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Abstract

Although a few new results are presented, this is mainly a review
article on the relationship between finite-dimensional quantum me-
chanics and finite groups. The main motivation for this discussion is
the hidden subgroup problem of quantum computation theory. A uni-
fying role is played by a mathematical structure that we call a Hilbert
*-algebra. After reviewing material on unitary representations of finite
groups we discuss a generalized quantum Fourier transform. We close
with a presentation concerning position-momentum measurements in
this framework.

1 Introduction

Practically since its inception, quantum mechanics has had a close connection
to group theory. Most of the groups in this connection have been Lie groups
of infinite order. However, recently there has been considerable interest in
quantum mechanics associated with finite groups [3, 12, 13, 22]. The main
motivation for this interest stems from quantum computation and quantum
information theory in which finite-dimensional quantum mechanics plays a
crucial role [8, 17, 18, 19].

An important unsolved problem in quantum computation theory is the
hidden subgroup problem [5, 6, 7, 11, 12, 13, 22]. Let H be a subgroup



of a finite group G and let X be a nonempty set. A function f: G — X
separates cosets of H if for every g1,92 € G, f(¢1) = f(g2) if and only if
Hg, = Hg,. Thus, f separates cosets if and only if f is constant on each
coset and different on different cosets. Now let G be a (known) group and
let H be an unknown subgroup of G. Suppose we have a computer that
contains a black box (oracle) that can evaluate f(g), g € G, for a function
f that separates cosets of H. It is of interest to find the fewest number of
oracle calls (queries) necessary to determine H.

All known classical algorithms require O(|G|) oracle calls where |G| is the
order of G. The hidden subgroup problem is to find a quantum algorithm
that determines H in time O (poly (log|G])) including oracle calls and any
needed classical post-processing time. This problem has been solved for
abelian groups G and essentially no others [12, 13]. In the case of a cyclic
group, this reduces to Shor’s algorithm for factoring integers [17, 20]. If this
problem could be solved for a general finite group it can be used to efficiently
solve some hard problems such as the graph isomorphism problem and the
shortest vector in a lattice problem [4, 10, 16].

In the quantum computation case we have the following situation. Let H
be a |G|-dimensional Hilbert space with orthonormal basis {|g): g € G}. Let
f: G — G be a function that separates cosets of the subgroup H. We have
two registers, the query and answer register each described by the |G|-qubit
space H. The answer register is initially set at a convenient start |G|-qubit
ly) € H. The f-oracle is described by a unitary operator Uy: HQH — HH

given by Uy (|2)[y)) = [x)[yf(x)). Since
Us (l2)]2f(2)7")) = lo)|2f () 7" f(2)) = [a)]2)

we see that Uy is indeed unitary because it sends the orthonormal basis
{lz)|y): z,y € G} for H® H onto itself. The operator Uy represents a quan-
tum gate in the “circuit” of a quantum computer.

In the particular case of Shor’s algorithm, G is the cyclic group Zy =
{0,1,... ,N — 1} and H is the N-qubit space C. In this case, a crucial
role is played by the quantum Fourier transform which is a unitary operator
F:CN — C¥ given by

N—-1
Flj) = 37 ek



It is widely believed [12, 13] that a solution to the hidden subgroup problem
will require a generalization of this quantum Fourier transform to an arbitrary
finite group G. The definition of such a generalization is one of the principal
points of this paper.

Although a few new results are presented, this article is mainly a review
of known results that are scattered in the literature. Our main contribution
is to unify, simplify and clarify these results. To aid the reader’s understand-
ing and to make this article self-contained we have included proofs of the
theorems. For the theory of unitary representations of groups we have relied
on [9, 14, 15, 21]. For more details concerning the hidden subgroup problem
and the generalized Fourier transform we refer the reader to [2, 3, 12, 13].

Sections 2, 3 and 4 discuss group algebras, regular representations, irre-
ducible representations and abelian groups. Most of this is known material
although our work on Hilbert *-algebras in Section 2 appears to be new.
Section 5 presents the generalized Fourier transform in a somewhat differ-
ent way than the existing literature. In Section 6 we consider position and
momentum vectors and their relationship to the generalized Fourier trans-
form. Finally, Section 7 presents a novel discussion of position-momentum
measurements.

2 Group Algebra

In this work all groups will be assumed to be finite and all Hilbert spaces
will be finite dimensional. A Hilbert *-algebra A is a complex *-algebra
with identity that is a Hilbert space that satisfies (AB | C) = (B | A*C) and
(A*| B) = (B* | A) for all A, B,C € A. An example of a Hilbert *-algebra
is any *-subalgebra of the matrix algebra M, (C) with the inner product
(A| B) = tr(A*B). Notice that we are assuming linearity in the second
argument of the inner product.

Let G be a group with elements denoted by lower case Latin letters
e,g,h,z,y, 2z, where e is the identity. The group algebra for G is the set
F(G) ={¢: G — C}. Now F(G) is a complex vector space under pointwise
addition and scalar multiplication. Moreover, F(G) becomes a Hilbert space
under the inner product

(@) =) ox)(x)

z€G



Denoting the order of G by |G| we see that F(G) has dimension |G| and
the functions 6,, g € G, given by d,(x) = d,, form an orthonormal basis.
Any ¢ € F(G) has the form ¢ = > ¢(g)d,. We also use the Dirac notation
lg) = 04 and (¢| denotes the linear function (¢|(|¢))) = (¢ | ¥). It follows

that ¢(g) = (g | ¢).
For ¢,¢ € F(G) define the convolution ¢ o ¢ € F(G) by

= dley )(y)

yeG
Moreover, we define the involution ¢* € F(G) by ¢*(z) = ¢(xz~1).

Theorem 2.1. The system (F(G),o,*) is a Hilbert *-algebra with identity
Je.

