YOKOHAMA MATHEMATICAL
JOURNAL VoL. 52, 2005

EXPLICIT CONSTRUCTION OF CONTROLLED-U
GATES AND UNITARY OPERATORS IN TWO-QUDIT

By
KUNIO FUNAHASHI

(Received September 3, 2004)

Abstract. We concretely construct extensions of controlled-Ugates in multival-
ued algebra from some elementary gates. We also construct unitary operators in
two-qudit by means of the extended controlled-Ugates and show its universality.

1. Introduction

To build a theory of quantum computation a qubit, which is a state in a
Hilbert space C2, has been used as a unit of computation(5, 6]. The logic in the
qubit theory is simple and is compared to that in a theory of classical computa-
tion.

However there are some disadvantages in it. First number of steps in calcu-
lation tends to become large. It is, of course, favored to be small. Also in the
point of view of the decoherence (which is the suffering of the systems by any
unwanted interactions with the outside of them) problem[16, 7], this is desired.
Next to realize quantum computers in actual physical systems, energy levels of
atoms are utilized, while many physical systems have more than two-level. To
apply binary logic many levels are discarded wastefully.

Instead of binary algebra, multivalued algebra can be considered. A counter-
part of the qubit is a qudit, which is a state in a Hilbert space C¢ (d > 2) and
an n-qudit is a state in the tensor product (C%)®™.

Computation in multivalied algebra has some advantages to that in binary
one. First use of multivalued unit decreases number of steps. This is favorable
for the decoherence problem. Next we can use high excited states in physical
systems effectively.

Quantum gates in the qudit theory are unitary operators on multiqudits.
Such gates have been devised by some researchers[13, 3, 12, 8, 9, 10, 11, 4, 2].
However, as far as we know, there is no work on construction of unitary operators
from elementary gates concretely. Also there is no proof of its universality, of
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which meaning is that any unitary operator can be constructed. It seems that the
universality is approved on the analogy of the qubit theory, however, it should
be proved strictly. In constructing a controlled-Ugate (a gate that operates a
unitary operator U under a specific condition) in the qubit theory, the Euler
decomposition is used. However it seems to be complicated in the qudit one
where number of states in one-qudit is large[14, 15]. So, instead of it, we use the
diagonalization method of unitary operators. An advantage of it is that, even
when number of states is large, networks are relatively easy built.

This paper is organized as follows. In Sec.2 we give some elementary gates.
We extend controlled-Ugates, which were introduced in [1] for the qubit theory,
to construct unitary operators in Sec. 3. In Sec. 4 we show that we can construct
any unitary operator in two-qudit using the controlled-Ugates constructed in the
previous section. The last section is devoted to the discussion.

2. Elementary Gates for Qudit

We begin by introducing some notations and elementary gates in our method.
A single qudit has d-states, labeled

k) (k€ Za)

and identified, in matrix notation, with d-dimensional vector

k) =*(0,0,... ,0,?,0,... ,0),

where ¢ means the transposition. The following is assumed:

1. any unitary gate can be used in a single qudit,
2. there exists at least one gate which interconnects two qudits.

2.1 Elementary gates in a single qudit

By assumption, no primary gate in a single qudit exists, however, there are
some important gates.
First we introduce the exchange gate P,; which operates

6), if [¢) = |a)

Puplc) =< |ay, if |c) = |b) (a,b,c € Za),
|c), otherwise

and its matrix form is

(Pab)ij = 0ij + 0ia(—0ja + 655) + div (0o — djb)-
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Next we introduce a gate which is an extension of the Walsh-Hadamard gate,
which operates

1 : —_
Z5(la) + 16, if le) = la)
Haple) = _}2_(1@ — 1B), if |c) = |b)

lc), otherwise

and its matrix form is

1 1 1 1
(Hab)ij = (i,;_—,' + biq {(—1 + E)dj + Eéjb} + dip {—\-/_E_(Sja — (1 + —")5jb} .

2.2 Controlled gates

A controlled gate has two bits. One of them is known as the control bit and
the other is the target bit. This gate performs a unitary operation on the target
bit if the control bit is set to a specific value and otherwise leaves the target bit
alone.

We introduce a symbol C(U) to express a controlled gate. C' means con-
trolled operation and exponent a indicates a state of the control bit in which a
unitary operator U is applied. The tilde over C' means two-qudit operation. By

this symbol an operation of C’“(U ) is expressed as
la)(Uld)), if |¢) = |a)
lc)|d), otherwise

C(U)le)ld) = {

where |c}|d) is an abbreviation of the tensor product |c) ® |d) and hereafter ® is
often omitted for simplicity. Also we introduce the diagram of C*(U) as follows:

le) N le)

) Ulee|d)

The controlled-NOT (the controlled-o,) and »the controlled-o, gate are used
in interconnecting two-qubit in many times, where o, and o, are the Pauli

madtrices
oo (O _ _(1 0
7\ 0) P \o0 -1/
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We adopt an extended controlled-o, gate which acts

If the control bit is set to |a), then the sign of |b) in the target bit is
reversed, otherwise the target bit is left alone.

