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Abstract. Quantum systems with positions and momenta in the Galois field G‘F(pe)7 are
considered. The Heisenberg-Weyl group of displacements and the Sp(2, GF(p®)) group of
symplectic transformations, are studied. Frobenius symmetries, are a unique feature of these
systems and lead to constants of motion. The engineering of such systems from ¢ spins with
j = (p—1)/2, which are coupled in a particular way, is discussed.

1. Introduction

Finite quantum systems where the position and momentum take values in Z, (the integers
modulo ¢) have been studied extensively in the literature (for a review with many references see
[1]). Their phase space is the toroidal lattice Z; x Z, and we can define displacements and the
corresponding Heisenberg-Weyl group HW [Z,]. Difficulties appear if we try to define symplectic
transformations (and related concepts like quantum tomography). The root of these difficulties
is that Z, is in general, a ring. However when ¢ is equal to a prime number p, Z, is a field,
inverses exist and the symplectic transformations are well-defined.

The algebraic concept of field extension, starts from the field Z, and constructs the Galois
fields GF (pé). In this paper we study a ‘Galois quantum system’ with positions and momenta in
GF(p) [2, 3] (for a review see [4]). It is comprised of £ subsystems each of which is p-dimensional
(e.g., £ spins with j = (p — 1)/2), which are coupled in a special way. This special coupling is
related to the special multiplication rule in Galois fields.

There are several motivations for studying Galois quantum systems. The first is that they
are finite systems with isotropic phase space in which we can define symplectic transformations
(and related techniques like quantum tomography). The second motivation is related to the
problem of mutually unbiased bases in finite quantum systems, and is not discussed here
[5, 6, 7, 8, 9, 10]. The third motivation is the fact that Galois fields are used extensively in
classical information processing and their use in quantum mechanics is the starting point for
generalizing these techniques from classical to quantum information processing. The fourth
motivation is mathematical and is related to the fact that this work combines ideas from field
extension in algebra with quantum mechanics and applied harmonic analysis. It also studies
representations of the Heisenberg-Weyl group and the symplectic group over Galois fields.

We stress that the phase space of the harmonic oscillator is a plane (continuum) whilst the
phase space of finite systems is a toroidal lattice. In general, lattices have less symmetry than
the continuum, but when they are based on Galois fields they are a finite geometry with more
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symmetry than the continuum. In Galois quantum systems we can define the Heisenberg-Weyl
group and the symplectic group (as in the harmonic oscillator), but we also have for £ > 2 the
Frobenius symmetry which is a discrete symmetry with no analogue in the harmonic oscillator
case.

In this paper we review the work on Galois quantum systems. The aim is to provide a concise
description of the physical aspects of these systems, without the technical details of the ‘Galois
mathematics’ (which have been presented in [4]).

2. Galois fields
The elements of GF(p’) are the polynomials

a=ap+are+ ... +ap_1eh ay € Zy (1)
which are defined modulo the irreducible polynomial

Ple)=co+cre+ ...+ co_1€7 1+ € ey € Zy (2)

The «), are the components of a in the basis {1,¢,...,e/"1}.
The «, ap,...,ap[_l are Galois conjugates and the trace of « is defined as:

Tr(e) =+ of +a?” + ..+ o Tr(a) € Zy (3)
We introduce the following symmetric £ x ¢ matrices with elements in Z, [4]

I = Tr (e)‘+”> . G=gh koaA=0,..,0—1 (4)
These matrices are intimately connected to the Galois multiplication rule and the Galois trace,

and they will carry later, Galois theory into quantum mechanics.
It is convinient to express the elements of GF(p?) as

/—1 /—1
a = ZOQ\EA = Za)\EB\ (5)
A=0 A=0

where E, =), Gae® and
ay = Tr[aE)\]; @y = Tr[ae’] (6)

{E,} is a basis ‘dual’ to {€*} and @, are the dual components of a. We can now express the
trace of any product a3 as:

Tr(ap) = ngnaxﬁn = ZOZ)\B)\ = ZaAﬁA (7)
Ar ) y

We next define the additive characters:

2m™m
o) = [Tr(@)];  w(m) = exp ( - ) (8)
and show that
= vaf) = 5(3,0:  §eGREp) (9)
aeGF(pt)
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3. Finite quantum systems
We consider a quantum system with positions and momenta in Z, (where p is an odd prime
number). Let |X;m) (with m € Z,) be an orthonormal basis in the p-dimensional Hilbert space
‘H of this system, which we call ‘position states’.