Proof. 1t is clear that . is the identity and that ¢o (1)1 +12) = pot)y +po)s,
(P1+@2) o =10+ daoth, A(poh) = (Ap) ot = do (\)

To prove that convolution is associative we have

(o (on)] (@)=Y oy )W on)(y) Z(b ry™ )y n(2)
= dlxz'g " (g)n(z )—Z(¢ ) (xz7)n(z)

= [(¢o1)) on](z)
It is clear that (¢ + ¥)* = ¢* + ¥*, (A\@)* = A¢* and ¢** = ¢. Moreover,

(potp)(x) = (W)(z_l) :Z@(x—ly 1_ Zl/J zx” _1
—Zw (2271)¢"(2) = (V" 0 ¢")(x)

Thus, (¢ o ¥)* = ¢* 0 ¢* so (F(G),0,*) is a *-algebra. Now

<¢ow|n>=2(¢ IE Zm.y ()
:Z@( > ¢ yr () =D dy)
= (¢ [ ¢*om)



Finally, we have that

(0" | ¥) = Z¢ () =) vy el) = D P ()é(y)

Yy
— (v | 9) s
The next result summarizes some of the properties of F(G).

Theorem 2.2. (i) 0, 08, = 0y, (i) 0% = d,-1, (ili) (¢ o0 d,)(y) = dlyz™t),
(02 0 8)(y) = d(a™"y), (iv) [[¢*] = (|8l (v) (¢* 0 d)(e) = ll9]* < ll¢* o ¢,
(vi) [loo vl < |GV ¥l

Proof. (i) (6, 06,)(z) = X2, 6(29" 1) J(9) = 6. (2y71) = 6,y (2)

(it) 03(y) = 0a(y™") = duly™") = 001 (y)
(i) (¢o0da)(y) =32 dlyz"")du(2 ):¢( )
(02 0 @) (y) = 2. b (yz—1)¢>( )=¢( ')

() [l¢l* = X, 6@ = X, [o(a™)] = 1o (@)* = ll¢*|?
(v) (¢*0d)(e) =(0c| 9" 00) = (] 8) = [|o]?
Applying Schwarz’s inequality gives

16]1* = (0c | 6" 0 @) < [|¢" 0 B|| [|dc]| = [|6" o ]|

(vi) By Schwarz’s inequality we have

lp 0 9ll* = 32, 1(¢ 0 ) ()" =
<3, [, 1oty 1ew)l]
= 9 D o L ol S I el 3 1

Notice that F(G) is not a C*-algebra. In fact, F(G) is not even a Banach
*-algebra because the factor |G|'/? in Theorem 2. 2(V1) is sharp. For example,

let ¢ € F(G) be defined by ¢(z) = 1 for all z € G. Then ||¢||* = |G| but
Zcb (zy™Ho(y) = |G

Hence, ||¢ o ¢|| = |G|*/? so that ||¢ o ¢|| = |G|/?||#||>. We shall see later that
F(G) can be endowed with a different norm so that it becomes a C*-algebra
but we shall not need to do this.

2
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Recall that x,y € G are conjugate (r ~ y) if there is a z € G such
that zzz~! = y. Now ~ is an equivalence relation and {y € G: y ~ z} is
called the conjugacy class of x. The number of conjugacy classes is the
conjugacy number of G. A function ¢ € F(G) is a class function if ¢
is constant on conjugate classes. Thus, ¢ is a class function if and only if
d(yry™t) = ¢(x) for all z,y € G. Equivalently, ¢ is a class function if and
only if ¢(zy) = ¢(yx) for all x,y € G. Applying Theorem 2.2(iii), we see
that ¢ is a class function if and only if ¢pod, = d, 0¢ for all x € G. It follows
that ¢ is a class function if and only if po1p) = 1o ¢ for every ¢ € F(G), that
is, ¢ is in the center Z (F(G)) of F(G). Now Z (F(G)) is a commutative
Hilbert *-algebra that is a sub *-algebra of F(G) and dim Z (F(G)) is the
conjugacy number of G.

There are Hilbert *-algebras that are not isomorphic to a group algebra.
For example, the Hilbert *-algebra Ms(C) of complex 2 x 2 matrices cannot
be isomorphic to the group algebra F(G) of a group G. If this were the case,
then

|G| = dim F(G) = dim M(C) = 4

However, groups of order 4 are abelian so F(G) must be commutative. But
M (C) is noncommutative which leads to a contradiction. The next result
gives a necessary and sufficient condition for a Hilbert *-algebra to be isomor-
phic to a group algebra. An element U of a Hilbert *-algebra is unitary if
UU* =U*U = I. A unitary basis for A4 is an orthonormal basis of unitary
elements U;, © = 0,1,... ,n — 1, where Uy = I, for every 7, j there exists a k
such that U;U; = Uy, and for every 7 there exists a j such that Uy =U.

Theorem 2.3. A Hilbert *-algebra A is Hilbert *-isomorphic to a group al-
gebra if and only if A possesses a unitary basis.

Proof. Applying Theorem 2.2(i) and (ii) we conclude that {0,: =z € G} is a
unitary basis for F(G). Hence, if A is isomorphic to F(G), then A possesses
a unitary basis. Conversely, suppose that A has a unitary basis U;, i =
0,1,...,n— 1. It is easy to check that G = {Uy,Us,... ,U,_1} is a group
under the product U;U; = Uy. For A = > \U; € A define o(A) € F(G) by
a(A) = > Nidy,. Then clearly a: A — F(G) is a bijective linear map. Since
« maps an orthonormal basis onto an orthonormal basis, « is a Hilbert space
isomorphism. Moreover,

(A7) = Nbu: = Y Nby1 =D Mgy, = a(A)



so « preserves the involution. Finally, since

&(UZUJ) = Oé(Uk) = 6Uk = 5U-Uj

(3

= 6y, o 0y, = a(U;) o (V1)

it follows by linearity that a(AB) = a(A) o «(B) for all A, B € A. Hence, «
is a Hilbert *-isomorphism. O

For every x € G, let R,: F(G) — F(G) be the linear operator given by
(R:0)(y) = ¢(yz). Then

(RoRy9)(2) = (Ryo)(22) = ¢(z2y) = (Reyo)(2)

so that R,R, = R,,. Thus, R is a representation of G' on the Hilbert space
F(G). Moreover,

(Rt | Ryg) = Z( =0 Zw yz)$
—Zw = (¢ | 6)

so that R is a unitary representation called the right regular representa-
tion. Notice that

(R2dy)(2) = 0y(22) = 8ya1(2)

so R,0, = 0,1 for every z,y € G. Under the adjoint operation * let R(G)
be the *-algebra generated by {R,: x € G}. It is clear that A € R(G) if
and only if A = > a,R,, a, € C. Also, R(G) is a Hilbert space with inner
product (A | B) = |G| 'tr(A*B). Furthermore,

