauge, can be demonstrated readily
using the 4-vector notation (10.69) for the electrodynamic potential and the 4-vector derivative
(10.77) which allow one to express (10.96) in the form

uAr = 0. (10.97)

We have proven already that d, is a contravariant 4-vector. If we can show that A" defined in
(10.69) is, in fact, a contravariant 4-vector then the Lh.s. in (10.97) and, equivalently, in (10.96) is
a scalar and, hence, Lorentz-invariant. We will demonstrate now the 4-vector property of A*.
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Transformation Properties of J# and A*

—

The charge density p(7,t) and current density J(7,¢) are known to obey the continuity property

—

Qip(Ft) + V- J(Ft) = 0 (10.98)

which reflects the principle of charge conservation. This principle should hold in any frame of
reference. Equation (10.98) can be written, using (10.77) and (10.68),

BT Mz = 0. (10.99)

Since this equation must be true in any frame of reference the right hand side must vanish in all
frames, i.e., must be a scalar. Consequently, also the Lh.s. of (10.99) must be a scalar. Since 0,
transforms like a covariant 4-vector, it follows that J*, in fact, has to transform like a contravariant
4-vector.

We want to derive now the differential equations which determine the 4-potential A* in the Lorentz
gauge (10.97) and, thereby, prove that A* is, in fact, a 4-vector. The respective equation for A = V
can be obtained from Eq. (8.13). Using V - 8,A(7,t) = 8,V - A(F,t) together with (10.96), i.e.,
V- A(7,t) = —8,V(F,t), one obtains

QFV (7, t) — V2V(F,t) = 4mp(F,t) . (10.100)

Similarly, one obtains for A(7,¢) from (8.17) using the identity (8.18) and, according to (10.96),
V- A(T,t) = =0,V (7,t) - B B
OPA(F L) — V2A(Ft) = 4nJ(7t) . (10.101)

Combining equations (10.100, 10.101), using (10.83) and (10.69), yields
9,0 A (2%) = 4w JV(2°) . (10.102)

In this equation the r.h.s. transforms like a 4-vector. The lL.h.s. must transform likewise. Since
0,0" transforms like a scalar one can conclude that A”(z?) must transform like a 4-vector.

The Field Tensor
The electric and magnetic fields can be collected into an anti-symmetric 4x4 tensor

0 -E, —E, —E.
E. 0 -B. B,

o _
F E, B. 0 _B, (10.103)
E. -B, B, 0
Alternatively, this can be stated
FMO — _pOk — gk prn — et k0 omon = 1,2,3 (10.104)

where ¢™ = ¢, is the totally anti-symmetric three-dimensional tensor defined in (5.32).

One can readily verify, using (8.6) and (8.9), that F'*¥ can be expressed through the potential A
in (10.69) and 0" in (10.82) as follows

FH = grAY — 9V AP . (10.105)
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The relationships (10.103, 10.104) establishe the transformation behaviour of E(7,t) and B(7,t).
In a new frame of reference holds

F'™W = [P, LV FP (10.106)

In case that the Lorentz transformation L*, is given by (10.62) or, equivalently, by (10.63), one
obtains

0 —Ez _Ey—lez _Ez+ley
Vir i
B,—un1 FE By+vi1 E,
E, 0 — =2 Yr—
o _ ViR I
= By-iB.  B.-wP, . 5 (10.107)
Vied Vi :
Ez+’U13y _ By+v1Ez
Ved v e !
Comparision with
0 —E, —E; —E
E! -B, B!
F'W = z U o Y (10.108)

E, B 0 -B.
/ /

E, —-B, B, 0

yields then the expressions for the transformed fields E’ and B’. The results can be put into the

more general form

=, EL+6X§

— — — EL - U X _E_j

where E\\’ B | and E 1, B, are, respectively, the components of the fields parallel and perpendicular
to the velocity ¥ which determines the Lorentz transformation. These equations show that under
Lorentz transformations electric and magnetic fields convert into one another.

Maxwell Equations in Lorentz-Invariant Form

One can express the Maxwell equations in terms of the tensor F'*” in Lorentz-invariant form. Noting
o, F*" = 0,0'A” — 9,0"A! = 0,0'A” — 0", A" = 0,0"AY, (10.111)

where we used (10.105) and (10.97), one can conclude from (10.102)
O F" = Am JV . (10.112)

One can readily prove that this equation is equivalent to the two inhomogeneous Maxwell equations
(8.1, 8.2). From the definition (10.105) of the tensor F'*¥ one can conclude the property

aaFuV + 8MFVU + aVFUM =0 (10113)

which can be shown to be equivalent to the two homogeneous Maxwell equations (8.3, 8.4).
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Lorentz Force

One important property of the electromagnetic field is the Lorentz force acting on charged particles
moving through the field. We want to express this force through the tensor F*”. It holds for a
particle with 4-momentum p# as given by (10.67) and charge ¢

dp”

= = Ly, Frv (10.114)
T m

where d/dr is given by (10.86). We want to demonstrate now that this equation is equivalent to
the equation of motion (8.5) where p' = mo/v1 — v2.

To avoid confusion we will employ in the following for the energy of the particle the notation
& = m/vV1—12 [see (10.87)] and retain the definition E for the electric field. The g = 0
component of (10.114) reads then, using (10.104),

d€

q _, =
— = —p-FE 10.115
dr m? ( )
or with (10.86)
dé q -
— = Zp-E. 10.116
& = gb ( )
From this one can conclude, employing (10.93),
1d&? 1 dp? -
- =2 = gp-E 10.11
2dt  2a 17 (10.117)
This equation follows, however, also from the equation of motion (8.5) taking the scalar product
with p
7. 5 B (10.118)
p dat ap .
where we exploited the fact that according to p = mu//v/1 —v? holds p || ¥.
For the spatial components, e.g., for 4 = 1, (10.114) reads using (10.103)
o _ 9 (ep, | pB. — p.B,). (10.119)
dr m Y Y
Employing again (10.86) and (10.67), i.e., € = m/v1 —v?, yields
dpr o — =

which is the z-component of the equation of motion (8.5). We have, hence, demonstrated that
(10.114) is, in fact, equivalent to (8.5). The term on the r.h.s. of (10.120) is referred to as the
Lorentz force. Equation (10.114), hence, provides an alternative description of the action of the
Lorentz force.
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10.4 Function Space Representation of Lorentz Group

In the following it will be required to decribe the transformation of wave functions under Lorentz
transformations. In this section we will investigate the transformation properties of scalar functions
Y(xt), b € Cy(4). For such functions holds in the transformed frame

P (LHa”) = Y(at) (10.121)

which states that the function values ¢/(2'#) at each point 2# in the new frame are identical to the
function values 1 (z#) in the old frame taken at the same space—time point x*, i.e., taken at the pairs
of points (z'* = L*, 2", z#). We need to emphasize that (10.121) covers solely the transformation
behaviour of scalar functions. Functions which represent 4-vectorsor other non-scalar entities, e.g.,
the charge-current density in case of Sect. 10.3 or the bi-spinor wave function of electron-positron
pairs in Sect. 10.7, obey a different transformation law.

We like to express now /(") in terms of the old coordinates x#. For this purpose one replaces
z# in (10.121) by (L~!)* z¥ and obtains

Wzt = w((L7H,e"). (10.122)

This result gives rise to the definition of the function space representation p(L*,) of the Lorentz
group
(p(L" ) () < (L7 ),a") . (10.123)

This definition corresponds closely to the function space representation (5.42) of SO(3). In analogy
to the situation for SO(3) we seek an expression for p(L*,) in terms of an exponential operator and
transformation parameters 5, W, i.e., we seek an expression which corresponds to (10.51) for the
natural representation of the Lorentz group. The resulting expression should be a generalization of
the function space representation (5.48) of SO(3), in as far as SO(3,1) is a generalization (rotation
+ boosts) of the group SO(3). We will denote the intended representation by

@, @) & o, @) = p(eﬁ'jerK) (10.124)

which we present in the form
LT, @) = exp<5~j + u?lﬁ) . (10.125)
In this expression J = (J1, %, J3) and K = (K1, K2, K3) are the generators of £(J, ) which
correspond to the generators Ji and K} in (10.47), and which can be constructed following the

procedure adopted for the function space representation of SO(3). However, in the present case we
exclude the factor ‘—i’ [cf. (5.48) and (10.125)]. Accordingly, one can evaluate Jj, as follows

— lim & Idk) _
i = Jim o [p(e ‘ k) 11} (10.126)
and Ky,
K = lim — [p(e™s5k) — 1] . (10.127)

wi—0 W1
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One obtains
J1 = x382 — x283; Ki = $081 + $180

Jo = xlag — :c381; Co xoag + 1’280
T3 = m281 — a;182; Ks = a:083 + .’L’380 (10.128)

which we like to demonstrate for [7; and K.
In order to evaluate (10.126) for [J; we consider first

10 0 0
-1 0 1 0 0
Y11 — U1
(6 ) - ° - 0 0 costyy sinty (10.129)
0 0 —sindy cost
which yields for small 9,
p(eh17)p(xt) = p(a° 2, costy 2® + sindy 2®, —sindy 2 + cost 2°)
= p(z”) + 9 (230 — 2203) (x") + O(3) . (10.130)
This result, obviously, reproduces the expression for 7; in (10.128).
One can determine similarly K; starting from
coshwy; sinhw; 0 O
wiKN—L | —w Ky sinhw; coshw; 0 0
(emf1) 7 = e = 0 0 1 0 (10.131)
0 0 0 1
This yields for small w;
p (e B p(at) = 1p(coshwy 2% + sinhwy 2!, sinhwy 2° + coshw; 2!, 22, 23)
= P(at) + wy (2109 + 2%01) Y(z") + O(w?) (10.132)

and, obviously, the expression for Ky in (10.126).
The generators J, KC obey the same Lie algebra (10.49) as the generators of the natural represen-
tation, i.e.

(T el = €ktm Im

(K, Ke] = — €kom Tm
[Ty Ke] = €em Kim - (10.133)
We demonstrate this for three cases, namely [J1, J2] = Js, [K1,K2] = =3, and [J1,Ke] = Ks:
(T, o] = [2%02 — 205, 2205 — 230]
= [2%0y, '0s] — [2703, 2°01]

= —2'0y + 220, = Tz, (10.134)
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(K1, K2] = [ + 200, 202 + 20

= [%081, .7}2(90] - [16180, .1‘0(92]

= —2%0) + 210y = — T3, (10.135)
[jl, ]CQ] = [a:362 — 58283, 37082 + I280]

= [33382, 562(9()] — [.75283, xoaz]

= 230y + 203 = K3. (10.136)

One-Dimensional Function Space Representation

The exponential operator (10.125) in the case of a one-dimensional transformation of the type
Lw?) = exp (w’Ks) , (10.137)

where /3 is given in (10.128), can be simplified considerably. For this purpose one expresses K3 in
terms of hyperbolic coordinates R, ) which are connected with ¥, 23 as follows

2% = Rcosh®, 2® = RsinhQ (10.138)

a relationship which can also be stated

V(@02 — (23)2  if 2
R = { i oniz - Ex3§2 g i 8 (10.139)

x z0

tanhQ = 0 cothQ) = e (10.140)
The transformation to hyperbolic coordinates closely resembles the transformation to radial coordi-
nates for the generators of SO(3) in the function space representation [cf. Egs. (5.85-5.87)]. In both
cases the radial coordinate is the quantity conserved under the transformations, i.e., /2% + 23 + m%
in the case of SO(3) and 4/(z%)? — (23)? in case of transformation (10.137).

In the following we consider solely the case 20 > 0. The relationships (10.139, 10.140) allow one to

express the derivatives dy, J3 in terms of %, a%. We note

and
3

OR 20 OR z0
0 "R o R (10.141)
and
o0 01 OtanhQ 9 1
023  OtanhQ Oz cosh QF
o0 02 Ocoth(2 194 1
30 = Foothl 80 — — sinh QF (10.142)
The chain rule yields then
OR 0 o0 0 20 0 9. 10
b = om0k T aa0 = Ror ™ P60
OR 0 o) 0 3 0 9~ 1 0
03 = 523 OF + 3390 — R OR + cosh Qﬁa—a (10.143)
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Inserting these results into the definition of K3 in (10.128) yields

3}

0 3

= = —. 10.144
K3 x'03 + x°0gy 90 ( 0 )
The action of the exponential operator (10.137) on a function f(€2) € Cx (1) is then that of a shift

operator
L(w?) f(Q) = exp(w?’a%) f(Q) = F(Q + wd). (10.145)

10.5 Klein—Gordon Equation

In the following Sections we will provide a heuristic derivation of the two most widely used quan-
tum mechanical descriptions in the relativistic regime, namely the Klein—-Gordon and the Dirac
equations. We will provide a ‘derivation’ of these two equations which stem from the historical de-
velopment of relativistic quantum mechanics. The historic route to these two equations, however,
is not very insightful, but certainly is short and, therefore, extremely useful. Further below we will
provide a more systematic, representation theoretic treatment.