The Fourier transform is defined as:

F=p 2 > wmn)X;m)(Xin|; F'=1 (10)
m,n€ly
Acting with the Fourier operator on the position states we get the ‘momentum states’:
Pim) = F|lX;m) =p~/2 > w(mn)|X;n) (11)
nELy

The position-momentum phase space of this system is the toroidal lattice Z, x Z,. In this
phase space we define the displacement operators

Z(a) = ) wna)|X;n)(X;n]

nEZy
XB) = Y wE=nB)Pin)(Pinl;  a,BEZ, (12)
n€Lp
General displacement operators are given by
D(a, ) = Z(a) X(8) w(—2""ap) (13)
We can show that:

D(av, B1)D(a2, B2) = Dl + a2, B + B2) w [27 (a1 B2 — aafBy)] (14)
The operators D(«, B)w(7y) form a representation of the Heisenberg-Weyl group HW|[Z,)].

4. Galois quantum systems
A Galois quantum system consists of £ subsystems each of which has p-dimensional Hilbert space
‘H. Its Hilbert space H is

H=H®..9H (15)

A

The position states | X;m) where m = > mye* are defined as

1X;m) = |X;me)®..®|X;meq);  meGFE@Y);  my ez, (16)
The Fourier transform in H is given by:

Fo= )7 > x(mn)X;m)(X;n]
m,neGF(p?)

= 7Y w (X gvemana) [Ximo)(Xino| @ .o @ [Xsmo)Xsmol  (17)

mx,Mk

It is seen that through the matrix g, Galois theory enters into the Fourier transform of these
systems. In particular, the non-diagonal elements of g couple the ¢ component systems, in a
special way which is intimately connected to the Galois multiplication rule and the Galois trace.
This is seen more clearly in the Hamiltonian

hQ, P) = h(Q,FQFT) (18)

where Q, P are position and momentum operators. The Hamiltonian is a function of Q and F
and therefore it contains the matrix g which carries Galois theory into the quantum system.

We can construct a Galois quantum system from ¢ spins with j = (p — 1)/2, if we can couple
them in the special way described by the Hamiltonian of Eq.(18).
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5. The Heisenberg-Weyl group
The position-momentum phase space of a Galois system is the toroidal lattice GF (p®) x GF(p®).
The displacement operators in this case are given by

Za) = Y x(an)|X;n)(X;n]
neGF (pt)

X(@B) = > x(=Bn)|P;n)(P;nl; (19)

neGF(pt)

where , 3 € GF(p*). They obey the relation:

Z()X(8) = X(B)Z(a)x(ap). (20)
General displacement are defined as:
D(a,8) = Z(a)X(B)x(—2"'af);  [D(a,B8)]" = D(~a, ) (21)
We casily show that
D(a, f)D(v,0) = x [27(ad — B7)] D(a+ 7,3 +9) (22)

It is seen that Eqs(21),(22) are analogous to Eqs(13),(14) with an extra trace in the characters
for the Galois case.

We can express D(«,3) in terms of displacement operators D which act on the various
components of the system as:

D(a, ﬂ) = 'D(@o, ﬁo) ®..Q 'D(ag_l, ﬂg_l) (23)

The dual components of « appear in this relation, which as we have seen in Eq.(6) contain the
matrix g which carries the Galois multiplication rule and the Galois trace into the quantum
theory.

