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Two methods for fast Fourier transforms are used in a quantum context. The first method is for
systems with dimension of the Hilbert space D = d™ with d an odd integer, and is inspired by the
Cooley-Tukey formalism. The ‘large Fourier transform’ is expressed as a sequence of n ‘small Fourier
transforms’ (together with some other transforms) in quantum systems with d-dimensional Hilbert
space. Limitations of the method are discussed. In some special cases, the n Fourier transforms
can be performed in parallel. The second method is for systems with dimension of the Hilbert
space D = dyp...d,—1 with do,...,dnr—1 odd integers coprime to each other. It is inspired by the
Good formalism, which in turn is based on the Chinese reminder theorem. In this case also the
‘large Fourier transform’ is expressed as a sequence of n ‘small Fourier transforms’ (that involve
some constants related to the number theory that describes the formalism). The ‘small Fourier
transforms’ can be performed in a classical computer or in a quantum computer (in which case we
have the additional well known advantages of quantum Fourier transform circuits). In the case that
the small Fourier transforms are performed with a classical computer, complexity arguments for
both methods show the reduction in computational time from O(D?) to O(Dlog D). The second
method is also used for the fast calculation of Wigner and Weyl functions, in quantum systems with
large finite dimension of the Hilbert space.

I. INTRODUCTION

The fast implementation of large Fourier transforms is very important for many technological applications.
Roughly speaking in this paper we express the Fourier transform in a Hilbert space of large dimension, as a
combination of many Fourier transforms in Hilbert spaces of small dimension. This is a fast Fourier transform,
because performing many ‘small’ Fourier transforms instead of one ‘large’ Fourier transform, is computationally
beneficial. The ‘small’ Fourier transforms can be performed in a classical computer or as quantum Fourier
transforms in a quantum computer. In the latter case, we will also have an additional well known reduction
of the computational time by quantum Fourier transform circuits (e.g., [I 2]). Our methodology (and the
associated reduction of computational time) is applicable to the calculation of other quantities also, like the
Wigner and Weyl functions.

Two important approaches are the Cooley-Tukey formalism [3, 4], and the Good formalism[5H7] which is
based on the Chinese remainder theorem. There are also many variations of these schemes (reviewed in [S8HI0]).
In this paper we study the implementation of fast Fourier transforms in quantum systems with large dimension
of the Hilbert space. We also study the fast calculation of the Wigner and Weyl functions. This is an important
application of the physics of quantum systems with finite -dimensional Hilbert space(e.g. [11]).

We consider a finite quantum system (D) with variables in Z(D) (the ring of integers modulo d) where D
is an odd integer. This system is described by the D-dimensional Hilbert space H(D). There are well known
technical differences between quantum systems with odd dimension D and even dimension D (e.g., [12HI4]).
In this paper we consider systems with odd dimension D. We discuss the fast implementation of the Fourier
transform F' in X(D), using two methods described briefly below.



A. First method for the case D = d" with d an odd integer

The fast implementation of the Fourier transform F in X(D), is using a sequence of n Fourier transforms
(together with some other transforms) in a multipartite system %,,(d) comprised of n components each of which
is described with variables in Z(d). Positions and momenta in 3, (d) take values in [Z(d)]"* = Z(d) x ...Z(d) and
the corresponding Hilbert space is H4 = H(d) ® ... ® H(d). The Hilbert spaces H(D) and $)4 are isomorphic
(they have the same dimension), and in this sense X (D) and X, (d) are two different descriptions of the same
system. However, Fourier transforms and other phase space methods are different in these two cases[I5].

Mathematically, this approach is inspired by the Cooley-Tukey formalism [3] for fast Fourier transforms (see
also [8HI0]), and is used here in a quantum context. But we note that the most popular Cooley-Tukey algorithm
is for D = 2™ whilst in our approach D is a power of an odd number.

A quantum circuit for the implementation of this fast Fourier transform is given in Fig[l] In some special
cases, the various operations can be performed in parallel (parallel computing).

We discuss the complexity of this method and show that the computational time is reduced from O(D?) to
O(Dlog D). We also present numerical work that supports this.

A limitation of the method is the fact that the ring Z(D) (with D = d™) is not isomorphic to the ring [Z(d)]".
Although there is a bijective map between them, sum and products do not correspond to sums and products
(section 2.A). The implications of this are discussed in section 4.C. For example, this method cannot be used
in Eqs below, for the fast calculation of the Wigner and Weyl functions.

