International Journal of Theoretical and Applied Science 3(2): 1-5(2011)

ISSN No. (Print) : 0975-1718
ISSN No. (Online) : 2249-3247

Quaternionic Formulation of Dirac Equation

A.S. Rawat*, Seema Rawat** and O.P.S. Negi ***
Deparment of Physics,
*H.N.B. Garhwal University Campus Pauri, Garhwal Uttarakhand, India.
**Zakir Hussain College New Delhi, India.
*** SSJ Kumaun University Campus Almora, Uttarakhand, India

(Received 17 October, 2011, Accepted 14 November, 2011)

ABSTRACT : Quaternion Dirac equation has been obtained from the sguare root of Klein-Gordon equation in
compact and consistent way. Dirac matrices are described as quaternion valued and the Dirac Hamiltonian is
considered as Hermitian with real eigenvalues of energy. Dirac spinors and free particle energy solution has
been obtained in terms of one component, two-component and four-component Dirac spinors.
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1. INTRODUCTION

Quaternions were very first example of hyper-complex
numbers having the significant impact of mathematics and
physics [1]. Because of their beautiful and unique properties
guaternions attracted many to study the laws of nature over
the fields of these numbers. Quaternions were already used
in the context of special relativity [2], electrodynamics [3],
Maxwell’s equations [4], quantum mechanics[5], quaternion
oscillator [6]and gauge theories [7]. The two-component
formulation and the non-commutative algebra of quaternions
are the two important discoveries in theoretical physics.
Relativistic quantum mechanics is the theory of quantum
mechanics that is consistent with the Einstein’s theory of
relativity. Dirac [8] was the first who attempted in this field
and then Feshback and Villars [9]. Since relativistic quantum
mechanics in 3+1 space-time dimension becomes difficult
because of different dimensionality of time and space and
the use of quaternions has become essential because
quaternion algebra [10] has certain advantages and provides
4-dimensonal gructureto relativistic quantum mechanics and
also in terms of quaternions compact representation and
simple theory is obtained. Quaternions are expressed in terms
of Pauli spin matrices and accordingly the spin [11-12].
Pioneer work in thefield of relativistic quaternionic quantum
mechanics was done by Adler [11], Rotelli [13] and Leo et
al [14] who obtained quaternionic wave equation. Giirsey
[15] and Hestens [16] among others have reformulated the
Dirac equation in quaternionic valued term. In order to be
algebraic equivalent to Dirac equation, their equations are
forced to break the automorphism group of quaternions. A
modified Dirac equation has been described by Fredsted
[17] asthe square root of Klein-Gordon equation with mass
advantages.

Keeping in view the advantages the applications of
guaternionic algebra in this paper we made an attempt to
devel op the quaternionic Dirac equation. We have devel oped
the quaternion Dirac equation from the square root of

Klein-Gordon equation in compact and consistent way. Dirac
matrices are described as quaternion valued and the Dirac
Hamiltonian is considered as hermitian with real eigenvalues
of energy. We have obtained the Dirac spinors and free
particle energy solution in terms of one component, two-
component and four-component Dirac spinors. Though the
one component and two component solutions are not
obtained in ordinary quantum mechanics, the quaternion
guantum mechanics that provides the consistent one and
two component Dirac spinors. All the spinors incorporate
the spin. The first spinor is associated with positive energy
spin up spinors, second describes positive energy spin
down, third gives negative energy spin up while forth one
describes the negative energy spin down for al the cases
of spinors (i.e. one component, two component and four
component). Thus the minimal representation for quaternion
Dirac equation is described in N = 1 quaternionic, N = 2
complex and N = 4 real representation. It has been shown
that one-component spinor amplitudes are isomorphic to two
component complex spinor amplitudes and four component
real spinor amplitudes.

II. QUATERNIONIC
EQUATION

Let us define space-time four vector {xu}in Euclidean
representation in terms of natural units i=c=1. The

KLEIN-GORDON

space coordinate X,,, momentum component {Pﬂ},

differential operator {4} and four-potentials{Zu} and {Eu}

in this representation are defined as
{xﬂ} = (Xg X Xgy X)) = (Xqs X, X, 1), {Pﬂ} = (P, P,,

Py iE). {3} = (-, B, K, 10)

{Au} = (A, Ay Ay i) & {Bu}= (B, B, By i) (D)
Here we have adopted (-1, +1, +1, +1) metric, and then
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space coordinates are defined as (X, X;, X, X;. The space
coordinates {xﬂ}, momentum coordinate {Pﬂ}, differential

operator{,} and potentials{4,} &{By} are now defined
as follows

{X,} = (5 X0 X X9) = (4 %y, % %), {P,} = (-E, Py,

Py Py { G} = (=G Ky, Iy )

{Z”} =4 AL AL A & {E‘}
= (_¢,’Bl- Bzv Bgn |¢,) (2)

The covariant and contra-variant coordinates are related

is the metric

uv

in terms of x,= g, x"', where g
(or signature) defined as

g‘u\/: (_17 +17 +17 +1)V p"V: Ol 11 2| 3|

=0y p=#v

Thus the contra-variant vectors are defined as
coordinates are defined as

X' = (4 Xp, X0 Xg), P= (E, Py, Py, Py), &
= (-0 B0 30

A= (4 ALALA) & §'= (4.8, B, By) (3

We may now write the space-time, energy momentum
and differential operator four vectors in terms of following
guaternion representation i.e.

