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Chapter
Eight-by-Eight Spacetime Matrix
Operator and Its Applications

Richard P. Bocker and B. Roy Frieden

Abstract

A recent journal article by the authors introduced the eight-by-eight spacetime

matrix operator M which played a key role in the formulation of Lorentz invariant
matrix equations for both the classical electrodynamic Maxwell field equations and
the quantum mechanical relativistic Dirac equation for free space. Those new

equations we referred to as the Maxwell spacetime matrix and the Dirac spacetime
matrix equations. These matrix equations will be briefly reviewed at the beginning

of this chapter. Next we will show how the same matrix operator M plays a central
role in the matrix formulation of other fundamental equations in both electro-
magnetic and quantum theories. These include the electromagnetic wave and
charge continuity equations, the Lorentz conditions and electromagnetic potentials,
the electromagnetic potential wave equations, and the quantum mechanical
Klein-Gordon equation. In addition, a new generalized spacetime matrix equation,

again employing the operator M, will be described which is a generalization of the
Maxwell and Dirac spacetime matrix equations. We will explore time-harmonic
plane-wave solutions of this equation as well as the properties of these solutions.

Keywords: special theory of relativity, matrix operators, classical electrodynamics,
relativistic quantum mechanics, matter waves, electromagnetic waves, optics,
applied mathematics

1. Introduction

The eight-by-eight spacetime matrix operator M plays a key role in the matrix
formulation of a number of well-known fundamental equations in both the fields of
classical electrodynamics and relativistic quantum mechanics (see [1]). The
spacetime matrix operator is defined by Eq. (1):
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Compact matrix equation Compact matrix equation description

M |f) = lo) Maxwell spacetime matrix equation for free space

M| y=1 Maxwell matrix equation with charges and currents

MM If) = M 17) Charge continuity and electromagnetic wave equations

1\7I|a> =1f) Lorentz conditions and electromagnetic potentials

MM la) = I5) Electromagnetic potential wave equations

M ) + k|p) = |o) Dirac spacetime matrix equation for free space

M 1\7[|¢> — K2|p) = |o) Klein-Gordon spacetime matrix equation for free space

M|y) + kly) = |o) Generalized spacetime matrix equation for free space
Table 1.

Compact matrix equations where the spacetime matrix operator M plays a central vole.

The partial derivative symbols are defined by the following:

1
0153 ain ()Q;Ei 045—2 (2)
ox oy 774 ic ot

The imaginary quantity i represents the square root of minus one, and the
physical quantity ¢ corresponds to the speed of light in free space.
Eight compact matrix equations are listed in Table 1, each containing the

spacetime matrix operator M. Each of these equations, as well as the ket | ) vector
appearing in these equations, will be discussed in greater detail in the following
sections of this chapter. An excellent introduction to bra ( | and ket |) vector
notation may be found in [2]. The Gaussian system of units (see [3], p. 781) is
employed throughout this chapter.

2. Eight-by-eight spacetime matrix operator properties

The spacetime matrix operator M, defined in Eq. (1), may also be expressed by
the following equation:

M = M10; + M3, + M303 + M40,. (3)

The four eight-by-eight matrices M,,, where y = 1,2, 3, 4, are simply referred to
as the spacetime matrices. These matrices have the following properties:

1. Each matrix M, is equal to its own multiplicative inverse
-1
M, =M,". (4)
2. These matrices satisfy the anti-commutation relation

M,M, + M,M, = 25,,1. (5)

3.Each matrix M, is Hermitian

M, = M. (6)
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4.In addition
MM =M =I[T. 7)

The symbol §,, is the Kronecker delta, and I represents the eight-by-eight
identity matrix. The d’Alembertian (see [4], p. 290) and the Laplacian (see [4],
p- 15) operators are defined by

o R S,

2 g2 - 7 2 __ Y Y 7
[FP=Vi-5 -5 and Vi=atyta (8)

Some authors use the [] symbol to represent the d’Alembertian operator.

3. Maxwell spacetime matrix equation

The Maxwell field equations play a fundamental role in both classical
electrodynamics and physical optics. The propagations of electromagnetic waves
through free space (see [4], pp. 514-522), nonconducting media (see [3],
pPp- 295-309), thin-film optical filters [5], and solid-state crystalline materials [6]
are just a few examples where the Maxwell field equations play an important role.

3.1 Maxwell spacetime matrix equation for free space

An earlier eight-by-eight matrix representation of the Maxwell field equations
was first introduced by the authors back in 1993 [7]. An improved updated version

using the spacetime matrix operator M was published recently [1]. For free space,
in the absence of charges and currents, this later version is given by

9, 0 0 0 0 -85 +& -0 [iE1] [
0 -0, 0 0 405 0 —0, —0||iE,
0 0 —ds 0 —0 4+ 0 —0;||iE;
0 0 0 —04 +0, 40, +03 O 0

S O O O O O © O

= 9)
0 +0d3 —0, 401 04 0 0 0 B,
—-03 0 +401 4+ 0 404 O 0 B,
+d -0 0 403 O 0 +404 O B3
|—01 —0d, —d3 O 0 0 0 +ds] L O] 1 0
The compact matrix form of Eq. (9) is given by
M| f) = |o). (10)

The wave function | f) is an eight-by-one ket vector containing, in general, six
nonzero scalar components associated with the electric field vector E = (E; E; E3)
and the magnetic induction vector B = (B; B, B3). The elements (4,1) and (8,1) in
| ) have purposely been set equal to zero. The case when these two elements are
nonzero will be considered when the generalized spacetime matrix equation for free
space is discussed. The ket vector |o) represents the eight-by-one null vector.

