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Abstract.

Motivated by a process explanation of quantum phenomena, we explore an agebraic
representation-free approach to the quantum formalism. We show that the Schrédinger equation
can be written in a representation-free way provided the appropriate agebra contains
idempotents. To fit into the general scheme, the nilpotent Heisenberg algebra must be extended
to include suitable idempotents. We show that the extended boson algebra, which includes the
projector to the vacuum, can be used to generate these new idempotents using the Heisenberg
and metaplectic groups. We briefly discuss some of the consequences of this approach.

1. Introduction

In this note | want to re-examine the Dirac algebraic approach to quantum mechanics.
Like Dirac (1956) | feel the representation free approach to quantum mechanics offers
greater possibilities. For reasons which have to do with my speculations about the nature
of quantum processes, | want to make the algebraic structure primary and work for as
long as possible in this algebraic structure. 1f you like, | want to take up the suggestion of
Haag (1992) (Local Quantum Theory) "The intrinsic structure of the [quantum field]
theory is fully characterised by the algebraic relations in the net of abstract algebras (as
opposed to their representative algebras on a Hilbert space.) The divorce of the basic
description of the theory from Hilbert space brings a tremendous additional freedom, that
is it alows the introduction of thermodynamics at the quantum level." Dirac (1956)
expressed a similar sentiment, but did not mention thermodynamics. He also claimed the
approach offered a more general way of dealing with situations where it was not possible
to represent results in Hilbert space. His concern was that there did not seem to be any
readily available interpretation to explain this approach. | have claimed elsewhere (Hiley
2000) that a generalised notion of process which is basic to the implicate order begins to
provide an explanation. | will not justify this proposal here.



Since the unfolding process described in Hiley (2000) takes the form of an inner
automorphism, | start with the Heisenberg picture and consider the time development
operator to be a one-parameter automorphism of a general element of the appropriate
algebrain the usual way. Thus$ an M(t) such that

M(t): A® A " Al A
such that A(t) = M(t) *A0)M(t) with M(t) = exp[iHt]

Here H of course is the Hamiltonian. The infinitesimal transformation gives the
Heisenberg equation of motion

idA/dt = [H, A]. (@)
Physicists usually derive this equation by first starting from the Schrodinger picture.
Because of my starting point, | want to reverse this procedure and arrive at the
Schrodinger equation by starting from the algebra. To do this | want to choose a set of

two-sided ideals such that A= BC, with BT 1,,andCT I, where 1, ( 1,,) arealeft
(right) ideal.

Recall that aleft ideal is defined by
1,={AT A :0(B*A)=0," BT A} (2)
While theright ideal is defined by
1., ={AT Az o(A*C)=0," CT A}. ©)
Here wisamapping :A® A.w iscalled the state of the system. It is defined by
oA)=a, " AT A whereo, T A.
The set { o} is determined by the particular physical problem under consideration.

Using A =BC in (1) the equation of motion becomes
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Multiplying this equation from the left by B™ and from the right by C*, we find

5
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Since B(C) isany element of the left (right) ideal, we can write

a&iBo

P HB 4
and LECO _ oy 5)

dt

We see immediately that equation (4) and equation (5) have the same form as the
Schrddinger equation and its conjugate counterpart. However it should be noted that here
B and C are elements of the algebra and not elements of a Hilbert space. Because of this
we will call B and C wave operators.

Thus we see that the algebraic content of the Schroédinger equation is equivalent to the
one-parameter transformation on ideals in the algebra

M(t): B® B "Bl 1, such that B(t) = M(t) *B(0).
While the conjugate equation is equivalent to
M(): C® C "CT g, such that C(t) = C(OM(b).