(AB| C) = |G| 'tx(B*A*C) = (B | A*C)
(A" | B) = |G| tx(A) = |G| tx(B* A) = (B" | A)

so that R(G) is a Hilbert *-algebra. Notice that

1
—t 5 (5 (5 5 1 =
g ) |G|Z | Rub) |G|Z [ Oyemt) = O

Hence,

1

<Rw ‘ Ry> = @

tr(RyR,) = tr(Ry-1,) = Oz y

S
|G



Therefore, {R,: x € G} is a unitary basis for R(G) and dimR(G) = |G|.
We call R(G) the right algebra of . The right commuting algebra of
G is the commutant

R(G) ={A e B(F(G)): AR, = R, A for all x € G}

where B (F(G)) denotes the set of all linear operators on F(G).
In a similar way, we define L, € B(F(GQ)) by (L.®)(y) = ¢(z~'y). Then

(LoLy9)(2) = (Lyd)(z7'2) = p(y~'27"'2) = (Luyo)(2)

so that L,L, = L,,. As before, L is a unitary representation of G called the
left regular representation. Again,

(Lady)(2) = 0y(x7"2) = 0y (2)

50 L0, = 04y. As before, the |G|-dimensional Hilbert *-algebra £(G) gen-
erated by {L,: © € G} is called the left algebra of G and its commutant
L(G)" is the left commuting algebra.

Theorem 2.4. (i) R(G) = L(G) and L(G) = R(G). (ii) The Hilbert *-
algebras F(G), R(G) and L(G) are Hilbert *-isomorphic.

Proof. (i) Since
(LoRy9)(2) = (Ry9) (™' 2) = p(a™ " 2y) = (Lo9)(2y) = (RyLa0)(2)

we have that L, R, = R, L, for every x,y € G. Hence, L(G) C R(G)". Now
let A € R(G)" and define B € L(G) by

B = (Ab)(x)Ls
rzeG
Then
(BS,)(x) = Y (A0e)(z)(Lab,)(2) = Y (Ad.)(2)64y(2) = (Ad.)(zy~")

xT xT

= Ry1(A6.)() = A(R,18.)(2) = (43,)(2)

Hence, Bé, = Aé, for all y € G so that A = B € L(G). It follows that
R(G)" = L(G). We then have that



(ii) It is easy to show that R(G) and L(G) are Hilbert *-algebra isomorphic
via the map Y a, R, — > a,L,. To show that F(G) and R(G) are Hilbert
*-algebra isomorphic, for every ¢ € F(G) define T, € R(G) by Ty =
Y- ¢(x)R,. It is clear that ¢ — T, is linear and bijective. Since T, = R, we
have that

Téxoéy - Taxy - R;ty = Rny - T(S;L-T(Sy

Hence, by linearity Tyoy = T5Ty. Also, since T, = R, it follows by linearity
that ¢ — Ty preserves inner products. Finally,

Ty =3, 0" (@) Re=2, p(a  )Re=3, ¢(x) Ry =", d(x) Ry =T [

Corollary 2.5. For ¢ € F(G) define the linear operator S, € R(G)" by
Se =2, ¢(x)Ly. Then ¢ — Sy is a Hilbert *-algebra isomorphism of F(G)
onto R(G)'. Moreover, we have that

= U(@)R,-

for every ¢, € F(Q).

Proof. As in the proof of Theorem 2.4(ii) we have that ¢ — S, is a Hilbert
*-algebra isomorphism. For the second statement we have

(Sst)(y Z¢ D)) =D o)z y) = (@)e(yr!
—Zw R,—19)(y)

and the result follows. O

We now begin presenting a quantum mechanical flavor for this framework.
We think of the elements of G as representing the location or position of a
quantum system such as a quantum particle. For x € G, let P, € B(F(Q))
be the one-dimensional projection onto the subspace generated by ¢,. The
Hilbert *-algebra A(G) generated by the projections P, x € G is called
the position algebra. The algebra A(G) is commutative, |G|-dimensional
and consists of all operators of the form > a, P, o, € C. Since (R,0)(y) =



¢(yx), we may think of R, as a “translation” to a new position. We therefore
view R(G) as a “momentum” algebra. Of course, £(G) would be just as good.

For A C G, z € G we define Ax = {yx: y € A}. Moreover, we define the
projection operator Py € A(G) by Pat) = xa®. Notice that Py = P, as
previously defined. It is clear that A +— Pa is a projection-valued measure.
That is, P = I and Pa,uan, = Pa, + Pa, whenever A; N Ay = (). We now
verify the covariance condition R} PAR, = Pa,. Indeed,

(RiPaAR.Y)(y) = (PaR)(yz™") = xalyz ™) (Rotp) (ya ™)
= xa(yz U (y) = xaW)¥(y) = (Pash)(y)

A projection-valued measure Pa that satisfies the covariance condition is
called a system of imprimitivity base on G for R.

3 Irreducible Representations

As usual, G will denote a finite group. A representation of G is a map
U: G — B(H(U)) where H(U) is a finite-dimensional complex linear space
and U satisfies U,,, = U,U, for all z,y € G. If H(U) is a Hilbert space and
U, is unitary for all z € G, then U is a unitary representation of G.

Lemma 3.1. IfU is a representation of G, then we can always endow H(U)
with an inner product so that U is a unitary representation of G.

Proof. We can always construct an inner product (¢,¢) on H(U). If U is
not a unitary representation relative to this inner product, form a new inner
product

(W[ 0) = (Us0, Upt)

T

Then for every y € G we have that

(Uyo | Uytp) = Z (Us(Uy9), Us(Uyt))) = Z (Usy®, Usy¥0) = (¢ | ¥)

€T x
Hence, U, is unitary under this new inner product. O

Because of Lemma 3.1 we can always assume a representation of G is
unitary. For this reason, when we say that U is a representation we shall

10



mean that U is a unitary representation. If U and V' are representations of
G, U and V are equivalent (denoted by U ~ V) if there is an invertible
linear transformation 7: H(U) — H(V) such that TU, T~ = V, for all
x € G. (Applying the polar decomposition of T' it follows that there is a
unitary transformation S: H(U) — H(V) such that SU, S~ = V,, but we
shall not need this here.) The direct sum of two representations U and V
of G is the unique representation U & V on H(U) & H(V') defined by

(U V)a(0,9) = (U, Vo))
for all z € G, ¢ € H(U), v» € H(V). When there are n summands of the

same representation, we use the notation
nU=U@---oU

If U is a representation of G and K is a subspace of H(U) then K is
invariant if U,C C K for all z € (. If K is invariant then the restriction
U | K is a representation of G called the subrepresentation defined by K.
Note that if K is invariant then so is its orthogonal complement K. Indeed,
if ¢ € K*, then for any ¢ € K we have that

(U | @) = (b | Uz9) = (¢ | Up-19) =0
Hence, U, € K+ for every x € G. We then have that
U=U|KaU|K"

Any representation U has the two subrepresentations defined on H(U) itself
and on {0}. The other subrepresentations, if they exist, are called proper.
A representation with no proper subrepresentation is irreducible. It is clear
that any representation is the direct sum of irreducible representations.