The Maxwell spacetime matrix equation (9) when expanded is equivalent to two
divergences and two curl equations, namely,

V-E=0 and V-B=0 (11)
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10 10
VXE+-—B= VxB—-——-—E=0. 12
X +cdt 0 and X e 0 (12)

We recognize these four equations as the traditional Maxwell field equations
(Gaussian units) for free space in the absence of charges, currents, and ordinary
matter terms (see [8], pp. 362-368).

For electromagnetic waves, time-harmonic plane-wave solutions of the form

E(r,t) = E;exp{i(k - r — wt)} and B(r,t) =Boexp{i(k-r—wt)} (13)

will next be substituted back into the previous four vector equations. This yields
the following set of equations:

k-E,=0 and k-B,=0 (14)

kxE,=+2B, and kxB,=-2E, (15)
C C

The quantities k and w correspond to the wave vector and the angular frequency
associated with the electromagnetic wave; r and ¢ represent the position vector and
the instantaneous time. From the preceding equations, we find the vectors E,, B,
and k are mutually perpendicular. That is,

k LE, E, LB, k L B,. (16)

These properties represent transverse electromagnetic waves. We also obtain the
important results

E, =B, (17)

and

w=kc M =c  where o =2af  k=2/A (18)

The quantities k, f, and A represent the wave number, the frequency, and the
wavelength, respectively, associated with the electromagnetic wave. So for free
space, the magnitudes of the electromagnetic field vectors E, and B, are equal, a
well-known result in electromagnetic wave propagation. Recall we are using
Gaussian units.

3.2 Maxwell spacetime matrix equation with charges and currents

The Maxwell spacetime matrix equation, with the addition of charge and current
terms [1], is given by

r—ds O 0 0 0 —03 40, —017 [iE1] BEE
0 —04 0 0 +a3 0 _al _62 ZEZ ]eZ
0 0 -0+ 0 -0, 401 0 —0s5| |iEs Je3

0 0 0 —0d4 +01 +0y 03 0 0 _471’ Py (19)
0 403 —0, +01 +d4 O 0 0 Bi| ¢ |iq |

—03 0 +0; +0, 0 +04 0 0 B, i,
40, -6 0 45 0 0 +ds O ||Bs i
L —01 —0, —03 0 0 0 0 +0d41 [ O L —iCpe i
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The compact matrix form of the Maxwell spacetime matrix equation is given by
MIf) = 1j)- (20)
Eq. (19), when expanded, is equivalent to two divergences and two curl equa-

tions. The resulting four vector equations are referred to as the microscopic Max-
well field equations (see [8], pp. 283-290). They are given by

V-E = +4np, and V-B=+4np,, (21)
10 4n 10 4r
VXE+E&B__TJM and VXB—EEE—‘F?J@ (22)

The various scalar and vector quantities appearing in the microscopic Maxwell
vector equations are the electric field vector E = (E; E; E3), the magnetic induction
vector B = (B; B, B3), the electric current density vector J, = (J,1 J.» J.3), the
magnetic current density vector J,, = (J,,1 J,u2 J,m3)> the electric charge density p,,
the magnetic charge density p,,, and the speed of light ¢ in free space. Both magnetic
charge and magnetic current density (see [8], pp. 283-290) have been included in
the Maxwell vector equations for purposes of completeness. They, of course, may
be set equal to zero since hypothetical magnetic monopoles have not been
discovered in nature. The ket vector | f) represents the eight-by-one column vector
on the left-hand side of Eq. (19). The ket vector |j) corresponds to the eight-by-one
column vector on the right-hand side of Eq. (19) multiplied by the factor 4z/c.

3.3 Charge continuity and electromagnetic wave equations

Charge continuity equations for electric (see [8], p. 15) and magnetic charges as
well as the electromagnetic wave equations involving electric and magnetic charges
and currents may be easily obtained by simply multiplying both sides of the Max-
well spacetime matrix equation in compact form (20) by the spacetime matrix

operator M. That is,
MM|f) = Mlj). (23)

Expanding this single matrix equation yields the charge continuity and electro-
magnetic wave equations:

d 9
V-J,+—p,=0 d V-], +op =0 24
470 4 47 0 4
[PE="2C07J, +42Vp, + 2V x]), and [PB=—22y +42Vp, — 2V x]J,.
c? ot c c2 ot c

(25)
3.4 Lorentz conditions and electromagnetic potentials

By using the spacetime matrix operator M, we can determine the relationship
between electromagnetic fields and vector-scalar potentials as well as determine
expressions for the Lorentz conditions (see [9], pp. 179-181) in a single matrix
equation. The following matrix equation provides the desired relation:
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9, 0 0 0 0 -0 40 —-0][ -Au iEy
—ds O 0O 4093 0 -0 —0 —An 1E,
0 —0, 0 —0 +01 0 —03|| —As iEs
0 0 -0 4+ +0» +05 O b | _ O] 06)
0 +03 —0, 401 +04 O 0 0 —iA,1 By
-0 0 +01 4090 0 +94 O 0 —iAmn B,
+d —01 0 403 O 0 494 O —1A 3 Bs
-0 -0, -0 0 0 0 0 +du|| ip, | | 0]
The compact matrix form of Eq. (26) is given by
Mla) = |f). (27)

The ket vector |a) corresponds to the eight-by-one column vector on the
left-hand side of Eq. (26). Equation (26), when expanded, yields the Lorentz
conditions and the relationship between electromagnetic fields and potentials:

10 10
10 10

E=-Vp,— A ~VxA, and B=-Vé, -—A,+VxA,. (29)
cot cot

The new scalar and vector quantities appearing in the above equations are the
electric vector potential A, = (A, A A.3), the magnetic vector potential
A, = (Am1 Amz Aws), the electric scalar potential ¢,, and the magnetic scalar

potential ¢,,. So again we see how the eight-by-eight spacetime matrix operator M
plays a central role in tying together important electromagnetic relations.

