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Abstract

In this paper we show how the dynamics of the Schrédinger, Pauli
and Dirac particles can be described entirely within the hierarchy of
Clifford algebras, Cy3,C3,0, and Cp,;. There is no need to introduce
vectors in Hilbert space, but that option is always available. The state
of the quantum process is characterised by algebraic bilinear invari-
ants of the first and second kind. We show the bilinears of the second
kind emerge from the energy-momentum tensor of standard quantum
field theory and are identical to the energy and momentum used in the
Bohm model. In our approach there is no need to appeal to classical
mechanics at any stage. Thus we are able to obtain a complete rel-
ativistic version of the Bohm model and derive an expression for the
quantum potential for the Dirac particle.

1 Introduction

In this paper I want to report some recent results of Hiley and Callaghan
[1] who have obtained a complete relativistic generalisation of the Bohm
interpretation [2], [3]. By complete I mean we have derived expressions
for the Bohm energy-momentum, the Dirac quantum potential energy, and
the evolution of the components of the spin of a Dirac particle. Since the
Dirac theory introduces a Clifford algebra in an essential way, we show how
not only the Dirac particle, but also the earlier work on the Pauli [4] and
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the Schrodinger particles [5] emerge from a nested series of Clifford algebras,
namely, C13,C3 0, and Cp 1. This provides a mathematical hierarchy in which
to embed naturally the successive physical approximations, relativistic par-
ticle with spin, non-relativistic particle with spin, non-relativistic particle
without spin.

The use of Clifford algebras for the Dirac and Pauli particles will come
as no surprise as the mathematical significance of the y-matrices and the o
Pauli matrices are well know. That the Schrodinger particle can be included
within a Clifford algebra might come as a bit of a surprise. However once
one realises the isomorphism Cp 1 = C, the surprise vanishes.

Our use of Clifford algebras is different from but related to the work
of Hestenes [6], Gull et al [7] and Doran and Lasenby [§]. In all of these
approachs there is no need to use a Hilbert space, rather the information
normally encoded in the wave function is contained in an element of a min-
imum left ideal [10].

Although in this paper we apply our techniques to the Bohm approach,
they have a much wider implication, namely, that quantum phenomena per
se can be entirely described in terms of Clifford algebras taken over the re-
als without the need to appeal to a specific representation in terms of wave
functions in a Hilbert space. This removes the necessity of using Hilbert
space and all the physical imagery that goes with the use of the wave func-
tion. This could have important consequences for the interpretation of the
quantum formalism.

2 Use of the Clifford Algebra.

My original interest in Clifford algebras arose in a very different context.
In the 1960s at Birkbeck, I had many discussions with Roger Penrose as he
was pioneering his twistor theory [9] and David Bohm who was developing
his more general ideas of the implicate order and arguing that one should
be looking for a more algebraic approach in which to describe quantum
phenomena, an idea that has gained prominence, although from a different
perspective, in the work of Connes [11], Haag [12] and many others.
Frescura and Hiley [10] soon realised that if one focused attention on the
Clifford algebra, a common element in both these approaches, we could do
quantum mechanics completely within this algebraic structure. What we
showed in this earlier paper was that all the information contained in the
wave function, or the spinor in this case, is already contained within the
algebra itself and there was no need to introduce a representation through



an external Hilbert space. In fact we showed that all this information was
encoded within an element, @, of a minimum left ideal within the Clifford
algebra itself.

2.1 The Clifford Bundle.

Let us recall that a Clifford algebra, C; ; is characterised by a distinguished
sub-space, V', together with a quadratic form @. For physicists this vector
space is represented by a set of v* and the quadratic form by a metric tensor
g"” with signature (i, j). We first construct a vector Clifford bundle B = M
where the fibres are isomorphic to C; ; and the structure group is the Clifford
group. Here, of course, M is the base manifold with metric g. What we are
effectively using is a vector sub-bundle whose fibre is a minimal left ideal of
Ci; together with a dual sub-bundle whose fibre is the dual minimal right
ideal [13].

The way to characterise the minimal ideals within the algebra is to focus
on a set of primitive idempotents, ¢;. This set has the properties
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The rank of ¢; is minimal # 0

The next question is to choose our primitive idempotent. The choice is
determined by the physics of the situation we wish to discuss. For example
if we are considering a relativistic situation, then we choose the idempotent E|
(14+~°)/2. This chooses the Lorentz frame within which we wish to work. It
effectively defines the time axis in the rest frame [I4]. If we are considering
a non-relativistic particle with spin, we choose (1+02)/2, using ¢ to define
a particular axis in space. Physically this direction is often defined by a
uniform magnetic field. The Schrodinger case is trivial in the sense that
there is only one idempotent, namely, 1.