In order to emphasi se that we are considering two-sided ideals and to connect up with the
Dirac notation we will write A = BféC.*

Let us assume that Bfi= B(X, t)il 1, 2 Then in order to project this element onto a
Hilbert space, we follow Dirac (1947) and define

1 NB. The symbol fi(without the line & is NOT the ordinary ket, €fi Dirac calls this the standard ket. For
further details see Dirac (1947, p. 79-83.) We re-introduced this notation to emphasise that B in an element
of the left ideal, which, we emphasise again, belongs to a vector sub-space of the algebraitself. The usual
ket éafis an element of an abstract vector space, which is labelled by an eigenvalue of some appropriate
observable.



\Xl B/ B(X t)

which is now the usual wave function, conventionally written as W(x, t)°. It is easy to
show that equation (4) becomes the Schrédinger equation

dY(Xt) = H (XX Y (X t)dx (©)

When H(X',x) is diagonal, we can write thisin the more usual form

i dy (x,t)

pm = H(X)Y (x,t) (7)

The conjugate equation can be derived by assuming & = &(X, t) and now multiplying
from the right by the usual position ket éiwe find

{CX, D)X} = C*(x,) =Y * (x,1).

So that equation (5) becomes

Y*(xt)

- Of * (X HH(X X)dX = HOY * (x,t)  (8)

In this way we make contact with the usual approach.

There is one more relationship worth pointing out here to clarify the notation we are
using. In the x-representation, A = BFEC becomes

IXNAIXY ={XICrERX) = Y *(X,1)Y (X 1) = p(x, X ).

p(x,x',t) isimmediately recognised as the density matrix in the x-representation. Thus the
fundamental objects we are dealing with are density operators. By assuming that A =
PHAP in the above we have restricted ourselves to pure state density operators. It is
straightforward to generalise this procedure to mixed states but we will not carry that out
here.

2 \We use upper case letters for elements of the algebra and lower case for the eigenvalues of these elements.
% Not all elements of aleft ideal produce state functions that are physically meaningful. We will not discuss
these restriction here (See Ballentine 1990).



From the mathematical point of view the status of the symbols fi § and & can be
considered as unsatisfactory. Dirac ssmply introduced them to distinguish between
elements that could be operated on from the left, i and right, &. He did not consider the
role of /A Aswe will show the symbol faplaysthe role of an idempotent. An idempotent
can be used to define left and right ideal. To see this, consider an agebra with a non-
trivial idempotent, € = €% We can then construct aleft ideal in the following manner,

1.={AT A:A=Be," BT A} 9)
Also theright ideal can be defined through

I..={AT A:A=¢B," Bl A} (10)
Notethat since I,,: 1,.® C,

aB(X.t) - B(X,t)ii= {B(Xt)|xiéx B(X,tjdx T A

Thus in an algebra with an idempotent, the idempotent can be used to define a state,
which can be chosen to be equivalent to an w defined in equation (2). Furthermore if A
contains a non-trivial idempotent ¢, we can write ¢ = faso that A= BféC = BeC. Thusfa
is part of the algebra. The reason why Dirac was forced to bring in symbol was because
the Heisenberg algebra, being nilpotent has no non-trivial idempotents. We will show
how to remedy this situation in the next section.

Before doing this, however, | would like to summarize the position we have reached so
far. From the point of view we are adopting in this note, writing the Schroédinger
equation in the form (4) has the advantage that it is independent of the representation we
ultimately choose. From our point of view this is important because working in the
algebra rather than the representation enables us to develop a process interpretation of
guantum theory. Expressing things in a representation-free form enables us to exploit
these generalities. An example of the advantage of this approach is presented in Brown
and Hiley (2000). Thus by straightening out the mathematical structure first, we will be
able to concentrate on the physical implications of this structure.



2. The Nilpotent Heisenberg Algebra.

Clearly | would like to apply the above techniques to the Heisenberg algebra, but as we
have remarked the Heisenberg algebra is a nilpotent algebra of degree three under the
product

[A, B]. As a consequence of a well-known theorem, nilpotent algebras do not contain
any non-trivial idempotents and if we have no non-trivial idempotents, we cannot
construct non-trivial left ideals.