3.5 Electromagnetic potential wave equations

It is well-known that the electromagnetic vector and scalar potentials satisfy
wave equations (see [9], pp. 179-181). This can be easily shown by multiplying both

sides of Eq. (27) by the spacetime matrix operator M. This gives
MM]a) = M| f). (30)
Next replace the term M| f) by the ket vector |j) using Eq. (20). This yields
MM|a) = ). (31)

Expanding this single matrix equation yields eight partial differential equations
which can be easily combined to form the following four potential wave equations:

(1P, = —4np, and (1, = —4np,, (32)
4 4
[PA, = —7”16 and  [PA, = —T”Jm. (33)

The single compact matrix (Eq. (31)) is therefore equivalent to these four
potential wave equations.
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4. Dirac spacetime matrix equation

The nonrelativistic Schrédinger wave equation (see [10], pp. 143-146) plays a
fundamental role in quantum mechanical phenomena where the spin property of
nonrelativistic particles may be ignored. This equation is usually first met in modern
physics textbooks. However, when a particle with half-integer spin and/or moving
at relativistic speeds is involved, the relativistic Dirac equation [11] comes into play.

4.1 Dirac spacetime matrix equation for free space

Using the spacetime matrix operator M, the authors introduced in their most
recent publication [1] a modified version of the traditional Dirac equation, referred
to as the Dirac spacetime matrix equation. In the absence of electromagnetic poten-
tials [11], the Dirac spacetime matrix equation for free space is given by

[—ds O 0 0 0 —03 40y —017 [iU1T FiUq T 07
0 —094 O 0 4095 0 —01 —0| |iU; iU, 0
0 0 -9 0 -0 +a 0 —a5]|iUs iUs 0
0 0 0 —04 +01 +0, +0 0 0 0 0
! ' ’ ’ + K = . (34)
0 +0d3 —0, 401 04 0 0 0 L4 L4 0
—03 0 +01 40, 0 +04 0 0 L, L, 0
+0, —01 0 +03 0 0 +04 0 Ls Ls 0
| —01 —d, —03 O 0 0 0 +o041L O L 0 L O
The compact matrix form of Eq. (34) is given by
M) + ki) = o). (35)

The wave function |¢) is an eight-by-one ket vector containing, in general, six
nonzero scalar components associated with two vector quantities U = (U; U, Us)
and L = (L; L, L3). The elements (4,1) and (8,1) in |¢) have purposely been set
equal to zero. The case when these two elements are nonzero will also be considered
when the generalized spacetime matrix equation for free space is discussed later in
this chapter. The ket vector |0) represents the eight-by-one null vector. The con-
stant « is defined by

K = myc/h. (36)

Here m, represents the rest mass of the matter-wave particle under consider-
ation, ¢ again is the speed of light in free space, and 7 is equal to the Planck constant
h divided by 27.

The Dirac spacetime matrix equation (34) when expanded is equivalent to eight
partial differential equations. These eight equations can be rewritten as two diver-
gence and two curl equations [1], namely,

V-U=0 and V-L=0 (37)

10 10
VxU=—--—L—-ixL and VxL=+-—U-iU. (38)
cot cot

We refer to these equations as the Dirac spacetime vector equations for free
space. It is noted that these equations resemble the four Maxwell field equations for
free space in the absence of charge, current, and ordinary matter terms.
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The simplest solutions of these vector equations are time-harmonic plane-wave
solutions of the form

U(r,t) = Uyexp{i(p-r— Et)/A}  and  L(r,t) = Loexp{i(p-r— Et)/h}. (39)

The quantities p and E correspond to the linear momentum and the total energy
of the associated matter-wave particle; r and ¢ represent the position vector and the
instantaneous time. For particles with nonzero rest mass m,, the following special
theory of relativity equations (see [10], pp. 21-25) may also be useful:

E = ym,c? p = ymv where y =1/4/1— p? p=v/ec. (40)

The quantities y and f are known as the Lorentz factor and the speed parameter,
respectively. The symbol v represents the relativistic speed of the matter-wave
particle. Substitution of the preceding time-harmonic plane-wave solutions back
into the Dirac spacetime vector equations yield the following set of vector equations
for matter waves:

pc-U, =0 and pc-Lo=0 (41)

(r=1) L, and pc x L, = —E (r+1)
14 14

pc x Uy = +E U,. (42)

From the previous equations we find the three vectors U,, L,, and pc are
mutually perpendicular. That is,

pclU, UylL, pclL, (43)

These properties represent transverse waves. In addition, we also obtain the
important result:

r+1)U;=(-1)L. (44)

The magnitudes of the vectors U, and L, are related through the Lorentz factor
7> which depends on the speed parameter f, which ultimately depends on the speed
v of the nonzero rest-mass particle. Note, for y much greater than unity, character-
istic of a relativistic particle, the magnitudes of the vectors U, and L, are nearly
equal. On the other hand, for y close to unity, characteristic of a nonrelativistic
particle, the magnitude of the vector L, is much greater than the magnitude of the
vector U,. One other important result is

E? = p*c® + m’c* which implies  E = j:\/m ‘ (45)

The =+ sign is associated with the quantum mechanical energy E of a matter-
wave particle, like a half-integer spin electron. This was first interpreted by Paul A.
M. Dirac. He recognized the negative energy levels predicted by his relativistic
equation could not be ignored. This led to his concept of a hole theory of positrons.
For a detailed discussion on negative energy states (see [11]).

