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Local observables in the Dirac theory
DAVID HESTENES

Abstract

By a new method, the Dirac electron theory is completely reexpressed
as a set of conservation laws and constitutive relations for local observ-
ables, describing the local distribution and flow of mechanical quantities.
The coupling of the electromagnetic field to the electron is shown to be
determined by the definitions of the observables rather than by the Dirac
equation. Planck’s constant appears in the equations only in connection
with the electron spin. The equations are most readily interpreted by
assuming that the electron is a structureless point charge, the spin and
magnetic moment arising from the dynamics of electron motion.

INTRODUCTION

Most experimental tests of the Dirac electron theory pertain only to “global ob-
servables” such as average energy, average momentum, and average angular mo-
mentum. The theory actually contains much more detailed implications about
“local observables” which describe a spacial distribution and flow of charge,
mass, energy-momentum, and angular momentum. The local observables of
the Dirac theory have some peculiar properties of which Dirac was undoubt-
edly unaware when the theory was first formulated. These peculiarities deserve
careful study; first, because they can be expected to lead to particularly sensi-
tive tests of the theory if they can be subjected to experimental scrutiny; and
second, because they furnish valuable theoretical clues about the interpretation
and significance of the theory.

A systematic analysis of the properties of local observables happens to be sur-
prisingly difficult by conventional methods. This paper uses an unconventional
mathematical formalism developed in Refs. [1] and [2] to achieve a compact
reformulation of the complete Dirac theory in terms of local observables. The
new method greatly simplifies the derivation of conservation laws and “rela-
tions” among local observables. The results obtained are complete in the sense
that the relations found among the observables determine the theory uniquely.
It is believed that all significant relations among local observables found by pre-
vious authors are derived here, though they usually appear in quite different
form and often as only part of a more general relation. Because of the consid-
erable difference in method and viewpoint, comparison of results is sometimes



quite tedious, though it can always be carried out by the method explained
in Appendix A. Since the work of Takabaysi [3] is much more extensive than
anything else in the literature on local observables, special effort was made to
compare it with the present work; exact agreement has been found even on
comparing some of the more complicated and esoteric formulas, though the two
approaches have not been compared in every detail.

The difficult problem of subjecting the theory of local observables to ex-
perimental test will not be broached in this paper, though it is hoped that the
present formulation of the theory will facilitate the task. What the theory needs
most is an experimental test of the peculiar noncollinearity of velocity and mo-
mentum predicted by eq. (5.8) below. The problem of devising such a test has
engaged the attention of Costa de Beauregard for many years; he has reviewed
the problem in Ref. [4], including some significant progress that has recently
been made. Reasoning by analogy with the Dirac theory, Costa de Beaure-
gard was lead to suggest tests for asymmetry in the free space electromagnetic
energy-momentum tensor for circularly polarized light. This asymmetry im-
plies that the energy flux in a polarized light beam is not collinear with the
momentum density, the difference being due to the “photon spin.” In a clever
experiment, Imbert [5] showed that this difference manifests itself as a lateral
displacement of a reflected light beam with a magnitude and direction in com-
plete agreement with theoretical predictions. This success makes it all the more
likely that the analogous asymmetry in the Dirac theory can somehow be tested
experimentally.

It should be emphasized that the asymmetry just alluded to does not reveal
itself in the Dirac theory when observables are defined in terms of operators in
the usual manner. The operator definitions refer only to global observables, the
local features being suppressed by averaging (i.e., integrating over all space).
The local theory is more detailed, defining mechanical quantities such as mo-
mentum and angular momentum densities as definite functions of position and
time. One local observable, the probability density determined by the Dirac
wave function, is already widely used to predict the electron charge distribution
in an atom. The local distributions of other mechanical quantities have not as
yet been associated with any experimentally accessible effects.

To achieve a complete theory of local observables it is necessary to go beyond
the original assumptions of Dirac. It is important to realize that the definitions
of observables in Dirac theory have far-reaching consequences quite indepen-
dent of the exact form of the Dirac equation. The specification of observables
in Dirac’s original paper [6] was incomplete in several respects. His crucial
assumption about observables was made by adopting, without comment, the
operator definition of energy already used in Schrodinger’s theory. This was all
he needed to predict the energy levels of stationary atomic states. Dirac’s initial
assumptions were not sufficient to prove local conservation of probability. But
this deficiency was soon rectified [7] by defining a ‘probability current,” which, in
accordance with the Dirac equation, has vanishing divergence and so describes



a locally conserved quantity. This definition is actually a new physical assump-
tion, as the current specifies a local flow (or at least, a “probable” or “local
average” flow) of electron charge and mass, and tacitly attributes a constant
ratio of charge to mass density for the “smeared out” electron.

After the local distribution and flow of electron charge was specified by defin-
ing a conserved current, the local distribution and flow of energy-momentum was
specified by Tetrode’s definition [8] of an energy-momentum tensor. It is remark-
able that these definitions above completely determine a local distribution and
flow of angular momentum, since in general continuum theory

Once a complete set of local observables has been defined, the wave func-
tion can be eliminated and the Dirac theory completely reformulated as a set
of equations for local observables. Reformulation proved to be a surprisingly
difficult task. Many authors achieved partial results. But it was not until 1957
that Takabayasi [3] developed a systematic approach and carried the reformu-
lation to completion. Unfortunately, physicists have derived little benefit from
his work, most probably because of its great complexity. However, much of
this complexity is unnecessary, because it arises from redundancy in the admix-
ture of matrix and tensor algebras in the mathematical formalism usually used
to express the Dirac theory. Such redundancy is eliminated in this paper by
employing the “space-time algebra” developed in Refs. [1] and [2].

Because of the much simpler method employed here, it has proved possible
to work out the relations among local observables in considerably more detail
than was done previously, especially in Sec. 6 below. It should be mentioned
that the many relations among local observables derived below are not mutually
independent. No attempt has been made to select one particular complete set
of relations as more fundamental than another, because the desirability of any
particular selection is determined by the use to which it will be put. However, a
careful distinction has been made between those relations which are determined
by the Dirac equation and those which are not.

The particular properties of the energy-momentum tensor which are deter-
mined by the Dirac equation are ascertained in Sec. 2. However, the main aim
of Secs. 1 through 4 is to determine those properties of local observables which
follow from the definitions of the probability current by (1.3) and (1.4) and the
energy-momentum tensor (2.3) as specific functions of the wave function (1.1),
without appeal to the Dirac equation. Since local conservation is essential to the
notion of probability density, the eq. (1.4) which expresses local conservation
of probability is taken as part of the definition of the probability current even
though it can be derived from the Dirac equation (e.g., see Appendix B). Of
course, the mere fact that the Dirac equation implies that the “current” (1.3)
has vanishing divergence does not entail that that particular quantity describes
the local flow of probability. It seems best, then, to say merely that the Dirac
equation is consistent with the identification of (2.26) as probability current.

In Sec. 5 the Dirac equation is completely reformulated in terms of local
observables. It will be noted that the electromagnetic potential does not ap-



pear in the resulting eq. (5.7). Therefore, the Dirac equation by itself implies
nothing about electromagnetic interactions of the electron. Moreover, the refor-
mulated Dirac equation does not yield equations of motion for local observables.
Rather, it functions as a “constitutive equation,” expressing, as shown by (5.8),
the local momentum as a definite function of the local velocity and spin. The is
equations of motion for the local observables are just the general conservation
laws ascertained in Secs. 1 and 2. But these equations are underdetermined
and cannot be solved without the additional “constitutive relations” provided
by Dirac equation. Since these “constitutive relations” do not involve the elec-
tromagnetic field, it can be concluded that the coupling of the electron to the
electromagnetic field is already completely determined by the identification of
(2.26) as the equation for energy-momentum conservation.