A linear transformation 7': H(U) — H(V') such that TU, = V,T for
every x € G is an intertwining operator. The set of all intertwining
operators is a vector space denoted by Z(U, V') and (U, V) = dimZ(U, V) is
the intertwining number of U and V. Of course, Z(R, R) = R(G)’ is the
commuting algebra considered in Section 2.

Theorem 3.2. The space Z(U,V') = {0} if and only if no nonzero subrep-
resentation of U is equivalent to any nonzero subrepresentation of V.

11



Proof. Suppose T € Z(U,V) with T # 0 and let Ny = Null(T), Rr =
Range(T"). Then Np # H(U) is an invariant subspace of H(U). Indeed, if
T¢ =0 then TU,p = VxT'¢ = 0 for every = € G so that U, Ny C Np. Also
Ry # {0} is an invariant subspace of H(V'). Indeed, if v = T'¢ for some
¢ € H(U) then

Vath =VoT'¢ = TU,¢

So that V,Ry C Ry for every x € G. Now T | Ni: N — Ry is bijective
and T gives an equivalence between the subrepresentation U | Ni of U
and the subrepresentation V' | Ry of V. Conversely, suppose a nonzero
subrepresentation of U is equivalent to a nonzero subrepresentation of V.
Then there exist subspaces K C H(U), L C H(V), K, L # {0} and a linear
bijection T": K — L such that T'U,y = V,T" for every v € K, z € G.
Define T': H(U) — H(V) by

)T if ek
Tw_{o it ekt

and extend by linearity. Then if ¢ € H(U) we can write ) = 1)1 +1y, 1 € K,
1o € K. Hence,

Twa = Twal + Tqu/JQ = T/wal = V:CT/% = VxT('@bl + ?/12) = ‘/sz

so that 7€ Z(U, V') and T # 0. O
If Z(U,V) = {0} we say that U and V" are disjoint.

Corollary 3.3. Let U and V' be irreducible representations of G. (i) Either
U and V are disjoint or U and V are equivalent. (ii) Z(U,U) = CI.
(iii) (U, V) =0 or 1.

Proof. (i) By the proof of Theorem 3.2, Ny and Ry are either {0} or the
whole space. Thus, Z(U, V) = {0} or U and V are equivalent. (ii) Since U
is irreducible, every nonzero member of Z(U, U) is bijective. Hence, Z(U, U)
is a finite-dimensional division *-algebra. By Shur’s Lemma Z(U,U) = CI.
This can also be shown directly as follows. Let T € Z(U,U) be self-adjoint
and let A be an eigenvalue of 7. Then there exists a eigenvector ¢ # 0 with
To = Aop. Now Null(T'— ) # {0} and T— A € Z(U,U). Hence, T— A =0

12



so that T' = AI. Since every T" € Z(U,U) has the form T" = Ty + T, for
T, T, € Z(U,U) self-adjoint, the result follows. (iii) This follows from (i)
and (ii). O

It follows immediately from the definitions that

(UL @ Uy, V) = i(Up, V) +i(Us, V)
i(U, Vi@ Vo) = i(U, V1) +i(U, Va)

Thus, if U is a representation of G with the form
U=L'a...oL"

where the L’ are irreducible and M is any irreducible representation of G,
then

iW(M,U) = ZZ(M, L) = number of j with L/ ~ M (3.1)
J

Lemma 3.4. Let L'®---®L"~ M'®---® M™ where the L7 and M* are
irreducible representations of G. Then m = n and there exists a permutation
7 of {1,...,n} such that I ~ M™ j=1,... n.

Proof. Let U =L@ ---® L" Since U~ M* @ --- & M™, we have that
(UM @@ M™) #0

so Y . 4(M7,U) # 0. Hence, there exists a j such that i(M’,U) # 0. We can
assume without loss of generality that j = 1 so that ¢(M',U) # 0. By (3.1)
there is a k such that LF ~ M'. Again, we can assume that k& = 1 so that
L'~ M"'. Now

L’ ol"~M*®---M™
and continue by induction. O

Lemma 3.4 shows that the decomposition of U into the direct sum of
irreducible representations is unique to within order and equivalence. By
(3.1), i(M,U) is the unique number of irreducible summands of U equivalent
to M and is called the multiplicity of M in U.

13



Theorem 3.5. If V is a representation of G then the vector spaces H(V')
and Z(R, V') are isomorphic and hence i(R,V) = dim H (V).

Proof. For ¢ € H(V') define the linear transformation S,: F(G) — H(V) by

Se(1)) =Y (@) Vo-1(9)

zeG

As in Corollary 2.5, Sy € Z(R,V) and we define the linear transformation
T:H(V)— Z(R,V) by T(¢) = Sp. As in the proof of Theorem 2.1 7 is
bijective. O

Corollary 3.6. The right reqular representation of G contains every irre-
ducible representation of G with multiplicity equal to its dimension.

Corollary 3.7. Let L',...  L" be the inequivalent irreducible representa-
tions of G and let d; be the dimension of L7. Then

&G +ds+-+d =G
Proof. By Corollary 3.6 we have that
R=dL'®dL*®---®d.L" (3.2)
and the result follows. O
It follows from (3.2) that
R(G) ~IT(d L' d, LY@ ---I(d,L",d.L")

But since Z(L/, I’) = CI is it not hard to show that Z(d;L7,d;L7) ~ My,
the full algebra of d; x d; complex matrices. We conclude that

F(G) = R(G) ~ My, @ -+~ ® Mg, (3.3)

Notice that (3.3) is consistent with Corollary 3.7. Now the elements in the
center Z(My, @ ---® My, ) have the form ) ¢;1;; where ¢; € C and I, is the
identity matrix in My;. Hence,

dimZ (F(G)) =dimZ (Mg, & --- & My,) =7 (3.4)

We therefore have the following.