X=X+ e + e+ exx {Xx} (49
P=P,+eP, +eP,+eP;~{P} -.(4b)
©=20,+e0 +eo,+ei~{o} ...(40)
Their quaternion conjugate is defined as

X =X — €X — X, — €X, ..(59
p =P,+eP, +eP,+eP,; ...(5f)
® =0, + €0, + &0, + &0, ...(50)

Using the multiplication rule applied for quaternion basis
elements, we get

YX=XY:X20+X21+X22+X23

=X+ Yy + - = x ) -.(68)
Pp = pp =P, + P + P2, + P,
=P +P, + P, —E=ppP -.(6D)

B0=00= 08, + 0, + 0, + &,

o P ok o
_, 0
= [v? 7 T 2,0" ..(60)

We can now establish the relations between the
covariant formalism and quaternion formalism to reformulate
the relativistic quantum mechanics by means of quaternions.
The relativistic relation between energy and momentum is

given by
E°= P2+ mP& E = +./P? + n? A7)
0 = = o0 o 0
- i— P=-iV=—i| —+—+—
where E_'at & [ax Py azj

by writing the relations between classical observables and
guantum mechanical operators. Substituting the value of E
and P in equation (7) we get the following relation

? =
[—y +V —mZJ‘P =00 (C-m)y (%) =0 ..(8
where [ is D’ Alembertian operator and is defined as

o
_6?+v ...(89)

Equation (8) is described as well known Klein —Gordon
equation. From equation (2c) and (4c) and using (6¢), we
get

0=

aﬂa“ = (—5t2 + ax12 + 5x22 + ax32) = _at2 +7% = 00 (9

Substituting the value of -3, +/% in equation (8a) we
get the following covariant form of Klein —Gordon equation

@,0" -y (x,1)=0 ..(109)
Here the wave functiony (X, t) is defined as
¢ (xt) =gy = vt ...(100)

Let us define the wave function ¥ in terms of
guaternion component as follows

3
b=0,+ b +ed +eb =0+ Zlej ¢4 ..(11b)
iz

and let us consider the real part of the quaternion only
and letting pure quaternionic part to zero. Equation (8a) can
be written as

-(12)
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Taking the quaternion conjugate of equation (12)

¢0T[—§TZ+V —mzj =0

(13
Pre-multiplying egn (12) by¢0T and post-multiplying
egn(13) by ¢, and subtracting we get

oot o, B %] L

[V(¢0 V¢b) [ ot

substituting j; = ¢, T v ¢~ (v 4,4, and

jO _ 6¢0 ¢0 (I)OT 6(1)0

Equation (14) reduces to following continuity equation.

. Op_ _—
+——Ooro”#.JH—O

Vi

..(15)

Klein-Gordon equation (8) holds good for each and
every component of quaternion ¢ and satisfy the continuity
equation for all component of wave function i.e. ¢,, ¢, and
¢,. Here also the K.G. equation faces all the difficulties like
the usual K.G. equation for relativistic quantum mechanics
and cannot be treated as the wave equation of eectron (or

particle).

Il. QUATERNIONIC DIRAC EQUATION

Let us discuss the Dirac equation, which is described
as particle equation and accordingly we generalize it in terms
of quaternions. So we start, asusual, by linearizing equation
(7) as follows

3

Jo2+mZ =\ pZ + p2+ p2+me = (4R + pm)

=1

-(17)

where o, and B are the Dirac coefficients . Squaring
equation (17) gives

[23: o R+ Bm][ 23: O, P + Bm]
I=1 m=1

= [i R%+ Y (o + ooy )RPy, +Z(a|B+Ba|)Bzm2] ..(18)

=1 l#m

This equation leads to following relations for o, and f

(1|2 = am2= (132= 1,p° =1, o0, + o0 =0 and o,
+Boy=0...(19)
So Dirac Hamiltonian can be written as
3
Hp = VPP +m* =3 ay.p +pm -(20)

=1

Which may be written as Schrodinger equation i.e.
~ a\v
pV= at (2D
Hence Dirac equation can be written as

=(yR +pm)y (2

oV
ot
SinceH, should be real and quaternion Hermitian we
get
o=a, g'= B pt=P

So we can construct 2 x 2 quaternion valued o, and 8
matricesin the following matrix realization of quaternion basis
elements

wlo Slmoelo 1

We may now consider the plain wave solution of Dirac
equation. Equation (21) gives,