Free Particle Case

A quantum mechanical description of a relativistic free particle results from applying the correspon-
dence principle, which allows one to replace classical observables by quantum mechanical operators
acting on wave functions. In the position representation the correspondence principle states

A h
. s, D
which, in 4-vector notation reads
Pp = Pu = (0, V) = ihd,; pt' = p' = (0, —V) = iho". (10.147)

Applying the correspondence principle to (10.92) one obtains the wave equation
— h20"0, (x¥) = m*ap(z") (10.148)

or

(R?0"9, + m?®) (") = 0. (10.149)

where ¥ (z#) is a scalar, complex-valued function. The latter property implies that upon change of
reference frame v (z#) transforms according to (10.121, 10.122). The partial differential equation
(10.151) is called the Klein-Gordon equation.

In the following we will employ so-called natural units h = ¢ = 1. In these units the quantities
energy, momentum, mass, (length)~!, and (time)~! all have the same dimension. In natural units
the Klein—Gordon equation (10.151) reads

(0,0" + m*) ¥(a*) = 0 (10.150)
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or
(0f — V2 + m?) (") = 0. (10.151)

One can notice immeadiately that (10.150) is invariant under Lorentz transformations. This follows
from the fact that 9,0* and m? are scalars, and that (as postulated) 1(z") is a scalar. Under
Lorentz transformations the free particle Klein—-Gordon equation (10.150) becomes

(9,0 + m*) ' (2™) = 0 (10.152)

which has the same form as the Klein—-Gordon equation in the original frame.

Current 4-Vector Associated with the Klein-Gordon Equation

As is well-known the Schrodinger equation of a free particle

1
0 (7, ) = —=——V2 (7t 10.153
1 H/J(Ta ) 2mv 77/}(7'7 ) ( )
is associated with a conservation law for particle probability
dps(Fit) + V-js(Ft) = 0 (10.154)
where
ps(ryt) = ¥ (7 1) ¢(rt) (10.155)
describes the positive definite probability to detect a particle at position 7 at time ¢ and where
7 o 1 %[ = — — * /=
jS<T7t) = % ["¢ (rat)vw(rat) - w(rvt)vw (T’,t)] (10156)

describes the current density connected with motion of the particle probability distribution. To
derive this conservation law one rewrites the Schrodinger equation in the form (i0; — ﬁVQ)@Z) =0
and considers

Im [1/1* (i&t - %W) w} =0 (10.157)

which is equivalent to (10.154).
In order to obtain the conservation law connected with the Klein-Gordon equation (10.150) one
considers

Im [¢* (9,0" + m*)¢] = 0 (10.158)
which yields

V0P — OPYT — PV 4 VY =

O (W Oy — pO*) + V- (VY* — p*Vyp) =0 (10.159)
which corresponds to
dipra(Fit) + V- jra(Ft) = 0 (10.160)
where
pra(Ft) = 5 (WH(F OO — Y(F 0 (71))

1
2ma

(Y (T )VY(F t) — (T )V (7, 1)) . (10.161)

jra(t) =
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This conservation law differs in one important aspect from that of the Schrédinger equation (10.154),
namely, in that the expression for pg g is not positive definite. When the Klein-Gordon equation
had been initially suggested this lack of positive definiteness worried physicists to a degree that the
Klein—Gordon equation was rejected and the search for a Lorentz—invariant quantum mechanical
wave equation continued. Today, the Klein-Gordon equation is considered as a suitable equation
to describe spin—0 particles, for example pions. The proper interpretation of px (7, t), it had been
realized later, is actually that of a charge density, not of particle probability.

Solution of the Free Particle Klein—-Gordon Equation

Solutions of the free particle Klein—-Gordon equation are
Y(ah) = Ne Put" = N lBor—Eot) (10.162)
Inserting this into the Klein-Gordon equation (10.151) yields
(E2 — 55 — m*) %(7it) = 0 (10.163)
which results in the expected [see (10.93] dispersion relationship connecting Ey, py, m
E2 = m? + p2. (10.164)
The corresponding energy is
E,(p,, £) = £v/m? + p2 (10.165)

This result together with (10.162) shows that the solutions of the free particle Klein-Gordon e-
quation (10.150) are actually determined by p, and by the choice of sign +. We denote this by
summarizing the solutions as follows

(0,0" + m?) o(p, A|zH) =0 (10.166)
Po(B, A|ah) = Ny PT=2Ee@D B (5) = /m? + p2 A ==+

The spectrum of the Klein—-Gordon equation (10.150) is a continuum of positive energies £ > m,
corresponding to A = 4+, and of negative energies ' < —m, corresponding to A = —. The density
prc (P, A\) associated with the corresponding wave functions 1, (p, A\|x*) according to (10.161) and
(10.166) is

EO * [ = -
prcB ) = A2y 5 Mo (5, ) (10.167)

which is positive for A = + and negative for A = —. The proper interpretation of the two cases is
that the Klein—-Gordon equation describes particles as well as anti-particles; the anti-particles carry
a charge opposite to that of the associated particles, and the density pxa(p, A) actually describes
charge density rather than probability.

Generating a Solution Through Lorentz Transformation

A particle at rest, i.e., with p = 0, according to (??) is decribed by the 7™independent wave

function 4
Po(P=0,Az") = Ne ™™ X\ =+, (10.168)
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We want to demonstrate now that the wave functions for p" # 0 in (??) can be obtained through
appropriate Lorentz transformation of (10.168). For this purpose we consider the wave function for
a particle moving with momentum velocity v in the direction of the z3-axis. Such wave function
should be generated by applying the Lorentz transformation in the function space representation
(10.145) choosing £ = sinhw?. This yields, in fact, for the wave function (10.168), using (10.138)
to replace t = ¥ by hyperbolic coordinates R, €2,

E(wd)%(ﬁ: 0, )\‘.%‘H) = exp <w3a% ) N e—i)\choshQ
= N PmAcoh(@ut) (10.169)

The addition theorem of hyperbolic functions cosh(Q+w?) = cosh{) coshw? + sinhQ) sinhw? allows
us to rewrite the exponent on the r.h.s. of (10.169)

—iX\ (mcoshw®) (RcoshQ) — i\ (msinhw?) ( RsinhQ)) . (10.170)

The coordinate transformation (10.138) and the relationships (10.61) yield for this expression
, m 0 L mu 3
—IAN——1 — I\——=1".
V1= 0? V1 — 02
One can interpret then for A = +, i.e., for positive energy solutions,

p=—mv/V/1 - v? (10.172)

as the momentum of the particle relative to the moving frame and

m m2 m2u2
T NI S\ T = V= B (10.173)

as the energy [c.f. (10.166)] of the particle. In case of A = + one obtains finally

(10.171)

L) o(f=0,A = +|z#) = N @?’ —Folp)e® (10.174)
which agrees with the expression given in (10.166). In case of A = —, i.e., for negative energy

solutions, one has to interprete
p = mv/v1 —v? (10.175)

as the momentum of the particle and one obtains

L) o(F=0,A=—|z#') = N @+ Ema? (10.176)

10.6 Klein—Gordon Equation for Particles in an Electromagnetic
Field

We consider now the quantum mechanical wave equation for a spin—0 particle moving in an elec-
tromagnetic field described by the 4-vector potential

AR(@H) = (V(71), A7) s Au(ah) = (V(71), —A(7 1)) (10.177)
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free classical free quantum
classical | particle in | quantum particle in
particle | field (V, A) | particle field (V, A)
energy E E — qV 10y 0 — qV
momentum I o — q/f ﬁ' = —iV 1%' — q/_f =7
4-vector pH pt — qAH 10, 0, — qA, = m,
Table 10.1:

Coupling of a particle of charge ¢ to an electromagnetic field described by the 4-vector potential
At = (V,A)or A, = (V,—A). According to the so-called minimum coupling principle the presence
of the field is accounted for by altering energy, momenta for classical particles and the respective

operators for quantum mechanical particles in the manner shown. See also Eq. (10.147).

To obtain the appropriate wave equation we follow the derivation of the free particle Klein—Gordon
equation above and apply again the correspondence principle to (10.93), albeit in a form, which
couples a particle of charge ¢ to an electromagnetic field described through the potential A,(z").
According to the principle of minimal coupling [see (10.69)] one replaces the quantum mechanical
operators, i.e., i0; and —iV in (10.150), according to the rules shown in Table 10.1. For this purpose
one writes the Klein-Gordon equation (10.150)

(=g (i0,)(i10,) + m*) () = 0. (10.178)
According to the replacements in Table 10.1 this becomes
9" (0, — qAu)(i0, — A,) (") = m® ¢(at) (10.179)

which can also be written
g T, —sm?)Y(at) =0. (10.180)

In terms of space-time derivatives this reads
. 2
(i0y — qV (T, t))2¢(F, t) = [(—iv - qA(F,t)) + mQ] W(T,t) . (10.181)

Non-Relativistic Limit of Free Particle Klein—Gordon Equation

In order to consider further the interpretation of the positive and negative energy solutions of the
Klein—Gordon equation one can consider the non-relativistic limit. For this purpose we split-off a
factor exp(—imt) which describes the oscillations of the wave function due to the rest energy, and
focus on the remaining part of the wave function, i.e., we define

Y(F,t) = e ™MU(Ft) (10.182)

and seek an equation for W(7,¢). We will also assume, in keeping withnthe non-relativistic limit,
that the mass m of the particle, i.e., it’s rest energy, is much larger than all other energy terms, in
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particular, larger than [i0;¥/¥| and alrger than ¢V, i.e.,

|z'8t\1!
v

| << m, |qgV] << m. (10.183)

The term on the Lh.s. of (10.181) can then be approximated as follows:

(i0 — qV)?e™™W = (i — qV) (me™ "™V + e "™ ¥ — qVe ")
= m2e " 4+ me M9, 0 — qVe ™
+me” ™Mo — e P — qVe iU
—me” MgV — eT™i9,qV T 4 ¢?VZe Y
~ mPe ™ — 2mgVe ™MW — 2me ™0, T (10.184)

where we neglected all terms which did not contain factors m. The approximation is justified on
the ground of the inequalities (10.183). The Klein-Gordon equation (10.181) reads then

—

Gk

i0, (7 t) = ‘ém + qV(F ) | (Rt (10.185)

This is, however, identical to the Schrodinger equation (10.2) of a non-relativistic spin-0 particle
moving in an electromagnetic field.

Pionic Atoms

To apply the Klein—Gordon equation (10.181) to a physical system we consider pionic atoms, i.e.,
atoms in which one or more electrons are replaced by 7~ mesons. This application demonstrates
that the Klein—Gordon equation describes spin zero particles, e.g., spin-0 mesons.

To ‘manufacture’ pionic atoms, 7~ mesons are generated through inelastic proton—proton scattering

p+p—p+p+a + 7", (10.186)

then are slowed down, filtered out of the beam and finally fall as slow pions onto elements for which
a pionic variant is to be studied. The process of 7~ meson capture involves the so-called Auger
effect, the binding of a negative charge (typically an electron) while at the same time a lower shell
electron is being emitted

T~ + atom — (atom — e + 7 ) + € . (10.187)

We want to investigate in the following a description of a stationary state of a pionic atom involving
a nucleus with charge +Ze and a 7~ meson. A stationary state of the Klein—Gordon equation is
described by a wave function

Y(zh) = p(F)e . (10.188)

Inserting this into (10.181) yields (we assume now that the Klein-Gordon equation describes a
particle with mass m, and charge —e) for ¢V (7,t) = —ZTeQ and A(7,t) = 0

Ze2\?
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Because of the radial symmetry of the Coulomb potential we express this equation in terms of
spherical coordinates 7,6, ¢. The Laplacian is

1 1 1 L2
V2 = -92 Opsinfdy + ——-07 = —Oir — —5 . 10.190
ror” + r2in2g 00O + r2sin%0 ¢ rort r2 ( )
With this expression and after expanding (e + ZTez)Q one obtains
2 L? - 7% 2eze® ) .
(W _ 7~2 @ i) o) = 0. (10.191)
The operator L? in this equation suggests to choose a solution of the type
. Ry(r
o) = r( )Yem(&qb) (10.192)

where the functions Yy, (6, ¢) are spherical harmonics, i.e., the eigenfunctions of the operator L2
in (10.191)
E2Yin(0,6) = £(£ + 1) Yo, ) - (10.193)

(10.192) leads then to the ordinary differential equation

d? L0+1) — Z%e* 2eZe?
<W_ (¢ + )T2 ° 4 ere +62—m§> Re(r) = 0. (10.194)

Bound state solutions can be obtained readily noticing that this equation is essentially identical to
2
that posed by the Coulomb problem (potential —ZTe) for the Schrodinger equation

d? (0+1)  2mgZe?
(W — 2 + " + 2m E | Re(r) = 0 (10.195)
The latter problem leads to the well-known spectrum
my (Ze?)?
En:—T;nzl,Z,...;€:O,1,...n—1. (10.196)
In this expression the number n’ defined through
n=n-4/0-1 (10.197)

counts the number of nodes of the wave function, i.e., this quantity definitely must be an integer.
The similarity of (10.194) and (10.195) can be made complete if one determines A such that

MONE) +1) = 00+ 1) — Z%*. (10.198)

The suitable choice is

A(0) = —% + \/(E + 1)2 — Z2%et (10.199)
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and one can write (10.194)
d? MO (M) + 1) 2eZe? 5
(W - 7'2 r + € — m Rg( ) = 0. (10200)
The bound state solutions of this equation should correspond to € values which can be obtained
from (10.196) if one makes the replacement
¢ —m3 2 2 ¢
E — —— A0, & — P — (10.201)
2my My
One obtains ,
¢ —mp _ mr 2 (10.202)
2m,  2(n/ + M) + 1)2° ’
Solving this for € (choosing the root which renders € < mg, i.e., which corresponds to a bound
state) yields
¢ M n' = 0,1,...:0=0,1,.... (10.203)
1 + Z2et
\/ (n"+X(0)+1)2
Exg(n,t,m) =
Uz
Z2et

1
\/ + (n_Z—%+\/(5+%)2_Z264)2

Using (10.197, 10.199) and defining Fxg = e results in the spectrum

n=12.
¢ =0,1,...,n—1
m=—0—(+1,...,+¢
(10.204)
In order to compare this result with the spectrum of the non-relativistic hydrogen-like atom we
expand in terms of the fine structure constant e? to order O(e®). Introducing a = ZZ%e* and
B = £+ 3 (10.204) reads
1
- — (10.205)
VIt o

and one obtains the series of approximations
1

1 - o
\/ * (nfﬂﬂ/m

\/1 5 0P
\/1 T En 0%




314 Relativistic Quantum Mechanics

Q

Q

o o? a? a?
~ - - — 4 — 4+ — 4+ 0(a?). 10.206
2n2  20n3 + 8n4 + 4nt +0(a7) ( )
From this results for (10.204)
mZ2et mZ*ed 1 3
E 1 ~omo— — — = | +0(Z%"?). 10.207
KG(n7 7m) m 2n2 27’L3 €+% 4n ( € ) ( )

Here the first term represents the rest energy, the second term the non-relativistic energy, and the
third term gives the leading relativistic correction. The latter term agrees with observations of
pionic atoms, however, it does not agree with observations of the hydrogen spectrum. The latter
spectrum shows, for example, a splitting of the six n = 2,¢ = 1 states into groups of two and four
degenerate states. In order to describe electron spectra one must employ the Lorentz-invariant
wave equation for spin—% particles, i.e., the Dirac equation introduced below.