In terms of the chosen primitive idempotent, we can write an element
of the minimal left ideal in the form ®p(z#) = ¢ (x*)e. Here the z# are
the co-ordinates of the base manifold, M. It should be noted here that ¢r,
is an element of the algebra and not a wave function. We will consider the
following elements in each case.

!'We use the physicists notation for the generators, v and o, of the algebras C;,3 and Cz,0
respectively. These should be thought of as elements of the algebra that are independent
of any specific representation.



Dirac: qﬁf = R(go + 91723 + 92713 + 93712 + 94Y01 + 95702 + 96703 + 9775)
Pauli:  ¢f = R(go + g1023 + 92013 + g3012)
Schrodinger:  ¢7 = R(go + gie)

Were the g; = gi(z") real functions with the restriction > g;(z*) = 1. We
have used the three primitive idempotents

ep=(1+7%/2, ep=(1+0/2 and eg=1 respectively.

There is an advantage of writing ¢y, in the form we have. Firstly we see that
in the Dirac gbf , the first four terms and the final four terms are isomorphic
to the quaternions, explaining its biquaternion nature, first pointed out by
Eddington [I5]. For a slow moving Dirac particle, the first four terms cor-
respond to what is normally called the large component, while the rest are
referred to as the small component. In the non-relativistic limit the small
component is neglected and we immediately see that we are left with an
expression that is isomorphic to qbf . If we further reduce qbf by deleting two
of the 0;; and writing the third as e, we arrive at qﬁf. Thus we see how the
¢, are nested one inside the other, showing that the Schrodiner theory is an
integral part of the hierarchy of Clifford algebras. This, of course, matches
what we see in the standard Hilbert space approach using complex functions
expressed as column matrices, 1 x 4,1 x 2 and 1 x 1 respectively.

We have already indicated that the real functions g; contain all the infor-
mation that is normally contained in the wave function. In fact one can show
that the relation between these functions and the complex wave functions,

1y, are

Dirac:
go= (V1 +v1)/2 g1 =1i(2 —13)/2
g2 = — (V3 +12)/2 g3 =i(P1 —¢7)/2
gs= (V5 +4)/2 g5 =i(Y] —12)/2
go = (V3 +3)/2 g7 =i(3 —3)/2 (2.1)

Here the 1; are the four components of the Dirac spinor.

Pauli:

go= (Vi +v1)/2 g1 =1i(v5 —12)/2
ga = (V5 +2)/2 g3 =1i(y] —1)/2 (2.2)



Here the ); are the two components of a Pauli spinor.
Schréodinger:  2gp = ¥+9* and 2eg; = Y—y*. (2.3)

Here 9 is the usual wave function.

In the approach we adopt here, we also need the Clifford conjugate Elto
@1, namely, an element of the dual right ideal which we denote by ®p = ®r.
The dual elements to those defined above are

Dirac:  ¢¥ = R(go — g1712 — 927723 — 93713 — 94701 — 95702 — 96703 + 9775)
Pauli: QZE = R(go — g1e23 — g2€13 — g3e12)
Schrodinger: 5% = R(go — g1e)

One can quickly check that this corresponds to the conjugate wave function
in each case.

To provide a complete description of the state of our quantum system.
we need to form the Clifford density element, p. = ® LEI; . = ¢reopy. This is
the algebraic equivalent of the density matrix.

3 Bilinear Invariants of the First Kind.

3.1 General Construction.

In order to find the physical properties of the system, we need to form the
bilinear invariants of the first kind. These are expression of the form

(B) = tr(e¢Bore) = tr(Bp.) (3.1)

where B is an element of the algebra corresponding to a physical aspect of
the quantum process.
However every element can be written in the form

B=0b"+Y be+> blej+ > bFe+...

so that the mean value of any dynamical element in the algebra can be
expressed as

tr(Bp.) = b°tr(pe) + Z bitr(eipe) + Z btr(eijpe)/2 - .

2See Porteous [16] for formal definition.




This shows that the state of our system is specified by a set of bilinear
invariants

tr(lp.) — scalar  tr(ejp.) — vector  tr(e;jp.) — bivector  tr(...) — ...

It is these bilinear invariants that characterise the physical properties of the
quantum process in the algebraic approach.

3.2 Example in Schrodinger case.

We start with the Clifford algebra, Cp 1, taken over the reals. This algebra
is generated by the elements {1,e} where 2 = —1. As we have indicated
above ¢, = R(go + g1e), while oL = R(go — g1e). Combining these results
we find that that the CDE is p, = ®1®1, = ¢ré1, = R>.