3
HDw{ZalR +Bm]\v= Ey

=1

We<)

.(24)

(25)

where W is described as the quaternionic Dirac spinor
defined by

V =y teVv ey eV, ...(269)
and can be decompose as
Yo
= [Waj N ..(26b)
Yo Y2
]

in terms of two and four components Dirac spinors
associated with symplectic representation of quaternions as
Yy =y _+eVy,intems of complex and accordingly
V. - Votevy,and v = y,—e yoverthefield of real
number representation. In other words, we can write one
component quaternion valued Dirac spinor which is
isomorphic to two component complex spinor or four
component real representation. In describing the theory of
Dirac equation, the Dirac spinor is taken as the four-
component spinor with complex (or real) coefficients. Hence
in equation (26) the spinory may be described as bi-
quaternion valued where all components

e Vo ¥y, ¥, v arecomplex ones and the complex

quantity i =./—1 commutes with all the quaternion basis
dements e, = 1, e, e, e, The equations (24), (25) and
(26a) may then be written as



4 Rawat, Rawat and Negi

St (R M

and accordingly we get two coupled equations in terms
of quaternionic component

(E.+m)y,=-igP¥, ...(283)

(E, + M)y, = ieP¥, ..(280)

We have obtained two equations in terms of quaternion
component y,and v, . Equation (28b) is described for
positive energy and equation (28a) is for negative energy.
If we break v, and v, into further two components, we get

four-component equation. So by using quaternions we obtain
the Dirac equation in compact form. Let uswrite the solution
of free particle Dirac equation in terms of spinor components

(i) One component spinor solutions
Using equations (28) and the symplectic representation
defined by

Y,= VeV & yy=V,— eV ;we get the solutions in
the following ways

Y =y, +e,y, ,wherey, and y, are

| _1aR
@ Vv E & (E v m)
(Energy = positive, spin =1'), ..(299)
I _ igh
(b) \V - (1—'— eZ (EJr + m)Je_L
(Energy = positive, spin =), ...(29b)
m_ iqR
(C) v __(E++m) +G‘?
(Energy = negative, spin =1), ..(290)
inRk
©) w'vz[—mwz]el
(Energy = negative, spin =, ). ..(29d)

(if) For Two component spinor amplitude
Let us consider E = +E = E, and hence the wave
function component is defined asy, = [X,], where

1
X, = {0} corresponds to spin up state and x_ =

0
L} corresponds to spin down state. Thus we obtain the

following cases to aobtain the solution of free particle Dirac
equation.

(a) Positive energy and spin up (1) solution i.e. fory,

Yo 1
=x+=[ j= {0}(\;/0: 1 vy ,=0), weget

Y1
__igR
and >~ (E, +m)
= + =1& = —iQR
Va = Vot Vv, = Vb= (E, +m) -(308)

Hence we obtain the Dirac spinor for positive energy
spin up as

1
v'(E T)[Wa} _iqR .(300)
Yo (E v m)

(b) Positive energy and spin down (| ) solution y,=

VYo 0l . igR
= = .e. =e, =-—- €
Xy, )T E YaT & Ve (E, +m) *

.(31a)

~and we get the solution for positive energy spin down
i.e
1
CLE!
(E. +m)

vIE )= [%] = .(31b)

1

(c) Negative energy and spin up (E = —-E = E ) solution

V2 1)
%—&—[_Wsj— Ml-e- Up=1& vy,

CLii

——m (329
~ Hence we get the solution for negative energy spin up
i.e

L
y"=(CE 1) = [Waj =| (E.+m) ..(320)
Yy 1

(d) Smilarly we may obtain the solution for negative
energy and spin down i.e.

__ i8R
(E.+m) |g
1

v=(E |)= (33)
(iii) Four-component spinor amplitudes

These are obtained by restricting the propagation along
Z-axis i.e. P, = P=0 (direction of propagation) and on
substituting
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e, = o

e _ (0 1

a0 Yo

0 —i 1 0
Dol 2 o

along with the usual definition of spin up and spin
down amplitudes of spin i.e.

1
0
@ v'(E, 1)=| |P| | (Energy = positive, spin =1),
E, +m
0
.(359)
0
1
) v'"E, )= 0 (Energy = positive, spin =),
P
E, +m
.(3%)
©Qv"E 1)= { (Energy = negative, spin="1),
(350
|P|
) v'"V(-E |)=| E,+m (Energy = negative, spin=1,)

..(350)

As such we have obtain the solution of quaternion
Dirac equation in terms of one component quaternion, two-
component complex and four-component real spinor
amplitudes. Equation (35) is same as obtained in the case of
usual Dirac equation. Thus we may interpret that the N = 1
guaternion spinor amplitude isisomorphic to N = 2 complex
and N = 4 real spinor amplitude solution of Dirac equation.
We can accordingly interpret the minimum dimensional
representation for Dirac equation is N = 1 in quaternionic
case, N = 2 in complex case and N = 4 for the case of real
number field.
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