It must be pointed out here that € does not denote energy, but in the present case rather the negative
of the energy. Also, the 7~ meson is a pseudoscalar particle, i.e., the wave function changes sign
under reflection.

10.7 The Dirac Equation

Historically, the Klein—Gordon equation had been rejected since it did not yield a positive-definite
probability density, a feature which is connected with the 2nd order time derivative in this equation.
This derivative, in turn, arises because the Klein—-Gordon equation, through the correspondence
principle, is related to the equation E? = m? + p? of the classical theory which involves a term
E?. A more satisfactory Lorentz-invariant wave equation, i.e., one with a positive-definite density,
would have only a first order time derivative. However, because of the equivalence of space and
time coordinates in the Minkowski space such equation necessarily can only have then first order
derivatives with respect to spatial coordinates. It should feature then a differential operator of the
type D = iy 0.

Heuristic Derivation Starting from the Klein-Gordon Equation

An obvious starting point for a Lorentz-invariant wave equation with only a first order time deriva-
tive is E = +v/m? + p2. Application of the correspondence principle (10.146) leads to the wave
equation

i0,U(7t) = £/ m2 — V2U(F, 1) . (10.208)

These two equation can be combined

(i@t + Vm? - v2) (i@t —Vm? = V2> U(7, 1) (10.209)
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which, in fact, is identical to the two equations (10.208). Equations (10.208, 10.209), however,
are unsatisfactory since expansion of the square root operator involves all powers of the Laplace
operator, but not an operator iy - V as suggested by the principle of relativity (equivalence of
space and time). Many attempts were made by theoretical physicists to ‘linearize’ the square root
operator in (10.208, 10.209), but for a long time to no avail. Finally, Dirac succeeded. His solution
to the problem involved an ingenious step, namely, the realization that the linearization can be
carried out only if one assumes a 4-dimensional representation of the coefficients v*.

Initially, it was assumed that the 4-dimensional space introduced by Dirac could be linked to 4-
vectors, i.e., quantities with the transformation law (10.66). However, this was not so. Instead,
the 4-dimensionsional representation discovered by Dirac involved new physical properties, spin—%
and anti-particles. The discovery by Dirac, achieved through a beautiful mathematical theory,
strengthens the believe of many theoretical physicists today that the properties of physical matter
ultimately derive from a, yet to be discovered, beautiful mathematical theory and that, therefore,
one route to important discoveries in physics is the creation of new mathematical descriptions of
nature, these descriptions ultimately merging with the true theory of matter.

Properties of the Dirac Matrices

Let us now trace Dirac’s steps in achieving the linearization of the ‘square root operator’ in (10.208).
Starting point is to boldly factorize, according to (10.209), the operator of the Klein—-Gordon
equation
00" + m?> = —(P + m)(P — m) (10.210)
where
P = in"9, . (10.211)
Obviously, this would lead to the two wave equations (P — m)¥ = 0 and (P + m)¥ = 0 which
have a first order time derivative and, therefore, are associated with a positive-definite particle
density. We seek to identify the coefficients v#. Inserting (10.211) into (10.210) yields
—g" 0,0, — m* = ("8 + m)(y" — m)
1
= =00, — m* = =5 (47" 0u0y + ""0,0u) — m®

1
= —5 (" +9") 0,0, — m? (10.212)

where we have changed ‘dummy’ summation indices, exploited 9,0, = 0,0, but did not commute
the, so far, unspecified algebraic objects v* and «*. Comparing the left-most and the right-most
side of the equations above one can conclude the following property of v,

YA = = 29 (10.213)

We want to determine now the simplest algebraic realization of v#. It turns out that no 4-vector of
real or complex coefficients can satisfy these conditions. In fact, the quantities 7%, 4%, 42, ¥> can
only be realized by d x d-matrices requiring that the wave function W(z#) is actually a d-dimensional
vector of functions ¥y (z#), o(x#), ... Ya(aH).

For 1 = v condition (10.213) reads

1 =0
02 2
(") = { 1 op =123 (10.214)
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From this follows that 7" has real eigenvalues =1 and 7/, j = 1,2, 3 has imaginary eigenvalues =i.

Accordingly, one can impose the condition

A% is hermitian 47, j=1,2,3 are anti-hermitian . (10.215)

For pu # v (10.213) reads
Py = =, (10.216)

i.e., the v* are anti-commuting. From this one can conclude for the determinants of v*
det(v#") = det(—"7") = (=1)%det(y"4") = (=1)%det(v"~") . (10.217)

Obviously, as long as det(y#) # 0 the dimension d of the square matrices v* must be even so that

(-1 = 1.
For d = 2 there exist only three anti-commuting matrices, namely the Pauli matrices o', 02, 03 for
which, in fact, holds

(O‘j)2 =1; oo = —ckegl forj # k. (10.218)

The Pauli matrices allow one, however, to construct four matrices y* for the next possible dimension
d = 4. A proper choice is

1 0 , 0 o’
0 . J — X
~ ( 0 1 ) .y < i > , (10.219)

Using property (10.218) of the Pauli matrices one can readily prove that condition (10.213) is
satisfied. We will argue further below that the choice f v*, except for similarity trasnformations, is
unique.

The Dirac Equation
Altogether we have shown that the Klein—Gordon equation can be factorized formally
("0, + m) (iy"'0y — m) ¥(z") =0 (10.220)

where W(z*) represents a 4-dimensional wave function, rather than a scalar wave function. From
this equation one can conclude that also the following should hold

("0, — m) ¥(z") =0 (10.221)
which is the celebrated Dirac equation.

The Adjoint Dirac Equation

The adjoint equation is

Ot (zh) (i(’y“)Té_u —i—m) =0 (10.222)

where we have defined ¥f = (3, ¥3,15,1%) and where 0, denotes the differential operator O*
operating to the left side, rather than to the right side. One can readily show using the hermitian
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property of the Pauli matrices (7°)7 = 7% and (77)f = —+7 for j = 1,2, 3 which, in fact, is implied
by (10.215). This property can also be written

()T = 7090 (10.223)

Inserting this into (10.222) and multiplication from the right by 4° yields the adjoint Dirac equation
Wl (zH) O (mﬂ O + m) =0. (10.224)

Similarity Transformations of the Dirac Equation - Chiral Representation

The Dirac equation can be subject to any similarity transformation defined through a non-singular
4 x 4-matrix S. Defining a new representation of the wave function ¥(z*)

U(zH) = SU(zH) (10.225)
leads to the ‘new’ Dirac equation
(i7"0, — m) U(z") =0 (10.226)
where
At = SngTt (10.227)

A representation often adopted beside the one given by (10.222, 10.219) is the socalled chiral
representation defined through

U(zh) = SU(ah); S = % ( % _11]1 > (10.228)

0 1 , 0 —o
~0 . ~7] ) .
;0 = (11 0 ) c5 = (oﬂ 0 > ,j=1,23. (10.229)

The similarity transformation (10.227) leaves the algebra of the Dirac matrices unaffected and
commutation property (10.213) still holds, i.e.,

and

5, 3 = 29" (10.230)

Exercise 10.7.1: Derive (refeq:Dirac-intro20a) from (10.213), (10.227).

Schrodinger Form of the Dirac Equation

Another form in which the Dirac equation is used often results from multiplying (10.221) from the
left by ~°

(if)t + &V - Bm) U(Ft) = 0 (10.231)
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whered has the three components «;, j = 1,2,3 and

5 T o0 . 0 ol .

This form of the Dirac equation is called the Schrédinger form since it can be written in analogy
to the time-dependent Schrodinger equation

0 U(z") = HoU(a"): Ho = a-§ + Bm. (10.233)

The eigenstates and eigenvalues of H correspond to the stationary states and energies of the particles
described by the Dirac equation.

Clifford Algebra and Dirac Matrices

The matrices defined through

dj =iy ,j =1,2,3; dy =" (10.234)
satisfy the anti-commutation property
_ 2 forj =k
didy, + dpd; = { 0 forj # k (10.235)

as can be readily verified from (10.213). The associative algebra generated by d; ...dy is called a
Clifford algebra Cy. The three Pauli matrices also obey the property (10.235) and, hence, form a
Clifford algebra C3. The representations of Clifford algebras C,,, are well established. For example,
in case of U4, a representation of the d;’s is

= (Vo)elov)ie=(o 5)e(i )
o= (0 0)e(3t)ea- (4 e L) e

where ‘®’ denotes the Kronecker product between matrices, i.e., the matrix elements of C' = A®Q B
are thgm = Ajkam'
The Clifford algebra C4 entails a subgroup G4 of elements

:I:djld]é‘--djs , 1 <jea<--<jgss<4 (10.237)

which are the ordered products of the operators +11 and di, do, ds, dg. Obviously, any product
of the d;’s can be brought to the form (10.237) by means of the property (10.235). There are
(including the different signs) 32 elements in G4 which we define as follows

'y = 4+£1

I'yo = +dy, I'g = £do, I'1y = £ds, I'45 = *dy

Iy = £dida, I'y7 = *did3, I'1g = Edidy, T'rg = £dads

Fi10 = +dady, T'111 = +dszdy

112 = £didads, I't13 = £didady, U114 = Fdidsdy, T'r15 = Fdadsdy

Tirs = +didadsdy (10.238)
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These elements form a group since obviously any product of two I'.’s can be expressed in terms
of a third I',. The representations of this group are given by a set of 32 4 x 4-matrices which
are equivalent with respect to similarity transformations. Since the I'; are hermitian the similarity
transformations are actually given in terms of unitary transformations. One can conclude then that
also any set of 4 x 4-matrices obeying (10.235) can differ only with respect to unitary similarity
transformations. This property extends then to 4 x 4-matrices which obey (10.213), i.e., to Dirac
matrices.

To complete the proof in this section the reader may consult Miller ‘Symmetry Groups and their
Application’ Chapter 9.6 and R.H.Good, Rev.Mod.Phys. 27, (1955), page 187. The reader may
also want to establish the unitary transformation which connects the Dirac matrices in the form
(10.236) with the Dirac representation (10.219).

Exercise 7.2:

Demonstrate the anti-commutation relationships (10.218) of the Pauli matrices o7.

Exercise 7.3:

Demonstrate the anti-commutation relationships (10.218) of the Dirac matrices y*.

Exercise 7.4:

Show that from (10.214) follows that 7" has real eigenvalues 1 and can be represented by a
hermitian matrix, and 47, j = 1,2,3 has imaginary eigenvalues +i and can be represented by an
anti-hermitian matrix.

10.8 Lorentz Invariance of the Dirac Equation

We want to show now that the Dirac equation is invariant under Lorentz transformations, i.e., the
form of the Dirac equation is identical in equivalent frames of reference, i.e., in frames connected by
Lorentz transformations. The latter transformations imply that coordinates transform according
to (10.6), i.e., 2’ = LH,z", and derivatives according to (10.80). Multiplication and summation
of (10.80) by L*, and using (10.76) yields 0, = L",0',, a result one could have also obtained by
applying the chain rule to (10.6). We can, therefore, transform coordinates and derivatives of the
Dirac equation. However, we do not know yet how to transform the 4-dimensional wave function
U and the Dirac matrices ~*.