In order to see what the CDE corresponds to in the standard approach
we use the relations

290 =Y + 97 and 2eg1 =1p — "

Here ¢ is the ordinary wave function. This means that
pe =Y = R* = P

Thus in this case, the CDE is simply the probability. At first sight it seems
we have gained no advantage over the conventional approach. However in the
case for the Pauli and Dirac particles, we find an essential difference between
the CDE and the probability as we will show in the next two sections.

Notice we have replaced ¢ by e. As we have remarked before it is this
replacement that enables us to embed the Schrédinger formalism in the
algebra Cy 1 taken over the reals. Again the reason why this works is because
Co,1 = C.

Notice we only have one parameter to specify the state of the system,
whereas we actually need two. (The wave function is complex number.) It
is not difficult to see what is missing. We have no information about the
phase. We need one more invariant and this leads us to invariants of the
second kind. A full discussion of these invariants in the standard approach
has already been presented by Takabayasi [I7]. Before going on to discuss
these additional invariants let us show that an additional invariant is also
needed in both the Pauli and Dirac cases.



3.3 Bilinear Invariants of the First Kind for Pauli Case.

In the Pauli case, we use the Clifford algebra generated by the elements
{1,01,092,03} with the usual multiplication rule o;0; + 0jo; = 26;;. This
forms the Pauli Clifford, C3. As we have seen, an element of the minimal
left ideal is d)f = R(go + g1023 + g2013 + g3012) = RU. We can immediately
write down CDE

pe = B8y, = Yrepr = pUel.

where p = R? is the probability density. We now choose a z-direction in
space and choose the idempotent € = (1 + 03)/2. The CDE now becomes

pe = p(1+ UasU)/2

Here Uegﬁ/2 = s is the spin vector which can also be written in the form
s = (a101 + ag09 + agos)/2. It is not difficult to show that the a; are given
by

a1 =2(g193 — gog2) a2 = 2(gog1 + 9293) az = g5 — 91 — g5 + J5.

Using the relations between the gs and the components of the wave function
Y; given above in equation ([2.2)), we find these coefficients to be

a1 = Y1 + Yot ap = i(Y1ys —ob})  az = |if* — [ef?

This is just the usual well known expressions for the spin vector when written
in standard form. Now we can write the CDE in the form

pe=p(l+s.0)/2

When normalised with p = 1, and the {o;} replaced by the Pauli matrices,
this operator becomes the standard expression for the density matrix [19].

In the case of the Pauli particle there are four bilinear invariants. They
are

p = ¢réL =R
V. = ¢rosopr =2s

p is clearly the probability, while V' gives the three components of spin
{s1, s2,s3}. It appears that we have our four real parameters to completely
specify the state of the Pauli particle, but they are not linearly independent
since s? = 1/4. Thus we, in fact, only have three independent real parame-
ters, so once again one parameter is missing. Again we have no information
about the phase so we need an other kind of bilinear invariant.



3.4 Bilinear Invariants of the First Kind for the Dirac par-
ticle.

To construct the bilinear invariants of the Dirac particle in a form that can
be compared with the standard approach, we need to chose a different, but
equivalent, idempotent given by

€ = (1470 + @712 + iy012) /2

Here we have introduced i?> = —1 to compare with the standard Dirac matrix
approach. The bilinear invariants are then

= ¢r ¢~5L~: R%.
dLY0OL

iprLY1201
A = igrv0120L

n < o
I

Here V is the velocity of the particle, S its spin, while A is the axial
vector related to the Proca current. Takabayasi [17] has shown that these
invariants provide only seven linearly independent parameters and we need
eight so once again an additional parameter is needed.

4 Bilinear Invariants of the Second kind.

4.1 The Appearance of Energy and Momentum.

If we want the get information about the phase in the conventional approach
we would need to introduce a differential operator into the expression for a
bilinear invariant. In fact that is exactly what Takabayasi [17] has done. We
do the same in the algebra. Of course when we use derivatives like /0t and
0/0x we might expect some connection with the energy and the momentum
and this is exactly what happens.

As we show in [20], we can introduce a momentum defined by

pPi(t) = —ia®;, 9 Id), = —ia |(810L) B, — @L(a@L)} (4.1)
and an energy defined by

pE(t) = ia®;, 9 '8, = ia|(8°®.)B;, — &1(8°B)] (4.2)



Here o = 1/2 for the Schrodinger case, while o = 1 for the Pauli and
the Dirac casesﬂ Our choice of notation should already give a clue as to
the identity of these formulae. They are the algebraic equivalents of the
the components, T, of the energy-momentum tensor used in standard
quantum field theory.