The relation of the spin density to the local circulation of charge in the
Dirac theory is studied in Secs. 6 and 7. Section 8 discusses the bearing of local
observables on the interpretation of quantum mechanics.

1 WAVE FUNCTION

This paper continues the reformulation and analysis of Dirac’s theory begun in
Ref. [1]. For the most part definitions, conventions, and results appearing in
Ref. [1] are adopted here with little or no comment. The relation to the usual
formulation of Dirac theory is discussed in Appendix A.

In Ref. [1] it was established that the Dirac “wave function” ¢ = ¢ (z) can
be written in the canonical form

Y = pt/2ei/DBR, (1.1)

The wave function does not have a direct physical significance, and a crucial
part of the Dirac theory is to relate i to observable quantities. The canonical
decomposition (1.1) greatly facilitates this task and, in addition, makes the
geometric content of the theory explicit.

The spinor R = R(x) describes a Lorentz rotation at every point z of space-
time which takes an orthonormal frame of constant vectors 7, into the frame
ea = eo(x) according to the equation

ea = Ryo R, (¢=0,1,2,3). (1.2)

The vectors eg and ez have direct physical interpretations in the Dirac theory.
To emphasize its interpretation the vector v = eg = v(z) is called the (local)
particle velocity (at x). In agreement with established parlance, the quantity

Y0 = pRyoR = pe =pv (1.3)

is called the probability current and p is called the proper probability density.
Local conservation of probability is expressed by the equation

[J-(pv) =0. (1.4)



With the identification of mp as proper mass density, (1.4) expresses local con-
servation of mass. Equation (1.4) is a consequence of the Dirac equation, but it
must be emphasized that the physical interpretation given to pv is an indepen-
dent postulate of the Dirac theory.

The vector

w0
Il

e3 = s() (1.5)

NS

is called the (local) spin (vector), and the bivector

S =isv = h ieseg = Eegel = ER'YQ'Ylé (1.6)
2 2 2

called the (local) spin (bivector). Either s or S can be used to describe the spin
of the electron; S is preferable because angular momentum is fundamentally a
bivector quantity, but s has the advantage that vectors are sometimes easier to
manipulate than bivectors. At any rate, (1.6) makes it easy to switch from one
to the other. The physical interpretation of S as angular momentum need not
be introduced into the Dirac theory as an independent postulate; it follows from
the definition of the energy-momentum tensor given in the next section.

The e, describe intrinsic properties of the electron and so are independent
of any coordinate system associated with an observer. In contrast, the choice of
the 7, in (1.2) is a mere convention, though once that choice is made, the R that
gives the e,, is uniquely determined. The choice of the 7, is disguised in the usual
matrix formulation of the Dirac theory as a choice of matrix representation. A
change in the matrix representation is equivalent to a change in the choice of
the 4. The 7, can always be related to a set of inertial (Cartesian) coordinates
{zs} by the equations v, = dpx or v* = [Jx®.

Equations (1.2) can be solved for R (see Sec. 17 of Ref. [2]). One obtains

R=(AA)"'?4, (1.7)
where
A=e". (1.8)

This is one way of exhibiting the dependence of R on the e,, but no further
use of it will be made in this paper. The important point is that once the
convenient arbitrary choice of the 7, has been made, then the Lorentz rotation
R is determined by eight (scalar) parameters. Five of these are determined by
specifying the velocity and the spin directions. This much determines the plane
of e; and ey; the additional parameter y, which is needed to fix the directions
of e; and es in the plane, is the phase of the Dirac wave function. the angular
momentum tensor is not determined by the energy-momentum tensor. Thus no
further assumptions are needed to determine a complete set of local observables
for the Dirac theory.



The Dirac wave function 1 is completely determined by specifying the set
of eight independent quantities:

{p, B, v, S or s, x} (1.9)

Of these, p,v,S have straightforward physical interpretations. Comments on
the interpretation of 3 will be deferred until the role of # in the Dirac theory
has been studied in some detail. The observable significance of x is indirect,
and it will not be convenient to make explicit use of y in equations for local
observables. Rather, the energy-momentum vector, to be introduced later, will
contain an implicit dependence on the gradient of x.

2 ENERGY-MOMENTUM TENSOR

One of the key assumptions in Dirac’s initial paper [6] is that the total energy
FE of the electron in a stationary state is to be obtained from the equation

(-)Y2ho, 9 = EW, (2.1)

where W is a column spinor. Superficially, (2.1) appears to be identical to an
assumption made by Schrodinger in his first papers on quantum theory. But
something new is present because of the spinor character of ¥. This becomes
apparent when, by using the spinor ¥, (2.1) is reexpressed in a form which is
independent of any matrix representation:

Ospyoy1h = E. (2.2)

The equivalence of (2.2) and (2.1) is easily established by the method of Ap-
pendix A. Comparison of (2.1) and (2.2) then reveals that the root of minus
one on the left of (2.1) has a geometrical significance; it may be regarded as a
representation of the spacelike bivector 1y, = i3y9 = i03, which itself is a par-
ticular root of minus one since (y27y1)? = —1. Moreover, this root of minus one
has a physical significance, for according to (1.6) it determines the direction of
the electron spin. In fact, it is only through (2.1) or (2.2) and its generalizations
that electron spin finds its way into the Dirac theory.

To complete the formulation of the Dirac theory, (2.1) must be generalized
to give an expression for the energy even when the electron is not in a stationary
state, if only because the wavefunction cannot be an eigenfunction of the energy
in all inertial systems unless it is a plane wave. Besides, (2.1) determines only
the energy density, which is but one component of a complete energy-momentum
tensor.

The most straightforward guess at the required generalization of (2.1) is
given by

T = {007 00r272h — eAuth)}
= h(u0uivst)s — epuu A, . (2:3)



The second term on the right has been added to remove the contribution of the
electromagnetic field to the electron’s energy-momentum and so (hopefully) to
produce a tensor that describes only intrinsic properties of the electron. To get
the last line of (2.3), the definition of velocity (1.3) has been used.

That (2.3) is a reasonable generalization of (2.1) can be shown by computing
the average energy in “the inertial system of 7y,” namely

(E)=(E®))= /dSﬂ? (Too + epuoAo) = /d?’x (Y0¥ 090121 h)s o)

where the integral is taken over the spacelike hypersurface of points x satisfying
the equation a -y = xo = t. If (2.1) is satisfied, then

(B) = [@E (wiot)s = E [aopm = . (2.5)
where

po = pug = pv-v = (Vy¥7)s (2.6)

is the particle probability density in the inertial system of ~g. It is very impor-
tant to note the appearance of v in (2.5) and (2.3), for it shows that consistency
of (2.3) with (2.1) requires the conservation law (1.4) and the interpretation
previously given to v.

Appendix A shows that (2.3) is equivalent to Tetrode’s definition of the
electron’s energy-momentum tensor. Though this tensor has been much studied
with matrix methods, something may yet be learned by analyzing its properties
with the methods of space-time algebra.

An energy-momentum tensor is a linear vector function of a vector variable.
To be more specific, let T'(n,z) denote a flux of energy-momentum through
a hypersurface with normal n at the space-time point x. Suppressing the x
dependence, one says that T'(n) is an energy-momentum tensor. Since T is a
linear function of n = n#~y,,

T(n) =n*T(y,) =n*T,. (2.7)

So an energy-momentum tensor is completely characterized by the vectors T, =
T(y,), which specify the flux in four independent directions. The components
of the T}, are Inversely,

T =T, Y- (2.8a)

Inversely,
T, =Tu7". (2.8b)

With this, the T}, for the Tetrode tensor can be determined from (2.3).