To remedy the absence of such an idempotent in the Heisenberg algebra, Frescura and
Hiley (1984) followed a suggestion made by Schonberg (1958) who showed that it was
possible to generalise the (enveloping) Heisenberg algebra by adding to it a new
fundamental idempotent. Unfortunately his papers were long and the methods far from
clear. In this paper we simplify his ideas and bring out the full implications of his
method using techniques that will be recognised by physicists.

We begin by noting that the Heisenberg algebra, HA, is isomorphic to the boson algebra,
BA, defined through creation and annihilation operators satisfying the commutation
relations [a, a'] = 1. (For simplicity we will consider one pair of operators only.) This
isomorphism can be realised through the Bargmann transformation, which formally
establishes the well-known relations

a=Q+iP, and a' =Q-iP,

What we actually work with in physics are the respective enveloping algebras, EHA and
EBA. Clearly the EBA is also nilpotent. However this has not caused any problems for
physicists because they have introduced the projector onto the vacuum state, V, which
satisfies the conditions

av =0, Va'=0and V=V 9)
The algebra generated by {1, a, a', V} is no longer nilpotent because [a, V] = Vaand [,

V] = a'V so that higher order commutators do not vanish. We will call this algebra the
extended envel oping boson algebra, EEBA. *

* Itisinteresting to note that V is the limit point V = limexp[- BaTa]
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All of thisis very straightforward once we realise that in the Dirac notation, V =|0}{0|,
where |0} is the vacuum state. We can write an element in the form

[o] [o] [}
ac,.vV"=ac,(@hmoxoa" =g c|minl,
mn m,n

m,n

which, once again, is easily recognised as the density operator, p(m,n). This emphasises
that it isthe density operator that lies at the heart of the algebraic description. If we
require pure state then consider the special case with p? = p.

Notice, we could have written B(X,t)ii = Béfiin analogy with F(a't)ii = F(a',t)&fin
which case we see the standard ket fi(° &) plays arolein the Heisenberg algebra that
the vacuum state plays in the boson algebra. Furthermore fd= ©, with ®* = @, plays the
role of an idempotent, the projector onto the standard ket, which again is analogous to V.
(Frescura and Hiley (1984) have already obtained this result.) Since © is an idempotent
equation (8) tellsusthat B=A®," AT A, generatesthe left ideal.

In the structure we have outlined so far, the idempotent ® is not well defined since we
not know the product rule for ® with P. We need an extra defining relation and the
simplest rule would be PO = 0. If we assume ©" = ©, then ®P = 0 then © projects the
EEHA onto the polynomial sub-algebra F(X).

By symmetry we could also extend the EHA by introducing a different idempotent
IT such that, T1? = TT and XIT = 0. Again if IT" = II then IIX = 0, thus IT projects the
EEHA onto the polynomial sub-algebra ®(P).

We could aso extend the EHA by including both idempotents and make some
assumption about their product, for example, ®IT = T10. Such an assumption is arbitrary
and, as we will show shortly, is incorrect. What we now is to show is how these
idempotents can be derived from the EEBA, which includes V. We will see that it is the
presence of V that enables these new idempotents to be generated.



3. Relations between the idempotents.
3.1 TheHesenberg Group.

So far we have provided no way to systematically generate the idempotents that we
require. To show we can do this we must consider the structure of EHA a little more
carefully.

The EHA contains two groups of inner automorphisms in which we are interested. The
first is the Heisenberg group generated by linear elements of the algebra. The general
element of this group can be written as

H(a,b,c) =exp[aX + P +eZ]

whereZ1 A. Details of the structure of the Heisenberg group will be found in Guillemin
and Sternberg, (1984).