What we also showed in [20] was the P/ and E were identical to the
Bohm momentum and the Bohm energy used in the Bohm interpretation
[3] [18]. T personally found this a somewhat surprising result since one is
led to believe that the Bohm model was an attempt to return to classical
determinism. Clearly it is not the case and it actually lies at the heart of
low energy quantum field theory.

4.2 The Bohm Energy and Momentum for the Schrodinger
Particle.

Let us start by applying equation (4.1) to the Schrodinger case. Here € = 1,
so that

2pP? (t) = —e[(8”(RU)) RU — RUY (RU)]
and U = gg + eg;. This equation becomes
P = —e[(8°U)U — U U].

If we write U = exp(eS), where S is the phase of the wave function, then
go = cos S and g7 = sin S, from which we find

Pi(t)y =088 or P(t) = VS.
Similarly it is not difficult to show, using equation (4.2), that
E(t) = —0,S. (4.3)

Thus we see that we can get the expressions for the Bohm momentum and
energy directly from the energy-momentum tensor of quantum field theory.
There is no need to appeal to an analogy with classical Hamilton-Jacobi
as was done in Bohm’s original work [5]. Furthermore we find that these
expressions are necessary to complete the description of the Schrédinger
particle.

3 The reason for this difference is because the primitive idempotent for the Schrédinger
case is 1, whereas the Pauli and Dirac primitive idempotents are of the form (1 + v)/2
where v is an element of their respective algebras.



4.3 The Bohm Energy and Momentum for the Pauli Particle.

In the usual discussion of the Pauli theory, we generally assume the parti-
cle is charged and coupled to the electromagnetic field through the vector
potential. In order to keep the formalism as simple as possible so that we
can bring out clearly the quantum aspects of our approach, we examine the
behaviour of the particle in the absence of an electromagnetic field. Once
the principles involved in our approach have been brought out clearly, it is
easy then to introduce the electromagnetic coupling through the minimal
coupling V — V — eA.

We start by considering the momentum, P7 . defined by equation
with « = 1. Thus substituting p. = ¢re¢y, into this equation, we find

Pit) = —%[Qj S+ N0 = —iQ - B (4.4)

We are using a more succinct notation with X = UeU, and QF = 2(87U)U.
We now choose € = (1 + 03)/2 and substitute this into equation (4.4). This
gives

Pi(t) = - . S —iQ /2 (4.5)

where S = i(Uosl)/2 is the spin bivector. In the Pauli case, we write
i = 0193 since it commutes with all the elements of the real Pauli algebra
and (0123)? = —1. The Bohm momentum is the scalar part of this expression
so that we can write

Pp(t)=-Q-8 (4.6)

where Q = Y .
We can now turn to the energy equation (4.2]) and find in this case

B(t) = %[QtZ + X0 =i 5. (4.7)
The corresponding scalar part of the energy becomes
Ep(t) =S (4.8)

It should be noted that equations and are in a sufficiently general
form to be applied in all three cases, Schrodinger, Pauli and Dirac. The
only difference lies in the choice of e.

If we now use the conversion equation in we can show that

2pPp(t) = i[(Vi) Py — (VP1)vn + (Vio)y — (Via)1o] (4.9)

10



If we write ¢, = R1e"" and 19 = R9e™2, then we find
pPp(t) = (VS1)p1 + (VS2)p2 (4.10)

where p; = RZ-Q. The meaning becomes more transparent if we write P; = V.5;
when the expression for the momentum becomes

pPB(t) = Pip1+ Papo (4.11)

Thus we see that in terms of the usual approach Pp(t) is the weighted mean

of the momentum that can be attributed to each component of the spinor

acting by itself. This result was already noted in Bohm and Hiley [3].
Similarly the energy becomes

pEB(t) = —[(0rS1)p1 + (0:S2) 2] (4.12)
This can also be written in the form
,OEB = E1p1 + E2p2 (413)

which is just the weighted mean of the energy associated with each compo-
nent of the spinor.

We have remaining the vector part for both P and F defined by equa-
tions and . We see from the earlier work that € = 2(87U)U =
—2U(07U) and € = 2(0,U)U = —2U(8,U) which implies that Q appears to
be a form of angular velocity. Indeed if we express the components 1 and
1o in terms of Euler angles as explained in the next section, we find €2 is
exactly the expression for the angular velocity of a rotating frame. This re-
sult suggests that we can describe the spinning electron in terms of Cartan’s
moving frames [21], a feature that Hestenes [22] exploits.

4.4 The Bohm Energy-Momentum for the Dirac Particle.

We have seen in the previous sections that the Bohm energy-momentum
can be calculated from the energy-momentum tensor, 7#”. For the Dirac
particle, this tensor when written in algebraic form becomes

2ATH — tr {7“[(8”¢L)65L - ¢L€(8V(ZL)]} = trly*(¢ed” pp)]

Still to be chosen is the primitive idempotent €. Again in order to make
contact with the standard results used in the Dirac representation, we again
choose the idempotent

€= (1 + Y0 + iy12 + i7012)/4.