14



Theorem 3.8. The number of inequivalent irreducible representations of G
1s the conjugacy number of G.

Proof. We have seen that the conjugacy number of G equals dim Z (F(G))
and the result now follows from (3.4). O

Corollary 3.9. A finite group G is abelian if and only if every irreducible
representation of G is one-dimensional.

Proof. If G is abelian, every conjugate class of G contains one element.
Hence, the conjugacy number of G is |G| and by Theorem 3.8 the number of
inequivalent irreducible representations of G is |G|. By Corollary 3.7 every
irreducible representation of G is one-dimensional. Conversely, suppose all
irreducible representations of G are one-dimensional. By Corollary 3.7 there
are r = |G| distinct one-dimensional representations xi, ..., X, of G (called
the characters of G). We may think of these as functions x; € F(G) that
satisty x;(zy) = x;j(z)x;(y) for all z,y € G. Since |G| < oo, for every z € G
there is an n € N such that 2" = e. Hence,

x;(2)" = x;(2") = x;j(e) =1

We conclude that |x;(z)] = 1 and that x;(z)~" = X;(z) for every j and z.
Now for every y € G we have that

D xir) = xilzy) = xi(w) Y x(x)
Hence, [1 —x;(y)] >, xj(x) = 0. Thus, if x; # 1 then ) x;(z) = 0. If
X; # Xx then
Xi(@)xk(@) ™" = x5 (@)xX(r) = 1

for some x € (. Since the product of characters is again a character we have
that >, %;(z)xx(z) = 0. We conclude that x1/|G|"/2, ..., x,/|G|"/* form an
orthonormal basis for F(G). Since

1 1 _
0y = € 06 6)x; = € > Xl

the map x — (x1(z),...,x-(z)) is injective. Since this map is an isomor-
phism of G onto an abelian group, G must be abelian. O
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Examples. The smallest nonabelian group is the six element group of
all permutations of three objects. By Corollary 3.7, d* + --- + d*> = 6 so
d; <2,5=1,...,r. By Corollary 3.9, at least one d; > 1. Hence, d; = 2,
say. We thus have d; = 2, dy = 1, d3 = 1 and the conjugacy number is 3.
There is just one group of order 7 and it is abelian. There are two nonabelian
groups of order 8. Now d? + -+ + d? = 8 and as before d; = 2, say. Since
every group has a one-dimensional representation (the constant functions in
F(G)), dy = 1, say. Hence, dy =2,dy =1,d3 =1,dy =1, d;s = 1 and the
conjugacy number is 5. Similar analyses apply to other small order groups.

4 Abelian Groups

In the case of a finite abelian group G much of our previous work simplifies.
As we say in Corollary 3.9, all the irreducible representations of G are one-
dimensional and there are r = |G| inequivalent ones. These r representations
can be thought of as functions x;(zy) = x(2)x;(y), |x;(x)] = 1 so they are
homomorphisms from G into the multlphcatlve group of complex numbers
on the unit circle. We also saw in Corollary 3.9 that {r—'x;: j=1,...,r}
forms an orthonormal basis for F(G). Since

(xi 0 x;)( Z Xilzy x;(y Z X)X (y) = xi()di;

we have that x; o x; = X;d;;. Moreover, xj = x; so the characters are
self-adjoint idempotents in F(G). One consequence is that F(G) is a com-
mutative Hilbert *-algebra. The set of characters G of G is itself a group
under pointwise multiplication.

Now suppose G is cyclic of order r with generator g. Then for a character
X we have that x(g7) = x(g)’ so x is determined by x(g) € C. Since g" = e

x(9)" =x(g") = x(e) =1

so that x(g) is an rth root of 1. Thus, there is a character for each rth root
of 1. Since both G and G are isomorphic to the group of rth roots of 1 we
conclude that G =~ G. If G = G4 >iG2 then the Characjers Qf G have the form
X(x,y) = x1(x)x2(y) where x; € G; so (G X Gs)" ~ G1 X G5. An elementary
theorem states that every finite abelian group is a direct product of cyclic
groups so we conclude that G ~ G whenever G is finite abelian. There is a
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canonical isomorphism of G onto G given by x — 7 where Z(x) = x(z). In
this way every element of G acts as a character on G.

It follows from Corollary 3.6 that the right regular representation has the
form R = x1&®---@ x,. More generally, let V' be an arbitrary representation
of G on a Hilbert space H(V'). For each x € G, let P, be the operator

1 _
Py = @;X(z)v

Theorem 4.1. (i) P} = P, = P;. (ii) P\, Py, =0 if x1 # X2
(iii) ZXPX:I. (iv) VIPX— x(x)Py, for every x € G, XE@.

Proof. That P, = P} is straightforward. To prove the rest of (i) and (ii) we
have that

X2 = |G|2 ZX]_ X2 xy |G|2 ZX]_ X?(I lz)v

|G‘2 le )Xo (@ [ZXz

= 5x1,x2 sz

Xl | X2>

To prove (iii), notice that since Z € G we have for  # e that

D x(@)= () =0

Hence,

1 _ 1

ZPXZ@ZZX@)%:@ZV@« ZX(JU) 1
X X x x X
To prove (iv) we have that
1 1
VePo = 1 > X(W)Vay = i > XtV
y
x —
) D X(E)Ve = x(@) Py U



Let H, be the range of the projection P, in H(V). Applying Theo-
rem 4.1(i, ii, iii), every ¢ € H(V) has a unique representation ¢ = ) ¢,
¢y € H,. By Theorem 4.1(iv), if ¢ € H,, then V,(¢) = x(z)¢. Thus, each H,
defines a subrepresentation VX of V' of the form z +— x(z)I and V = @VX.