The conservation law (1.4) implies the existence of velocity streamlines, time-
like trajectories with tangents v = v(x) describing the local flow of the “proba-
bility fluid.” The proper energy-momentum density given by

pp = T(v) = v"T,, (2.9)

describes the flow of energy-momentum along the velocity streamline. The
vector p deserves a special name, because it is one of the most fundamental
quantities of the Dirac theory. The name local energy-momentum or simply
name momentum is appropriate. Now 7}, can be decomposed in the form

T, =pv,p+N,. (2.10)

Because of (2.9), N(v) = v*N, = 0, so the N, describe the flow of energy
momentum normal to the velocity streamline.

Certain special properties of the Tetrode tensor are determined by the Dirac
equation. These properties are most easily ascertained by studying the “trans-
posed” tensor defined from (2.3) by

Tu = 'YVT;U/ = 71/{5’711 : (%W’Yi&i)v - epUVA;J,}
= W(Ouivsd)v —epv, Ay . (2.11)

First observe that
.~ h .~ . ~
h(Ouivah)v = 3 (0 tiyst) — iy30,1), (2.12)

Also, note that the definition of the spin vector (1.5) implies %hw’ygzz = ps, SO

h - N
Ou(ips) = 5(@1/)@'@@,@[1 + iv30,0) . (2.13)

Hence
W(LIY)iyst = hy' (8, iysd)y + L (ips) . (2.14)

Next, recall the form of Dirac equation given in Ref. [5]. With a convenient
change in sign convention and explicit introduction of Planck’s constant, it can
be written

Ry = mapyo + eAd . (2.15)
Multiply this on the right by 701:/; and use WZ = pe’? as well as (1.3) to get

hDdzi'ygv:/; =mpe + eApv. (2.16)
Finally, combine (2.9), (2.11), (2.14), and (2.16) to obtain

YT, = ,ﬂ”mpew +illps. (2.17)



The pseudoscalar part of (2.17) yields
[(]-(ps) =—mpsing. (2.18)

This says nothing, at least directly, about the Tetrode tensor. But the scalar
part of (2.17) gives the trace of the Tetrode tensor:

Ty =Ty, -y"=mpcosf. (2.19)
and the bivector part of (2.17) is
YN, =T, Ny =i(L]Aps)=—1-(ips). (2.20)

tensor, as can be seen by expressing it in component form:
This specifies the antisymmetric part of the Tetrode

uAWw) - TeAy?) = (uAw) (1 A Tsa = Ty — T
= Y AN A LA (pS) = —€uapd®(ps’) . (2.21)

where €,,08 = =17, AV A Yo AYg.

By definition, the divergence of the correct energy-momentum tensor must
equal the density of force acting on the electron. The divergence of the Tetrode
tensor is determined by the Dirac equation. To evaluate it, first note that

9,T" =9,T", (2.22)

because the divergence of the antisymmetric part of the Tetrode tensor vanishes,
as follows immediately from (2.16) or (2.18). With the help of (2.12), the
divergence of (2.11) can be written

0, T" = W2 iysh)y — ed(pvAr) . (2.23)

To express the first term on the right on (2.23) in terms of observables, take the
gradient of the Dirac equation (2.15) and multiply on the right by ~vo¢ to get

W(1249)iys = m(C19)P + e(C1AY) 50t

Again using the Dirac equation, rewrite the right side of this expression to
get

B2 iysth = h (242 — m%)ips + e([1A)pv + 2e(A - L) yotb .

(2.24)
The vector part of this equation is
2. T h o, = . 27
(RO iysy)y = 5 (L ivsy — diys %)
= pe(UANA)-v+epv]-A+eA-L(pv)
= peF -v+ed,(pvAt), (2.25)



where F' = [[] A A. Substitution into (2.23) and use of (2.10) yields
0,T" = pp+ 0,N! =peF-v=pf, (2.26)

where a dot has been used to represent the “proper time” derivative along the
streamline by writing v - [Ip = p . The local force f = eF - v is just the familiar
Lorentz force. This further confirms the compatibility of interpretations given
to T# and v. The striking fact is that (2.26) has exactly the form that classical
electrodynamics gives for the effect of an electromagnetic field F' acting on a
charged current. Note that there are no multipole force terms, such as would
arise if the electron had some complicated local structure. Thus, according
to (2.26) the effect of external electromagnetic forces acting on the electron is
exactly what one would expect from classical electrodynamics. The peculiar
features of the Dirac theory reside in the specific nature of the T+.

The results above already suffice to show that the Dirac electron possesses
an angular momentum which does not appear to be induced by external forces.
Observe that, since 9,z = v, (2.26) implies

Ou(TFNz)=T' Ny, +pfAe. (2.27)

And note that, by virtue of (2.20),

TH Ny, = —0u5", (2.28)
where
St= pis Ay =p(is) - =p(sAv) -
= pv'S+pS-~ytv. (2.29)
So, with the definition
JE=TH N+ S*, (2.30)
(2.27) can be written
O J'=pfAhx. (2.31)

The right side of this equation can be identified as the local torque, so J* can
be interpreted as the flux of angular momentum through a hypersurface with
normal y*#. Moreover, J* consists of an orbital part J# A x and an “intrinsic
part” S*. The angular momentum flow along the velocity streamline is described
by the proper angular momentum density,

Jw)=v,J* =ppAa+S5), (2.32)

where S = p_lvuS“ =145 A v is seen to be precisely the local spin, as advertised
in Sec. 1.
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The right side of (2.29) is a decomposition of the spin angular momentum
density S* into a part pv*S which describes angular momentum flow along the
streamline and a part

M" =pS-~'v = p3 [S,4"v], (2.33)

which describes angular momentum flow normal to the streamline. Using this,
and the corresponding decomposition (2.10) for T),, (2.28) can be written in the
form

pS+ppAv=ry, AN'—=0,M", (2.34)

where, of course, S =v-[S.

Equations (1.4), (2.26), and (2.34) are local conservation laws for mass,
energy-momentum and “intrinsic angular momentum,” respectively. But they
constitute a determinate set of equations only when “constitutive equations”
have been specified which relate the basic local observables p, v, S and p and
expresses the fluxes N, and M, in terms of them. In the general form given
above with a more general form for the local force than is given in (2.26), the
local conservation laws hold for any classical relativistic theory of continuous
media as well as for the Dirac theory. The peculiar features of the Dirac theory
are found not in the conservation laws, but in the form it gives to the constitutive
relations and boundary conditions.

3 LOCAL MOMENTUM AND ANGULAR
VELOCITY

From (1.2) it follows that
Yo Lleq = Opea = 2[Qu.ea] = Q€4 (3.1)
where
Q, =2(0.R)R . (3.2)

Equation (3.1) says that on displacement in the «, direction, the frame {e,}
rotates with “angular velocity” €,. To see what physical significance such a
rotation might have, the angular velocity must be expressed as a function of
local observables. To this end, introduce quantities P, and g, by the equation

. h ~ ~
Putigy = 5 (OuByenR — RyzniduR). (3.3)
Also, use (1.6) to obtain

A _ _
QMS = § (auR’}/Q’YlR + ngfyl@HR) (3.4)
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and
70, RY2110, R = (0, RR)(hRy2m R) = Q,,S . (3.5)
The sum of (3.3) and (3.4) yields
P, +iq, + 0,8 = Q0,5 = hd,Ryan R . (3.6)
The scalar part of (3.6) is
P,=%,-S=hd,RyumnR)s, (3.7)

which shows that P, measures the component of the angular velocity in the
local spin plane.
The pseudoscalar part of (3.6) yields

G =—i(Q A S) ==, - (iS) = KD, R0 R) s , (3.8)

which shows that ¢, measures the component of the angular velocity in the
plane orthogonal to the spin plane. Finally, the bivector part of (3.6) is

0uS = 52,8 — 8Q,) = 1[Q,, 5], (3.9)

which measures the rate at which the spin plane changes direction on displace-
ment along v,.
To find an expression for Q, in terms of observables solve (3.6).