6. Symplectic transformations
We consider the following transformations on the operators Z(a) and X () which lead to the
‘prime operators’ Z'(«) and X'(5):

Z'(a) = S Z(a) ST = D(ta, sa)
X'(B) = SX(B) S'=D(rB.qB); qrsteGFQR) (24)

It is easily seen that the Z/'(«) and X'(3) obey Eq.(20) if
gt —rs=1 (25)

Since g, 7, 5, t belong to the field GF (p), for any triplet (¢, r, s) we can find t = ¢~ (1 +7s) which
obeys Eq.(25). Therefore the operators S(q,r, s) are functions of three independent variables.
The operators Z'(«) and X'(3) perform displacements in different directions, in comparison
with their counterparts Z(a) and X(3). The GF(p*) x GF(p*) phase space is isotropic and all
properties with respect to one set of position-momentum axes, are also valid with respect to
other (rotated) sets of position-momentum axes.
The matrix elements of the symplectic operators S(q,,s) are given by [4]

(X;n|S(q,r )| X;m) = pt G(A)x [(2q)_1(3_1 + r)n2 — s 'nm + (28)_1qm2] (26)
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where G(A) is the Gauss sum [11]

GA)= Y x4 (27)

and A =211+ rs)"1gs.
We can show that the operators S(gq,r,s) form a group which is the symplectic group
Sp(2, GF(p")).

7. Frobenius symmetry
An important property of Galois fields is the Frobenius map

ola)=af; ol=1 (28)
This is an automorphism in GF(p%) which leaves the elements of Z, fixed, i.e.,

a€Z, = ola) =a (29)

The {1,0,...,0"1} form a cyclic group of order £ which is known as the Galois group.

This symmetry of GF (pz), which is the position space in our context, is expected to
have implications for the symmetries of our physical system. We introduce the Frobenius
transformations in the Hilbert space H as follows:

G = |X;mP)(X;m| (30)

It is easily seen that
G¢'=1, ¢G'=1;, [G,F]=0 (31)
Acting with G* on position and momentum states we get
GXsm) = [X;m); G Pym) = |Pym?”) (32)

Therefore we can think of them as transformations of position and momentum into position to
a power and momentum to a power. We stress that both positions and momenta take a finite
number of values, and these transformations are simply a reordering. There is no analogue of
these transformations in the harmonic oscillator case.

Acting with G* on displacement and symplectic operators we get

G D(a,B) (G = D (ap*,ﬁpk)
G S(qr.5) (G = 5 (¢, 57 (33)
The fact that G¢ = 1 implies that:
¢ = @(0) +Q1)@1)+...+ QL — Dw(l — 1)

am) = e (Z77) (34)

Here w(\) are orthogonal projectors to the eigenspaces corresponding to the eigenvalues Q(\)
of G. We can show that:

D(N) = 7 {1+ 00(=1) + [GA-N + .. + [60(-)]*} (35)

|
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If the Hamiltonian A of the system, commutes with G
[G,h] = [@(A),h] =0 (36)

then there are constants of motion. Let p(0) be the density matrix of the system at ¢ = 0. Then
at time ¢, its density matrix is:

p(t) = exp(ith) p(0) exp(—ith) (37)

Using Eq.(36) we can show that the eigenvalues of w(A)p(t)w(\) are constant in time. We
express this using the characteristic polynomial, as:

detly1 — w(\)p(H)=(N)] = detlyl — m(N)p(0)=(V) (33)
A special case of this result is that the probabilities tr[p(t)ww(A)] are constant in time:

tr[p(t)w(A)] = trlp(0)w(M)] (39)

8. Discussion

We have studied quantum systems with positions and momenta in the Galois field GF(p’). We
have explained that systems can be constructed from ¢ spins with j = (p — 1)/2, which are
coupled in the way described by the Hamiltonian of Eq.(18). This special coupling corresponds
to the Galois multiplication rule and the Galois trace. More specifically, the Fourier transform F
of Eq.(17), which enters in the Hamiltonian h, contains the matrix g of Eq.(4) which is intimately
related with the Galois multiplication rule and the Galois trace.

We have studied the Heisenberg-Weyl group of displacements. In Eq.(23) we have expressed
the displacement operator in terms of displacement operators in the £ subsystems. The Galois
theory also enters here through the matrix g, which is contained in the dual components of a.

We have also studied the Sp(2, GF(p?)) group of symplectic transformations and gave the
matrix elements of the symplectic operators in Eq.(26).

A unique feature of these systems is the Frobenius transformations of Eq.(30). If they
commute with the Hamiltonian we get the constants of motion in Eqs(38), (39).

The work brings concepts from field extension in algebra into the context of quantum
mechanics and applied harmonic analysis. It also studies group representations (in particular
the Heisenberg-Weyl and the symplectic groups) over Galois fields.
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