B. Second method for the case D = dy...d,,—1 with do,...,d,—1 odd integers coprime to each other

The fast implementation of the Fourier transform F, is using a multipartite system 3(dy, ..., d,,—1) comprised of
n components, which are described with variables in Z(dp), ..., Z(d,,—1). Positions and momenta in X(dy, ..., d,,—1)
take values in Z(dg) X ... X Z(d,—1) and the corresponding Hilbert space is 5 = H(dyp) ® ... ® H(d,,—1). The
Hilbert spaces H(D) and $p are isomorphic (they have the same dimension), and in this sense (D) and
3(dg, ..., dn—1) are two different descriptions of the same system.

Mathematically, this approach is inspired by the Good formalism[5H7] for fast Fourier transforms (see also
[8HI0]), which in turn is based on the Chinese remainder theorem, and is used here in a quantum context. A
quantum circuit for the implementation of this fast Fourier transform is given in Figl5

The complexity of the method is discussed, and it is shown that the computational time is reduced from
O(D?) to O(Dlog D). This is supported with numerical work.

A strength of the method is the fact that the ring Z(D) is isomorphic to the ring Z(do) X ... X Z(d,,—1) (section
2.B). Because of this the method is used for the fact calculation of Wigner and Weyl functions in section 6.

C. Contents

The work is complementary to the work on quantum Fourier transforms. It reduces a large Fourier transform
to many small Fourier transforms, and this reduces the computational time. The small Fourier transforms
can be preformed with a classical computer, or (if available) with a quantum computer so that we have the
additional (and well known) advantages of quantum Fourier transforms(I] 2].

In section 2 we discuss the number theory related to the two methods. In section 3 we consider a quantum
system X(D) with variables in Z(D) where D is an odd integer, described by the D-dimensional Hilbert space
H(D). In section 4 we present the first method for the case where D = d”. In section 5 we present the second
method for the case where D = dy...d,,—1 with dy, ...,d,,—1 odd integers coprime to each other. In section 6 we
use the second method for the fast calculation of the Wigner and Weyl functions. We conclude in section 7 with
a discussion of our results.



II. NUMBER THEORY FOR THE TWO FAST FOURIER TRANSFORMS
A. A bijective map between the non-isomorphic rings [Z(d)]" and Z(D) when D = d"

Z(D) is the ring of integers modulo D, where D is an odd integer. We take D = d™ (where d is an odd
integer) and consider a bijective map between [Z(d)]" = Z(d) X ... x Z(d) and Z(D). We use upper case letters
for elements in Z(D), and lower case letters for elements in Z(d). We also take j, € Z(d) and J € Z(D) in the
‘periods’

(1)

correspondingly.
We introduce the following bijective map between the sets [Z(d)]™ and Z(D)

(Joy -wrdn—1) ¢ J =Jo+ jrd+ ...+ fjp_1d" . (2)
Given J, we can find the jo, ..., jo—1 as the remainders in the following sequence of divisions:
e We divide J by d and we get j; + jod + ...j,_1d" 2 and remainder jo.
e We divide j; + jod + ...jn,_1d" "2 by d and we get jo + jsd + ...j,_1d" "3 and remainder j;.
e c.t.c.

We note that the [Z(d)]™ as a ring (with addition and multiplication componentwise), is not isomorphic to the
ring Z(D) because addition and multiplication is different[15]. Indeed

(Jos s n—1) + (ko ooy kn—1) = (Jo + Koy ooy in—1 + kn—1) (3)

does not correspond to J + K. The sum in Z(D) has the ‘carry’ rule and the r-component might be j,. + &, + 1
rather than j. + k. . In contrast, there is no ‘carry’ rule in [Z(d)]™. Also the multiplication in Z(D)

JK = joko + d(jiko + k1jo) + .. + d" " (okn—1 + ... + jn_1ko), (4)
does not correspond to the componentwise multiplication in [Z(d)]™
(Jos s n=1) - (Ko, s kn—1) = (Joko, -, Jn—1kn—1)- (5)

Due to the non-isomorphism of the rings Z(D) and [Z(d)]™, there is a limitation (see subsection 4.C) of the
corresponding fast Fourier transform method in section 4.
We use the notation

2
wr(s) = exp <z7;8) . (6)
For later use, we use Eq and we get
wD(JK) = Wqn (ijO)de—l<j1k0 + k1j0)~-~wd(j0kn71 + ...+ jnflko). (7)
Example II.1. We consider the bijective map between the sets [Z(3)]> and Z(9):
(j07j1) e J:]0+3]17 juzilaovl; J:74aa4 (8)

Then (1,1) corresponds to 4 € Z(9). Addition in [Z(3)]* gives (1,1) + (1,1) = (=1, —1) which corresponds to
—4 € Z(9). The corresponding addition in Z(9) gives 4 +4 = —1.