11



Since the only non-vanishing trace is a Clifford scalar, and since ¥* is a
Clifford vector, we must find the Clifford vector part of ¢ Leya - We find
the only term in € that gives a Clifford vector is 7g12, so that we need only
consider

2T = tr[y (1, & o120L)]- (4.14)

— ~
To proceed, we must first evaluate (¢, 0, v012¢)1,) in terms of the func-
tions {g;(z”)}. After some straight forward but tedious calculations we find

S Y v
é1r.0" yo1201 = A7 (xH)v; (4.15)

where the AY are given by

!

v v v v “
Ay = —(900"93+ 910" g2 + 940" g5 + 960" g7)
v v Y Y v
A7 = —(900" g5+ 930" g2 + 910" g6 + 920" g7)
( )

(

!

v o o o o
Ay = (900”91 — 930”95 — 910" g7 + 920" g6
v G G G ‘G
A5 = (909”97 — 939" g6 + 910" g1 — 920" g5)
Now let us first consider the energy density 79 and calculate it in terms of
the relations defined in equation (2.1)) so that we can see what it looks like
in terms of wave functions. After some work we find
4
T =iy (50" —;0") = = ) Rj0iS; = pBp,
j=1
giving us an expression for the Bohm energy for the Dirac particle. In the
final stages of the calculation we have written ; = R; expiS; with R; and
S; real functions.

We then see that this result reduces to the non-relativistic Ep for the
Pauli particle since Z;j R?@tSj — Z;j(Rjz-atSj). Furthermore this, in
turn, reduces to the well known expression for the Bohm energy for the
Schrédinger particle, namely, Ep = —0;S.

Similarly we can also show that the momentum density can be written
in the form

3
T = —i > " (Y50ka; — b;0n0}) = Y RIVS; = pPg.
j=1
which is obviously the relativistic extension of the Pauli Bohm momentum.
Thus in more general terms we find

2pPp = 21" = tT[’Yo(¢L<5—u>7012$L)]- (4.16)

12



5 The Time Evolution Equations.

5.1 Basic Equations.

Let us now turn to consider how time evolution can be described in the
algebraic theory. We have constructed a Clifford bundle and on this bundle
we can define two derivatives, one acting from the left and the other acting
from the right. They are the so called generalised Dirac derivatives [23],
defined by

D= Zeiaxi and D — Z@xiei. (5.1)

Here e; are the generators of the Clifford algebra, while x; are are the co-
ordinates of the base manifold.

Since we are interested in the time evolution of p. = ® ch) L, We must
consider derivatives of the form (3@ L)Cf 1, and ® L(@ I T)), where the Ds, are
defined in equation . Rather than treat these two derivatives separately,
we will consider expressions like

— ~ ~
(D®r)®r £ O (P1D)
Thus in the case of the time derivatives, we have
~ ~ ~ ~ — ~
(8t<I)L)<I>L =+ (I)L(é?tCDL) = 8tpc, and (&gq)L)(I)L — @L(at(I)L) =& 0 + Py

To discuss the dynamics we need to introduce the Hamiltonian which will

include the Dirac derivatives, the external potentials and the mass of the
— — —

particle. Thus we introduce two forms of the Hamiltonian, H = H(D,V, m)

— —
and H = H(D,V,m). Our defining dynamical equations will now read
~ ~ — ~ ~
i[(at(I)L)(I)L + <I>L(8t<I>L)] = iatpc = (H(I)L)(I)L — (I)L((I)LH) (52)
and
. ~ ~ — ~ — ~ ~
z[(@thDL)@L — \I/L(&ch)L)] = (I>L 8 t(I)L = (H(IJL)@L + (I)L(q)LH) (53)

The equations (5.2) and (5.3)) can be written in the more compact form by
writing the RHS as

— ~ ~
[H, pos = (HO.) By + &p (D H)
Then equation ([5.2)) becomes
0upe = [H, pe) (5.4)

13



While equation ([5.3) can be written in the form
. Al
i®r 0P = [H, pe|+ (5.5)
Using equation (4.2)), we find
pE(t) = alH, pdls (5.6)

We find that a complete specification of the dynamics is contained in the

two equations, ((5.4) and (5.6). We will now show that (5.4) is a generalized
Liouville equation giving rise to the conservation of probability and, in the

case of a particle with spin, conservation of the components of spin. Equa-
tion (5.6) gives rise to what we have called the quantum Hamilton-Jacobi
equation [3], which now generalises to the relativistic domain.