Lorentz Transformation of the Bispinor State

Actually, we will approach the proof of the Lorentz invariance of the Dirac equation by testing
if there exists a transformation of the bispinor wave function ¥ and of the Dirac matrices v*
which together with the transformations of coordinates and derivatives leaves the form of the Dirac
equation invariant, i.e., in a moving frame should hold

(iv"0, — m) W' (") =0. (10.239)
Form invariance implies that the matrices v/* should have the same properties as *, namely,

(10.213, 10.215). Except for a similarity transformation, these properties determine the matrices
~'* uniquely, i.e., it must hold 4'* = ~4#. Hence, in a moving frame holds

(iv"0, — m) ¥'(a™) =0. (10.240)
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Infinitesimal Bispinor State Transformation

We want to show now that a suitable transformation of ¥(x*) does, in fact, exist. The transfor-
mation is assumed to be linear and of the form

V(") = S(LM) Y (z*) ;2" = LF,a” (10.241)

where S(L*,) is a non-singular 4 x 4-matrix, the coefficients of which depend on the matrix L#,
defining the Lorentz transformation in such a way that S(L*,) = 1 for L*, = ¢, holds. Ob-
viously, the transformation (10.241) implies a similarity transformation Sy*S~!. One can, hence,
state that the Dirac equation (10.221) upon Lorentz transformation yields

(iS(L")y*S ML) LY, 9, — m) V'(2™) = 0. (10.242)
The form invariance of the Dirac equation under this transformation implies then the condition
S(L")AS HL) LY, = A (10.243)

We want to determine now the 4 x 4-matrix S(L"¢) which satisfies this condition.
The proper starting point for a constructiuon of S(L"¢) is actually (10.243) in a form in which the
Lorentz transformation in the form L*" is on the r.h.s. of the equation. For this purpose we exploit
(10.12) in the form L”,,9,6L%, = gup = gpu- Multiplication of (10.243) from the left by L?,gq,
yields

SIS L) gop = L pgorvo - (10.244)

from which, using g,,7* = 7,, follows

S(Lnf)'YpS_l(Lnf) = L7 - (10.245)
One can finally conclude multiplying both sides by ¢g”*

S(LM)AMS™H L) = LMy, . (10.246)

The construction of S(L"¢) will proceed using the avenue of infinitesimal transformations. We had
introduced in (10.38) the infinitesimal Lorentz transformations in the form L*, = ¢, + €, where
the infinitesimal operator e, obeyed €/ = — geg. Multiplication of this property by g from the
right yields (eg)? = —eg, i.e., eg is an anti-symmetric matrix. The elements of eg are, however,
et ,g”” = " and, hence, in the expression of the infinitesimal transformation

LM = g + e (10.247)

the infinitesimal matrix e is anti-symmetric.
The infinitesimal transformation S(L”,) which corresponds to (10.247) can be expanded

Sy = 1 — %aw,e“” (10.248)

Here o, denote 4 x 4-matrices operating in the 4-dimensional space of the wave functions W.
S(e") should not change its value if one replaces in its argument e by —e”#. It holds then

S(e) = ﬂ—%awe’” = S(—€e) = ll—l—%aw,e”“ (10.249)
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from which we can conclude o, " = —o0,, " = —o,,e", ie., it must hold
Opv = —Oyy - (10250)
One can readily show expanding SS™! = 1l to first order in e*¥ that for the inverse infinitesimal

transformation holds )
Sy = 1+ %aﬂyeﬂ” (10.251)

Inserting (10.248, 10.251) into (10.246) results then in a condition for the generators o,

—% (Gap? — Y'ous) €P = ey, . (10.252)

Since six of the coefficients €*? can be chosen independently, this condition can actually be expressed
through six independent conditions. For this purpose one needs to express formally the r.h.s. of
(10.252) also as a sum over both indices of €*?. Furthermore, the expression on the r.h.s., like the
expression on the L.h.s., must be symmetric with respect to interchange of the indices a and 3. For
this purpose we express

1 1 1 1
hy, = —e*y, + _€ﬁufm = _eaﬁ(guﬂ,},a + ZeB M ovs
2 2 2 2
1
= §e°‘ﬁ (6" 5% — 0 ap) - (10.253)
Comparing this with the Lh.s. of (10.252) results in the condition for each «a, 3
[O'aﬁa ’7“]7 = 2 (6M6’Ya - 6#0176) . (10.254)

The proper 0,43 must be anti-symmetric in the indices «, 3 and operate in the same space as the
Dirac matrices. In fact, a solution of condition (10.254) is

0ap = 5 [V 8] (10.255)

N | .

which can be demonstrated using the properties (10.213, 10.216) of the Dirac matrices.

Exercise 7.5:
Show that the 0,43 defined through (10.255) satisfy condition (10.254).

Algebra of Generators of Bispinor Transformation

We want to construct the bispinor Lorentz transformation by exponentiating the generators o, .
For this purpose we need to verify that the algebra of the generators involving addition and mul-
tiplication is closed. For this purpose we inspect the properties of the generators in a particular
representation, namely, the chiral representation introduced above in Egs. (10.228, 10.229). In this
representation the Dirac matrices 7, = (7, —3) are

- 0 1 - 0 ol .
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One can readily verify that the non-vanishing generators 6, are given by (note 6, = —a,,, i.e.
only six generators need to be determined)

~ i —iod 0 . - ot 0

g0 = 5[0 %] = < 0 ol ) s ok = [V, %] = Ejke< 0 Uz) : (10.257)

Obviously, the algebra of these generators is closed under addition and multiplication, since both
operations convert block-diagonal operators

< ‘g g > (10.258)

again into block-diagonal operators, and since the algebra of the Pauli matrices is closed.

We can finally note that the closedness of the algebra of the generators o,, is not affected by
similarity transformations and that, therefore, any representation of the generators, in particular,
the representation (10.255) yields a closed algebra.

Finite Bispinor Transformation

The closedness of the algebra of the generators o, defined through (10.248) allows us to write the
transformation S for any, i.e., not necessarily infinitesimal, ¢*” in the exponential form

S = exp (—iawe’“’) . (10.259)

We had stated before that the transformation S is actually determined through the Lorentz trans-
formation L*,. One should, therefore, be able to state S in terms of the same parameters w and
¥ as the Lorentz transformation in (10.51). In fact, one can express the tensor e*¥ through @ and
J using e’ = et »9”” and the expression (10.44)

0 —wp; —wW2 —wWs
w 0 g -
v — w; Y 03 012 (10.260)

ws 192 —191 0
Inserting this into (10.259) yields the desired connection between the Lorentz transformation (10.51)
and S.

In order to construct an explicit expression of S in terms of @ and J we employ again the chiral
representation. In this representation holds

- i 3 3 3 3 3
— 10w = —3 (Go1€™ + G02€”® + Go3e™ + G12€'? + F13e™ + Goze™)
1 [ (@ —id)-¢& 0
= = . . 10.261
> ( 0 (@ + i) -7 ) (10:261)

We note that this operator is block-diagonal. Since such operator does not change its block-diagonal
form upon exponentiation the bispinor transformation (10.259) becomes in the chiral representation

- o3 (@ —i0)-G 0
S(w, J) = . iy (10.262)

This expression allows one to transform according to (10.241) bispinor wave functions from one
frame of reference into another frame of reference.
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Current 4-Vector Associated with Dirac Equation

We like to derive now an expression for the current 4-vector j* associated with the Dirac equation
which satisfies the conservation law
Oug" = 0. (10.263)

Starting point are the Dirac equation in the form (10.221) and the adjoint Dirac equation (10.224).
Multiplying (10.221) from the left by ¥T(2#)7°, (10.224) from the right by W(z*), and addition
yields

Ol (zH)Y (i’y“@u N au> U(zh) = 0. (10.264)
The last result can be written
0, VT ()" W (2¥) = 0, (10.265)

i.e., the conservation law (10.263) does hold, in fact, for

-,

) = (o, J) = Wiy e(at) . (10.266)

The time-like component p of j#

4
plat) = Wi W(ah) = Y [¢s(a")]? (10.267)
s=1

has the desired property of being positive definite.

The conservation law (10.263) allows one to conclude that j* must transform like a contravariant
4-vector as the notation implies. The reason is that the r.h.s. of (10.263) obviously is a scalar
under Lorentz transformations and that the left hand side must then also transform like a scalar.
Since 0, transforms like a covariant 4-vector, j# must transform like a contravariant 4-vector. This
transformation behaviour can also be deduced from the transformation properties of the bispinor
wave function W(xz,). For this purpose we prove first the relationship

STt = 40810, (10.268)

We will prove this property in the chiral representation. Obviously, the property applies then in
any representation of S.
For our proof we note first

. . N . — (@ —i0)7
§V@,9) = S(—d, ) = ( e U ) (10.269)
One can readily show that the same operator is obtained evaluating

1/ = LN\ =
~ = 0 1 ez (W +10)G 0 0 1
0Gt (. §)70 — 3
A ST (W, ¥)5y ( 1 0 > ( 0 b id)e ( 1 0 ) . (10.270)

We conclude that (10.268) holds for the bispinor Lorentz transformation.
We will now determine the relationship between the flux

"= \P/T(:I:/M)’YO’YMW/@/) (10.271)
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in a moving frame of reference and the flux j# in a frame at rest. Note that we have assumed
in (10.271) that the Dirac matrices are independent of the frame of reference. One obtains using
(10.268)

it = (@SOS T () = T (1) 'S IS T (aH) . (10.272)

With 87 (L) = S((L™')") one can restate (10.246)
STHLM WS L) = (LYY, = (L7YY = L. (10.273)

where we have employed (10.76). Combining this with (10.272) results in the expected transfor-
mation behaviour

§* = LM,5" . (10.274)

10.9 Solutions of the Free Particle Dirac Equation

We want to determine now the wave functions of free particles described by the Dirac equation.
Like in non-relativistic quantum mechanics the free particle wave function plays a central role, not
only as the most simple demonstration of the theory, but also as providing a basis in which the wave
functions of interacting particle systems can be expanded and characterized. The solutions provide
also a complete, orthonormal basis and allows one to quantize the Dirac field ¥(z#) much like the
classical electromagnetic field is quantized through creation and annihilation operators representing
free electromagnetic waves of fixed momentum and frequency.

In case of non-relativistic quantum mechanics the free particle wave function has a single component
(7, t) and is determined through the momentum p € R3. In relativistic quantum mechanics a
Dirac particle can also be characterized through a momentum, however, the wave function has four
components which invite further characterization of the free particle state. In the following we
want to provide this characterization, specific for the Dirac free particle.

We will start from the Dirac equation in the Schrédinger form (10.231, 10.232, 10.233)

0,0 (z") = HoW(a") . (10.275)

The free particle wave function is an eigenfunction of H,, a property which leads to the energy—
momentum (dispersion) relationship of the Dirac particle. The additional degrees of freedom de-
scribed by the four components of the bispinor wave function require, as just mentioned, additional
characterizations, i.e., the identification of observables and their quantum mechanical operators, of
which the wave functions are eigenfunctions as well. As it turns out, only two degrees of freedom
of the bispinor four degrees of freedom are independent [c.f. (10.282, 10.283)]. The independent
degrees of freedom allow one to choose the states of the free Dirac particle as eigenstates of the
4-momentum operator p,, and of the helicity operator I' ~ & - ;;5’/ |i7\ introduced below. These opera-
tors, as is required for the mentioned property, commute with each other. The operators commute
also with H, in (10.233).

Like for the free particle wave functions of the non-relativistic Schrodinger and the Klein—Gordon
equations one expects that the space—time dependence is governed by a factor expli(p- ¥ — et)].
As pointed out, the Dirac particles are described by 4-dimensional, bispinor wave functions and we
need to determine corresponding components of the wave function. For this purpose we consider
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the following form of the free Dirac particle wave function
°w P,
He) = ( igiu; > - < fﬁi ) T (10.276)

where p’ and € together represent four real constants, later to be identified with momentum and
energy, and ¢,, Y, each represent a constant, two-dimensional spinor state. Inserting (10.276) into
(10.231, 10.232) leads to the 4-dimensional eigenvalue problem

(f”a 5'ﬁ><¢0> :e<¢°). (10.277)
og-p —m Xo Xo

To solve this problem we write (10.277) explicitly

(e=m)l¢go —F-Pxo =0
— 0 Pdo + (e+m)Lyx, = 0. (10.278)

Multiplication of the 1st equation by (e +m)1l and of the second equation by —&' - and subtraction
of the results yields the 2-dimensional equation

(& —mH)1L — (F-p)*] ¢o = 0. (10.279)
According to the property (5.234) of Pauli matrices holds (7-p)? = p21. One can, hence, conclude
from (10.279) the well-known relativistic dispersion relationship

e = m? 4+ p? (10.280)

which has a positive and a negative solution

e = +E(@), E@) = Vm2 + p2. (10.281)

Obviously, the Dirac equation, like the Klein—-Gordon equation, reproduce the classical relativistic
energy—momentum relationships (10.93, 10.94)

Equation (10.278) provides us with information about the components of the bispinor wave function
(10.276), namely ¢, and x, are related as follows

—

o-p

b0 = X0 (10.282)
€E—m
G-p

— 10.283

Xo c +m ¢0 ; ( )

where € is defined in (10.281). These two relationships are consistent with each other. In fact, one
finds using (5.234) and (10.280)

- - — 2 -9
d-p (¢-p) P

_ _ b 10.284
e+m¢0 (e—i-m)(e—i-m)xo 2 — 2 X0 T X0 ( )

The relationships (10.282, 10.283) imply that the bispinor part of the wave function allows only
two degrees of freedom to be chosen independently. We want to show now that these degrees of
freedom correspond to a spin-like property, the socalled helicity of the particle.
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For our further characterization we will deal with the positive and negative energy solutions [cf.
(10.281)] separately. For the positive energy solution, i.e., the solution for ¢ = +F(p), we present
¢, through the normalized vector

o = ( Zl ) —ueC,uu=|u]?+uw?>=1. (10.285)
2
The corresponding free Dirac particle is then described through the wave function
, u (57— et)
U(p, +|z*) = N.(P) &5 e , €= +E{). (10.286)
E@) +m Y

Here N, (p) is a constant which will be chosen to satisfy the normalization condition
UH(p,+) P (5 +) = 1, (10.287)

the form of which will be justified further below. Similarly, we present the negative energy solution,
i.e., the solution for ¢ = —FE(p), through x, given by

o = <Zl ) —ue €, utu = fuf? 4wl = 1. (10.288)
2

corresponding to the wave function
s Y .
U(p,—|zt) = N_(p) | E@+m PT=) e — _E(p) . (10.289)
u

Here N_(p) is a constant which will be chosen to satisfy the normalization condition
Ui+ v +) = -1, (10.290)

which differs from the normalization condition (10.287) in the minus sign on the r.h.s. The form
of this condition and of (10.287) will be justified now.