B. The isomorphic rings Z(do) X ... X Z(dn—1) and Z(D) when D = dy...dr—1 and the do, ...,dn—1 are coprime

A different method for Fast Fourier transforms is the Good method [5H7] which is based on the Chinese
remainder theorem. In a quantum context it has been used in [11] [16].

If dy, ..., d,,—1 are coprime, then the ring Z(dy) X ... X Z(d,,—1) is isomorphic to Z(D) where D = dy X ... X d,_1.
We first define the integers

a,b, = 1(mod d,,) (9)
b, is the inverse of a, within Z(d, ), and it exists because the a,,d, are coprime. We also define the ¢, = a,b,
as an element of Z(D), which is an integer multiple of d,, plus one (Nd, + 1).
Lemma II1.2.

a,a, = a28,,(mod D); ¢, = ¢,0,,(mod D); a,c, = a,d,,(mod D). (10)

Proof. In the first relation, for v # p we get a multiple of D, which is 0(mod D).
In the second relation, we get

¢, = a,bya,b, = (a,,b,,)zé,,H = c?,dw =¢,(Nd, +1)d,, = ¢,0,,, + Nb,(a,d,)
= ¢,0,, + Nb,D = ¢,6,, (mod D). (11)

In the third relation, we get

ayc, = apa,b, = a?,byéw =a,¢,0,, = a,(Ndy, +1)0,,, = a,0,,, + ND
0, (mod D). (12)

We define a bijective map between Z(d;) X ... X Z(d,,) and Z(D) as follows:
(Josoordn1) <> J5 Gy =J(modd,) € Z(d,); J = juc, € Z(D). (13)
The Chinese remainder theorem ensures that this map is bijective. Using Eq., we prove that

(Go =+ Jbs s a1 + Jnq) & J+J';
(j0j67~.'7j’n71j;171) <~ JJI (14)

and therefore the ring Z(dp) x ... X Z(d,,—1) is isomorphic to Z(D).
We also define a different bijective map

(jos-rdn—1) ¢ J5 Ju=Jb,(modd,) € Z(dy); J=_j,a, € ZD). (15)

From Eqs7 we find the relationship between j, and 3,,:

Jv = ubu(mod )i j, = jyo, (mod d,). (16)
Using Eqs,7 we prove that
JK = jokoao + .. + jn—1kn_10n_1. (17)

It then follows the important relation:

wp(JK) = way(Goko)...wd,_, (Jn-1kn—1)
wd, (Joboko)...wd, , (Jrn—-1bn—1kn_1) (18)



Example I1.3. Let dy =3 and dy =5. Then D =15 and

Cl0:5; 50:2; c0:10
Cl1:3; 51:2; C1:6. (19)

Then
J = 10jo + 671 = 5jo + 31 (20)

As an example, we take J =11 and we find the corresponding (jo,j1) = (2,1) and (/]'\O,jl) = (4,2). We confirm

Eq@:

jobo =2x2=4=7jo; jibi=1x2=7
oo = 4 x 5= 2(mod 3) = jo: 101 =2 x 3 = 1(mod 5) = ji. (21)

IIT. A QUANTUM SYSTEM X (D) WITH VARIABLES IN Z(D)

We consider a quantum system (D) with variables in the ring Z(D), where D is an odd integer. H(D) is
the D-dimensional Hilbert space describing this system.

Let | X;J) where J € Z(D) be an orthonormal basis in H(D). The X in the notation is not a variable, it
simply indicates ‘position states’. The finite Fourier transform F is given by[I7]

1
F=—> wp(JK)X;J)(X;K[; A J K €ZLD)
7D 2
F*=1; FFi=1, (22)
We act with F on position states and get the dual basis

|P;J) = FI|X;J) = ==Y wp(~JK)|X; K). (23)

1

VD ¢
The P in the notation is not a variable, it simply indicates ‘momentum states’. A state |s) in H(D) can be
written as

|s) = s())|X;0) = 5(J)|P; )
~ 1
3(J) = ﬁ;wD(JK)s(K) (24)

Below we study the fast implementation of this Fourier transform.

IV. THE CASE D =d"
A. A multipartite system X,(d) with variables in [Z(d)]"

We consider a multipartite system 3, (d) comprised of n components each of which is described with variables
in Z(d). Positions and momenta take values in [Z(d)]™. This system is described with the d"-dimensional Hilbert
space H4 = H(d) ® ... ® H(d). We consider the basis

1X5 505 s Jn—1) = [ X5 J0) @ .. @ | X5 Jn1);  Jr € Z(d). (25)



An arbitrary state is written as

|3> :Zs(j07-‘-7jn71)|X;j03"'ujn71>; Z'S(j07"'7jn71)|2: 1. (26)

Fourier transforms are defined as:

1
Fa=F®.0F F=-—Fx3Y wiljk)|X;j){X;kl
Vd <3

Fh=1 §a8 =1 j.keZ(a) (27)

We assume that D = d" and compare and contrast the systems %,,(d) and 3(D). Then $ 4 is isomorphic to
H(D) (because they both have the same dimension), and therefore 3(D) and X,,(d) are two different descriptions
of the same system. However as discussed in ref[I5], Fourier transforms and phase space methods (displacement
operators, Wigner and Weyl functions, etc) are different in 3(D) and X,,(d) (F is different from F4). This is
because in these techniques we use addition and multiplication and as we explained above, the rings [Z(d)]™
and Z(D) are not isomorphic to each other. Furthermore (proposition 4.4 in ref[I5]), depending on the d, n, the
Fourier transforms in ¥,,(d) and (D) are unitarily inequivalent or unitarily equivalent .

Below we explain how the equivalent of the Fourier transform F' in ¥(D), is a sequence of transformations
in ¥,,(d) that involve Fourier transforms in the various components together with some other transformations.
The latter is a fast Fourier transform in a quantum context.

B. Fast Fourier transform F in (D) as a sequence of transformations in 3,(d) with D =d"

We use the following dual notation for functions and states in X (D), based on the bijective map in Eq.:
s(K) = s(ko, ..., kn—1)- (28)
The matrix elements of the Fourier transform F in ¥(D) (Eq.([22)) as:
F(joy s jn—1lkoy s kn—1) = (Jos - Jn—1|Fko, -y kn—1)
= %Wd“ ljoko + d(j1ko + k1j0) + .. +d"  (Jokn—1 + -.. + jn—1ko)]

Vdr
= A(kn—1)A(kn—2)A(kn_3)...A(ko) (29)

where

A(knfl) = (j()knfl)

1
va
1
A(kn—2) = ﬁwd(jlknfﬂwdz (Jokn—2)

1
A(kn—3) = ﬁwd(janf?»)Wdz (J1kn—3)was (jokn—3)

A(ko) = %wd(jn_lko)wdz (jn_gk‘o)....wdn (]ok‘o) (30)

Using this we implement the Fourier transform in Eq.7 as a sequence of transforms in the system %, (d). It
involves the following steps (shown also in the quantum circuit in Fig:

e A Fourier transform of s(K) = s(ko, ..., kn—1) with wq(jokn—1) that involves summation over ky_1:

. 1 )
s1(Jolkos -y kn—2) = Wz > waljokn-1)s(ko, ... kn1) (31)
knfl



e We first multiply s1(jolko, .., kn—2) by wgz(jokn—2) (this is the analogue of ‘twiddle factors’[I8] in the
present context). Then we perform a Fourier transform of wgz (jokn—2)$1(Jo|ko, .-y kn—2) with wq(j1kn—2),
that involves summation over k,, _o:

o 1 , ‘ .
s2(Jo, J1lko, -, kn—3) = /i Zwd(]lkn72)[wd2(]Okn72)81(]0|k0a~'7kn72)} (32)
k

n—2

e We first multiply s2(jo, j1|ko, -+, kn—2) by waz(j1kn—3)wgs (jokn—3). Then we perform a Fourier transform
of wyz (J1kn—3)waz (Jokn—3)s2(jo, 711 ko, -, kn—2) with wq(jak,—3), that involves summation over k,,_s:

s3(Jo, 1, J2lkos -, kn—a) = 7 Zwd(]2kn—3)[wd2(]lkn—S)wd3(]Okn—3)52(]07]1|k07~~akn—2)] (33)
k

n—3

e We continue in this way and the n-step is a Fourier transform with wq(j,—1ko) that involves summation
over kg:

5(J) = 5(Jos -+ Jn—1) = \}C—l%:wd(jn—lko)[wd2(jn—zko)----wd"(joko)sn—1(j0,---,jn—2|k0)] (34)

We note that:

[ ]
Z |5(koy oy k1) > = Z [s1(jolko, s ko) = ... = Z 5(j0s -wrdn-1)[* = 1. (35)

e Starting from s,(jo, ..., jr—1|ko, .., kn—r—1) With a series of inverse Fourier transforms we get the original
wavefunction s(ko, ..., kn—1). For example from 5(jo, ..., jn—1) We g0 t0 Sn—1(Jo, .-, jn—2|k0)] as follows:

$n1 (o eor Jzlbi)] = [wdz<—jn72ko>....wdn(—joko)]% %:wd(—jnflkoﬁ(jo, dut) (36)

In a similar way we go backwards in all above steps. Therefore all the s, (jo, ..., jr—1|k0, -, kn—r—1) contain
the same information as the original wavefunction s(ko, ..., kn—1)-