Let us consider the cyclic case in more detail. If G is cyclic of order N,
then we may assume that G is the additive group {0,1,..., N} with addi-
tion mod N. Every irreducible representation of GG is one of the characters

X05 X15--+ 5y XN-1 where
xi(k) = N, /T
The group algebra F(G) is the set of functions f: {0,1,... , N -1} — C
which we can identify with C" and the right regular representation R satisfies
(Rr9)(7) = ¢(j + k) mod N. The functions
0;(k) = |G|7H TN k€ {01, N — 1}

form an orthonormal basis for F(G). Moreover,

1 g g 1 g
(qubj)(n) _ ¢J(n + ]{?) _ = e27r2](n+k)/N _ eQm]k/N_GQMJn/N
|G| |G|
— eijk/Ngzﬁ](n)
Hence, Ryp; = ™%/ Ngp. = \i(k)¢;, j,k € {0,1,...,N —1}. Hence, ¢;,
j=20,...,N —1, spans a one-dimensional invariant subspace H; of F(G)

and Ry acting on H; is just multiplication by x;(k). The expansion of any
¢ € F(G) in terms of ¢; is

1 »
¢(k) = Z Cj¢j(k) — @ ch627m]k/N
where
¢ = (b | ) = é > e RNy (k)
k

Of course, this is the finite Fourier expansion of ¢ and gives the finite Fourier
transform.
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5 Generalized Fourier Transform

We have seen in (3.2) that the regular representation
R=dL'®---&dL

where L7, j = 1,... ,r, are the irreducible representations of G and d; is the
dimension of L7. As we mentioned in Section 1 it is important to define a
Fourier transform for an arbitrary group G. For ¢ € F(G) the operator
generalized Fourier transform [1, 3, 13] is given by the operator-valued
vector

- d. .
(j) = |—é| @), =17 (5.1)
zeG

Thus, ¢(j) is an operator on the Hilbert space F(G). Notice that

~ d.; . )
5x(j):1/ﬁl’?c—l’ j=1,...,r

which states that the Fourier transform of “position” is “momentum.” The
next lemma shows how the function ¢ can be recovered from its transform

Y.
Lemma 5.1. For ¢ € F(G) we have that

Proof. Since

we have that

T SV [OR] = e S Stz )
1



We now show that this gives a generalization of the usual finite Fourier
transform as described in Section 4. Let G be the cyclic group Zny =
{0,1,...,N —1}. We know that Zy has N inequivalent irreducible one-
dimensional representations 7, j = 0,1,... N — 1, where x] = >™*/N
k € Zy. Then F(G) = CY and since d; = 1, j = 0,1,...,N — 1, we have
that

N-1 N-1

—_

¢<k)e—27rijk/N

1
()X = —==
N = N iz

o

and

(k) = —— &vaéi@wmm

which is the usual Fourier transform.
It is clear that " is a linear transformation so its range Hat(G) is a linear

space. For ¢ € Hat(@) define ¢* by ¢*(j) = ¢(j)* and define an inner

product on Hat(G) by
(610) =3t [66)0()]
J
The next result shows that * possesses some important and useful properties.

Theorem 5.2. (i) (9)" = ()" (i) (#17) = (6| ). (i) (90v)"(j) =
(1G1/d;)"2(5))
Proof. (i) We have that

S, [ dg N (VL
¢*(j) = o(j)" = €] ;d)(x)ﬂx—l] = @;ﬂxL

%’, S @)L = (6)()

(ii) Since

<)
<

™ dj Py J
ﬁqa;WW@L_
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We have that
<@@=ZHWW%ﬂﬂ%Z%mMXMM%J
- ﬁ S B )n(Rey) = S5 = (01 4)

(iii) We have that

(poy)" |G Zéf? V) ()L |G ZZ(ﬁmy YL,
%ﬁ}jww}jmwgl

d; Gl ~ ~
= ()L 1Zw | ,' o(7)¥()) O
G| < d;

For, 5,12 € Hat(G) define &Eo 15 by

- el

Go D)) =['7 8)30)

Then by Theorem 5.2(iii) it follows that poth € Hat(G) and it is easy to
show that with this product Hat(G) becomes a Hilbert *-algebra. We then
conclude that F(G) and Hat(G) are Hilbert *-algebra isomorphic under the
isomorphism ”

We would now like to define a Fourier transform that maps functions
¥ € F(G) to functions instead of operators. A natural way of doing this
is the following. For each j = 1,...,r, let {¢/}, n = 1,...,d;, be an
orthonormal basis for the d;-dimensional invariant subspace H? on which L’
acts. We define the generalized Fourier transform of v € F(G) as

DGomn) = (S | D)), mn=1,....d; (5:2)

Notice that @Z(j,m,n) depends on the chosen basis ¢/. This may be an
advantage because certain bases may provide a simplification. Let F(G)
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be the Hilbert space of complex-valued functions ¢(j,m,n), j = 1,...,r,
m,n =1,...,d;, with the inner product

(@) =D b(j,m,n)(j,m,n)

jmymn

We call F (G) the momentum space corresponding to the position space
F(G). Of course, dim F(G) = |G|.

Lemma 5.3. The linear transformation ~: F(G) — F(G) is unitary.

Proof. Applying Theorem 5.2(ii) gives

(610) =" oG mm)di,m,n) = 3= (81)0) | 6% )(@h | 9i)o)

—Z< )04 | 57)6%) = z@wu 0)eh)
= > |9 00| = (4 1D) = (6] v) =

Define the map * :~.7?(G’) — ]?(G) by ¢*(j,m,n) = ¢(j,n,m) and the map
o: F(G) x F(G) — F(G) by

(600G m,n) = 'dﬁ' S~ 6, m. p(i.p.m)

Theorem 5.4. Under the operations * and o, F(G) becomes a Hilbert *-
algebra and ~: F(G) — F(G) is a Hilbert *-algebra isomorphism.