4.2 Klein-Gordon spacetime matrix equation

The Klein-Gordon equation (see [12], pp. 118-129) is yet another quantum
mechanical relativistic equation which is the field equation of the quanta associated
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with spin-less (spin-0) particles. An example of a spin-less particle is the recently
discovered Higgs boson.

A version of the Klein-Gordon equation can be easily derived by simply starting
with the compact matrix form of the Dirac spacetime matrix equation for free
space, namely, Eq. (35). Multiply both sides by the spacetime matrix operator M.
This gives

MM |¢) + kM|¢) = lo). (46)
Next replace the term M |$) with —«|¢) using Eq. (35). We obtain
MM|p) — *|p) = o). (47)

We refer to this equation as the Klein-Gordon spacetime matrix equation for

free space. Using the fourth property of the spacetime matrix operator M, it can be
easily shown that Eq. (47) is equivalent to the following two equations involving the
vectors U and L:

[TPU - x*U=0 and [J°L — ¥’L = 0. (48)

Therefore, the vectors U and L also satisfy Klein-Gordon type equations.

5. Generalized spacetime matrix equation

In this section, we will introduce for the first time a new matrix equation where

again the spacetime operator M plays a central role. We will refer to this equation as
the generalized spacetime matrix equation for free space.

5.1 Big unanswered questions and mysteries in physics and astronomy

The number of unanswered questions and mysteries regarding the universe
from the smallest to the largest, in the fields of physics and astronomy, is
unimaginable. There are many references, too numerous to list here, which address
this topic. However, an excellent comprehensive list of unsolved problems in phys-
ics appears in [13] for various broad areas of physics. These areas include general
physics, quantum physics, cosmology, general relativity, quantum gravity, high-
energy physics, particle physics, astronomy, astrophysics, nuclear physics, atomic
physics, molecular physics, optical physics, classical mechanics, condensed matter
physics, plasma physics, and biophysics. The following is a partial list of some of the
most important questions and mysteries being addressed today by physicists and
astronomers around the globe:

How did the universe begin and what is the ultimate fate of the universe?
Is the universe infinite or just very big?

Why is there more matter than antimatter in the universe?

What came before the big bang?

Why are the galaxies distributed in clumps and filaments?

Are there additional dimensions?

Is spacetime fundamentally continuous or discrete?

How can we create a quantum theory of gravity?

What is dark energy and dark matter?

Do dark gravity, dark charge, and dark antimatter exist?
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What happens inside a black hole and do naked singularities exist?
Why does time seem to flow only in one direction?

Is time travel really possible?

Is string theory or M-theory a viable theory of everything?

What kind of physics underlies the standard model?

Are there really just three generations of leptons and quarks?

Do gravitons exist?

Are protons unstable?

Do magnetic monopoles exist?

What are the masses of neutrinos?

Do the quarks or leptons have any substructure?

Do tachyons exist and can information travel faster than light?

Why do the particles have the precise masses they do?

Do fundamental physical constants vary over time?

Why are the strengths of the fundamental forces what they are?

Do parallel universes exist and is there a multiverse?

Was our spatially 3-D universe formed out of a vacuum by a 2-D hologram?
Was the hologram formed by a flow of information? If so, what form?
Does pair production formed, spontaneously, out of a vacuum?

Are they likewise formed out of a flow of information?

Do life processes, such as ion flows through cell membranes, form likewise as
flows of information?

As we can see, even with all of the discoveries made over the past several
hundred years, there is so much we do not understand and so much yet to be
discovered about our universe and possibly beyond.

So far we have described the first seven compact matrix equations listed in

Table 1 where the spacetime matrix operator M plays a fundamental role. We
found that each of these seven equations correspond to a variety of fundamental
equations, in both classical electrodynamics and relativistic quantum mechanics. In
the next subsection, we will discuss in detail the eighth compact matrix equation
listed in Table 1. This eighth equation is associated with a new matrix equation
which we will refer to as the generalized spacetime matrix equation for free space.
As we will see, there are several theoretical implications resulting from our study of
the generalized spacetime matrix equation which perhaps may be added as unan-
swered questions or mysteries to the preceding list.

5.2 Generalized spacetime matrix equation for free space

We define the generalized spacetime matrix equation for free space by the
following equation:

9 0 0 0 0 —05 4+ —-][Ar] "A1T [0
0 -3, 0 0 435 0 - —d||A A, 0
0 0 —0d; 0 -3 +d 0 —0;3]|]As As 0
0 0 0 =0+ + +d5 O ||A|  fA O (49)
0 +d5 -0 +01 +02 0 0 0 || N 0
9 0 40, 43 0 49, 0 0 || Q, 0
td, -0, O 433 0 0 +ds 0 || Q; 0
-0, - —d3 0 0 0 0 404 LlQ4l Q. Lol

10
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The compact matrix form of Eq. (49) is given by

Mly) + ly) = lo). (50)

This is the eighth compact matrix equation in Table 1. Note the similarity
between the generalized spacetime matrix equation for free space and the Dirac
spacetime matrix equation for free space (34) when x = m,c/# and the Maxwell
spacetime matrix equation for free space (9) when k = 0. In those equations we
purposely set the (4,1) and (8,1) elements in the ket vectors identically equal to zero.
Doing so allowed us to convert those matrix equations to vector equations (involving
three-dimensional vectors only) which are described in greater detail in [1].