Q. = (0,54 P, +iq.,)S™"
= s(Ov)vs Tt + (Ou8)s Tt +quus Tt + P, ST, (3.10)
where S71 = | § |28 = is~'v and s7' = —|s|"2s. The quantity qu can be

expressed in terms of the spin and velocity by relating (3.10) to the derivative
of the velocity.

v = -v=25"(v-09,8)+ v —qus".
Hence
Gy =v-0u8 =—5-0,v (3.11)

or

=Yg =—v - (OAs)+v-[s=—s-[v+s-([]Av).
(3.12)

An expression similar to (3.11) can be found for P, from

2
Ouer = Quer = (er - Opv)v + (eq ~8Hs)s_1 + Puﬁeg .

12



Thus,

h h
PM — —562 . aﬂel = 561 . 8#62 . (313)

Equation (3.11) says that g, measures the rate of rotation in the (vs) plane,
while (3.13) says that P, measures the rate of rotation in the spin plane though
no physical significance has been attributed to e; and e separately. Since P,
itself is an observable, (3.10) along with (3.11) gives the complete relation of ,,
to observables.

A change of “phase” of the wave function by an amount 271 A, i.e., the spinor
transformation

R — Re~Y2mA/h
induces, by (3.2), the change of angular velocity
Q, — Q, +0,AS,
and by (3.2), the transformation
P, — P, +0,A. (3.14)

This shows that P, depends on the phase only through its gradient.
The physical significance of P, can be ascertained by relating it to the
energy-momentum tensor. Use (1.1) and (3.2) to write

9t = 5{0,1In (pe’”) + Q). (3.15)

Multiply this on the left by hiysib and use %hwi’ygzz = pSv together with (3.6)
to obtain

houbinst = {0, In(pe?) + Q,}(pSv)
= {P,+igu+ 9,8+ 50, In(pe) + Q,}pv
= {P,+iq,+ 0,5+ W,}pv, (3.16)

where the bivector W, is defined by
W = (pe'?) 1 0,(pe"?S) = 0,5 + S In p+i0,0).  (3.17)
The vector part of (3.16) is
h(@uz/)mgzZ)v =pP,—v-W,). (3.18)
Hence,

Iy - (0u0ivs)v = p(vy Py + (0A%,) - W) . (3.19)
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Write
P, =p,+eA, (3.20)
and compare (3.19) with (2.3) and (2.10) to get
Tuw = pvupy + Ny, (3.21)
where, with the help of (3.17),

Ny = Ny-vm=pwAy) W,
= p(AY)- 0,5 —ps,0.5. (3.22)

This shows that the p, introduced in (3.20) are exactly the components of local
momentum introduced by (2.9). Equations (3.7) and (3.20) thus show how the
local momentum is related to rotations in the local spin plane. In addition,
(3.22) expresses the components N, of the momentum flux tensor in terms of
local observables.

4 INTEGRABILITY CONDITIONS

The fundamental local observables v, S, and p are all determined by the single
spinor field R and its derivatives. Since R itself is completely parametrized by
v, S and phase x, p must be completely determined by these quantities and
their derivatives. Since p depends on the phase only through its gradient, the
curl of p must be a function only of the spin, the velocity, and their derivatives.
This function can be found in the following systematic way.

Write (3.2) in the form

d.R=10,R (4.1)
Differentiate, to get
0,0, R = %(&,QM + %QHQV)R. (4.2)
But
0u0,R = 0,0, R. (4.3)
So
0,8, — 0,8, = %[QV,QM] . (4.4)

Thus the derivatives of the angular velocities are not mutually independent.
These “integrability conditions” can be expressed as relations among observables
by using (3.6). One obtains

0,P, — 0, Py + (D, — Duay) = 3[8,5,0,515". (4.5)
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The bivector part of (4.5) gives nothing new since it is just a consequence of the
fact that S? is a constant. The pseudoscalar part of (4.5) gives an expression
for the curl of g, but that is of little interest since the relation of g, to the spin
and velocity is already completely exhibited by (3.11). However, the scalar part
of 4.5) gives the following valuable relations, first derived in a different form by
Takabayasi [3]:

ouP,—0,P, = 3[0,5,8,5] 57"
= (57'9,80,8)s =S (0uv AOyv +0ys NDys™ 1)
= isSAVA[OUAIU+0ysNDus . (4.6)

Since P, = p,, + €A,
OyP, — 0P, +eF,, = (0,80,5)-S". (4.7)
where
Fu =A%) F=uAn) (OANA)=0,4, - 0,4,

are the components of the electromagnetic field.

It is worth emphasizing that (4.7) or (4.6) depends on the definitions of the
local observables only and not at all on the Dirac equation. Since it relates
different observables, (4.7) can be regarded as a kind of constitutive relation. A
constitutive relation that gives the full dependence of p on v and S is obtained
from the Dirac equation in the next section.

5 PHYSICAL CONTENT OF THE DIRAC
EQUATION

The conclusions of Sec. 2 are worth repeating. Equations (1.4), (2.26), and (2.34)
are precisely the conservation laws of mass, energy-momentum, and angular
momentum which are expected to hold for all physical theories. The use of
the Dirac equation to obtain these laws merely serves to show that the Dirac
theory is consistent with general principles. It can now be shown that the real
physical content of the Dirac equation is to be found in the fact that it provides
constitutive relations among the local density, velocity, momentum, and spin.

When these relations are put along side those relations which follow from
the definitions of the local observables in terms of the Dirac wave function, then
the conservation laws become determinate differential equations describing the
time evolution of the local observables.

To express the Dirac equation (2.15) as a relation among local observables,
first multiply it on the right by 1; to obtain

h(D?ﬁ)’)@’YﬂZ = mpv + eApe'”. (5.1)
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Next use (3.15) and (3.6) to obtain

h(aul/))’)’ﬂﬂz = {0u(pe”) + Qupe’} 23’72711%
Dy (pe)S + (P, +iq, + 0,5)pe’®
= (P, +igu)pe® +0,(pe'”S). (5.2)
This implies
W)t = (P + gi)pe” + C(pe'”s). (5:3)
Finally, equate (5.1) to (5.3) and use p = P — eA to get
pe P (p—iq) = pmv — [1(pe’S). (5.4)
The pseudovector part of (5.4) yields
p(psin B+ qgcos B) = [ - (pe'?is). (5.5)
The vector part of (5.4) is
p(pcos B —gsin B) = pmv — [ - (peS) . (5.6)

This quantity, multiplied by e/m, is commonly known as the Gorden current.
The last term in (5.6), then, is the divergence of a magnetic moment density.
This is consistent with the identification of the magnetic moment in (6.28) below.

Equation (5.4) displays the physical content of the Dirac equation as a rela-
tion among local observables. The Dirac equation can be recovered from (5.4)
by writing the local observables as functions of the Dirac wave function and
its derivatives, but it should be remembered that these expressions are physical
assumptions quite independent of the Dirac equation.