5.2 The Time Evolution of the Schrodinger Particle.

Let us now apply equation (5.6) to the Schrodinger particle, remembering
to put a = 1/2. Then using equation (4.3)), we find immediately

— 28,55 = [H, ,OC]_A,_ (57)
If we use the Hamiltonian H = p?/2m + V and use p = VS, we find
S+ (VS)?/2m+Q+V =0 (5.8)

where Q = —V2R/2mR which is immediately recognised as the quantum
potential. This equation is what we have previously called the quantum
Hamilton-Jacobi equation [3]. Thus we see there is no need to appeal to
classical mechanics and then identify the classical action with the phase to
obtain the so-called ‘guidance’ equation p = VS. This result immediately
follows from the standard energy-momentum tensor of quantum field theory.

Now let us turn to equation , using the same Hamiltonian, we find

edpe + [pe, H]- =0 (5.9)

This is immediately recognised as the Liouville equation which shows that
the probability is conserved as required.

14



5.3 The Time Evolution of the Pauli Particle.

To obtain an expression for the Pauli quantum Hamilton-Jacobi equation, we
need to examine equation with p. = ¢redr, where now € = (14 03)/2.
In this case &, ?1@ 1, splits into two parts, a scalar part and a vector part. A
detailed examination shows that these two parts produce identical equations
(see [20]) so we need only consider the scalar part which is

2<‘1)L<5>t&)L>s = (Qbr)o1201 — dLo12(8101) (5.10)

Similarly we can split the RHS of equation (5.6) into two parts, the scalar
part is

2([H, pel)s = (Hép)br + or(Hop) (5.11)
Combining the scalar equations and we obtain
(Oepr)o120L — Yro12(8i6L) = (HoL)dr + dr(HoL) (5.12)

However we have already evaluated the LHS of this equation in working out
the Bohm energy, namely

pEB(t) = (9i61)01201 — dro12(0eer) = p - S. (5.13)

To evaluate the RHS we assume a free particle Hamiltonianﬁ H = -V?/2m.
We find

om[(Hor)or + ¢r(Hor) = p[SAVP +S-VW + P-P+W - W] (5.14)

where we have introduced the shorthand A A B = (AB — BA)/2. Here
W = p~1V(pS). Tt is not difficult to show that S A V = 0 so that we end
up with the equation

2mE(t) = P2 + [2(VWV - §) + W] (5.15)

This is the Pauli quantum Hamilton-Jacobi equation where the quantum
potential is

Q= (VW-S)/m+W?/2m (5.16)

4The inclusion of an interaction with the electromagnetic field is straight forward.
However we again omit the details in this presentation to keep the everything as short
and simple as possible.

15



Now let us express equation ([5.16) purely in terms of P,p and the spin
bivector S. After some straight forward but tedious work, we find

Q= {S?2V?Inp + (VInp)}] + S-V?S}/2m = Q1 + Q2 (5.17)

To compare this expression with the quantum potential of the Schrodinger
particle we must use the relations (2.2]) in their polar form, we then find
1 V2R
2m R

which is immediately recognised the quantum potential contribution to the
Schrédinger particle. This leaves the spin dependent part

1
2m

Q1 =

(5.18)

Qo =-—S-V?S (5.19)

This expression was derived in a different method using the wave function
expressed in Caley-Klein parameters [4], [24]. If we use the Caley-Klien

representation in ((5.17)) we find
Q2 = [(VO)* +sin? 0(V¢)?]/8m (5.20)

Finally, in the same representation, we can write the Pauli quantum Hamilton-
Jacobi equation in the form

(D) + cos 00;¢) /2 + P2/2m + Q1 + Qo =0 (5.21)

which agrees exactly with the expression given in Dewdney et al. [24].

The method we have used here is thus a general approach in which the
previous model fits once one chooses a specific representation. Our approach
also removes the necessity of identifying the phase of the wave function with
a particular Euler angle, an identification that can not be justified by the
physics. Our method completely removes this difficulty.

5.4 The Conservation Equations for the Pauli Particle.

Now we turn to equation which we have called the generalised Liouville
equation. This equation also contains a scalar part and a bivector
part. We will now show that the scalar equation gives us a conservation of
probability equation, a genuine Liouville equation. The other gives us an
equation involving the spin of the particle.

We find the LHS of equation becomes

iBipe = i0]p + drosdr] = idp + 20:(pS) (5.22)
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where p is the usual probability. In this expression, the term ¢J;p corre-
sponds to the scalar part, while 9;(pS) is the bivector part.