In Eq. (49), we no longer restrict elements (4,1) and (8,1) to be equal to zero.
The wave function |y) can be thought of as being composed of two four-
dimensional vectors A = (A1 Ay Az Ag) and Q = (Q; Q; Q3 Q4). The implications
by avoiding the earlier restrictions on elements (4,1) and (8,1) will be investigated
shortly. We will find some new predictions and surprises by removing these
restrictions.

5.3 Eigenvalue spacetime matrix equations

Our primary goal now is to determine the properties of time-harmonic
plane-wave solutions satisfying the generalized spacetime matrix (Eq. (49)) for free
space. The approach we will take is to cast Eq. (49) into an eigenvalue equation and
use the methods of linear algebra to determine the set of orthonormal eigenvectors
and corresponding eigenvalues satisfying this eigenvalue equation. (For an excel-
lent book on linear algebra and the solution of eigenvalue equations; see [14],
pp- 189-190.) For now let k = m,c/h, the same constant in the Dirac spacetime
matrix equation. Later on we will look at the special case when x = 0.

We first multiply Eq. (49) by the factor icM4. The matrix M, is the fourth of the
spacetime matrices first introduced in Eq. (3). After doing so, with minor algebraic
manipulation, we obtain the following matrix equation:

—K 0 0 0 0 +03 —62 +01 1T Al ] i Al ]
0 —K 0 0 —()3 0 +61 +62 Az Az
0 0 —K 0 +62 —61 0 —|—63 Ag A3
0 0 0 —k -0 —0, —0 0 A A
he 17 IR Yl=ins | ML 1)
0 +03 —0y +01 +Hx 0 0 0 Qq Q4
—03 0 +0; +0 0 +K 0 0 Q) Q)
+0d, —04 0 —l—ag, 0 0 —+K 0 93 Q3
—61 —()2 —()3 0 0 0 0 +K _94_ _94_
The compact matrix form of this equation is given by
Hly) = in % Iy) (52)
=ih—|y).
w pl

This equation has the same identical form as the nonrelativistic Schrédinger

equation (see [12], pp. 118-129). However, the Hamiltonian matrix operator H is
entirely different. This equation represents the canonical form of the generalized

spacetime matrix (Eq. (49)).

11
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For time-harmonic plane-wave solutions, the ket vector |y) may be expressed as

ly) = ly,) exp [+i(p - r — Ez)/n]. (53)

Again the quantities p and E correspond to the linear momentum vector and the
total energy; r and ¢ represent the position vector and the instantaneous time. After
substituting the eight-by-one ket vector |y) back into Eq. (51), we obtain the
following eigenvalue equation:

[ —u 0 0 0 0 +iaz —ioy +iap| [ A1 A1
0 —u 0 0 —ia 0 +ia;  +im Ay Ay
0 0 —u 0 +ia, —ioy 0 +ias As As

e 0 0 O —’,u —iy  —lay —iog 0 Ay _x Ay . (54)

0 +iaz —iy +iap  +p 0 0 0 Q Q1
—iq3 0 +ioy  Fiop 0 +u 0 0 Q) Q)
+iay —i 0 +ias 0 0 +u 0 Qs Qs

| —iy  —la, —iog 0 0 0 0 Hu | Q4] | Q4 |

We will refer to Eq. (54) as the eigenvalue spacetime matrix equation. The
compact matrix form of Eq. (54) is represented by

Hly) = Ely). (55)

The eight-by-eight matrix H is Hermitian which implies the eigenvalues E are
real (see [14], p. 222). The following equations define various quantities appearing
in Eq. (54):

1 =myc?/pc and p=p (maa). (56)

The quantity p is the magnitude of the linear momentum vector p, and o, @, a3
represent the direction cosines, associated with the direction of the linear momen-
tum vector p.

5.4 Wave propagation along the +z direction for k = m,c/h

Without loss of generality, let us consider matter-wave propagation along the +z
direction, that is,

p=p(001). (57)

Eq. (54) reduces to the following simplified form:

[ —E, 0 0 0 0 H+ipc O 0 TT7A1] (A1 ]
0 —E, 0 0 —ipc O 0 0 Ay A,
0 0 —E, 0 0 0 0 +ipc| | As As
0 O 0 —E, 0 0 —ipc O Ay & Ay (58)
0 +ipc O 0 +E, 0 0 0 Q4 Q4
—ipc 0 0 0 0 +E, 0 0 Q) Q)
0 0 0 +ipc 0 0 +E, 0 Qs Q3
0 0 —ipc O 0 0 0 +E, | LQ4 ] | Q4 |

12
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where
E, = m,c’. (59)

The matrix in Eq. (58) is an eight-by-eight square matrix. A compact matrix
version of Eq. (58) may be expressed as follows:

Hly,) =Euly,) n=123 8. (60)

At this point we are now in a position to determine eight eigenvectors |y, ) and
the corresponding eigenvalues E, satisfying the eigenvalue (Eq. (58)). We chose to
use the matrix software program MATLAB [15] for determining the eigenvalues
and eigenvectors. As it turns out, there are only two unique eigenvalues given by

E.=+4+E and E_ =-E where E = \/Eg + p2c. (61)

From the special theory of relativity (see [10], pp. 21-25), the following relations
may also be of use:

E=yE, p=ympw pc=ypE, y=1/\/1-p p=v/c. (62)

As before, y and f are referred to as the Lorentz factor and speed parameter,
respectively. For each of the two eigenvalues, there are four unique eigenvectors.
The eight eigenvectors |y,) form an orthonormal set, that is,

<Wm|l//n> = Omn- (63)

The symbol 6,,, represents the Kronecker delta. In Table 2 is a summary of the
eigenvalues and orthonormal eigenvectors satisfying the eigenvalue spacetime
matrix (Eq. (58)).