The “Dirac relations” among local observables are better expressed by mul-
tiplying (5.4) on the right to get

p(p—iq) = pme®v— [1(pS) +i([1B8)pS. (5.7)

The vector part of (5.7) gives the momentum density as a function of velocity
and spin.

pp = pmuvcos B —[1-(pS)+p(iS) - [18. (5.8)

This is the simplest way to express the general noncollinearity of velocity and
momentum in the Dirac theory. Note that a valid physical interpretation of 3
must account for the strange factor cos 3, which reduces the contribution of the
“mass density” to the energy-momentum density. The last term (iS)- [15 =
(vAs)-B=ws- 18— sv-[10 shows a dependence of momentum on the rate
of change of 3 in the v A s plane.
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The trivector part of (5.7) yields
—pgq=pmsin fv+ - (psv)+ (C1G) - (pS). (5.9)
This can be reduced to simpler terms by using (2.18) and (3.12) to get
S-Of=s-(LAv)—v-s+s-Ho—v- (LI As). (5.10)

Since S- B = (isAv)- OB =isAvA 1S = —s- (iv A 1), the first equation
(5.10) can be written

v-[J=--=s-([1JAv)+s-(GvAL]fF). (5.11)

This is an equation for the rate of change of spin along a velocity streamline,
and so exhibits explicitly the physical content of the trivector part of (5.7).

A number of important auxiliary formulas are easily obtained from (5.8) by
utilizing algebraic properties of the velocity and spin:

p-v = mecos B—(vA) -s—(i9) - (vA1B)
= mecos f—S-([JAv+ivA[f), (5.12)

v~Dﬁ:B:p-571+S~(DAsil):p~s*1+is*1/\v/\ (s,

(5.13)
p-S=p 'S ([1-pS)=-S-(S-Lnp)+S-(1-9),
(5.14)
vAp = p [ (pS)]Av—iSB
p 0 (pis) = S+ (S- 1) Av—iS3. (5.15)

Equation (5.12) is an expression for the local energy p-v that flows along a
streamline. In the first term the rest mass is reduced by the factor cos 3. The
remaining terms involve the “normal gradient” v A [] which shows that their
contribution to the local energy is determined by the flow of S and 3 onto the
streamline.

By comparing (5.15) with (2.10) and (2.20) one finds

Pl ANH =8 —(S-[1)Av+iSB. (5.16)

The same result can be obtained with more effort by direct evaluation from
(3.22).
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6 PROPER FLOWS

The reformulation of the Dirac theory as a set of conservation laws and consti-
tutive equations for local observables has already been completed. But further
insight into the theory can be obtained by casting some of the equations into
different forms. It is particularly interesting to study the flow of local observ-
ables along a streamline. This can be approached systematically by studying
the proper angular velocity €, i.e., the angular velocity along a streamline:

Q=2RR =2(v-IR)R =0Q,. (6.1)

Here the €2, are just the angular velocities defined by (3.2).
An expression for € in terms of observables can be obtained directly from
the Dirac equation by utilizing the identity

Q=2RR = {(JR)R,v} — [v. (6.2)

The curly brackets denote anticommutator. The identity can be established by
noting that

(CIR)RvR = [1Ryy = [1(vR) = ((Jv)R—v[ IR+ 2v-[IR.

Now write the Dirac equation (3.15) in the form

W(CW)ivsyot = 2(Y)YS = mpv + eApe'®. (6.3)
Also note that

2([J)g = [ p+ (L18)i + 2(LIR)R |pe’® . (6.4)
Hence, from (6.3) and (6.4)

2OR)R = —In p+i18 4 (mePv 4+ eA)S™. (6.5)

So

H2(DR)R,v} = {2(0JR)R}-v
= —v-Ulnptov-(il18)+v- (mvcos f+eA)SH(6.6)

Finally, substitute (6.6) into (6.2) to get
Q= Av+v-(LB)+v-(mvcos B+eAd)S (6.7)

By (6.7), the proper time derivatives of the velocity and the spin are

v o= Quv=v-(JAv), (6.8)
,.é = Q-s=s-(UAv)+s-[v-(TGI)], (6.9)
S = Q,8)=1L[S 0 Av]+ L[S (1B0)]. (6.10)
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Equation (6.8) is a mere identity, which depends only on the fact that v? is
constant. Equation (6.9) is identical with (5.11), and, of course, (6.10) follows
from (6.8) and (6.9), though it is handier to get it from (6.7). Clearly, these
equations are not of much help unless a useful expression for [] A v can be
found.

Before proceeding further, it is worthwhile to examine the “classical limit,”
i.e., the limit in which the magnitude of the spin | s| = 35 regarded a negligibly
small quantity. In that limit, the compatibility conditions (4.6) can be written

[JAP=0. (6.11)
This implies that
P=[lx. (6.12)

It is easy to see that the scalar x is the phase of the Dirac wave function, so
the classical limit amounts to a kind of “eikonal approximation” to the Dirac
equation.

In the classical limit, Eq. (2.18) becomes sin $ = 0, which implies cos § =
+1. In the same limit, the Dirac equation in the form (5.7) reduces to

p==xmv=_[]x—eA. (6.13)

Clearly, the two signs correspond to limits describing particles with opposite
charge.

The square of (6.13) is just the Hamilton-Jacobi equation for a classical “test
charge”:

(Cx —eA)? =m?2. (6.14)

Given the external potential A, one solves (6.14) to get x. But equation (6.13)
is still needed to get the velocity field from x.
The curl of (6.13) is

tmlJAv=—el[lNA=—cF. (6.15)
So, from (6.7) the proper angular velocity is just
e
Q=—-[ANv=+—F. 6.16
LI Aw 5 (6.16)

When this is substituted into (6.8), one obtains the Lorentz force.
But, more generally, (6.16) gives a spinor form for the Lorentz force

. e
R=4+—FR. 6.17
5 (6.17)

The solution of this equation is a one parameter family of Lorentz transfor-
mations R = R(7) describing the rotation of the e,, as they “move” along a
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streamline. In particular, this describes the rotation of the spin. So the spin
does not simply disappear in the “classical limits” to the Dirac theory; only
the effect of the spin on the motion of the particle disappears; an effect of the
motion on the spin remains.

Now, to see what can be said about [ ] Av without any approximation, write
(5.7) in the form

(P + qi) — eA = mue™ P — "W, , (6.18)
where W, is defined by (3.17). The gradient of (6.18) is

(CIP 4+ Cgi) — e[JA = m[ v —i(C1B)v]e ™ + 44 9,W,, .
(6.19)

The bivector part of (6.19) is
m[[JAv+ivA[1B] = —eF+9,W* (6.20)
+ 2[0,5,0,S]+ (LDAP+ [ Aqi).

The dependence on momentum in the last term can be eliminated by using the
integrability conditions (4.5) in the form

[IANPH+ I Aqi= iv”v”[&,S, 92,8187, (6.21)
Also, a little calculation shows that
O Wy — 0, W, + 4[0,8,0,51S7 " = 2[W,, W, ]S, (6.22)

so the last two terms of (6.20) can be combined. When this has been done,
(6.20) can be written

DAv+ivAD/B:—%F6iﬁ+O, (6.23)
where
mC = e (0, W + L[ v#y", [W,, W, ]S7']). (6.24)

Equation (6.23) is very important because it completely describes the interac-
tion of the external electromagnetic field F' with the “Dirac observables” in
a manifestly gauge invariant form. Section 5 shows that the electromagnetic
field is absent from the basic relations among observables implied by the Dirac
equation. The electromagnetic field is related to the momentum solely by the
integrability conditions (4.8). Equation (6.22) expresses the implications of the
integrability conditions in a form independent of p. And note that C in (6.24) is
manifestly independent of velocity. The appropriate use of (6.23) is to eliminate
[ ] Av from equations to reveal explicitly the influence of the external field F' on
relations among observables.
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The dependence of © on F is revealed by substituting (6.23) into (6.7) to
get