The RHS of equation , [H, pc] - also splits into a scalar and a bivector
part, the scalar part being

([H, pe)-)s = (Hor)os¢r, — ¢pros(Hor) (5.23)

We will again, for simplicity, use the free particle Hamiltonian and after
some manipulation we find

om([H, p.]-)s = ~ip(2VP — [S(P- W) + (P-W)S]}  (5.24)

Using the expression for W = p~!V(pS) given above and after some work,
we find

dip + V(pP/m) = 0 (5.25)

This will immediately be recognised as the Liouville equation for the con-
servation of probability.

Now let us turn to the bivector part of the equation . We need to
combine 9;(pS) with the bivector part of [H, p.]—. We find

A4moy(pS) = 2m([H, pc]-)p = 4p[(VP - S) + (SAVW) + (P - W)] (5.26)

Since
2P - W = (VInp)P-S+2(P-V)S (5.27)
we find
[at + Pr'nv] S =2(VAS) (5.28)

However simplifying the RHS of equation ([5.28]) we find
VW AS=(Vinp)(VSAS)+V2SAS (5.29)

so that finally we get

[aﬁm] S=—r=— [V2S+ (VInp)VS] A S (5.30)
The LHS of this equation shows that the spin experiences an internal ‘torque’
which was exploited by Dewdney et al. [24]. To connect up with their work,
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we now write this equation in terms of the spin vector s rather than the spin
bivector S. We can do this because S = is so that equation ([5.30) becomes

% = 2 [V + (VInp)Vs]. (5.31)
where we have used the identity A A B = i(A x B). This shows that a
quantum torque acting on the components of the spin. Equation ({5.31])
then ensures the total spin is conserved during the time development. This
equation was exploited numerically by Dewdney et al [24] to show how the
spin turned as it passed through an inhomogenious magnetic field.

5.5 The Time Evolution of the Dirac Particle.

In order to produce time evolution equations for the Dirac particle, we have
to modify our approach to the two key equations and . The reason
for this lies in the fact that the energy constraint insists that we must have
(9,0 + m?)y = 0 satisfied for both ®;, and ®;. Thus two second order
derivatives are involved, namely, (9,0"® 1)@, and @ L((?M@“(AI; ). These are
used to produce two equations by taking their sum and their difference as
before. The sum gives the energy conservation equation

(8,0"®L)BL, + BL(0,0MDr) + 2m>® B, = 0. (5.32)
While the difference produces the following equation
$(8,0"®) — (8,0"BL)PL =0 (5.33)

which, as we will show below, describes the time evolution of the spin and
its components, the relativistic generalisation of the corresponding Pauli

equation ([5.30]).
5.6 The Dirac Quantum Hamilton-Jacobi Equation.

Now we will use equation to investigate energy conservation. To anal-
yse this equation further we need to see where the Bohm energy-momentum
as defined in equation fits in as was done for the Pauli particle. To
proceed let us first introduce a more general variable P* defined by

2pPH = [(3“%)7012@ - ¢L7012(8M$L)} (5.34)
Let us also introduce a quantity

2pWH = —3M(¢L70125L)
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Combining these two equations, we obtain

(8“¢L)7012§L = p[P" =W
and  — ¢ry012(0"¢L) = p[P" + WH|

which can then be written as

=o' = [P'—=W" oL (5.35)
and

Mo = or2on[P* + WH] (5.36)

Since we are going to use equation ([5.32)), we can use equation ({5.35)), to
form

—0,0"¢r, = [0, P" — 0, W"] ¢ry012 + [P — WH] Oudr012

After some algebra and finally multiplying from the right by $L, this equa-
tion can be written in the form

— (8,0"¢L)br, = p[P.P" + W, WH — (PFW,, + W, P")]
+ [0, P — 0, W] (61701261 (5.37)

This gives us the first term in equation ([5.32). Now we must consider the
second term in this equation. Repeating an analogous set of steps but now

using equation (5.36)), we find

$1(8,0"d1) = p[P.P" + W, WH + (P,WF + W, P")]
+(¢r701201) [0, P* + 9, WH] (5.38)

Substituting both these equations in equation ([5.32)), we finally find
P2+ W? + [JO, P — 0,P"J] + [JOWH + 0,WF ]| —m? =0 (5.39)

Here we have used the relation 2pJ = ¢L7012Q~5L, where J is essentially the
axial current. This term reduces to the spin of the Pauli particle in the
non-relativistic limit. Equation can be further simplified by splitting
it into its Clifford scalar and pseudoscalar parts. The scalar part is

P2+ W2 4 [JOWF + 9,WHJT] —m? =0 (5.40)
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This is to be compared with the energy equation
pup —m? =0