Example IV.1. Forn = 2, Eq.(@) becomes

. 1 ) . .
F(jo, j1lko, k1) = ﬁwdz lJoko + d(j1ko + K1jo)]- (37)

Acting on a vector s(K) = s(ko, k1) we get
3(J) =3(jo,51) = ! E wqz[joko + d(j1ko + k1jo)]s(ko, k1) (38)
s(J) =5(jo,51) = — 2 s(ko, K1).
Jos J1 2l = d2[Joro J1ro 1J0 05 F1

In this case the fast Fourier transform given above becomes

5(J) =300, 1) = o5 Y waljiko)[wa (joko)s1 (jolko)] (39)
ko

with

51(jolko) = %de(jokl)s(ko,kl) (40)
k1



C. Limitation of the method

We have calculated the Fourier transform of the function s(K) = s(ko,...,k,—1). For other functions it is
not easy to apply this method. For example in the Weyl function in Eq. below, we want to calculate the
Fourier transform of the function s(K)s*(B + K). Because the rings [Z(d)]™ and Z(D) (with D = d™) are not
isomorphic to each other, if

(ko, ...,kd_l) — K=ky+kid+ ..+ k‘n_ldn_l
(bo,..ybg_1) < B =byg+bid+ ...+ b, _1d" " . (41)

the (ko + bo, ..., kn—1 + bp—1) does not correspond to K + B. It is then difficult to apply directly the above
formalism to Eq. for the fast calculation of the Weyl and Wigner functions.

In general, this fast Fourier transform is not directly applicable to functions which involve various sums and
products of the variables. The fact that the rings [Z(d)]" and Z(D) are not isomorphic to each other, limits the
practical use of the method.

D. Parallelism in the special case of factorisable states

We consider the factorisable state

s(K) = s(ko, .- kn—1) = go(ko)g1 (k1) ---gn-1( Z|gu P =1 (42)

In this case
51(jolko, - kn—2) = go(ko).--gn—2(kn—2)gn-1(jo)
Gn1Gio) = — 57 walGiokn—1)gm—1 (ki 43
gn—1(jo) \/;ig;l a(Jokn—1)gn—1(kn_1) (43)

Also
s2(Jo, j1lkos s kn— 3)—90(k0) In—3(kn—3)Gn_2(jo, 51)Gn—1(jo)
G (jo, 1) = f > waljrkn-2)[wez (jokn—2)gn—2(kn—2)] (44)

n2

Also
53(Jo, J1s J2lkos - kn— 4)—90(k0) In—a(kn—2)Gn_3(jo, j1,72)Gn—2(jo, 51)Gn—1(jo)
Grn—s (o jr. j2) = \f de Jokn—3)[waz (j1kn—3)was (Jokn—3)gn—3(kn—3)] (45)

etc. The last one is
§(j07~-~7jn71)_60(j0w o Jn— 1)51(%7- o Jn—2)-- G 2(Jo, 71)9n—1(Jjo)
Go(jos --vs 1) \/»de Jn-1ko)[waz (Jn—2ko)....war (Joko)go (ko)] (46)
ko

We note that for factorisable functions, we can calculate independently each of the n factors
Go(Jos s Jn—-1), G1(Jos s Jn—2); ---s Gn—1(Jo) and multiply them at the end. Therefore this scheme is suitable
for parallel computation. The calculation in the previous subsection for general functions, needs to be done
sequentially.



Example IV.2. For n =2 we consider the factorisable state
s(K) = s(ko, k1) = go(ko)g1 (k1) (47)
In this case

3(J) = 3(jo, j1) = Goljo. 1)1 (jo)

g1(jo) = % %:wd(jokl)gl(kl)
Golndt) =~ Y walisko)wae oko)go(ko) (48)
ko

The two factors Go(jo, j1) and §1(jo) can be calculated in parallel.

Remark TIV.3. The ‘parallel formalism’ of this section is limited to special cases where we know that the
factorisation in Eq.(42) holds. Given s(K) = s(ko,...kn—1), we give a necessary (but not sufficient) condition
for the factorisation to hold.

We define the

(k)P = 3 ko, ki) . (49)
£k

Here we have a summation over all indices, except one. A necessary (but not sufficient) condition for Eq.
to hold, is that

|s(ko, --kn—1)| = lg(ko)|---|g(kn—1)] (50)

E. Time complexity of the Fourier transform: counting the number of multiplications

The estimate of the computational time is usually based on the number of multiplications, because they
require more computational time than additions. It is easily seen that the number of multiplications for ‘normal’
Fourier transform is O(D?) (it is a multiplication of a D x D matrix with a D-dimensional vector). For the fast
Fourier transform it is known that a lower bound for the computational time is O(Dlog D), and we now give
an approximate estimate for this.