To illustrate the method we choose one element of this group as follows
exp[pP - €X)] = exploa’ - o 'a] = D(a)

wherea, b, el C. Some will immediately recognise that D(a) generates coherent states,
states that are well known in quantum optics. We can also use this operator to generate a
new idempotent, the projector onto the coherent states, in the following manner

W=|a}al=D(@VD *(a)

Umezawa has an interesting way of looking at the coherent state éafii He regardsit asthe
a-vacuum state, which is a superposition of states with many particles and can be thought
of a condensation of many particles. This statement becomes more transparent by noting
that

looy = exp[- 3lal ]exp[ - aa] @

As the properties of the coherent states are well known and we will not discuss them
further here, particularly as these are not the idempotents that we need.



3.2 The Metaplectic Group.

The second group of inner automorphisms contained in the EHA that is of importance to
our discussion can most easily be seen by first noting that the EHA is isomorphic to the
symplectic Clifford algebra. (See Crumeyrolle 1990.) This algebra is analogous to the
usual orthogonal Clifford algebra, which is known to contain the spin group formally
known as the Clifford group. The Clifford group is generated by bilinear combinations
of the generating elements of the algebra. The corresponding spin group generated by
bilinear combinations of the symplectic Clifford algebra is known as the metaplectic
group which double covers the symplectic group. We expect this metaplectic group to
give rise to some symplectic spinor properties.

The generators of the metaplectic group can be written in the following form
M = exp[aX® + BP? + ¢ (XP + PX)].

Such elements are not unfamiliar in quantum optics and form the basis of the description
of squeezed states. These states are generated by operators of the form

M, =exp[3 (@’ - a")]

I will not discuss the properties of squeezed states here. | merely introduce them to show
that elements of the metaplectic group have physical significance. What | now want to
do is to show how elements of the metaplectic group enable us to generate the
idempotents we need from the vacuum projector, V.

Wefind

© = ONexp[X¥2] Vexp[ X¥/2] and IT = ON'exp[P%/2] Vexp[P4/2]

where N and N' are suitable constants to ensure ©° = © and IT? = I1. It is a
straightforward but tedious task to show that PG =P = 0 and XIT = IIX = O.
Furthermore we can show that

OIT = N,exp[X%/2]Vexp[ P72
and

10 = N,exp[P%2]Vexp[X¥2].



We will show below that the expressions on the right hand side are essentially the
idempotent E that we have used elsewhere in Frescura and Hiley (1984) and in Hiley and
Monk (1993). We now call the conjugate E' = A and will show that A is the algebraic

equivalent of the Dirac delta function §(x).
4. Moreldempotents.
Consider the two idempotents defined by
E = ONexp[X¥/2]Vexp[P%2] and A = ON'exp[P2]Vexp[X%/2].

Where N and N' are again some numbers introduced to ensure that E and A are
idempotent. For convenience we will omit writing these numbers from the discussions
below since they do not alter the results.

We first start by recalling an old suggestion made by Weyl (1930). He noticed that in
guantum mechanics we are interested in ray representations so that we can consider iQ
and iP as infinitessmal unitary rotations of the ray field. The Heisenberg commutation
rules show that these ray rotations are commutative. Weyl then suggested that we should
explore the properties of Abelian groups of unitary rotations in the ray field of an n-
dimensional space. This suggestion has been taken up by Schwinger (1960). Davies et al
(1982), and Monk and Hiley (1993) explored this structure, which was called the discrete
Wey! algebra, and showed how to construct a discrete space with interesting properties.

Thisalgebrais generated by {1, A, B} subject to

AB =wBA A'=1, B"=1, with o = exp[2pi/n].
Weyl shows that we can write A = exp[iEP], and B = exp[inQ]. Inthelimitasn ® ¥
this algebra approaches the Heisenberg algebra. However the discrete Weyl algebra is
not nilpotent and therefore has idempotents that are not difficult to construct from

elements of the algebra.