Proof. To show that * is an involution we have that

(o) (omon) = [ ) IR

G|
'd—j gw*u,m,p)qﬁ*m n)
— (" 0 ¢")(G, m, n)
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Hence, (¢ o ¢)* = 1* o ¢* and the other properties of an involution are
straightforward. Now

(@ [ ) =D ol n,m)b(G,m,n) = > (i, m,n)é(j,n,m)

7,m,n

= (V" | $)
and
(pov|n) = Zzw,mp (G, 2, n)n(j, m, n)

|G ijp, Zcb 4, m)n(j, m, n)

Jm,p

Z¢J p,n)(¢" o n)(j,p,n) = (¥ | ¢* o)

Jsm,p

The other properties of a Hilbert *-algebra are again straightforward. To
show that ™~ is an isomorphism, we have that

(&) Gomom) = (&), | (&) () | €)= (&) | 60)" | 94)
— (0% | 64) = (¢h | 60i)n)
= 0(j,m,m) = (6)* (. m,m)

Hence, (¢*)~ = (¢)*. Finally, by Theorem 5.2(iii) we have that

(@00 Gim,m) = (| (00 ) ()60) = \'F (00 | 5D 0)eA )
3 ICAEOEVCAROEY
% S 36, m, )3, p.n) = (B0 D), m, )
Hence, (¢ o 9)™ = o O
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6 Position and Momentum Vectors

As in Section 5, for each j = 1,...,r, let {¢2}, n = 1,...,d;, be an or-
thonormal basis for the d;-dimensional invariant subspace H’ on which the
irreducible representation L’ of G acts. For ¢ € G we can represent the
unitary operator Lg by a d; x d; unitary matrix DJ (g) given by [1]

= (¢, | Ligh) = (b, | Ryo)

m,n =1,...,d;. Using the Dirac notation we define the position vectors
|g> = 0, g € G. We define the momentum vectors |jmn) € F(G),
7=1,. .,r,m,nzl,...dj,by

|jmn) = |G Z (6.1)

There is a close connection between the generalized Fourier transform of
Y € F(G) and |jmn) given by

¥(g,m,n) = (jnm | ¢)
Indeed, applying (5.1) and (5.2) we have that

|G Z (6 | Lydhn)ul9)

%q S Dim(g)(g) = (inm | )

The next result summarizes important properties of D7 (g).

Theorem 6.1. The complex numbers DJ (g) satisfy the follﬂng identi-
ties. (1) 30, Din(9)Dip(h) = Dihy(gh). (i) 3, D3n(9)Din(9) = Gmn.
(iit) >, D2nDio(9) = (IG1/d;) 8i,j0m 10n,s-

(V) 325 mn 45 D3 (9) Din(R) = | G0, -
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Proof. (i) Since L? oh = LJ L] for all g, h € G we have that
2 Dia) D3y () = 32 {60 | Ly 6l | 14})
—ZW* | ¢2 (80 | LioL)
S | T = 3 | E)
= l;fgp(gh)

(ii) Follows from the unitarity of D7 (g).
(iii) Consider the operator S: H* — H7 given by

§ =2 L)Lyl
g
Now
SLigi = Z L3I (Ligh | Ligi) = Z L300 (Li1y8L | 1)

—Z}L O (Lol | 61) = L) Z|LJ¢J> Lo, | &)

= L.;LSQSt
Hence, SLi, = L] S for every h € G so S € Z(L*, 7). Since L’ and L7 are
inequivalent except when i« = j we have that S = 0 unless ¢ = j. When i = j

we have that S € Z(L’, L7) so S = cly, a multiple of the identity on H’. To
find ¢ we have that

cdj = tx(8) =Y (o1 | Soly =D > (o | Ljoh ) (L) | 61)
=S (LI | Ligh) = > (ol | 61) = |Glosn

Hence ¢ = dj_1|G|587n so that S = dj_1|G|5s,nIdj when i = j. We conclude
that

G
<¢j |S¢t> ‘ ’52j5n85mt
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Equation (iii) now follows.
(iv) For g € G we have that

tr(Ry) = tr(ReRy) = |GI(R. | Ryg) = |GI(Ts. | Ty-1)
= |Gl(0e | dg-1) = |Glde,g
Since Ry = diL'g @ - - - @ d, L}, we have by (i ( ) that
N ;D2 (9)Din(h) = Y d; D3, () Di, (W)
jmn jmmn
=Y diDi(gh™h) = djte(L), )
J,m J
= tr(Ryp-1) = |G|dg.n O

The next result gives the important properties of the momentum vectors
jmn).
Theorem 6.2. (i) The vectors |jmn) form an orthonormal basis for F(G).
(ii) Form = 1,... ,d;,{|jmn): n=1,... ,d;} is an orthonormal basis for
the mth invariant subspace for the subrepresentation L’ of R.
Proof. (i) By Theorem 6.1(iii) we have that

(its | jmn) = = did; ZD 9) = 0i jOm t0n,s

|G

Since the |[jmn) form an orthonormal set and there are d? + --- + d? = |G|
elements in the set, they form an orthonormal basis.

(ii) The vectors |jmn), n = 1,...,d; are a basis for an invariant subspace
for R because by Theorem 6.1 we have that

d; .
Ry|jmn) = |G ZD 9ORil9) =116 > Di(g)|gh™)
g
dj j y
6 2 Phalehle) =g X Pl Piile)

% Z D}, (b)Y Dj (x)|x
Z )|jmp)
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Now define the unitary operator T from the subspace spanned by |jmn),
n = 1,...,d;, onto the subspace spanned by ¢/, n = 1,...,d;, given by
T|jmn) = ¢J. Then we have that

RyT|jmn) = Ryl = > (&) | Rud))e)

p

Z qb] T Ry,|jmn)

Hence, R,T = TRy, for every h € G. Since ¢/, n =1,... ,d; is a basis for the
d;-dimensional invariant subspace on which L’ acts, we have that R acting
on the subspace spanned by |jmn), n = 1,... ,d; is equivalent to L’ and the
result follows. O

We have seen that the generalized Fourier transform of ¢ € F(G) is given
by

»(j,m,n) = |G ZD

We now find the inverse transform.