In the fast transform in section the first step in Eq. is a Fourier transform in a d-dimensional space
and it requires d? multiplications. This needs to be repeated for all values of the n — 1 variables ko, .., kn_o
which take d values each, therefore the number of multiplications is d?d”~! = Dd. The second step in Eq.
involves another Dd multiplications (plus some extra multiplications which we ignore because we are interested
in a lower limit). In this way we find that a lower bound for the number of multiplications is

Dnd > Dnlogd = Dlog D. (51)

Many authors pointed out that this is a lower bound and that ‘real’ numerical fast Fourier transforms take a
bit more time than that.

We consider a Hilbert space H(D) with D = d?, where d that takes all the odd values 51, ....,101. Using a
random vector s(K) = s(ko, k1) (produced by qiskit [19]) , we calculated 5(J) = 5(jo, j1) using both Eq(38)
(that involves the multiplication of a D x D matrix times a D-dimensional vector) and also the fast Fourier
transform in Eqs7 (40). We call T(D) the computational time for the calculation of all components $(jo, j1)
with the ‘normal’ Fourier transform in Eq.7 and Ty (D) the computational time for the calculation with the

fast Fourier transform in Eqs, . In Figs we plot

(D) Ty(D)

D =d* 2
D2’ DlogD’ (52)
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The result for % in Fig is a horizontal line and this confirms that the computational time for the normal

Fourier transform is O(D?).

The result for g{é:jj)j

computational time of the fast Fourier transform is approximately O(D log D).
In Fig we compare T(D) with Ty(D). It is seen that T(D) is much smaller than T(D). We checked that

the Fourier transform of different random vectors give similar results.

in Fig is a slightly ascending line and this confirms that a good lower bound for the

V. THE CASE D =dy...dn,—1 WITH COPRIME dy,...,dn—1
A. A multipartite system 3(do,...,d,—1) with variables in Z(do) X ... X Z(dn—1).

In this section D = dy...d,—1 with dg, ..., d,_1 odd integers coprime to each other. We consider a multipartite
system X(dy, ...,d,—1) comprised of n components, which are described with variables in Z(dp), ..., Z(dp—1).
Positions and momenta in the multipartite system take values in Z(dp) X ... X Z(d,—1) and the corresponding
Hilbert space is ip = H(dp) ® ... ® H(d,,—1). The Hilbert spaces H(D) and $p are isomorphic (they have the
same dimension), and therefore (D) and 3(dy, ...,d,—1) are two different descriptions of the same system.

We consider the basis

1 X5 405 -y Jn—1) = [X3j0) @ . @ | X5 jn-1)i v € Z(dy). (53)
An arbitrary state is written as
1) =D 5(foy s 1)1 X5 G0 o Gin1); D 18(j0s s dn1)|? = 1. (54)

Fourier transforms in X(dp, ...,d,,—1) are defined as:

1 . .
SB=F0®@ .0 Fa_1; Fo=—4 § wdu(]uku)‘X;jVMX;ku‘
\/Ejuyku

Fh=1, FB3L=1; j.. k €Z(d). (55)

Clearly F is very different from §p.

B. Fast Fourier transform F in (D) as a sequence of transformations in X(do, ...,dn—1) with D = dg...dn—1

We use the following dual notation for all functions and states in (D), based on the bijective map in Eq.:
s(K) = s(ko, ..., kn—1); kv, € Z(d,). (56)
Using Eq.(18) we express the matrix elements of the Fourier transform F in ¥(D) (Eq.([22)) as:
F(jos s dn—1lko, s kn1) = (o, ---s Jn—1|Fko, ---s kn—1)

= L/ld»owdo(joboko)} [%wdnl(jn—lhn—lkn—l) (57)

The constants b, have been defined in Eq.@[). Using this we implement the Fourier transform in Eq., as a
sequence of transforms in the system X(dy, ..., d,—1). It involves the following steps (shown also in the quantum
circuit in Fig:
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e A Fourier transform of s(K) = s(ko, ..., kn—1) with wg, ,(jn—1b6n—1kn—1) (we note here the constant b,,_1)
and summation over k, _1:

$1(Jn-1lko -, kn—2) = \/— den L (Un—1bp—1kn—1)s(ko, ..., kn—1) (58)

1k, _

e A Fourier transform of s1(jn—1lko, ..., kn—2) With wq, ,(jn—2b,—2k,—2) (we note here the constant b,,_o)
and summation over k,,_s:

den 2 (Jn—2bn—2kn_2)s1(jn-1lko, .., kn—2), (59)

52(Jn—2,Jn—1lko, .-, kn—3) =
\/ TL 2 k‘

etc. The last step is

~ . . 1 . . .
$(J) = s(Jo, s in—1) = NG deo (Joboko)sn—1(J1; s Jn—1lko) (60)
ko

Similarly to the previous method, for factorisable functions these n steps can be done in parallel. But for
general functions, they need to be done sequentially.