This operation is written by

—la)|b), if |c}|d) = |a)[b)

, (a,b,c,d € Zyg), 2.1
|c)|d), otherwise ( g 21)

C*(My)|c)ld) = {
where M, is a single qudit operation which reverses the sign of |b):

—[b), if ) = |b)
Mblc) = ,(b,CEZd).
lc), otherwise

The matrix form of C%(M,) is
(éa(Mb))ij = 61](1 - 26i,ad+b), (7’,.7 € Zdz)’ (2 2)

where

b
My = diag(1,1,... ,~1,...,1), (4,5 € Za),

and the diagram is

>

3. Construction of a Controlled-U Gate

In this section we construct a controlled-U gate which operates

|a)(U1B)), if |c) = |a)

|c)|b), otherwise

C(U)le)|b) = {

of which diagram is
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(o>

First we construct a controlled-exchange gate C®(P,.) which operates
la)lc), if |d)|e) = |a)|b)
C%(Poc)ld)le) = { la)[b), if |d)|e) = |a)]e)
|d)|e), otherwise -

This gate is built by

Ca(Pbc) = (1 ® Hbc)é’a(Mc)(]- ® Hbc)

and the diagram is

> &

If

B, | B I CED

Indeed, if the control bit is set to |a)
d__lvb,c

d—1
C%(Poc)(la) Y arlk)) = |a) (aclb) + aslc) + Y axlk))
k=0 k=0

and otherwise
3 d—1 d—1 d—1
CHPoe) (1)) anlk)) = A @)Y Y awlk) = 1) Y aulk)
k=0 k=0 k=0

where 3°V*° means a sum except for b, c.
Second by means of C*(Py.) we construct a gate which operates

e**|a)|0), if |c)|d) = |a)|0)
'C*'“(@b(O))ICHd) ={ €*la)p), if [c)|d) = |a)[b)

lc)|d), otherwise ;
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where O;(0) is a single qudit operation of which matrix form is

0 b
\

) v
0,(0) = diag(e™®,1,...,€%,...,1).

This gate is realized by

C*(04(6)) = (18 04(3))C° (Po)(1® O(~3)) ® 0" (Po)(1 & O3 ())

and the diagram is

/N

Next we consider a single qudit operation

et (0r1+02++0a-1)| 0 if 1b) = 10)

©(0)[b) = {

et |b), otherwise >

where we abbreviate

0= (61,02,...,04_1).

The matrix form of this operation is -
@(9) —_ diag(e—l(91+92++9d_1), eial, . ,eied_l).

Then the controlled-0(8) operation:

|a)©(8)Ib), if |c) = |a)

|cy|b), otherwise

C(0(8))lc)[b) = {

is realized by

d—1

C*(0(8)) = [] C*(0(6s))

b=1

and the diagram is
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)7 SR/

Ca(0(9)) =

Now we construct a controlled-U for a special unitary operator W € SU(d).
For any W € SU(d), there exists V' € SU(d) which satisfies

W =V1e(8)v,

9(0) = diag(e‘i(91+92+'“+9d—1), ewl’eioz’ e eiod_l)’

where ©(6) is an appropriaté diagonal matrix. By this fact we obtain the diagram
of the controlled-U for SU(d) as follows:

(2>

To extend the above result to U(d), we introduce a phase gate C*(S):

e?la)b),  if fc) = |a)

lc)|b), otherwise

C2(8)le)lb) = {

following . In the similar way to the qubit case, the diagram is given by

& (B D—

where

v
E, = diag(1,1,...,1,¢%,1,... ,1) € SU(d).
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Indeed, in two-qudit representation

[

v -~
E, ® 1 =diag(1,1,... ,1,e%1,1,...,1) = C%(S).

Making use of the phase gate, we can construct a controlled-U for U(d). Any
U € U(d) is decomposed to

U=eW (W eSU(d)).
By this fact a controlled-U for U(d) is given by
C%(U) = C*(W)C*(S),

and the diagram is

O <>—C B D

v (W

4. Construction of Unitary Operators in two-Qudit

In this section we construct a unitary operator U € U(d?) in two-qudit mak-
ing use of the controlled-U in the previous section. We follow, the method by
Deutch[5).

4.1 Transformation to a basis vector in a single qudit

A state in a single qudit is written by
d—1
@) =Y cxlk), (ck €C, k € Za)
k=0

and, in the matrix form, identified by
T =-t(CQ, Cl,y... ,cd—l)-
For any state |x), there exists a unitary operator U which satisfies

Ule) = Nol0)
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and, in the matrix form
Uz = (N, 0,...,0)

where
d—1

No= () a2

i=n

U is concretely (but not necessarily efficiently) constructed as follows. Put

k k+1

(1 \

1
. T |
N,
hi = k k ; y (k€ Zg—2),
k+1 Neta — Sk ‘

1
ha—2 = 1 ;
ca_z _ Ca_1
Ng_2 Ng_2
Lam1  _ Ca-2
Ng_2 Ng_2

then we obtain
(hd_ghd_s v hlho)fﬁv = t(No, O, ooy 0).