Lemma 6.3. If 1) € .7?( ) then

Z Vd; Dl (9)9(j,m, )
Pmof Applying Theorem 6. 1(iv) we have that

\/7 Z\/iD ],mn |G| ZdD )ZD%m(h)w(h)

7,m,n 7,m,n

mzzp )Y d;iDi,( (1) Dim(h)

jm,n

= Y(9g) O

In a similar way we can define a generalized Fourier transform op-

erator F: F(G) — F(G) by
F= ' G| g)limnigl

g,J,m,mn

It follows that F' is a Hilbert *-algebra isomorphism.
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7 Position-Momentum Measurements

Let ‘H be a Hilbert space and let G; € B(H) satisfy Y GiG; = I. A map
G: B(H) — B(H) of the form

Gg(A) = Z G AG;

is a quantum operation with operational elements {G,} [17]. More
technically, G is called a trace preserving completely positive map. If
> G;Gf = I then G is called unital. If G is unital we define G*: B(H) —

B(H) by
=Y GiAG;

Then G* is a quantum operation with operational elements {G}}. Now let
G and J be quantum operations with operational elements {G;} and {J;}
respectively. Then

T 0G(A) =) J;GAG; J; =) (J;G)A(J;Gy)

,J ,J
and

> (G LG =D GGy = ZG*

4,J 4,J

Hence, J o G is a quantum operation with operational elements {J;G;}.
Moreover, if G and J are both unital then so is J o G and

(T 0G)(A) =D GiJrALG; = ZG* T (A)G; = G* o J*(A)
,J
Hence, (J 0 G)* =G* o J*.

Now let H be the state space for a quantum system and let D(H) be the
set of density operators on H. Then the set of mixed states are represented
by elements of D(H). A quantum measurement can be described by the re-
striction of a quantum operation G to D(H). The operational elements {G};}
for G represent the possible outcomes of the measurement. If the measure-
ment is performed for a system in state p and no outcome is observed then
the resulting state is given by the Luders form

= GipG;
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If outcome i is observed then the post-measurement state is G;pG; /tr(G;pGY)
and the probability of this observation is tr(G;pG}) = tr(G;Gp).

We now consider the group algebra F(G) to be the state space of a quan-
tum system. We then define the position measurement to be the quantum
operation Q with operational elements {|g)(g|: g € G} and the momentum
measurement to be the quantum operation P with operational elements

{lgmn)(jmn|: j=1,... ,r,m,n=1,... ,d;}

Then Q and P are not only unital they are given by projection-valued mea-
sures. We call £ =P o Q the sequential position-momentum measure-
ment. Notice that the operational elements of £ are {{(jmn | g)|jmn){g|}.
Notice that @ = Qo Q@ = Q* and P = P o P = P*. Hence,

S*I(POQ)*:Q*OP*:QOP

and we call £* the sequential momentum-position measurement. Then
E* has operational elements {(g | jmn)|g)(jmn|}. We also have the following
identities:

E'0fE=QoPoPoQ=QoPoQ=0Q0E=E00Q
Eof*=PoQoQoP=PoQoP=EocP=Po&"

We denote the operational elements of £ by

W(gs jmn) = Gmn | )l jmn) (g = || Dhnta) ) o
Then
W (g; jmn) W (g; jmn) = |(jmn. | g)|* 19)(g]
and
W (g: jmm)W (g: jrmn)* = | (jmn | g)[? [imn) Gmn)

are positive operator-valued measures on a discrete phase-space. The next
result summarizes some of the properties of W (g; jmn).
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Theorem 7.1. The operational elements W (g; jmn) satisfy the following
conditions.

> Wigsjmn) =1

g,J,m,mn

(i) > W(g; jmn)W (g; jmn)* ZW (g; ymn) = |jmn)(jmn|
g

(iil) Y W(g; jmn) W (g; jmn) Z W (g; jmn)" = 1g){g|
J,m,n jmmn

(iv) Z W (g; jmn)*W(g; jmn) Z W (g; jmn)W (g; jmn)* = I
gvjvmvn g,jmn

(v) Wg; jmn)W (g"; j'm'n')" = 8g,g (Gmn | g)(g | j'm'n)|jmn){j'm'n’|
(vi) W(g'sj'm'n)" W(g; jmn) = 0jmndjma(g" | jmn)(jmn | g)lg’){g|
Proof. Straightforward verification. O

If the system is in the state p € D(H) then the probability that a se-
quential position-momentum measurement results in the outcome (g, jmn)
becomes

P,(g, jmn) = tr [W(g; jmn)pW (g; mn)*|

Now P, is a probability distribution on the discrete phase-space and by The-
orem 7.1 its position marginal distribution is given by

= Pylg.jmn)={g|p|g)

jm,n

Of course, this is the usual position distribution in the state p. however, in
general,

> Bolg. jmn) # (jmn | p| jmn)

This is because position is measured first and momentum second so that a
position measurement interferes with a momentum measurement but not vise
versa.

30



In a similar way we obtain the probability that a sequential momentum-
position measurement results in the outcome (jmn, g)

Py(jmn, g) = tr [W(g; jmn)*pW (g; jmn)]
Again, this gives a probability distribution whose momentum marginal dis-

tribution is given by

P,(jmn) =Y Py(jmn,g) = (jmn | p | jmn)

In this case the momentum measurement interfers with the position mea-
surement so that

> Poimn,g) #{g1p|g)

]7m7n

Although the sequential probability distributions cannot be viewed as
joint position-momentum distributions, we can define a joint position-
momentum amplitude

Wo(g; jmm) = tr [pW (g; jmn)] = (jmn | g){g | p | jmn)

It follows immediately that

> Wolg; jmn) = (jmn | p| jmn)

> Wilgijmn) ={g|p|9)

]7m7n

Thus, the marginals of W,(g; jmn) give the correct position and momentum
distributions even though W,(g; jmn) can have complex values in general.
If A is an operator on F(G), define the function

A(g; jmn) = tr [AW (g; jmn)] = (jmn | g){g | A | jmn)

In particular, if p € D(H) is a state, then p(g; jmn) = W,(g; jmn). Thus
operators and states are represented by functions on the discrete phase space.
If G is abelian, then every irreducible representation is one-dimensional. In
this case, m = n = 1 and we write A(g;j) = A(g;j11), DI, = ¥’ and
7) = 1j11).
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Lemma 7.2. If G is abelian, then for any operators A, B on F(G) we have
that

|
ZAQJ (9:) = 17 tr(A4B")

Proof. In the abelian case we have that

Wi(g;j) = W?(g)ljﬂm
Hence,
Alg: j) = tr [AW (g: )] = w%'mxg A1)
Therefore,

ZAQJ (9:4) ‘G‘ZQ|A|]><J\B*|9 |G‘ZQ|AB*\9>

1
= - tr(AB* O
Tl r(AB7)

If A € B(F(G)) is an observable and p € D (F(G)) then Lemma 7.2
shows that the expectation of A in the state p is

=G| ZA(g;j)W(g,J)
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