First, we demonstrate that the product WT(p, +)7°¥ (5, +), i.e., the Lh.s. of (10.287, 10.290), is
invariant under Lorentz transformations. One can see this as follows: Let W(p,+) denote the
solution of a free particle moving with momentum p’ in the laboratory frame, and let (0, +)
denote the corresponding solution of a particle in its rest frame. The connection between the
solutions, according to (10.241), is ¥(p,+) = S ¥(0,=£) , where S is given by (10.259). Hence,

Vi) @) = (who.2)87) 1 5w, 4)
= TH0,£) ("S714°) 1° S (0, L)
= UT0,+)7°w(0,%). (10.291)
Note that we have used that, according to (10.268), S~ = 7°S8t4% and, hence, St = 7957140,
We want to demonstrate now that the signs on the r.h.s. of (10.287, 10.290) should differ. For this

purpose we consider first the positive energy solution. Employing (10.286) for 7 = 0 yields, using
7Y as given in (10.219) and ufu = 1 [c.f. (10.285)],

u

W0, 4,0 00.4) = WLOF W 0)2° ()

) = INL(0) . (10.292)
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The same calculation for the negative energy wave function as given in (10.289) yields
2 (10.293)

¥(0,4)970(0,-) = W-OF 0. u)r? () = - W)

Obviously, this requires the choice of a negative side on the r.h.s. of (10.290) to assign a positive
We can also conclude from our derivation
(10.294)

value to |[NV_(0)]?.
NiL(0) = 1.

We want to determine now N (p) for arbitrary p. We consider first the positive energy solution

Condition (10.287) written explicitly using (10.286)
N2 [ ()T [75'1? *]T 0 ; 1 (10.295)
p) | ()", ul )y & = :
- E(p) + m B Fm U
Evaluating the Lh.s. using 7" as given in (10.219) yields
2 22
(7 P) } — 1. (10.296)

M) [ut = wl S
Replacing (7 - 5)? by p? [c.f. (5.234)] and using the normalization of u in (10.285) results in
> p?
N2(p) {1 - W] . (10.297)

from which follows
m + E(p))
Ni(p) = ( — . 10.298
+(4) \/(m—l—E(ﬁ))Q—]ﬂ ( )
Noting
(m + E®)* — p% = m? — 5 + 2mE®p) + E*(p) = 2(m + E(p)) (10.299)
the normalization coefficient (10.298) becomes
m + E(p)
=\ —. 10.
N+ (P) S (10.300)
This result completes the expression for the wave function (10.286)
Exercise 7.6: Show that the normalization condition
2 T o-p g u
N2 (o, [— u*} B (10.301)
+ E(m +m E(ﬂ)ﬁ_
(10.302)

yields the normalization coefficient
m + E(p)

N =
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We consider now the negative energy solution. Condition (10.290) written explicitly using (10.289)

is o . s
NZ(p) ([E(;;—f U*} 7 (u*)T> 7’ ( E(@;mu ) = -1 (10.303)

Evaluating the L.h.s. yields

= A2
N2 (p [uT&u - uTu] —_— 10.304
This condition is, however, identical to the condition (10.296) for the normalization constant N (p)
of the positive energy solution. We can, hence, conclude

m + E(p)
2m

N_(p) = (10.305)

and, thereby, have completed the determination for the wave function (10.289).
The wave functions (10.286, 10.289, 10.300) have been constructed to satisfy the free particle Dirac
equation (10.275). Inserting (10.286) into (10.275) yields

Ho W(p, Alz") = ANE(D) ¥(p, Alz") (10.306)

i.e., the wave functions constructed represent eigenstates of H,. The wave functions are also
eigenstates of the momentum operator 9, i.e.,

0 U(P, Alz") = pu ¥(p, Alz") (10.307)

where p, = (¢, —p). This can be verified expressing the space-time factor of W(p, Alz*) in 4-vector
notation, i.e., exp[i(p’- 7 — et)] = exp(ip zt).

Helicity

The free Dirac particle wave functions (10.286, 10.289) are not completely specified, the two com-
ponents of u indicate another degree of freedom which needs to be defined. This degree of freedom
describes a spinf% attribute. This attribute is the so-called helicity, defined as the component of
the particle spin along the direction of motion. The corresponding operator which measures this
observable is

(10.308)

Note that ﬁ represents here an operator, not a constant vector. Rather than considering the
observable (10.307) we investigate first the observable due to the simpler operator & - ]_5 We
want to show that this operator commutes with H, and 5 to ascertain that the free particle wave
function can be simultaneously an eigenvector of all three operators. The commutation property
[7 - ., pil = 0,5 =1,2,3 is fairly obvious. The property [ - P, H,] = 0 follows from (10.233) and

from the two identities
g 0 (1 0 _
—<0 6>-p<0 _]1)—0 (10.309)

(b 5)(07)

'U>1
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and

0
_ 0 (@p?) _ 0 @\
- < @-p?* 0 > ( @G-5? 0 ) = 0. (10.310)

We have shown altogether that the operators 5, ‘H, and 5’5 commute with each other and, hence, can
be simultaneously diagonal. States which are simultaneously eigenvectors of these three operators
are also simulteneously eigenvectors of the three operators 5, H, and A defined in (10.308) above.
The condition that the wave functions (10.286) are eigenfunctions of A as well will specify now the
vectors u.

Since helicity is defined relative to the direction of motion of a particle the characterization of u
as an eigenvector of the helicity operator, in principle, is independent of the direction of motion
of the particle. We consider first the simplest case that particles move along the zs—direction, i.e.,
P = (0,0,p3). In this case A = %03.

We assume first particles with positive energy, i.e., ¢ = +E(p). According to the definition (5.224)
of o3 the two u vectors (1,0)T and (0,1)7 are eigenstates of 303 with eigenvalues +1. Therefore,
the wave functions which are eigenstates of the helicity operator, are

1
o (o)) oo
U(pes, + +3l71) = A Lo e
p
m+ E)p < 0 )
(1)
U(pés, +, —3|Ft) = N, (1) e!(pe® = Ept) (10.311)
m+pEp < 1 >

where é3 denotes the unit vector in the x3-direction and where

E
E, = Vm? +p2; N, = \/%. (10.312)

We assume now particles with negative energy, i.e., ¢ = —F(p). The wave functions which are
eigenfunctions of the helicity operator are in this case

L, (1
\I/(Pé?,,—,-i-%’f’,t) =N, e < (1) > (P’ + Ept)
()
5 (1)
U(pes, — —1|7t) = Np e <(1) ¢i(pz® + Ept) (10.313)
')

where E, and N, are defined in (10.312).
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To obtain free particle wave functions for arbitrary directions of ' one can employ the wave functions
(10.311, 10.313) except that the states (1, 0)7 and (0, 1)7 have to be replaced by eigenstates u (p)
of the spin operator along the direction of p. These eigenstates are obtained through a rotational
transformation (5.222, 5.223) as follows

9(p) ~5> < é > , (10.314)

J(p) -6) ( ? ) (10.315)

N | .

u(p,+5) = eXp<—

N .

u(p, —1) = exp <—

where

3@ = 2P L, p) (10.316)

describes a rotation which aligns the zg—axis with the direction of p. [One can also express the
rotation through Euler angles «, (3, 7 , in which case the transformation is given by (5.220).] The
corresponding free particle wave functions are then

)\ e
U(p,+, +1|7t) = N, ( !PT Ept) (10.317)

!PT Ept) (10.318)

!PT+ Ept) (10.320)

+ i ) T+ Ept) (10.319)

where E, and N are again given by (10.312).

Generating Solutions Through Lorentz Transformation

The solutions (10.311, 10.312) can be obtained also by means of the Lorentz transformation (10.262)
for the bispinor wave function and the transformation (10.123). For this purpose one starts from
the solutions of the Dirac equation in the chiral representation (10.226, 10.229), denoted by ~, for
an 7-independent wave function, i.e., a wave function which represents free particles at rest. The
corresponding wave functions are determined through

(i5°0, — m) ¥(t) = 0. (10.321)

and are

—imt

O = O =
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0
- 1 »
T(p=0,+, —it) = % o |e imt
1
1
\fj( —0. — l|t) — 1 0 +imt
p ’ I ) ﬁ -1 € ’
0
0
Up=0, —, —it) = L 1 Himt (10.322)
p » Ty T3 V2 0 € . .
-1

The reader can readily verify that transformation of these solutions to the Dirac representationsas
defined in (10.228) yields the corresponding solutions (10.311, 10.313) in the p — 0 limit. This
correspondence justifies the characterization =+, j:% of the wave functions stated in (10.322).

The solutions (10.322) can be written in spinor form

() () () e

Transformation (10.262) for a boost in the xsz—direction, i.e., for @ = (0,0, ws), yields for the
exponential space-time dependence according to (10.174, 10.176)

Fimt — i(psz F Et) (10.324)

and for the bispinor part according to (10.262)

lw303 Lowsod
Do\ _, [ € o %o ) _ [ " 9o ) (10.325)
Xo 0 e 237 Xo e 2"3% v,

One should note that ¢,, X, are eigenstates of o> with eigenvalues 1. Applying (10.324, 10.325)
to (10.323) should yield the solutions for non-vanishing momentum p in the zg—direction. For the
resulting wave functions in the chiral representation one can use then a notation corresponding to
that adopted in (10.311)

1 s ( (1) )
‘i’(p(WS)ég, +, +l\f’, )y = — ot (pz® — Ept)
2 \/§ b (:;

Sl
-

; ei(pxS — Ept)

(
- e—%ws<
U(p(ws)eés, +, —5|7t) =

(
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1 e ( (11 )
U(p(ws)és, —, +1|Ft) = — (pa® + Ept)
2 V2 o—tus (1
0
1 e 2t < (1) >
U (p(ws)és, — —LFt) = —= ei(pe” + Ept) (10.326)
2 V2 | (0
1
where according to (10.61) p(ws) = msinhws. Transformation to the Dirac representation by

means of (10.228) yields

coshw23
U(p(ws)és, +, +3l7t) = i(pe® = Ept)
sinh 2 )
coshg? < (1) >
\I/(p(wg)ég,, -+, —%‘ﬁ t) = 0 i(pz3 — Ept)
—sinh 5}
(1))
sinh %2 < (1) >
\I’(p(wg)ég, -, —l—%‘ﬁ t) = ) i(pz3 + Ept)
cosh*
(o))
—sinh 3 ( [1)
U(p(ws)és, —, —5|7t) = 0 ipe® + Ept) (10.327)
cosh ( 1>

Employing the hyperbolic function properties

T coshz + 1 LT coshz — 1
cosh§ = ”f’ smh§ = 4/ 5 , (10.328)

the relationship (10.61) between the parameter ws and boost velocity vs, and the expression (10.311)
for E), one obtains

w3 —
cosh 5 =

+ m
1 —wvg Ep+m
=4/ = 10.32
2m 2m (039)
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and similarly
sinh™3 =[BT D
2 2m 2m (E, + m)

(10.330)

Inserting expressions (10.329, 10.330) into (10.327), indeed, reproduces the positive energy wave
functions (10.311) as well as the negative energy solutions (10.313) for —p. The change of sign for
the latter solutions had to be expected as it was already noted for the negative energy solutions of
the Klein—Gordon equation (10.168-10.176).

Invariance of Dirac Equation Revisited

At this point we like to provide a variation of the derivation of (10.243), the essential property
stating the Lorentz—invariance of the Dirac equation. Actually, we will derive this equation only
for infinitesimal transformations, which however, is sufficient since (1) it must hold then for any
finite transformation, and since (2) the calculations following (10.243) considered solely the limit
of infinitesimal transformations anyway.

The reason why we provide another derivation of (10.243) is to familiarize ourselves with a formu-
lation of Lorentz transformations of the bispinor wave finction ¥(x*) which treats the spinor and
the space-time part of the wave function on the same footing. Such description will be essential for
the formal description of Lorentz invariant wave equations for arbitray spin further below.