0= %Few—C+v~(mvcosﬁ+eA)S_1. (6.25)

This gives immediately equations for the velocity and spin which show the de-
pendence on F' explicitly:

0 = %(F@Zﬂ)-v—l—v-C, (6.26)

S = %[F,%Sew]+%[s,0]. (6.27)

In (6.27) the commutivity of e*’ with bivectors was used to obtain a form that
suggests that

e .
o= lel gein (6.28)
m
be interpreted as the local magnetic moment. And, in fact,

e elh
u) = el ygy = Lelh

6.29
m 2m ( )

is the famous magnitude of the electron’s magnetic moment, which was the first
striking consequence of Dirac’s theory. But the interpretation of the magnetic
moment is not so simple a matter as (6.27) and (6.28) suggest, for (6.25) and
(6.26) indicate that the factor e belongs with the F' and not with the S.
Other important relations can be derived from (6.25) by using (3.6) to get
v-(pt+ed)+iv-q+S = QS

= %FemS—CS—i—mcosﬁ—&—ev-A. (6.30)

The bivector part of (6.30) just gives equation (6.27). But, with the help of
(3.11), the pseudoscalar part of (6.30) gives
veqg = —v- ~~~:s-i):i[0/\Sf%(Feiﬁ)/\S]
= % (Fe'P)-(sAv)+S-(vAs). (6.31)

The scalar of (6.30) is
p-vzmcosﬁ—l—(iSew)-F—C-S. (6.32)
m

The same result can be obtained by substituting (6.23) into (5.12). Equation
(6.32) explicitly shows the effect of an external field F' on the local energy.
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Equation (2.26) describes the rate of change of momentum along a stream-
line, but it does not reveal the full effect of the electromagnetic field F' on the
momentum flow, because it does not show how the momentum flux N* is af-
fected by F'. The influence of F' on the flux can be found by beginning with the
expression (3.22) for N, and evaluating 9, N* with the help of (2.18) and the
integrability conditions in the form (6.23). Thus,

O*Ny = pS-(LIANOv)— Qv AL])-(pS)—ps-[10,6—(0,8)[]-ps
— _pS-0, (%F@m - c) 4 p(B,u ATIB) - (iS) — (Do A TT) - (pS)
—mad, cos 3
= —p (S’ : 8,,3 (Fe' — C) + (v Ay") - W, +md, cos 5) . (6.33)
m
Substitution of this expression into (2.26) yields
s . £ iBY. g _ .
D va + m[I(Fe)$ ac- 4
+ [wAA*")-W,+mlJcos 5. (6.34)

Here a slash mark has been used to denote quantities which are not differentiated
by the gradient operating from the left.

The second term on the right of (6.34) is a force of the Stern-Gerlach type.
But note that the (3 is differentiated whereas the S is not, so it is not quite the
usual form for the force due to a magnetic moment given by (6.28), Moreover,
this force is not a body force; rather, as the derivation shows, it expresses only
the effect of the external field on the local momentum flux.

It is also important to realize that the influence of F' on the spin is entirely
due to its effect on the spin flux. This can be shown by beginning with (2.34)
and evaluating 0, M* with the help of (6.23). Thus,

OuM* = pI[S,LIAv]+3[vAll,pS] (6.35)
= p3[F = SeP] 4 p3[S.C1+ 4[vAY" W]
Substitution of this into (2.34) and comparison with (6.27) shows
PUAD+ Y ANF =y, ATH = Lo Ay* W, ]. (6.36)

It is not difficult to establish that this relation follows from the Dirac equation
without appeal to the integrability conditions.

The above facts about the influence of external fields on the local observables
have important bearing on the interpretation of the Dirac theory.

7 WEYSSENHOFF MOTION

The velocity streamlines of the Dirac theory compose a congruence of timelike
curves in space-time, and Egs. (2.26) and (2.34) describe the flow of momentum
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and angular momentum along these curves. The flow along one streamline
is coupled to that along its neighbors by the flux of spin through the walls
of a comoving volume element. To get some conception of the streamlines in
the Dirac theory, suppose that along a particular stream line the net flux of
momentum and angular momentum through the walls of a comoving volume
element vanishes. This supposition can be stated mathematically by

9N* = 0, (7.1)
Yy AN = 9,M". (7.2)

The equations of motion for a streamline satisfying these conditions are decou-
pled from those of its neighbors. However, the extent to which such a decoupling
can be justified either rigorously or as some approximation to the Dirac theory
is a difficult and unsolved problem.

Along the “decoupled” streamline just described, Egs. (2.26) and (2.34) take
the simple form

p=1r, (7.3)

S=vAp. (7.4)

The relation between velocity can be found by multiplying (7.4) by v and solving
to get

p=o(pvt ) = (p-o)otu S (7.5)

Of course these equations must be supplemented by the conditions that v and
S are orthogonal and have constant magnitude.

Equations (7.3), (7.4), and (7.5) were obtained from a model of a fluid “with
spin” by Wessenhoff [9]; they have been studied by many authors as a “classical
approximation” to the Dirac theory; details can be found in books by Corben
[10] and Halbwachs [11]. Of course there is nothing surprising in the fact that
these equations can be obtained from a classical model; they require for their
validity only general conservation laws and the assumptions that decouple the
streamlines. The classical models become unphysical when they assume that a
continuous system can be shrunk to a point particle obeying (7.3) and (7.4).
For insight into the Dirac theory it is sufficient to suppose that the equations
describe only a single streamline.

The interesting point is that the equations for the decoupled streamline can
be solved. In the absence of external forces the streamline is a generalized
helix. This helical motion persists in the presence of a constant magnetic field
and, as Corben [10] has repeatedly emphasized, gives the correct gyromagnetic
ratio for the electron, the simple number for which the Dirac theory is most
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famous. Thus, however dubious the decoupling assumptions, the decoupled
equations retain some of the main features of the Dirac theory. And their
solutions suggest that the magnetic moment of the electron is not due to any
structure of the electron; it appears to be a dynamical effect, arising from the
general tendency to execute helical motion because of the noncollinearity of
velocity and momentum.

8 INTERPRETATION OF THE DIRAC
THEORY

The set of local observables adopted in this paper is complete and thoroughly
satisfactory in the sense that the entire mathematical content of the Dirac the-
ory can be expressed as a system of determinate equations for these quantities.
On the other hand, the physical content of the Dirac theory depends on the
physical interpretation accorded to the local observables, that is, on the cor-
respondence of the mathematical quantities called observables with quantities
measured experimentally. Unfortunately, this correspondence is not so well es-
tablished as to eliminate the possibility that the local observables have been
incorrectly identified or that the Dirac theory is incorrect in some of its more
detailed implications.

There does not seem to be any reason to doubt that the local velocity (1.3)
has been correctly identified. The identification adopted here leads to a rea-
sonable interpretation of the energy levels in hydrogen, which seems to be the
reason it was originally accepted by the Dirac. To say that it has been uni-
versally adopted by practitioners of the Dirac theory would not be much of an
exaggeration.

The correctness of identifying the Tetrode tensor (2.3) with the energy-
momentum tensor can be questioned. It is easy to write down different tensors
which yield identical values for global observables such as the energy levels of
stationary atomic states. Each such tensor defines a different physical theory
distinguished by the particular local distribution and flow of energy-momentum
it predicts. No such distinction has as yet been tested experimentally. Never-
theless, there are good reasons to favor the Tetrode tensor.