In Hiley and Monk (1993) we show how these idempotents can be constructed. One such
idempotent can be written in the form

ew=-8 eplipQ ® — FpexplpQl ® 5(0) (10)
n- 2n
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We have followed the limiting process described by Weyl. Thus our idempotent e, iS
playing the role of a point at the origin of the co-ordinates. The limiting process suggests
that we need to extend the Heisenberg algebra by adding the idempotent, A, that isto play
the role of the algebraic equivalent of the Dirac delta function at the origin. Thus our
EEHA is generated by {1, Q, P, A}. We will show that A is exactly the idempotent
defined above and we will evaluate the multiplication rules with other elements of the
algebra.

Before doing this, we will recall in more detail how the ideas discussed in Hiley and
Monk (1993) are related to Weyl's discussions. With the idempotent defined in equation
(10), we can trandate to a new point through the relation €., = A%e,,A%. If we act only on
one side with A?, this will corresponds to the first expression in the Weyl equation
(15.2), A° : X\ = Xue Which in the limit gives ¢(X) ® y(x - o). Thus A"? produces a
trandation through a. Our equation (3.6), namely, B%,, =»*"¢,, corresponds to the
second part of the Weyl equation (15.2), viz: B": X, = €“'x,, which in the limit corresponds
to Y(x) ® exp[ipx].p(x). Thus we see how the Schrodinger representation actually
emerges from our algebraic structure as alimiting feature.

In order to identify the algebraic structure of A we have to show that A’ = exp[ipP]
trandates A to A, such that

A, = APAA® = exp[- iBP] Aexp[ipP]
and if welet XA =0then

XAy = Xexp[- iBP]Aexp[iBP] = exp[- iBP](X+)Aexp[iBP] = bA,
If wewrite A = exp[P%2]Vexp[X?/2] then XA = 0 so we can label A =A,. Then
A, = exp[- iXP]A,exp[ixP]

Thus we have generated a continuum of delta functions producing a straight line. Thus
our conditionsfor A are

XA =0, AP =0, and A?=A.
Then the E = A" introduced by Frescura and Hiley (1984) satisfies

EX=0, PE =0, and E*=E.
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This completes our identification of the idempotents that we have used in our previous
work.

5. Conclusions.

We have shown that if we extend the boson algebra by incorporating the limit point V,
which physicists identify with the projection onto the vacuum, we use V to generate
idempotents to extend the Heisenberg algebra to EEHA. We have shown these
idempotents are generated by using elements of the Heisenberg and the metaplectic
groups. The consequence of this is that EEHA with its new set of idempotents is
isomorphic to EEHA just as EBA isisomorphic to EHA.

Within the EEHA we can now discuss the Heisenberg equation and Schrédinger equation
in a representation-free manner. We then have the possibility of approaching guantum
mechanics in a more general way. As we show in Brown and Hiley (2000) this leads us
to see the Schrodinger equation as describing simultaneously both the conservation of
energy and the conservation of probability. These equations can also be extended to the
relativistic Dirac equation.

The conservation of energy equation can also be interpreted as giving phase information
which leads to a very simple account of gauge effects. This approach also enables us to
see the Bohm interpretation in a new light. It shows that the non-commutative structure
enables us to construct "shadow phase spaces’. The recent work of de Gosson (2001) has
shown how these ideas are related to the work on Lagrangian quantisation. This shows
the key role the metaplectic group is playing in quantum mechanics.

As a further example of the role of the metaplectic group, Fernandes and Hiley (2000)
have shown how the symplectic spinor, which is central to the symplectic Clifford
algebra can account for the Guoy phase in optics and the discontinuous change of phase
when light passes through afocal point.

In this paper we have a so re-examined how the discrete Wey| algebra can be extended to
the continuum limit. The novelty of our approach is that the points of the continuum are
carried in the algebra itself. This is done by constructing the special idempotent, D,
which in the agebra plays the role of the Dirac delta function. This additional element
has enabled us to complete the discussion of how the discrete Weyl algebra approaches
the continuum limit.
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