In the new derivation we consider the particle described by the wave function transformed, but not
the observer. This transformation, refered to as the active transformation, expresses the system in
the old coordinates. The transformation is

'(at) = S(L7) p(L7) W(a") (10.331)

where S(L"¢) denotes again the transformation acting on the bispinor character of the wave function
U(z#) and where p(L"¢) denotes the transformation acting on the space-time character of the
wave function W(z#). p(L"¢) has been defined in (10.123) above and characterized there. Such
transformation had been applied by us, of course, when we generated the solutions W(p7, A, A|z#)
from the solutions describing particles at rest W(p'= 0, A, A|t). We expect, in general, that if U(z#)
is a solution of the Dirac equation that ¥/ (x*) as given in (10.331) is a solution as well. Making
this expectation a postulate allows one to derive the condition (10.243) and, thereby, the proper
transformation S(L"¢).

To show this we rewrite the Dirac equation (10.221) using (10.331)

(i S(L"e)y"S™H (L") p(L7)Dup™ (L") — m) W' (a#) = 0 (10.332)

Here we have made use of the fact that S(L"¢) commutes with d,, and p(L"¢) commutes with ~*.
The fact that any such W’(z#) is a solution of the Dirac equation allows us to conclude

S(L7)y*S™H (L") p(L"¢)0up™ (L") = 770, (10.333)
which is satisfied in case that the following conditions are met

p(L7)Dup~ (L) = LY, 0,;
S(LI WS (L) LV = 2" (10.334)
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We will demonstrate now that the first condition is satisfied by p(L"¢). The second condition is
identical to (10.243) and, of course, it is met by S(L"¢) as given in the chiral representation by
(10.262).

As mentioned already we will show condition (10.334) for infinitesimal Lorentz transformations
L. We will proceed by employing the generators (10.128) to express p(L"7¢) in its infinitesimal
form and evaluate the expression

(]l + 65-j+ G”LU~I€) O (]l - eﬁ'j— eu7~l€)
= Oy + eM”,0, + 0(62) (10.335)

The result will show that the matrix M" , is identical to the generators of L”, for the six choices J =
(1,0,0), W = (0,0,0), J = (0,1,0), @ = (0,0,0), ..., ¥ = (0,0,0), W = (0,0,1) . Inspection of
(10.335) shows that we need to demonstrate

e8] = (1), 005 (K8 = (Ko)",0 . (10.336)

We will proceed with this task considering all six cases:

(1,0, = [2°02 — 2%05,0,] = (10.337)

[J2,0u) = [2'05 — 2°01,0,] = (10.338)

[J3,0u] = [2°01 — 2'05,0,] = (10.339)

[K1,04] = [2°01 + 2'00,0,] = (10.340)

[K2,0,] = [2°02 + 2°00,0,] = (10.341)

[IC;),,BM] = [$083 + $380,8u] =

0
1
2
3
0
1
2
3
0
1
2
=3
0
1
2
3
0
1
2
3
0
L (10.342)
2
3

=]
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|

One can readily convince oneself that these results are consistent with (10.336). We have demon-
strated, therefore, that any solution W(z*) transformed according to (10.331) is again a solution of
the Dirac equation, i.e., the Dirac equation is invariant under active Lorentz transformations.
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10.10 Dirac Particles in Electromagnetic Field

We like to provide now a description for particles governed by the Dirac equation which includes
the coupling to an electromagnetic field in the minimum coupling description. Following the re-
spective procedure developed for the Klein-Gordon equation in Sect. 10.6 we assume that the field
is described through the 4-vector potential A* and, accordingly, we replace in the Dirac equation
the momentum operator p,, = 9, by i0, — qA, where ¢ is the charge of the respective particles
(see Table 10.1 in Sect 10.6 above). Equivalently, we replace the operator 9, by 0, + igA,. The
Dirac equation (10.221) reads then

[iv"(y + iqA,) — m] U(z") = 0 (10.343)

One may also include the electromagnetic field in the Dirac equation given in the Schrodinger form
(10.233) by replacing i9; by (see Table 10.1) i9; — ¢V and p by

7 =p—qA. (10.344)
The Dirac equation in the Schrodinger form reads then
i, (2h) = (&7? + gV + Bm) U(zH) (10.345)
where @ and (3 are defined in (10.232).

Non-Relativistic Limit

We want to consider now the Dirac equation (10.345) in the so-called non-relativistic limit in which
all energies are much smaller than m, e.g., for the scalar field V' in (10.345) holds

V] << m . (10.346)

For this purpose we choose the decomposition
p(at)
By —
U(zt) = ( @) ) (10.347)

Using the notation & = (071, 02,03)7 one obtains then

ip = G-Tx A+ gV + mo (10.348)
iox = &-Td+ qVx — my. (10.349)

We want to focus on the stationary positive energy solution. This solution exhibits a time-
dependence exp[—i(m + €)t] where for € holds in the non-relativistic limit |¢] << m. Accordingly,
we define

p(zh) = e M B(xH) (10.350)
x(zh) = e "™t x(zh) (10.351)
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and assume that for the time-derivative of ® and X holds

0, X
Using (10.350, 10.351) in (10.348, 10.349) yields
P = F-TX 4+ qVO (10.353)
X = G-TD + qVX — 2mX . (10.354)

The properties (10.346, 10.352) allow one to approximate (10.354)
0~ G-7P — 2m X . (10.355)

and, accordingly, one can replace X’ in (10.353) by

g7
X~ —& 10.356
o ( )

to obtain a closed equation for ®
AN 2
(7-)
1P ~ ~——0 + ¢V . (10.357)
2m

Equation (10.356), due to the m~! factor, identifies X as the small component of the bi-spinor
wave function which, henceforth, does not need to be considered anymore.

Equation (10.357) for ® can be reformulated by expansion of (& - 727’)2 For this purpose we employ
the identity (5.230), derived in Sect. 5.7, which in the present case states

~2
G 7?2 =7 +id(

) - (10.358)

IR

X

[0

For the components of 7 x 7 holds
(7%" X %)E = ijg(ﬂ'jﬂ'k — 7Tk7'('j) = €5k [’/Tj, 7Tg] . (10359)
We want to evaluate the latter commutator. One obtains

1 1
[mj, ) = [Eaj +qA;, Zak + qAg]

1 1 1 1
= [0, 0] +qlA), ZO] + 205, Al + ¢ [Aj, Ay

~—_— v
=0 =0

- %[Aj, i) + %[aj, Al (10.360)
For an arbitrary function f(7) holds

([Aj, O] + [8j, A f = (0;Ar — Ag0; + A0k — OLAj) f . (10.361)
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Using

0j Ak f = ((0;Ak)) f + Ax0; f
nAj [ = ((OkAy)) f + Ajok f

where ((0; - --)) denotes confinement of the differential operator to within the brackets ((---)), one
obtains

([A5, Okl + (05, A]) f = [((0;Ar)) — ((OxAj))] [ (10.362)
or, using (10.360) and A, = (V, —A),

[, ] = %((ajAk — OA)) = —% (VX,AY)ZeW - —%Bgeju (10.363)

where we employed B(7,t) = V x A(7,t) [see (8.6)]. Equations (10.344, 10.358, 10.359, 10.363)
allow us to write (10.357) in the final form

S T - 2 .
0t ~ | LZ9AGOE 4 s me L v

2m 2m

O(7, 1) (10.364)

which is referred to as the Pauli equation.

Comparision of (10.364) governing a two-dimensional wave function ® € C? with the corresponding
non-relativistic Schrédinger equation (10.2) governing a one-dimensional wave function ¢ € C,
reveals a stunning feature: the Pauli equation does justice to its two-dimensional character; while
agreeing in all other respects with the non-relativistic Schrédinger equation (10.2) it introduces the
extra term ¢& - B ® which describes the well-known interaction of a spin—— particle with a magnetic
field B. In other words, the spin—% which emerged in the Lorentz-invariant theory as an algebraic
necessity, does not leave the theory again when one takes the non-relativistic limit, but rather
remains as a steady “guest” of non-relativistic physics with the proper interaction term.

Let us consider briefly the consequences of the interaction of a spin—% with the magnetic field. For
this purpose we disregard the spatial degrees of freedom and assume the Schrodinger equation

i0,®(t) = q&- Bo(t) . (10.365)
The formal solution of this equation is
B(t) = e BT g(0) . (10.366)

Comparision of this expression with (5.222, 5.223) shows that the propagator in (10.366) can be
interpreted as a rotatlon around the field B by an angle ¢tB, i.e., the interaction ¢& - B induces a
precession of the sp1n—§ around the magnetic field.

Dirac Particle in Coulomb Field - Spectrum

We want to describe now the spectrum of a relativistic electron (¢ = —e) in the Coulomb field of
a nucleus with charge Ze. The respective bispinor wave function W(z#) € C* is described as the
stationary solution of the Dirac equation (10.343) for the vector potential

VA 2
Ay = (—Te, 0,0, 0) . (10.367)
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For the purpose of the solution we assume the chiral representation, i.e, we solve
[i5"(8, + igA,) — m] ¥(z") =0 (10.368)

where W(z#) and 4* are defined in (10.228) and in (10.229), respectively. Employing 7, as defined
in Table 10.1 one can write (10.368)

(A7, — m) ¥(zh) =0, (10.369)
For our solution we will adopt presently a strategy which follows closely that for the spectrum of
pionic atoms in Sect. 10.6. For this purpose we ‘square’ the Dirac equation, multiplying (10.369)
from the left by 7, + m. This yields

(i3 (O + igAu) + m] [i7"(Du + igA,) — m] U(ah)
= (Wi 37, — mA)T(zt) = 0. (10.370)

Any solution of (10.368) is also a solution of (10.370), but the converse is not necessarily true.
However, once a solution ¥(z*) of (10.370) is obtained then

[i3"(8, + igA,) + m] W(z) (10.371)
is a solution of (10.369). This follows from

(3O + iqAu) + m] [0y + iqAu) — m]
= [i3"(0, + iqA,) — m] [i5"(0, + iqA,) + m] (10.372)

according to which follows from (10.370)
[i5"(8, + igA,) — m] [#3"(0, + igA,) + m] ¥(zt) = 0 (10.373)

such that we can conclude that (10.371), indeed, is a solution of (10.369).
Equation (10.370) resembles closely the Klein-Gordon equation (10.180), but differs from it in an
essential way. The difference arises from the term 4#7, 4“7, in (10.370) for which holds

N
=
>
=
2
X
>
]
I
(]
)
=
o
>
TN
+
2

FHFY R (10.374)

The first term on the r.h.s. can be rewritten using, according to (10.230), (7°)2 = 1 and (7/)? =
_]17 ] = 17 27 37

SR AL = a2 - 7 (10.375)

Following the algebra that connected Egs. (5.231), (5.232) in Sect. 5.7 one can write the second
term in (10.374), noting from (10.230) 4#*4” = —A4"4*, u # v and altering ‘dummy’ summation
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indices,
S VA A 1 N N SV A A
Ay TuTy = 9 Z (¥4 Ty + 7 7”75/7@1)
pr=1 pr=1
w Fv H Fv
1 e A 1 A A
-4 > (A R, — AR, + A RAL — AR
) =1
e
1 U ~UTTA A
-1 > A s 7l (10.376)
l"’ﬂj:l
W F#v

This expression can be simplified due to the special form (10.367) of A, i.e., due to A = 0. Since
[Ty, ™) = 0 for p,v = 1,2,3 (10.377)

which follows readily from the definition (10.344), it holds
1 U ~pTTA A
7 3 3 7 s )

pr=1
w Fv

[, 3°] &, #ol

A~ =

Z Y v~j [7%0’ TArj] +

o |

3 3

—

Jj= J
3

[7°, 4]
> 3% A [Ro, 7] - (10.378)
7j=1

DN |

According to the definition (10.229), the commutators [7°, 77] are

o = (S1)(2 ) (8 T (e )

ol 0
_ 9 < n > (10.379)
The commutators [7g, 7;] in (10.378) can be evaluated using (10.367) and the definition (10.344)
[ﬁ'o, ﬁ'j] = (—i@t + qu, —iaj] = - [(875 + iqu) 8]' - 8j (8t + Zqu)]f
(9040 f (10.350)

where f = f(7,t) is a suitable test function and where ((---)) denotes the range to which the
derivative is limited. Altogether, one can summarize (10.376-10.380)

A (F 0
g WA R, = i ( 0 —& > - ((VqAop)) (10.381)
wv=1
g
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where # = 7/|F] is a unit vector. Combining this result with (10.381), (10.374), (10.375) the
‘squared’ Dirac equation (10.368) reads

2 N
(o =% sz (070 Ze e
’ r 0 —o-7 ) r2

We seek stationary solutions of this equation. Such solutions are of the form

U(z") = 0 (10.383)

U(zh) = O(F) e, (10.384)

€ can be interpreted as the energy of the stationary state and, hence, it is this quantity that we
want to determine. Insertion of (10.384) into (10.383) yields the purely spatial four-dimensional
differential equation

Ze2\? o [ GF 0 Ze? N
(e—i—T) + VvV —i—z( 0 _5'7§>T—2—m () = 0. (10.385)
We split the wave function into two spin—% components
V() = < g*@ ) (10.386)

and obtain for the separate components ¢ (7)