The constants a and b appearing in Table 2 are defined by

EQ r+1 2+br =1 b V2 r—1 (64)
4

a 2 4 2

Inspection of the contents of Table 2 reveals the following important results:

1. ly1) and |y,) represent transverse waves with positive energy +yE,.

2.|y3) and |y,) represent transverse waves with negative energy —yE,.

3.|ys) and |yg) represent non-transverse waves with positive energy +yE,.

4.ly7) and |yg) represent non-transverse waves with negative energy —yE,.

For wave propagation in the +z direction, the transverse waves have eigenvector
solutions |y) where elements (3,1), (4,1), (7,1), and (8,1) are identically equal to
zero. In other words, A = (A1 A; 0 0)and Q = (Q; Q, 0 0). For this case, Aj, A
and Q;, Q correspond to the x and y components. Thus, for wave propagation in

the +z direction, the transverse wave solutions only have x and y vector components
characteristic of a transverse wave in three dimensions.

13
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E, E; E, E; E, Es Es E, Eg
E +7E, +7E, —7E, —7E, +7E, +7E, —7E, —7E,
[w,) 1) 72)) |1l/3> [wy) |ll/5> ) |l//7> [wg)
Aq 0 +b 0 +a 0 0 0 0
Ay +ib 0 +ia 0 0 0 0 0
A3 0 0 0 0 +b 0 +a 0
Ay 0 0 0 0 0 +ib 0 +ia
Q —a 0 +b 0 0 0 0 0
Q) 0 —ia 0 +ib 0 0 0 0
Qs 0 0 0 0 0 —a 0 +b
Q4 0 0 0 0 —ia 0 +ib 0

Table 2.

Eigenvalues and orthonormal eigenvectors associated with the generalized spacetime matrix equation for wave
propagation in the +z divection when k = moyc/h.

On the other hand, for wave propagation in the +z direction, the non-transverse
waves have eigenvector solutions |y) where elements (1,1), (2,1), (5,1), and (6,1)
are identically equal to zero. Thatis tosay, A = (0 0 A3 A4)and Q = (0 0 Q3 Q).
This implies, A3 and Q3 represent z-components. A4 and €4 represent the fourth
components (unknown origin) in a four-dimensional space. Thus, for wave propa-
gation in the +z direction, the non-transverse wave solutions have a z vector com-
ponent (longitudinal in nature) and a fourth vector component (neither transverse
nor longitudinal in nature, perhaps a “time” component) of a non-transverse wave
in four dimensions.

5.5 Traditional Dirac equation

The authors, in their most recent publication [1], indicated solutions of their
Dirac spacetime matrix equation for free space could be mapped into solutions
satisfying the traditional Dirac matrix equation. We wish to explore this in greater
detail. The traditional Dirac equation, in the absence of electromagnetic potential
terms, is given by

+04 0 —103 —0) —10q 21 21 0
0 +0d +0d, — 10 +i0 z )y 0

' 4 . 2 1 3 2 +x 2 _ (65)
+i03 40y + 101 —04 0 23 23 0
—0) +1i0; —103 0 —04 24 24 0

This equation corresponds to the special case employing the Dirac representa-
tion (see [12], pp. 694-706) for details. The compact matrix form of Eq. (65) is
given by

~

Dlo) 4 k|o) = |o). (66)

The Dirac matrix operator D represents the four-by-four matrix operator on
the left-hand side of Eq. (65), |o) is the four-by-one ket vector appearing twice

14
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on the left-hand side, and |o) is the four-by-one null ket vector appearing on the
right-hand side. For time-harmonic plane-wave solutions, the ket vector |¢) may be

expressed as

lo) = |o,) exp [+i(p - ¥ — Et)/A].

(67)

Substituting this time-harmonic plane-wave solution back into the traditional
Dirac equation (65) ultimately leads to the corresponding eigenvalue equation:

+h
0
+a3

pc

|t +aq

0
+u
—ia2 —+ a1

+as3
+iay +
—p
0

—iay + oy |

0

21
)Y}
23

—p

24

21
)Y}
23
2y

(68)

For the special case of wave propagation in the +z direction, the preceding

eigenvalue equation reduces to the following simplified form:

[+E, O
0 +E,

+pc O
L 0 —pe

+pc O 21
0 —pc )

-E, O P
0 —E,||[Z4]

21

(69)

Again using the matrix software MATLAB, the four orthonormal eigenvectors
and corresponding eigenvalues satisfying Eq. (69) are listed in the Table 3.
The quantities 2 and b appearing in Table 3 are defined by

=7

_V2 Jr+1

/4

a*+b*=1

b

V2 r-1

2

(70)

Note, the quantities a and b appearing in the traditional Dirac equation eigen-
vectors listed in Table 3 are the same 2 and b quantities appearing in the generalized
spacetime matrix equation eigenvectors listed in Table 2 for x = m,c/#.

E, E, E, E3 E,4
E +vE, +yE, —vE, —vE,
lon) o) lo2) los) o)
Z —4 a —4 a +¢7§ b +§ b
% 7\/72 a +‘/7§ a +‘/7§ b ‘/75 b
Z3 —4 b —@ b —‘/75 a —‘/75 a
4 +%2b —2) +¥24 Sy
Table 3.