We also obtain an arbitrary basis vector as follows:

k
*(0,0,,...,Ny,0,...,0) =Us. (4.1)

Indeed, if we multiply an exchange operator after operatihg h’s, we obtain

k
Por(ha—2ha—3 - - - hiho) T = Poit(Ny,0,...,0) =%(0,0,,...,No,0,...,0).

We temporarily call this operator as Ti(z). By this symbol the above equation
is written by

k
Tk(a:)m =t(0,0,,... , No,0, ... ,0) (k € Zd).
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4.2 Transformation to a basis vector in two-qudit

Making use of Ti(x), we construct a unitary operator S¢(&), which trans-
forms a state & in two-qudit to a basis vector.
Any state in two-qudit is written by

d—1 d—1
&) = > clidl), (D leyP=1),
t,7=0 1,5=0

or, in the matrix form, identifies

~ t
T = (000,001,--- » €0,d—1,C10,C115--- ,€C1,d—15--- ,Cd—1,0,- - - ,Cd—1,d—1)
7 :
= ($0,$1,. v awd—l)‘
where
T; = (Cio,cila e ,Ci,d-l) (Z S Zd).

Then S5 (.’Ii:) is obtained by
S5(&) = Co(Tu(y))CO(To(20))C (Ts (1)) - - - C*H(Th(2a-1))
where

y = (lzolls |z, - - - 5 |Ea-1ll) € Va(C)

and C, means controlled operation in which the control bit and the target bit
are reversed. The diagram is

In this circuit we find
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4.3 Construction of unitary operators in two-qudit

Finally we construct a unitary operators in two-qudit. Let U € U(d?) be a
unitary operator of which eigenvalues are €' (3:?) (a,b € Zg) and the correspond-

ing eigenstates |o(a, b)).

We introduce X (a, b) which operates

X(a,b)le)|d) = {

X(a, b) is constructed by

X(a,b) = C%(X(a,b))

where X (a, b) is a single qudit gate:

X (a,b)lc)d) = {

The diagram is

X (a,b)

otherwise - -

In the matrix form

X (a,b) = diag(1,1,...,1, X(a, b),1)

= da+b

(1

da+b

eia(a,b)

e?@®a)|b), if |c)|d) = |a)[b)
)]d),

e?(@Pa)lb), if |c)|d) = |a)[b)
|c)|d), otherwise -
&
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with
X(a,b) = diag(1,1,...,1,e°@® 1 ... 1)
| b
(1 \
1
=b eicr(a,,b)

or, in component,
(X(a,0))i5 = 855{1 + bi dars(—1 + €7@V},
(X(a,b))ij = is{1 + 8in(=1 + (@)}
By the result of Sec. 4.2, there exists 52(o(a,b)) which satisfies
S3(o(a,b)lo(a,b)) = la)|b), (a,b € Za).

Then we introduce an operator
Z(a,b) = §Y(o(a,b)) X (a,b)S(a(a,b))

of which diagram is

Z(a, b) X(a’ b)

((9'v)o)g

((Q.‘D)D)I—S

This operator satisfies _
e?(@Pa(a,b)), lo(c,d)) =|o(a,b))
lo(c,d)), lo(c,d)) # |o(a, b))

Z(a,b)|o(c,d)) = {
Finally we construct U by

d-1
U= H Z(a,b).
a,b=0

The diagram is
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1 Iy k.

Ch

i
N
B
=

Z(0,1)

(t-rP1-P2Z

Indeed, this operator satisfies
Ulo(a,b)) = e*@®|o(a,b)), (a,b€ Zg),

to be diagonal in the eigenstates of U. Thus we find that this is a gate which
perform U.

5. Discussion

We have constructed controlled-U gates and a unitary operators in two-qudit.
In the similar way to extend controlled-U gates to controlled™ -U in the qubit
theory[l], controlled-U in the qudit one will be extended. However, as well
as in the qubit case, the larger n becomes the larger number of steps grows
exponentially. To avoid this problem some quite new ideas will be required.

When we construct controlled-U gates, we do not use the Euler decomposition
of unitary matrices but use the diagonalization of unitary operators. The former
may fit the property of laser and has advantage to construct networks with laser
operations, while latter may not fit the property of the laser, however, they
are not necessarily needed to construct networks and there may exist physical
systems suitable for the diagonalization.

We adopt controlled-exchange gates as elementary gates of controlled oper-
ation. This choice stems from the notion that in physical systems manipulation
is allowed between only two-state at a time. However if there exist physical sys-
tems in which manipulation between more than two-state is possible at a time,
some other gates may be used to decrease steps of calculation.

As stated in the introduction, there is the decoherence problem through in-
teraction with environment. Taking this fact into consideration, the qudit theory
have advantage to the qubit one. However, to realize qudits in physical systems,
for example, if we make use of energy levels of electron in an atom, the energy
differences between high excited states are very small, thus not so many levels
may be used in actual construction.
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