Ze?\? Ze?
<6 n _€> + Vi - m2] bu(F) = 0. (10.387)
T T

The expression (10.189) for the Laplacian and expansion of the term (---)? result in the two-
dimensional equation

72 2.4 L2 a2 2

[arz L -7 eTQq:w-rZe +2Z: € L2 m2] réu (@) = 0. (10.388)
Except for the term i& - # this equation is identical to that posed by the one-dimensional Klein-
Gordon equation for pionic atoms (10.191) solved in Sect. 10.6. In the latter case, a solution of
the form ~ Yy, () can be obtained. The term i - 7, however, is genuinely two-dimensional and, in
fact, couples the orbital angular momentum of the electron to its spin-1. Accordingly, we express
the solution of (10.388) in terms of states introduced in Sect. 6.5 which describe the coupling of
orbital angular momentum and spin

{(Vjm(i = 5, 317), Yim (5 + 3, 317))
j=18 . im=—j,—j+1 ...+j} (10.389)

According to the results in Sect. 6.5 the operator id - # is block-diagonal in this basis such that only
the states for identical j, m values are coupled, i.e., only the two states {Vjm(j — 1, 3|7), Vim(J +
L 17)} as given in (6.147, 6.148). We note that these states are also eigenstates of the angular

272
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momentum operator L2 [cf. (6.151]. We select, therefore, a specific pair of total spin-orbital angular
momentum quantum numbers j, m and expand

ha(r . N g£\r . A
b (F) = T( ) im(G — L, 47) + ( )yjm(]+%v%’T) (10.390)
Using
G Vim(i £ 3,317) = = Vim(J F 4, 317) (10.391)
derived in Sect. 6.5 [c.f. (6.186)], property (6.151), which states that the states V;n,(j £+ 3, 3|7) are

eigenfunctions of 12, together with the orthonormality of these two states leads to the coupled
differential equation

2 10
[(a,? P m) ( ) (10.392)
r 01

(GG -2 wiZe (hw) ) _ 0
r? +iZe?  (j4+1)(j+3) — Z2%* gx(r) )

We seek to bring (10.392) into diagonal form. Any similarity transformation leaves the first term in
(10.392), involving the 2 x 2 unit matrix, unaltered. However, such transformation can be chosen
as to diagonalize the second term. Since, in the present treatment, we want to determine solely the
spectrum, not the wave functions, we require only the eigenvalues of the matrices

=G +1) — 2% +iZe?
B, — =0 +3) ’ (10.393)
+i Ze? G+ +3) — 2%

but do not explicitly consider further the wavefunctions. Obviously, the eigenvalues are independent
of m. The two eigenvalues of both matrices are identical and can be written in the form

MO MG + 1] and  Xa(f) [Ma(h) + 1] (10.394)

where
MG = U+ - 2 (10.395)
Ao(j) = \/(J'+ 3)? — 2% =1 (10.396)

Equation (10.392) reads then in the diagonal representation

<8§ A2 () + 1) N 2eZe? N

r2

e — m2> fia(r) =0 (10.397)

This equation is identical to the Klein-Gordon equation for pionic atoms written in the form
(10.200), except for the slight difference in the expression of A;2(j) as given by (10.395, 10.396)
and (10.199), namely, the missing additive term —1, the values of the argument of A\ 2(j) being
j = 4,2, ... rather than ¢ = 0, 1, ... as in the case of pionic atoms, and except for the fact that
we have two sets of values for A; 2(j), namely, A;(j) and A2(j).. We can, hence, conclude that the
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spectrum of (10.397) is again given by eq. (10.203), albeit with some modifications. Using (10.395,
10.396) we obtain, accordingly,

e = m ; (10.398)
1+ Z2e4
(' +1+,/(j+3)2 — 22¢4)?
e = m ; (10.399)
1+ Z2et
(0 4+ \J(G+3)2—22%e1)?

n/:0a1a27"'7 ]: ) L :_j>_j+17"'>j

N[
Njw

i

where €1 corresponds to A (j) as given in (10.395) and ez corresponds to Aa(j) as given in (10.396).
For a given value of n’ the energies €; and e for identical j-values correspond to mixtures of states
with orbital angular momentum ¢ = j — 1 and ¢ = j + 1. The magnitude of the relativistic effect
is determined by Z2e%. Expanding the energies in terms of this parameter allows one to identify
the relationship between the energies €; and e; and the non-relativistic spectrum. One obtains in

case of (10.398, 10.399)

mZ2%et
€~ m — : + O(Z%8 10.400
mZ2et
€ ~ m — : + O(Z%8 10.401
n=0,1,2..., j=2L43 ..., m=—j—j+1,...,5.

These expressions can be equated with the non-relativistic spectrum. Obviously, the second term on
the r.h.s. of these equations describe the binding energy. In case of non-relativistic hydrogen-type
atoms, including spin-1, the stationary states have binding energies

mZ%t n=1,2,... ¢ =0,1,...,n—1

E = —
mZ 0 omo=—l—(+1,....0 my = +1

(10.402)

In this expression n is the so-called main quantum number. It is given by n = n’ + ¢ + 1 where £
is the orbital angular momentum quantum number and n’ = 0,1, ... counts the nodes of the wave
function. One can equate (10.402) with (10.400) and (10.401) if one attributes to the respective
states the angular momentum quantum numbers ¢/ = j + 1 and ¢ = j — 3. One may also state
this in the following way: (10.400) corresponds to a non-relativistic state with quantum numbers
n, ¢ and spin-orbital angular momentum j = ¢—1; (10.401) corresponds to a non-relativistic state
with quantum numbers n, ¢ and spin-orbital angular momentum j = ¢+ . These considerations
are summarized in the following equations

Ep(n,t,j=(-1m) = = ; (10.403)

204
\/1 * (n—LC++/((+1)2 — Z2e4)2
Ep(n,6,j=0+1m) = mn : (10.404)

Z2%e4
\/1 T (n—L—14+102—Z2e%)2

n=12,...; £=0,1,....n—1; m=—j5,—73+1,...,7
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main orbital spin- non-rel. rel.
spectr. | quantum | angular orbital binding binding
notation | number | mom. | ang. mom. | energy / eV | energy / eV
n 14 j Eq. (10.402) | Eq. (10.405 )
Ls1 1 0 3 -13.60583 -13.60601
251 2 0 : -3.40146 -3.40151
%, 2 1 ! f f
2p§ 2 1 3 1 - 3.40147
351 3 0 3 -1.51176 -1.551178
3p1 3 1 3 i 0
3p3 3 1 3 i - 1.551177
3ds 3 2 3 1 f
3ds 3 2 5 f 1551176
Table 10.2:

343

Binding energies for the hydrogen (Z = 1) atom. Degeneracies are denoted by 1. The energies
were evaluated with m = 511.0041 keV and e? = 1/137.036 by means of Eqs. (10.402, 10.405).

One can combine the expressions (10.403, 10.404) finally into the single formula

n =
(=
] =
m =

1,2,...
0,1,...,n—1
1 for { =0
{ ¢+ 1 otherwise
=i+ 1,
(10.405)

Ep(n,t,j,m) =

m

\/1+

Z2e4

(n—j—3+/(G+3) -

In order to demonstrate relativistic effects in the spectrum of the hydrogen atom we compare
in Table 10.2 the non-relativistic [cf. (10.402)] and the relativistic [cf. (10.405)] spectrum of the
hydrogen atom. The table entries demonstrate that the energies as given by the expression (10.405)
in terms of the non-relativistic quantum numbers n, ¢ relate closely to the corresponding non-
relativistic states, in fact, the non-relativistic and relativistic energies are hardly discernible. The
reason is that the mean kinetic energy of the electron in the hydrogen atom, is in the range of
10 eV, i.e., much less than the rest mass of the electron (511 keV). However, in case of heavier
nuclei the kinetic energy of bound electrons in the ground state scales with the nuclear charge Z
like Z2 such that in case Z = 100 the kinetic energy is of the order of the rest mass and relativistic
effects become important. This is clearly demonstrated by the comparision of non-relativistic and
relativistic spectra of a hydrogen-type atom with Z = 100 in Table 10.3.
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main orbital spin- non-rel. rel.
spectr. | quantum | angular orbital binding binding
notation | number | mom. | ang. mom. | energy / keV | energy / keV
n 14 j Eq. (10.402) | Eq. (10.405 )
Lsy 1 0 3 -136.1 -161.6
251 2 0 : -34.0 -42.1
%, 2 1 ! f f
2p§ 2 1 3 1 - 35.2
351 3 0 3 -15.1 -17.9
3p1 3 1 3 i i
3p3 3 1 3 i -15.8
3ds 3 2 3 o 1
3ds 3 2 5 f 153
Table 10.3:

Binding energies for the hydrogen-type (Z = 100) atom. Degeneracies are denoted by f}. The
energies were evaluated with m = 511.0041 keV and e? = 1/137.036 by means of Egs. (10.402,
10.405).

Of particular interest is the effect of spin-orbit coupling which removes, for example, the non-

relativistic degeneracy for the six 2p states of the hydrogen atom: in the present, i.e., relativistic,

case these six states are split into energetically different 2p1 and 2ps states. The 2p1 states with
2 2 2

j = % involve two degenerate states corresponding to V1, (1, 1|) for m = £1, the 2ps states with
2 2

j = 2 involve four degenerate states corresponding to y%m(l, 1) for m = £1, £32.

In order to investigate further the deviation between relativistic and non-relativistic spectra of
hydrogen-type atoms we expand the expression (10.405) to order O(Z*e®). Introducing a = Z2e*
and 8 = j+ 3 (10.405) reads

1

(10.406)

1+ - o«

\/ (n=B++/B2=0a)?

The expansion (10.206) provides in the present case
mZ%e* mZ4ed 1 3
Ep(n,t,j ~ m — — - — A 10.4

D(na 7]am) m 12 I3 ]+% An + O( € ) ( 0 07)

This expression allows one, for example, to estimate the difference between the energies of the
states 2ps and 2p1 (cf. Tables 10.2,10.3). It holds for n = 2 and j = 3,3
2 2

Z4 8 1 Z4 8
E(2ps)— E(2p1) ~ — 22 ¢ [ - 1] me ¢
2 2

2215 = =5 (10.408)
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Radial Dirac Equation

We want to determine now the wave functions for the stationary states of a Dirac particle in a
4-vector potential

A, = (V(r),0,0,0) (10.409)
where V(r) is spherically symmetric. An example for such potential is the Coulomb potential
V(r) = —Ze?/r considered further below. We assume for the wave function the stationary state
form

U(zh) = et < i((i)) ) , (10.410)

7

where ®(7), X'(7) € C? describe the spatial and spin-2 degrees of freedom, but are time-independent.

2

The Dirac equation reads then, according to (10.232, 10.345),

PX 4+ md + V(E)d = b (10.411)
PO —mX 4+ V()X = X (10.412)

Q. QA

In this equation a coupling between the wave functions ®(7) and X(7) arises due to the term & - .
This term has been discussed in detail in Sect. 6.5 [see, in particular, pp. 168]: the term is a scalar

(rank zero tensor) in the space of the spin-angular momentum states V;n,(j £ 1, 3|7) introduced in
Sect. 6.5, i.e., the term is block-diagonal in the space spanned by the states Yy, (j %31, 3|7) and does

272

not couple states with different j, m-values; 7 - 7 has odd parity and it holds [c.f. (6.197, 6.198)]

3
Lo . N , Jt3 .
G pf(r)Vim(i+3,37) = 1|0+ , 2 f(r) Yim (G — 3, 317)
(10.413)
_ . .
Lo N 73— J . .
Gpgr)Vim(i—5317) = 0|0+ 21 g(r) Vim(j + 3, 3I7)
_ _ (10.414)
These equations can be brought into a more symmetric form using
1 1
O + — = =01
r r
which allows one to write (10.413, 10.414)
. [ j+1 1
G- prf(r)Vim(j+353l7) = |0 + — 2| f ) Yim(G = 3, 417)
(10.415)
. [ j+1 1
G-prg(r) Vim(i = 5,317) = i |0 — 2| rg(r) Vim(i+ 5, 317)

(10.416)
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The differential equations (10.411, 10.412) are four-dimensional with i~dependent wave functions.
The arguments above allow one to eliminate the angular dependence by expanding ®(7) and X (7)
in terms of YV (j + 3, 1|7) and Vjm(j — 3, L|7), ie.,

() @yjm(j+;,;f) + @yjm(j—évélf)
_ , (10.417)
X(7) c(r) d(r)

= Yim( + 5:317) + == Vim (7 = 3, 317)

In general, such expansion must include states with all possible j, m values. Presently, we consider
the case that only states for one specific j,m pair contribute. Inserting (10.417) into (10.411,
10.412), using (10.415, 10.416), the orthonormality property (6.157), and multiplying by r results

in the following two independent pairs of coupled differential equations

i[@r—jt% dr) + [ m+V(r) —e€ela(r) = 0

i |0 + ]—:% a(r) + [-m + V(r) —€]d(r) = 0 (10.418)
and

1o+ 253 o) £ [ m4VE) - b)) = 0

i [ar - jt% b(r) + [=m + V() — ele(r) = 0. (10.419)

Obviously, only a(r),d(r) are coupled and b(r),c(r) are coupled. Accordingly, there exist two
independent solutions (10.417) of the form

b7 2 3G+ 3,410

_ (10.420)
() D) = 1.419)
o i 2Dy, - 1419

- (10.421)
(Ma) e,

where the factors ¢ and —1 have been introduced for convenience. According to (10.418) holds for

fi(r), g1(r)

1

0, =121 i) + [e = m = VO AG) = 0

: .

o, + 7 t 2| 1) = [e+m—VI)]a@) = 0 (10.422)
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and for fao(r), go(r)

cy 1
0+ 12| o) 4 [e = m VI Sl) = 0
- p
ar—j? RB0) = e+ m—VE)gp@r) = 0 (10.423)

Equations (10.422) and (10.423) are identical, except for the opposite sign of the term (j + 1); the
equations determine, together with the appropriate boundary conditions at » = 0 and r — oo,
the radial wave functions for Dirac particles in the potential (10.409).