Tetrode’s definition of the energy-momentum tensor is adopted in this paper
on the theoretical ground that it is the most straightforward generalization of
the operator definitions of energy and momentum taken over by Dirac from
Schrodinger theory. Perhaps a better reason for adopting the Tetrode tensor
is the fact that it leads to the classical Lorentz force (2.26); this seems to
have been Tetrode’s original reason. Also, on close inspection it becomes clear
that no alternative to the local momentum (2.9) determined by the Tetrode
tensor could lead to simpler equations for local observables. Finally, it should
be mentioned that the successful prediction of the Imbert effect ([4],[5]) was
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made from a nonsymmetric electromagnetic energy-momentum tensor obtained
by analogy from the Tetrode tensor. Thus the Tetrode tensor is supported by
indirect experimental evidence. The challenge is to test it directly.

In the absence of any experimental or theoretical reason to doubt that the
identification of local observables has been correctly made, it is necessary to
develop a coherent interpretation of the Dirac theory which is consistent with
the present identifications of local observables. Any satisfactory interpretation
of the Dirac theory must explain the prominent role played by spin. In Dirac’s
original paper [6] the appearance of spin is rather mysterious, since no mention
of spin was made in his basic assumptions. It is still widely believed that spin
emerged as a consequence of relativity, though this has been refuted by many
authors (e.g., Ref. [12]). With a complete theory of local observables in hand,
it is not difficult to ascertain the key assumption by which Dirac (implicitly)
introduced spin into his theory. The derivation of the local conservation laws in
Sec. 2 leads to the identification of the local spin in Eq. (2.23). Following the
argument backwards, one discovers that spin was introduced by the definition
of energy (2.1), in particular by the factor (—1)/?% in that definition. The
usual matrix formulation of the Dirac theory hides the relation of (—1)/27 to
spin very well indeed. But the relation was uncovered in Ref. [1] when matrices
were dispensed with. The relation can be explained succinctly as follows: In the
Dirac theory the spin is a skew symmetric tensor, or, equivalently, the bivector
defined by (1.6); the usual matrix representation of this bivector has eigenvalue
1(=1)/2h, as is shown by Eq. (A.1). Thus, the factor (—1)'/2h which appears
in the matrix formulation of the Dirac theory is a representation of the spin
tensor by its eigenvalue; its true identity is revealed by reformulating the theory
in terms of observables.

It is important to note that (—1)'/2 and h always occur together as a factor
(—1)Y/2h in the original basic equations of Dirac, specifically, in the definition
of the energy operator (2.1) and in the Dirac equation (A.5) of Appendix A.
It follows that Planck’s constant is inseparably related to the spin in the Dirac
theory. So it should be no surprise that examination of Secs. 1 to 5 reveals that
Planck’s constant appears in the equations for local observables only as twice
the magnitude of the local spin.

The ubiquitous connection between spin and Planck’s constant obviously
must persist in any nonrelativistic approximation to the Dirac theory, including
the Schrodinger theory. Indeed, as shown explicitly in Ref. [13], the Schrodinger
equation is identical to the Pauli equation in the absence of magnetic fields, and
spin appears in the Schrodinger theory as the innocent factor (—1)1/ 2h. Tt
follows that every appearance of Planck’s constant in the Schrodinger theory
is directly related to the existence of spin. This fact is difficult to reconcile
with the usual interpretation of uncertainty relations derived from Schrodinger’s
equation. Though Planck’s constant has a prominent place in the uncertainty
relations, none of the usual interpretations seem capable of accounting for its
connection with spin. It is strange that uncertainty relations for position and

1/2
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momentum, which are presumed to be to the interpretation of quantum theory,
are not derivable from the Dirac theory without suppressing spin.

The Dirac theory poses another difficulty for the usual interpretation of the
uncertainty relations. The noncollinearity of local momentum and velocity sug-
gests that uncertainty relations for momentum and position are not, as is usually
assumed, equivalent to uncertainty relations for velocity and position. Indeed,
when the nonrelativistic limit is correctly carried out it can be shown that the
inequivalence of velocity and momentum persists even in the Schrodinger theory.
Details will be given elsewhere.

Because of these problems with the interpretation of the uncertainty princi-
ple, it is difficult to reconcile the details of the Dirac theory with the socalled
Copenhagen interpretation of quantum theory in general. But there is an alter-
native interpretation which appears to be more congenial to the Dirac theory.
It is called the statistical interpretation of quantum mechanics in a review by
Ballentine [13]. According to the statistical interpretation, an electron is always
to be regarded as a particle, and the Dirac theory describes an ensemble average
of its motion. The probability density in the Dirac theory specifies the relative
probability that the electron is located at a given place at a given time.

The simplest model of an electron compatible with the statistical interpreta-
tion is a structureless point charge. Of course it is impossible to derive any such
model from the mathematical formulation of the Dirac theory. But it is easy
to see that the model is consistent with many properties of local observables
implied by the mathematical structure of the theory. First, if the charge and
mass of the electron are actually localized at a single point, then the “smearing
out” of the electron by any kind of averaging process must produce a distribu-
tion with constant charge to mass ratio, in agreement with the Dirac theory.
Second, if the charge of the electron were not localized at a point, then terms
describing the coulomb interaction between different elements of charge would
appear in the local conservation laws and constitutive equations derived in Sec.
2 and 5; no such terms exist; but this is to be expected if the density in the Dirac
theory describes only the probable location of a single point charge. Third, the
fact that the local electromagnetic interaction is described in the Dirac theory
by the Lorentz force is just what would be expected for a point charge. Finally,
if the electron is assumed to be a structureless point charge, then the electron
spin and magnetic moments must arise from some peculiar dynamical property
of the average electron motion. These last two points deserve elaboration.

The coupling of a Dirac electron to the electromagnetic field is completely
described by Eq. (2.26). But (2.26) is exactly the “classical” expression for
the electromagnetic force on a local distribution of charge, the socalled Lorentz
force; moreover, the angular momentum conservation law (2.31) shows that the
Dirac electron has no local intrinsic magnetic moment such as would appear
in higher multipole moments of the local charge distribution if the spin of the
electron were associated with some local structure of the electron. Thus, the
electromagnetic interaction in the Dirac theory differs in no way from that given
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by the “classical” theory of a local charge distribution.

It follows that the magnetic moment of the electron arises from the circula-
tion of the local charge distribution. But what about the well-known theorem
that the “classical” circulation of a fluid with constant charge to mass ratio and
with angular momentum equal to the known spin of the electron cannot give
rise to the known magnetic moment of the electron? That theorem does not
apply! Because it implicitly assumes that the local momentum flow is collinear
with the local flow of charge. This assumption certainly does not hold in the
Dirac theory, nor, in fact, is it required even in classical theories.

Exactly how in the Dirac theory the local spin is related to a local circula-
tion of charge giving rise to the observed magnetic moment of the electron is
difficult to ascertain. But the problem is attacked in Sec. 6 where a general ex-
pression for the curl of the local velocity is obtained Eq. (6.23)]. Unfortunately,
the physical significance of the complicated term (6.24) is difficult to fathom,
injecting some uncertainty in the conclusions that can be drawn. Nevertheless,
it seems that the contribution of the electromagnetic field to the circulation of
charge is completely and explicitly revealed by Eq. (6.24). Indeed, the equation
is shown to lead to the well-known value for the electron magnetic moment in
Egs. (6.26), (6.27), and (6.32). However, the relations among local observables
in these equations are given in more detail than in corresponding equations in
the literature, and it appears to be no simple matter to interpret them fully.

Valuable insight into the relation of charge circulation to magnetic moment
is given by approximation to the Dirac theory briefly discussed in Sec. 7. The
resulting “Weyssenhoff motion” explicitly shows the correct gyromagnetic ratio
for the electron as arising from a generalized “helical motion” which is a conse-
quence of the noncollinearity of velocity and momentum. It seems reasonable,
therefore, to suppose that the electron magnetic moment is but one consequence
of the general noncollinearity of local velocity and momentum. But a great deal
more study will be necessary before firm conclusions can be drawn.

