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Average position in quantum walks with a U(2) coin*
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We investigated discrete-time quantum walks with an arbitary unitary coin. Here we discover that the average position
(x) = max((x)) sin(c + ), while the initial state is 1/+/2(|OL) + i|OR)). We verify the result, and obtain some symmetry
properties of quantum walks with a U(2) coin with |0L) and |OR) as the initial state.
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1. Introduction

Quantum walks (QWs) were first introduced in 19931
as a generalization of classical random walks. According to
the time evolution, QWs can be divided into discrete-time and
continuous-time!?! QWs. Recently, both continuous-time’!
and discrete-timel* QWs are found to be universal for quan-
tum computation. A number of quantum algorithms based on
QWs have already been proposed in Refs. [5]- [10]. In addi-
tion, QWs in a graph,!'!! on a line with a moving boundary,!?!
with multiple coins!'?! or decoherent coins!'#! have also been
discussed .

QWs using a SU(2) coin was introduced by Chan-
drashekar et al.['>1 where the standard deviation and measure-
ment entropy properties were discussed. Here we discuss the
symmetry and average position properties for the QWs with a

U(2) coin.

2. Generalized discrete time quantum walks

In this paper, we discuss within the discrete-time QWs .
The total Hilbert space for QWs is given by ¢ = % @ ¢,
where % is spanned by the orthonormal states {|x)} and ¢
is the two-dimensional coin space spanned by two orthonor-
mal states |L) and |R).

Each step of the QWs can be split into two operations: the
evolution of the coin state and the particle movement accord-
ing to the coin state.

Here for generalization, the coin is evolved by applying a
U(2) operation:

e'%cosfB, —eiysinﬁ) )

B0 e'’sinB, e '*cosf

For example, the Hadamard operator can be described as
H = Uy z/4n/2—n/2- The particle movement operator is
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given by
§=er* =} S @
X

where p is the momentum operator, and oy, is the Pauli-z oper-
ator,

Sy =[x+ 1) (x| @ [R)(R] 4 |x — 1) (x| @ |L) (L. 3)

Then we can obtain the generalized QWs.I'>! After ¢ steps of
QWs,

%) = [SIp@Upgp.y0)] %), 4)

where |Fp) is the initial state of the system.

We can easily obtain the following propositions.

Lemma 1 The quantum walks have the same probability
distribution with a U(2) coin or an SU(2) coin which has the
same parameters @, 3, and ¥ in the U(2) martrix.

Corollary 1 The average position is the same in quantum
walks with a U(2) coin and an SU(2) coin if the two coins have
the same parameters «, 3, and .

According to Corollary 1, if we want to know the average
position property in QWs with an arbitrary unitary operator,
we only need to study the quantum walk with an SU(2) coin
instead. For the rest of this paper, we always use the SU(2)
coin which can be written as

ia Ay
Ugﬁ‘y:(e cosf3, e smﬁ). )

el?’sinB, e '*cosp
Based on the analysis in Ref. [16], the state after ¢ steps
of QWs with an SU(2) coin

) = [stpo s, )| 1%). ©)

The spatial Fourier transformation of the wave function ¥ (x,t)
over Z is given by

P(k,t) = i P(x,t)e'™, @)

X=—00
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where k € [—7, ]. We can obtain
li/(kvt) = (Mk)“il(kvo)7 (3
where

My = e'*M, + e *M_

e k=@ cosB, —e kY sin B
T\ el ginB,  eilt@cosp ) ©)
The eigenvalues of M are
Ay = e 10
{“ (10)
lb =€,
where cos ® = cos(k — a) cos B. The eigenstates are
. 1 (P
o=l o]
Ck Qk
(11

g 1 (P
74 ) b |
Ck<Qk>

P =—e 1Y gin B,
0} = —isinay +isin(k — a)cos 3, (12)
0 = isinwy +isin(k — a)cos B,

Ci =/ PP+ (Q0)* 0%

where

13)
= \/2(sin2 @y, — cos fBsin(k — a) sin ),
Ch: /P*P_|_ b\* )b
k kTk (Qk) Qk (14)

= \/2(sin2 @ + cos B sin(k — a) sin o).

3. Average position in quantum walks

Figures 1 and 2 show the average position after 100 steps
of QWs with a SU(2) coin in the case of § = 7/6, while the
initial state is (1/v/2)(|OL) +i|OR)). From Fig. 1, we can see
that {x) only depends on the sum of ¢ and ¥, and we can then
control the QWs by choosing the coin, which was discussed in
Ref. [17]. Figure 2 shows that the actual (x) exactly matches
the function of f(¢) = max({x))sin(¢), then we conject that

(x) = G(B,t)sin(ax+7).
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Fig. 1. (color online) Average position of the (x) for quantum walks
after t = 100 steps with a SU(2) coin, where 8 = 7/6.
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Fig. 2. (color online) The average position with o + ¥ after 100 steps of
a quantum walk when 8 = /6 (red dot), and f(¢) = max({x))sin(¢)
(line).