Dirac Particle in Coulomb Field - Wave Functions

We want to determine now the wave functions of the stationary states of hydrogen-type atoms
which correspond to the energy levels (10.405). We assume the 4-vector potential of pure Coulomb
type (10.367) which is spherically symmetric such that equations (10.422, 10.423) apply for V(r) =
—Ze?/r. Equation (10.422) determines solutions of the form (10.420). In the non-relativistic limit,
® in (10.420) is the large component and X is the small component. Hence, (10.422) corresponds
to states
r
U(zh) i fli ) Vim(J + 5, 5|7) (10.424)
0

i.e., to states with angular momentum ¢ = j + % According to the discussion of the spectrum
(10.405) of the relativistic hydrogen atom the corresponding states have quantum numbers n =
1,2,...,¢ = 0,1,...,n — 1. Hence, (10.422) describes the states Qp%, Sp%, 3d%, etc. Similarly,
(10.423), determining wave functions of the type (10.421), i.e., in the non-relativistic limit wave
functions

. fa(7) R
U(zh) ~ t 27‘ YVim(j — 5. 3I7) (10.425)
0

covers states with angular momentum ¢ = j—% and, correspodingly the states 1s1, 2s1, 2p3, 3s1, 3ps, 3ds,
2 2 2 2 2 2
etc.

We consider first the solution of (10.422). The solution of (10.422) follows in this case from the same
procedure as that adopted for the radial wave function of the non-relativistic hydrogen-type atom.
According to this procedure, one demonstrates first that the wave function at » — 0 behaves as r7
for some suitable v, one demonstrates then that the wave functions for r — oo behaves as exp(—pur)
for some suitable p, and obtains finally a polynomial function p(r) such that r7exp(—pur)p(r) solves
(10.422); enforcing the polynomial to be of finite order leads to discrete eigenvalues €, namely, the
ones given in (10.405).
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Behaviour at » — 0

We consider first the behaviour of the solutions fi(r) and g;(r) of (10.422) near » = 0. We note
that (10.422), for small r, can be written

j+l_ Ze?
O — 21 gi(r) + = fi(r) = 0
r r
[ j—i—l_ Ze?
O+ == filr) = ——a(r) = 0. (10.426)
Setting
filr) ~ ar”, q(r) ~ br? (10.427)
— 0 —
yields
ybr1Th — (j—l—%)br““l + Zetar’™t = 0
yar’lb + G+ art — Zelbr? = 0. (10.428)
or

( ¥ +Z(£2+ 3) . _—(Zjei . > ( ‘ > _9. (10.429)

This equation poses an eigenvalue problem (eigenvalue —<) for proper « values. One obtains

v = i\/ (j+3)? — Z%e*. The assumed r-dependence in (10.427) makes only the positive solution

possible. We have, hence, determined that the solutions fi(r) and g1(r), for small r, assume the
r-dependence in (10.427) with

1
v = \/(j+ 5)? — 2%t (10.430)

Note that the exponent in (10.427), in case j + %)2 < Ze?%, becomes imaginary. Such r-dependence
would make the expectation value of the potential

/ r2dr p(7) - (10.431)

<

infinite since, according to (10.266, 10.267, 10.420), for the particle density holds then

1
P o~ TR = = 10.432
p(T) ~ [P 2 ( )

Behaviour at » — oo

For very large r values (10.422) becomes

ha(r) = —(e—m,)fi(r)
or fi(r) = (e +m)gi(r) (10.433)
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Iterating this equation once yields

Fgi(r) = (m*—=e)glr)
RAr) = (m*—=e)filr) (10.434)

The solutions of these equations are f1,91 ~ exp(£vm? —e?r). Only the exponentially decaying
solution is admissable and, hence, we conclude

filr) ~ e qi(r) ~ e p=Vm? - € (10.435)

— 00 — 00
For bound states holds e < m and, hence, y is real. Let us consider then for the solution of (10.434)
filr) = Vm+eae ™™, gi(r) = —vVm—cae M. (10.436)
Insertion into (10.434) results in
(m—e)vVm+ea — (m—e)vVm+ea =
(m+e)vm—ea — (m+e)vVm—ea = 0 (10.437)

which is obviously correct.

Solution of the Radial Dirac Equation for a Coulomb Potential

To solve (10.422) for the Coulomb potential V(r) = —Ze?/r We assume a form for the solution
which is adopted to the asymptotic solution (10.436). Accordingly, we set

filr) = Vm Fee P fi(r) (10.438)
gi(r) = —vVm—ee " g(r) (10.439)
where p is given in (10.435 ). Equation (10.422 ) leads to
i+ 3, Ze?
—vVm —€[0, — / . 2]91 + \/m—i-eTe fi+
(m—e)vVm+eg — (m—e)vVm+efi =0 (10.440)

j+E Ze?
vm+ €0, + 2]f1+\/m—6791—

r

(m+e)vm—efi + (m+e)vm—eg1 = 0 (10.441)

The last two terms on the Lh.s. of both (10.440) and (10.441) correspond to (10.437) where they
cancelled in case fl = ¢1 = a. In the present case the functions fl and g; cannot be chosen
identical due to the terms in the differential equations contributing for finite . However, without
loss of generality we can choose

h(r) = ¢1(r) + é2(r) . 51(r) = ¢1(r) — a(r) (10.442)

which leads to a partial cancellation of the asymptotically dominant terms. We also introduce the
new variable

p = 2ur. (10.443)
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From this results after a little algebra
j+ i m+e Ze?
[0 — =—21(61 — ¢2) — y/ T (1 +d2) + 92 =0 (10.444)
m—e p
7+ % m—e Ze?
0, + + + — - - =0. 10.445
[0, 5 o1+ 62) + 4/ = P (1 — ¢2) — &2 ( )
Addition and subtraction of these equations leads finally to the following two coupled differential
equations for ¢1 and ¢9
c 1 2 2
71+ 5 eZe mZe
Op1 + —2 ¢ — ¢1 — ¢2 = 0 (10.446)
P m2—e2p m2—e2p
F 1 2 2
7+5 mZe ede
0p2 + 2 ) + ﬁ@bl + ﬁéf)z —¢2 =0 (10.447)
P ms —€“p m €“p
We seek solutions of (10.446 , 10.447) of the form
nl
$1(p) = p ) asp’ (10.448)
s=0

$alp) = Py Bsp’ (10.449)
s=0

for v given in (10.430) which conform to the proper » — 0 behaviour determined above [c.f
(10.426-10.430)]. Inserting (10.448, 10.449) into (10.446, 10.447) leads to

€ 62
3 [(smas LG+ - —Z

s

o)
m2 —e2
7 2
TR P s
m? —e
. mZe?
> [(3+7)52 + (P as + ——=as
" m? —e
eZe?
+ ﬁﬁs - /lej| =0 (10451)
m? — e
From (10.450) follows
2 .
Qg \/% -+ %)
5 = S (10.452)
s S+ v — T
From (10.451) follows
272 4
eZe? mZe — G+ %)2
et = (o ) b EE
VT Um—a
(s+7)? + Z%* — (j +3)°
- s+ — eZe? Ps -

/2 —e2

(10.453)
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Using (10.430) one can write this

s+ - s
- V- 5 10.454
s(s + 27v) P ( )
Defining
VA 2
So = —— — 7 (10.455)
m? —e
one obtains
S — S,
ﬂs - m/@s—l
B (s —=1—50)(5s— s0) 5
o (s=1s(s—1+29)(s+27) 52
1—5,)(2—55)...(5s— S0
_ (1 =5)2=50) ... (5= 50) Bo (10.456)

sty +1)(2y+2)--- (27 + )
From (10.452) follows

I3~ PET (s 52 50).. (s~ 50)
as = S0 T2y D)@ 1)@yt 0 (10.457)

One can relate the polynomials ¢;1(p) and ¢2(p) defined through (10.448, 10.449) and (10.456,
10.457) with the confluent hypergeometric functions

F(a,c;z) = 14 2y B2T0T (10.458)
c (e !

or, equivalently, with the associated Laguerre polynomials

LY = F(—n,a+1,z). (10.459)
It holds
]+l _ _mZé?
2 /2 —e2
P1(p) = Bo ; pT F(=50,27+ 1;p) (10.460)
$2(p) = Bop  F(1—s0,2v+15p). (10.461)

In order that the wave functions remain normalizable the power series (10.448, 10.449) must be of
finite order. This requires that all coefficients oz and (35 must vanish for s > n’ for some n’ € N.
The expressions (10.456) and (10.457) for 85 and «g imply that s, must then be an integer, i.e.,
so = n/. According to the definitions (10.430, 10.455) this confinement of s, implies discrete values

for €, namely,
m

1 + Z2et
\/ (0 4/ (+3)? - 2%e1)?

e(n') = , n =0,1,2,... (10.462)
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This expression agrees with the spectrum of relativistic hydrogen-type atoms derived above and
given by (10.405). Comparision with (10.405) allows one to identify n’ = n —j + % which, in fact,
is an integer. For example, for the states 2p%, 3p%, 3d% holds n’ = 1,2,1. We can, hence, conclude
that the polynomials in (10.461 for e values given by (10.405) and the ensuing s, values ( 10.455)
are finite.

Altogether we have determined the stationary states of the type (10.421) with radial wave functions
fi(r), g1(r) determined by (10.438, 10.439), (10.442), and (10.460, 10.461). The coefficients Gy in
(10.460, 10.461) are to be chosen to satisfy a normalization condition and to assign an overall
phase. Due to the form (10.410) of the stationary state wave function the density p(z*) of the
states under consideration, given by expression (10.267), is time-independent. The normalization
integral is then

00 ™ 2
r2dr sin 7)|? M) = .
/0 d /O 6d0/0 do (|2 + |X@?) = 1 (10.463)

where ® and X, as in (10.421), are two-dimensional vectors determined through the explicit form
of the spin-orbital angular momentum states Yj,(j & 3, 3|#) in (6.147, 6.148). The orthonormality
properties (6.157, 6.158) of the latter states absorb the angular integral in (10.463) and yield [note
the 1/r factor in (10.421)]

/ Sar (AR + la)P) = 1 (10.464)

The evaluation of the integrals, which involve the confluent hypergeometric functions in (10.460,
10.461), can follow the procedure adopted for the wave functions of the non-relativistic hydrogen
atom and will not be carried out here.

The wave functions (10.421) correspond to non-relativistic states with orbital angular momentum
L =75+ % They are described through quantum numbers n, j, ¢ = j + %, m. The complete wave
function is given by the following set of formulas

[ iF ,5I7)
U(n,j, b =j+z,mlzl) = e ; (10.465)
2

Fi(r) = F_(klr), Gi(r) = Fy(klr), k= j+3 (10.466)
where?
1w [ [ )M /
Fy(klr) = FN (2ur) e # —— — k| F(—n',2v+ 1;2ur)
€
+n/F(1—n2y+ 1;2;u“)} (10.467)
3
2u)2 I'(2 T+1

T T2y 1) | gy ((nlﬂ)m - ,{) 'l

€ €

2This formula has been adapted from ” Relativistic Quantum Mechanics” by W. Greiner, (Springer, Berlin, 1990),
Sect. 9.6.
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and

po= Jm—m+e

7= Jur-ze

n = n-—j—1

e = # (10.469)
Lt way

We want to consider now the stationary states of the type (10.421) which, in the non-relativistic
limit, become

f2( )

Vim(i = 3317 ) (10.470)
0

U(zh) ~ el

Obviously, this wavefunction has an orbital angular momentum quantum number £ = j — l and,
accordingly, describes the complementary set of states 131 231 2p3 331, 3p3 3da, etc. not not

covered by the wave functions given by (10.465-10.469). The radial wave functions fg( ) and ga(r)
in (10.421) are governed by the radial Dirac equation (10.423) which differs from the radial Dirac
equation for fi(r) and gi(r) solely by the sign of the terms (j + 3)/r. One can verify, tracing all
steps which lead from (10.422) to (10.469) that the following wave functions result

A AF(r) Vi (G — 5, 317)
U(n,j 0 =j— L mla") = e“t( B (10.471)
202

By(r) = F_(k|r), Ga(r) = Fy(slr), k=—-j—1 (10.472)

where Fy (k|r) are as given in (10.467-10.469). We have, hence, obtained closed expressions for the
wave functions of all the stationary bound states of relativistic hydrogen-type atoms.
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