Eigenvalues and orthonormal eigenvectors associated with the traditional Divac equation for wave propagation
in the +z direction when k = myc/h.
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5.6 Linear transformation equation

For the special case of a matter wave traveling through free space in the + z
direction, we found the orthonormal set of eigenvectors and corresponding eigen-
values, for both the generalized spacetime matrix (Eq. (49)) and the traditional
Dirac equation (65), when k = m,c/h. These two sets of orthonormal eigenvectors
are related [1] through the following linear transformation matrix equation:

FAL

A

% 0 0 0 0 41 —i +1 —i1|A;
pY) :Q 0O 0 0 0 +1 +i -1 —i|]|A4 71)

23 2|1-1 4 -1 4 0 0 0 0 Qq

Xy -1 = 41 ++ 0 0 0 O Q)

Q3

[ €24 |

The compact matrix form of Eq. (71) is given by

o) = Zlw). (72)

When we substitute each the eight eigenvectors |y, ) from Table 2 back into
Eq. (71), we obtain the following results:

1. The four transverse eigenvectors in Table 2 map into the four eigenvectors in
Table 3:

l01) =Zly1)  lo2) =Zly,y)  los) =Zlys)  loa) =Zlwy). (73)

2. The four non-transverse eigenvectors in Table 2 map into the same four
eigenvectors in Table 3:

lo1) = Zlws) lo2) = Zlye) lo3) = Zlyy) lo4) = Zlwg). (74)

Therefore, whether we use the four transverse eigenvector solutions or the
four non-transverse eigenvector solutions satisfying the generalized spacetime
matrix (Eq. (49)), the same four eigenvector solutions satisfying the traditional
Dirac equation (65) are obtained using Eq. (71). It is noted the four transverse
eigenvector solutions could have been obtained from the four Dirac vector
equations (37) and (38).

5.7 Wave propagation along the +z direction for x =0

For the special case of wave propagation in the +z direction, when x = 0,
time-harmonic plane-wave solutions satisfying the generalized spacetime matrix
equation for free space (49) yield the set of eigenvectors and eigenvalues presented
in Table 4. The eight eigenvectors |y,,) also form an orthonormal set, that is,

Wonlwa) = Smn- (75)
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E, E, E, E; E, Es E¢ E, Eg
Ppc tpe tpe —pc —pc tpe tpe —pc —pc
Iy, ly) ly>) lys) lwa) ly's) ) ly7) lys)
Aq 0 +b 0 +a 0 0 0 0
Ay +ib 0 +ia 0 0 0 0 0
A3 0 0 0 0 +b 0 +a 0
Ay 0 0 0 0 0 +ib 0 +ia
Q —a 0 +b 0 0 0 0 0
Q) 0 —ia 0 +ib 0 0 0 0
Qs 0 0 0 0 0 —a 0 +b
Qy 0 0 0 0 —ia 0 +ib 0
Uy 221 ) V3 N Vs Vg vy Vg

+c +c —C —C +c +c —C —C

Table 4.

Eigenvalues and orthonormal eigenvectors associated with the generalized spacetime matrix equation for wave
propagation in the +z direction when x = 0.

The constants 4 and b appearing in Table 4 are now defined by

a ? a?+bh =1 bz? (76)

Inspection of the contents of Table 4 reveals the following important results:
1. |y1) and |y,) represent transverse waves moving with speed +c.

2.|y3) and |y,) represent transverse waves moving with speed —c.

3.|ys) and |yg) represent non-transverse waves moving with speed +c.
4.ly,) and |yg) represent non-transverse waves moving with speed —c.

For wave propagation in the +z direction, the transverse waves have eigenvector
solutions |y) where elements (3,1), (4,1), (7,1), and (8,1) are identically equal to
zero. In other words, A = (A; A; 0 0)and Q = (Q; Q, 0 0). For this case, Aq, A;
and Q4, Q, correspond to the x and y components. Thus, for wave propagation in
the +z direction, the transverse wave solutions only have x and y vector compo-
nents, characteristic of a transverse wave in three dimensions. Only those waves
propagating at a speed in free space of +c represent real electromagnetic waves.

On the other hand, for wave propagation in the +z direction, the non-transverse
waves have eigenvector solutions |y) where elements (1,1), (2,1), (5,1), and (6,1)
are identically equal to zero. Thatis tosay, A = (0 0 A3 A4)and Q = (0 0 Q3 Q).
This implies, Az and Q3 represent z-components. A4 and Q4 represent the fourth
components in a four-dimensional space. Thus, for wave propagation in the +z
direction, the non-transverse wave solutions have a z vector component (longitu-
dinal in nature) and a fourth vector component (neither transverse nor longitudinal
in nature) of a non-transverse wave in four dimensions. Perhaps there is new
physics regarding these additional solutions.
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5.8 Unresolved issues regarding the generalized spacetime matrix equation

The eigenvectors and eigenvalues associated with the generalized spacetime

matrix equation, for the special case of a time-harmonic plane-wave propagating in
free space in the +z direction, have been determined for both x = m,c/f and k = 0.
The following are the key points found in this analysis:

18

1. For the case when x = m,c/h, we found there were four orthonormal

eigenvectors (two having positive energy eigenvalues +yE, and two having
negative energy eigenvalues —yE,) describing waves having transverse
properties. From Table 2, each of these four eigenvectors have components
Az = Ay = Q3 = Q4 = 0. Using the linear transformation equation (71), these
eigenvectors map nicely into four orthonormal eigenvectors satisfying the
traditional Dirac equation.