C. Time complexity of the Fourier transform: counting the number of multiplications

We first give an approximate estimate that a lower bound for the computational time in the present scheme,
is O(Dlog D).

In the fast transform in sec‘mon“7 the first step in Eq. (58 . ) is a Fourier transform in a d,,_;-dimensional space
and it requires dn 1, multiplications. This needs to be repeated for all values of the n — 1 variables ko, .., kn_o,
therefore the number of multiplications is d;...d,,_2d?_; = Dd,,_1. The second step in Eq.(59) involves another
Dd,,_s multiplications. In this way we find that a lower bound for the number of multiplications is

D(do+ ... +dn—1) > D(logdy + ... + logd,,—1) = Dlog D. (61)

We consider Hilbert spaces H(d1ds) where di = 53 and ds takes the odd values 55,57, ....,101. Since 53 is a
prime number the d;,ds are coprime. As in section we used a random vector s(K) = s(ko, k1) (produced
by qiskit [19]) , we calculated 3(J) = 5(jo, j1). In Figs|6l7 we plot

T(D) T(D)
D2’ DlogD’

D = dyds. (62)

T(D)

The result for =—357% in Fig@ is a horizontal line and this confirms that the computational time for the normal

Fourier transform is O(D?). The result for D{é i) in Fig is also a horizontal line and this confirms that a

good lower bound for the computational time of the fast Fourier transform is approximately O(D log D).
In Fig[§| we compare T(D) with Tj(D). It is seen that Ty(D) is much smaller than T(D). We checked that
the Fourier transform of different random vectors give similar results.

VI. FAST WIGNER AND WEYL FUNCTIONS USING THE SECOND METHOD

Phase space methods for the system (D) (Wigner and Weyl functions, etc) rely heavily on Fourier transforms.
Therefore fast Fourier transforms can be used for the fast calculation of various quantities within the phase
space formalism.
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As an example, we consider the Weyl function W(A,B) and the Wigner function W (A, B) for the state
|s) = > s(K)|X; K) of the system X(D). They are given by the following Fourier transforms(e.g.,[20]):

W(A,B) =wp(2 'AB) > wp(AK)s(K)s*(B+K); A,B € Z(D)
K
W(A,B) = wp(24B) > wp(~24K)s(K)s*(2B - K) (63)
K

The 271 = 2t (mod D) for odd D.

We explained in subsection that the first method for fast Fourier transforms (in the case D = d™) is not
directly applicable to Eqs, for the fast calculation of these functions. This is related to the fact that the
rings [Z(d)]™ and Z(D) (with D = d™) are not isomorphic to each other.

The second method for fast Fourier transforms (in the case D = dy...d,,—1 with coprime dy, ..., d,,—1) is directly
applicable in the fast calculation of the Weyl and Wigner functions. We present in detail the fast Weyl function.
We use the bijective map in Eq., and express K, B as

K+ (koy .o kn—1); ko, €Z(d,)
B+ (byy...bn—1); b, € Z(d,)
A< (CL07 maan—l); ay € Z(du) (64)
The rings Z(D) and Z(dp) X ... X Z(d,,—1) are isomorphic and therefore
K+ B (ko+bo, .oy kn—1 4+ bn_1). (65)
Consequently
S(K)S*(B + K) = S(ko7 T kn_l)S*(kQ + bo, veny kn—l + bn—l)- (66)
We now give briefly the basic steps for the fast Weyl function (shown also in the quantum circuit in Fi.

e A Fourier transform of s({k,})s*({k, + b.}) with wg, _,(@n—1b5,_1k,—1) (We note here the constant b,,_1)
and summation over k,,_1:

Wl(anfl‘km oy kn—2|{br}) = Z wd,,_y (an—1bp—1kn—1)s({kr})s" ({ks 4 br}). (67)
kn_1

e A Fourier transform of W, (an—1lko, .., kn—2|{br}) with wg, ,(an_2b,_2k,_2) (we note here the constant
b,—2) and summation over k,_s:

Wa(an—2, an-1lko, ... kn-sl{b:}) = Y wa, ,(an-2bn—okn—2)Wi(an—1lko, ... kn2l{bs}), (68)
kn_2

etc. The last step is

W (A, B) = W({ar,b,}) =wp(27 AB) Y wa, (agboko) W1 (a1, ..., an—1[ko|{b, }). (69)
ko

Similarly to the previous methods, for factorisable functions s(ko, ..., k,—1) these n steps can be done in
parallel. But for general functions, they need to be done sequentially.
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Analogous algorithm can be given for the Wigner function.