Thus we see that the extra two terms must be related to the quantum
potential in some way. Before we arrive at an exact expression for the
quantum potential, we must first note that the momentum, P*, as defined
in equation is not yet the Bohm momentum defined in equation .
This equation tells us that P is the 70 coefficient in the expression for PH.
However it is not difficult to extract the Bohm momentum from the P2
term in equation . To do this we need to recall equation and

use equation (4.16f) to find
3
4p°P? =" Ay AY
i=0
Using the definition of P§ given in equation (4.16)), we find
3
4p°P? = 4p° PR+ > Ay AY
i=1
If we write
3

> Ay AY = 4p°T1°

i=1
we then find equation (5.40) can be written in the form

PE+ 112+ W2+ [JOWH + 9,WHT] —m? =0
Then we see that the quantum potential for the Dirac particle is
Qp =11 + W? + [JO,WH + 0, WHJ] (5.41)

In the non-relativistic limit, I = 0, and equation (5.41)) reduces to the
quantum potential for the Pauli particle, [20],

Qp=W?+[S(VW) + (VW)S] (5.42)

where 2pS = ¢ Lelga 1, is the non-relativistic spin limit of J. W is the non-
relativistic limit of WH.

The pseudoscalar part of equation is simply [JO,P*—0,P"J] = 0.
This puts a constraint on the relation between the spin and the momentum
of the particle. In the non-relativistic limit this term vanishes.
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5.7 The Time Development of the Dirac Spin.

Finally let us turn our attention to equation (5.33)) and show that it leads
to an equation for the time development of the spin of the Dirac particle.
By substituting equations (5.37)) and (5.38]) into equation ([5.33)) we find

J-OPt =P - W4+ JNIWH =0
where we have written
2J-90,P" = Jo,P'+0,P']

2P-W = PW+WP
2J NOWH = JOWH— W,

All of these terms are Clifford bivectors so that equation ([5.33) gives just
one equation. We can now simplify this equation since

p(P W) = ~0"p(P, - J) — p(B, - 9"J)
so that
Bu(pP") - T + p(Py - 07) + p(J A, WH) = 0

However since 2pP* = THY, the conservation of the energy-momentum ten-
sor implies

9u(TH) = 20,(pP") =0
so that we have finally
P,-o"J+JNOWH =0 (5.43)

This equation describes the quantum torque experienced by the spin of the
particle in the absence of any external field. Coupling to an external field is
achieved in the usual manner by replacing 0" by 0" —ieA,. The equation
reduces to the quantum torque equation for the Pauli particle [20]

P-Vv

(0 +——)$ (VW AS)

2
T m

Here P is the three-momentum and S and W have the same meanings as in

equation ([5.42]).
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6 Conclusion.

In this paper we have shown that we can describe the behaviour of quan-
tum particles entirely within the hierarchy of Clifford algebras, Co1,C30
and Cp 3, corresponding to the Schrodinger, Pauli and Dirac particle. Thus
we have a natural mathematical hierarchy for the successive generalisations
non-relativistic particle without spin, non-relativistic particle with spin and
a relativistic particle with spin. Furthermore there is no need to appeal
to wave functions as one can use algebraic elements abstracted from an
appropriately chosen minimal left ideal. However one can always use a rep-
resentation in terms of wave functions should one wish.

The state of a particle is described by bilinear invariants constructed in
the algebra. As Takabayasi [I7] has shown, we need to consider two kinds
of bilinear invariants to obtain a complete description of the state of the
particle. The first kind involve terms like (B) = tr(B¢redr) = tr(Bpe)
where p. is the Clifford density element. However there are not enough
of these invariants to completely define the system. We must therefore
introduce invariants of the second kind viz, ® L?’*CE - These invariants are
essentially part of the standard energy-momentum tensor used in quantum
field theory. Indeed the four momentum is given by pPH(t) = —i® L?“‘i L
Thus we can use these bilinears to complete the specification of the state of
the particle.

However these P* turn out to be the Bohm energy-momentum. Thus
rather than the Bohm approach being some ad hoc addition to a misguided
attempt to return to a classical determinism, they are essential parameters
to completely specify the quantum state of the system.

We then show how the time evolution of the states of a partlcle is dis-
cussed in this theory. We have two evolution equations.The first, ¢®, 8 75<I> L=
[H, pc]+, is an energy conservation equation which we have previously called
the quantum Hamilton-Jacobi equation. The other is a generalised conser-
vation equation, i0;p. = [H, p.|—, conserving probability and spin.

We have shown how these equations can be applied to the Schrodinger,
Pauli and the Dirac particles. In all three case we find that the first equation
always produces an additional energy term that has traditionally been called
the ‘quantum potential’. Thus rather than being something arbitrary, it is
an essential feature of a quantum process, ensuring that energy is conserved.
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