2. For the case when x = m,c/h, we found there were also four orthonormal

eigenvectors (again two having positive energy eigenvalues +yE, and two
having negative energy eigenvalues —yE,) describing waves having non-
transverse properties. From Table 2, each of these four eigenvectors have
components A; = Ay = = Q) = 0. Again, using the linear transformation
equation (71), these four eigenvectors map nicely into the same four
orthonormal eigenvectors satisfying the traditional Dirac equation as
mentioned in Case 1.

3. Therefore, for the case when k = m,c/#, the generalized spacetime matrix

equation (49) for free space provides eight orthonormal eigenvector solutions
(both transverse and non-transverse) which map into four orthonormal
eigenvector solutions satisfying the traditional Dirac equation (65).

4.For the case when x = 0, we found there were four orthonormal

eigenvectors (two associated with waves propagating in free space with
speed +c and two associated with waves propagating in free space with
speed -c) describing waves having transverse properties. From Table 4, each
of these four eigenvectors have components A3 = Ay = Q3 = Q4 = 0. For
the case of transverse waves propagating with +c, these eigenvectors are
associated with real electromagnetic waves predicted by the traditional
Maxwell equations.

5. For the case when k = 0, we found there were also four orthonormal

eigenvectors (two associated with waves propagating in free space with speed
+c and two associated with waves propagating in free space with speed -c)
describing waves having non-transverse properties. From Table 4, each of
these four eigenvectors has components A; = A) = Q; = Q; = 0.

6.The generalized spacetime matrix equation for k = 0 when A4, = 0 and Q4 = 0

is simply the Maxwell spacetime matrix equation for free space. The
generalized spacetime matrix equation for x = m,c/i when Ay = 0and Q4 =0
is simply the Dirac spacetime matrix equation for free space. In addition, the
Dirac spacetime matrix equation for free space is equivalent to the four Dirac
spacetime vector equations (37) and (38) for free space resembling the four
Maxwell vector equations (11) and (12) for free space.
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In the de Broglie-Bohm picture of quantum mechanics, Hardy [16] and Bell [17]
suggest empty waves represented by wave functions propagating in spacetime,
but not carrying energy or momentum, can exist. This same concept was called
ghost waves or ghost fields by Albert Einstein (see [18]). The controversy as to
whether matter waves correspond to real waves or ghost waves has been and is
still a subject of debate and controversy.

In Section 5.1, we mentioned that the number of unanswered questions and
mysteries regarding the universe from the smallest to the largest, in the fields of
physics and astronomy, is unimaginable. Allowing the elements A4 and €4 to have
nonzero values in the generalized spacetime matrix equation certainly raises a
number of unanswered questions. The following is the author’s list of 12 unan-

swered questions and mysteries regarding our analysis of the generalized spacetime

matrix equation for free space:
For relativistic quantum mechanics—matter waves:
What class of particles do the transverse eigenvectors represent?
Do the transverse eigenvectors represent real or ghost waves?
What class of particles do the non-transverse eigenvectors represent?
Do non-transverse eigenvectors represent real or ghost waves?
Are the transverse and non-transverse eigenvectors equivalent in some way?

For classical electrodynamics—electromagnetic waves:

What can be said about those waves propagating with speed -c?

Do these represent a new type of electromagnetic wave?

What can be said about those waves having a longitudinal component?
What can be said about those waves having a fourth component?
Could these be associated with undiscovered electromagnetic waves?

And two last questions:
Why do the Dirac and Maxwell vector equations resemble each other?

Does the spacetime matrix operator M have more surprises in store?

6. Conclusions

1. The four classical electromagnetic microscopic Maxwell field equations have
been rewritten as a single matrix equation, referred to as the Maxwell
spacetime matrix equation, using the spacetime matrix operator M. The
Maxwell spacetime matrix equation is relativistic invariant under a Lorenz
transformation.

2. The square eight-by-eight matrix operator M has several benefits as
summarized next. Other fundamental equations of electromagnetic theory

have also been expressed as single matrix equations using the spacetime matrix

operator M, namely, the electromagnetic wave and charge continuity
equations, the Lorentz conditions and electromagnetic potentials, and the
electromagnetic potential wave equations.

3. The traditional relativistic Dirac equation for free space has been expressed as a

new matrix equation, referred to as the Dirac spacetime matrix equation for

free space, using the same spacetime matrix operator M. The Dirac spacetime
matrix equation is also relativistic invariant under a Lorenz transformation.
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4.Solutions of the new Dirac spacetime matrix equation can be easily
transformed into solutions satisfying the traditional relativistic Dirac equation
using the linear transformation matrix Z.

5. The Dirac spacetime matrix equation is equivalent to four new relativistic
quantum mechanical vector equations. We referred to these equations as
the Dirac spacetime vector equations. In the absence of electromagnetic
potentials, these vector equations resemble the four classical electromagnetic
microscopic Maxwell field vector equations in the absence of charge and
current densities.

6. Multiplication of the Dirac spacetime matrix equation by the spacetime

matrix operator M leads to the relativistic Klein-Gordon spacetime matrix
equation.

7. Four transverse orthonormal eigenvectors as well as the four non-transverse
orthonormal eigenvectors satisfying the Dirac spacetime matrix equation map,
via the linear transformation matrix Z, into the same set of four orthonormal
eigenvectors satisfying the traditional Dirac equation.

8.A new generalized spacetime matrix equation employing the operator M was
introduced. This equation is a generalization of the Maxwell and Dirac
spacetime matrix equations for free space. We explored time-harmonic plane-
wave solutions of this equation as well as their properties. Some of results
obtained may suggest new physics.
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