We note that the Fourier transform requires O(D?) multiplications, but it needs to be performed for all values
of A, B. Therefore the complexity of the calculation of the Wigner or Weyl function is O(D*%), and with the
fast Fourier transforms discussed above it is reduced to O(D?log D).

As an example we consider the case D = 21 x 23 = 3 x 7 x 23 and calculated the Weyl function of a random
vector (produced by qiskit[I9]) with the normal Fourier transform and with the fast method given above. We
found numerically that the ratio of the corresponding computational times is T'/Ty = 14.7 (with the D = 21 x 23
factorisation), and T'/Ty = 17.6 (with the D = 3 x 7 x 23 factorisation).

VII. DISCUSSION

We have presented a fast implementation of the Fourier transform F' in a large quantum system. This replaces
the large Fourier transform with many small Fourier transforms. The small Fourier transforms can be performed
classically or (if available) in a quantum computer in which case we have the well known additional advantages
of quantum Fourier transforms. We used two methods.

The first method is for the case D = d™ with d an odd integer. This is based on the bijective map between the
sets Z(D) and [Z(d)]" in Eq.(2). The algorithm is described in Eqs(3I)-(34) and the relevant quantum circuit
is shown in Fig[l}

The complexity (based on the number of multiplications) of the normal Fourier transform is O(D?) and of
the fast Fourier transform O(Dlog D). This has been supported with numerical work shown in figs As
expected the fast Fourier transform is much faster than the normal Fourier transform (Fig3). A limitation of
the method is the fact that the ring Z(D) (with D = d™) is not isomorphic to the ring [Z(d)]"™. Consequently,
this method cannot be used with Eqs for the fast calculation of the Wigner and Weyl functions.

The second method is for the case D = dy...d,,_1 with dy, ..., d,_1 odd integers coprime to each other. This
is based on the bijective map between the rings Z(D) and Z(do), ..., Z(dp—1) in Eq.(I3). These two rings
are isomorphic. The algorithm is described in Eqs(58)-(60) and the relevant quantum circuit is shown in
Fig Numerical work shown in figs confirm that the complexity of the normal Fourier transform is O(D?)
and of the fast Fourier transform O(Dlog D). Figg| shows that the fast Fourier transform requires much less
computational time than the Normal Fourier Transform.

This second method can be used with Eqs for the fast calculation of the Wigner and Weyl functions. The
algorithm for the Weyl function is given in Eqs— and the relevant quantum circuit is shown in Fig@
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FIG. 1: Circuit for the fast calculation of the Fourier transform F', using Eqs—. Here D = d".



16

0.200

0.175 ~

0.150

0.125 ~

Tio}
=

0.100

MNormal FT: -

0.075 ~

0.050 ~

0.025 ~

0.000

T T T T T T T T
3000 4000 5000 6000 7000 8000 9000 10000
D

FIG. 2: % for the ‘normal’ Fourier transform of a random vector (Eq)7 as a function of D = d®> where d =
51,53, ...,101 is an odd integer. The result is a horizontal line, and this confirms that the computational time for the
normal Fourier transform is O(D?). The Fourier transform of different random vectors give similar results.
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d = 51,53,...,101 is an odd integer. The result is a slightly ascending line, and
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for the fast Fourier transform of a random vector(Eqs, ), as a function of D = d* where
is confirms that a lower bound for

the computational time for the fast Fourier transform is approximately O(Dlog D). The Fourier transform of different

random vectors g

ive similar results.
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FIG. 4: The CPU times T(D) and T¢(D) for the normal Fourier transform (Eq(38)) and the fast Fourier transform
(Eqs7 ) correspondingly, of a random vector, as a function of D = d? where d = 51,53, ...,101 is an odd integer.
It is seen that T¢(D) is much smaller than T'(D). Different random vectors give similar results.
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FIG. 5: Circuit for the fast implementation of the Fourier transformf using Eqs—. Here D = dy...d,_1 with
coprime do, ...,dn—1. The constants b, are defined in Eq.@.
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FIG. 8: The CPU times T((D) and T¢(D) for the normal Fourier transform (Eq(38)) and the fast Fourier transform
(Eqs7 ) correspondingly, of a random vector, as a function of D = d1d2 where di = 53 and and d2 = 55,57, ..., 101
(the di,d2 are coprime). It is seen that T (D) is much smaller than T'(D). Different random vectors give similar results.
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FIG. 9: Circuit for the fast calculation of the Weyl function, using Eqs—. Here D = dy...dn—1 with coprime
do, ..., dn—1. The constants b, are defined in Eq.@.
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