There seems to be no alternative to the point charge model of an electron
which is capable of interpreting the details of the Dirac theory just mentioned.
Therefore, the hypothesis that the Dirac theory describes some sort of average
motion of a structureless point charge ought to be examined very carefully.
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A APPENDIX A: MATRIX FORM OF THE
DIRAC THEORY

There are a number of ways to establish the equivalence of the formalism used
in this paper to the matrix formalism usually used to express the Dirac theory.
Though this equivalence has already been established in Refs. [1] and [2], a
brief discussion of how to translate expressions from one formalism to the other
should be helpful. The simplest method is to replace the vectors v, directly by
their representations as 4 x 4 matrices.

One can represent the vector -y by a hermitian matrix and the vectors
v (i = 1,2,3) by antihermitian matrices. Some writing is saved by using the
same symbols v, for both the vectors and their matrix representations. But,
when this is done, the symbol i = ~yy1727y3 for the unit pseudoscalar should
be replaced by the symbol v5 = 7717273 usually used for the antihermitian
matrix which represents it, so as to avoid confusion with the uninterpreted unit
imaginary usually symbolized by ¢ = v/—1 in matrix theory.

To express the Dirac wavefunction as a column spinor, introduce a unit
column spinor u which is simultaneously an “eigenvector” of the matrices g
and 57370 = 271 with eigenvalues 1 and ¢ respectively; i.e., write

You = u and Yoy = U . (A1)

This can be done, for example, with the matrices

1 10 0 0 i 0 0 0
0 o1 0 o o =i 0 o
““lolr Tlo o -1 o TN=1o 0 i 0 As

0 00 0 -1 0 0 0 —ifA2

Now, considering the spinor ¢ or Eq. (1.1) as a matrix operator, one obtains a
corresponding column spinor by operating on w:

U =1u. (A.3)

The above specifications suffice to relate expressions in the “space-time algebra”
to expressions in the matrix algebra. For example, in the space-time algebra
the Dirac equation can be written

R Yyay1 — eA = mapyg . (A4)

Considering this as a matrix equation, multiplying by u on the right and using
(A.1) and (A.3), one obtains the usual matrix form of the Dirac equation:

(th) — eA)¥ = y*(ihd,, — eA,)¥ =mT. (A.5)
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Equation (A.5) may look simpler than (A.4), but actually it is not, because
some of its properties depend implicitly on the choice of matrix representation.
Equation (A.4) is independent of any matrix representation.

Translation of expressions for observables from one language to the other
requires an understanding of the role of hermitian conjugation in the theory.
Observe that hermitian conjugation of v, can be expressed as a multiplicative
operation:

Y =077 - (A.6)

Let M be a linear combination of the v, and their products with real coefficients.
It follows from (A.7) that the hermitian conjugate of M is

]\4Jr = ’)/0]\2’}/0 ; (A?)

where the tilde means reverse order of multiplication of all products of the .
Thus, from (1.1), one obtains

zZ = Ee%ﬁ%p% = p%eimsé, (A.8)
oI = oy = p2e 2P RT (A.9)
The operation (A.7) is essentially different and must be distinguished from the
complex conjugation of a scalar in matrix algebra. The latter has no physical
significance if it cannot be reduced to the former, as is shown by the fact that it
has been completely eliminated from the geometric language used in this paper.

From (A.2) it is easily ascertained that

wul = (1 +70)(1 = iyam) - (A.10)
So
WUy = Yuulpiyg = puald
= %{WZ + Y09 — ipren® — W5 YsY}
= 1p{e” +v+ief5S —iyss}. (A.11)

To get this last line, the canonical form (1.1) for ¢ and the definitions of Sec. 1
have been taken over into the matrix algebra; also, S = Ry172R, Ryoyavi R =
RysvsR = y5RysR = 755. From (A.11), it follows that for any matrix M

TlyoMT = Tr{UlygMU} =Tr {MITi}
= LMY + Yot — iyami — ibyvoren ]} (A.12)
= (My)s + (Mpyor)s — i(Myamh)s — i(Mpyorend)s -

The trace of a matrix in the Dirac matrix algebra is equal to four times the
scalar part of the corresponding multivector in the space-time algebra, so with
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this understood, the last line of (A.12) has the same form and value in both
languages. This greatly facilitates translation from one language to the other.
Thus, from (A.12) and the last time of (A.11), one easily obtains the following
variety of equivalent expressions:

\I/T'VO%L\I/ = Tr {’y#\I/\IIT%} = iTr {wlmlo{/;} (A.13)
W107u%)s = (rutr0¥)s = p(Yu0)s = P - v = pug,

-2
. 7 ~
iTe {70508 0} = 4 Tr {77595}

I {9t} = p(3ud)s = pru - =psu. (A14)

iU 07,75 0

This establishes the equivalence of the usual expressions for velocity and spin
in the matrix language with those adopted in this paper. In going from the left
to the right sides of (A.13) and (A.14), use has been made of the fact that the
trace of an odd product of the matrices -, vanishes, which is equivalent to the
fact that an odd product of the vectors <y, has no scalar part. Note that the
sole function of the i on the left side of (A.14) is to cancel the i which (A.11)
shows to be hidden in the matrix representation.
In matrix language the components of the Tetrode tensor are

ih
Ty = 5 {U1707,0, ¥ — 0, U797, ¥} — e ATy, T . ( |
A.15

Using (A.10) as before, one obtains

i01707,0,% = iTr {7,(9, %) ¥ 0}
i , L
= T {01 40 —ivam — s 19}
= (10 v0)s + (TuOut5750)s (A.16)

Two terms vanished in proceeding to the last line of (A.7) because they are odd,
which follows from the fact that both ¥ and J,% are even. Similarly,

i0,9700,0 = i(710700,0)s + (1 r5730.0) s
= (0¥ v0Y)s — (V0 Y573Y) s - (A.17)

The last line of (A.17) follows by using the fact that the scalar part of a product
is unchanged by reversing the order of multiplication. Subtracting (A.17) from
(A.16) and using (A.13) one finds that (A.15) can be written

T = h('mauw'}%'YSJ)S —epvp Ay, (A.18)

which is the form used in the test above.
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B APPENDIX B: DIVERGENCE OF THE J,

Equation (5.17) of Ref. [1] contains an error and should be amended to read
[]-J,=—2msin fes-J, +2ei(es Neg ANJ, NA). (B.1)

The two sentences following that equation should be corrected accordingly.

In the interest of completeness, it may be worthwhile to give the simple
derivation of (B.1) directly from the Dirac equation. So multiply the Dirac
equation (2.15) on the right by Z"}/Q’}/g’}/ulz to get

MOy = —imyzy,d — ei Apyorsyud
= —impe"’ Ry;7,R — epiARyo37, R

= fimpeiﬁegeu — epiAiepese,, .
Write J = 1/%{/? and take the scalar part of this expression
Dedu = (O5)s =20(0d)md]s

2 .
= -5 [impe’ﬁngM +eAiesegd, s,
2 2
-J, = Fm sin feg-J, — %e (tezeo S A)s . (B.2)
The last term on the right can be written in several different ways:
(1.6360(]“14)5 = i(eg A €p A ‘]H A A) = (62 eljp.A)S = (6261) . (J/L A A) .

Equation (B.2) with A = 1 is seen to agree with (B.1) except for a sign which
comes from using a different sign convention in the Dirac equation.

The divergences of the probability and spin currents given by Eqs. (1.4) and
(2.18) are seen to agree with (B.2) when p = 0 and 3, respectively.
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