4. Proof in methematics

Theorem 1 The probability distribution for quantum
walks with an SU(2) coin is independent of the parameters
o and 7y, when the initial state is |OL) or |OR). Namely,

{P0L><a,ﬁmx,r> = Powy (B,x,1),

s)
HOR)(avﬁv%xat) = P\OR) (ﬁaxvt)7

for any ¢ and .
Proof If the initial state |£f) = |OL), then

@(k,O)_<(1)>.

The probability of |x) is given by
P\OL}(aaﬁa%xvt)
= PL(a7ﬁ7Y’x7t)+Pl{(a7ﬁ7y7'x7t)
l V T
= ﬁ/ / gL(k17k27a7B7’}/7x7t)dkl de
neJ-rJ-m

l T T
+72/ / gr(ki, ko, 0, B,v,x,t)dkidky,  (16)
2% e 3
where

gj(ki,ka, &, B,y x,1) = B (ki 1) B (kp, 1) e F1 7R,
(j € {L,R}).
If we set h = k — o, then we have
gj(ki,ka, 00, B,y,x,t) = gj(hi,ha, B,x,t),

gj(h17h27ﬂ7x7t) :g](hl iznthaﬁaxvt)
gj(hlthiznvﬁvxvt)v

and

Pj(a,ﬁ,}/,x,t)

L g dhy dh
L ' ;

4n? [n,a/,ﬂfagj( 1,h2, B, xt)dhydhy

1 T T
m/ / gj(h17h2’ﬁax7t)dhldh2
—nJ-x
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= Pi(B,x,1). a7
Furthermore, we can know Pz (@, ,7,x,t) = Por)(B,x,1).
In the same way, we can also obtain Pog (0, B,7,x,t) =
Pog) (B,x,1).
Theorem 2 After ¢ steps, we have
qf@) (x,1) +'£’|§R>(—x7t) €iR, (1s)
lP‘OL> (.X,t) - lII|0R>(_xvt) € Rv
L R
lP\(Iim(xat)JF'P|(1)QR>(*)CJ) EI.K (19)
lP‘()L) ()C,t) - lP|()R>(7xvt) € le

where ¥/ (x,t) denotes the coefficient of the |x)|m) state after
t steps of quantum walks with the initial state |n).
Proof

\(l}m (x,1) & IP\%)‘R) (—x,1)

- 27r/ ‘OL
/ Py (

1 ™ o . _ .
_ E/ (Cak) [P lkx:FPkelkx]

x [e i _ elont)d. (20)

71kxdk

lkxdk

As O € iR, we have

lJp|§L> (x,7) +IP\ER>(—)€J) €iR,
'P|gL) ()CJ) - ‘P\](;R>(_xﬂt) eR.

Similarly, we can derive Eq. (19).

Corollary 2 The symmetry properties of distribution be-
tween quantum walks with a U(2) coin in the initial state |OL)
and |OR): for an arbitrary #,

P\%L} (ﬁ’xat) = P\%}R) (ﬁa —X,t),
P\%L} (Bvxa t) = P\%R) (ﬁ7 —X, t)'
Proof We set ¥{), (x) = C +iD, where C,D € R. From

Theorem 2, we can know

i (—x) = —C+iD,
P|l(§L> (ﬁaxvt) = P\%)R) (ﬁv _x7t)'

Similarly, we can also obtain P, (B, x.1) = P|1(§R> (B, —x,1).

Theorem 3 If the initial state |¥y) = m|OL) + n|OR),
where |m|? + |n|> = 1, the probability at state |xL) or |xR) after
t steps of a quantum walk is

PH(0) = |mP* By + In* Pl
_ (e*I(OH‘Y)m n+e' @ty )GL(ﬁvxvt)’ Q1
PR(x) = |m|>P{,, + |n|* P,

)

where G" and GR are independent of & and 7.
Proof The probability at state |xL) after 7 steps is given

by
Pk\0L>+n\0R>( x)
= / [ B ) ko) 0k
= |m|*Po,(B,x.t) + [n|*Pog(B,x,1)
4 4
- (e‘(“+7)m*nZGi+ e ) ZG?), (22)
i=1 i=1
where

G1 ﬁ,x t

[
47-52 Cb Cb )

x elh=h)gin3 gelilh hZ)xe*‘hl (QZ2)*dh1dh2

th )*sin’ B
= 47172// Cb Cb isin[( @y, —

+ (hy —hy) + (hlfhz)x—hl]dhldhzeR. (23)

Opy )

Similar to Gi(B,x,t), we know G;(B,x,t) € R, where
i €{1,2,3,4}. Thus, equation (22) can be written as

2 2
PY(x) = |m[*Pgy, +|n*Pgg,

_ (efi(OhH/)m*n_'_ ei(a+Y)mn*)GL(ﬁ7xat)7 (24)

4
where G&(8,x,t) = Y. G;. In the same way of deriving P"(x),
i=1
we can obtain PR(x) in Eq. (21).

Theorem 4 If the initial state |¥h) = 1/v/2(|0L) +i|OR)),
the average position after ¢ steps of a quantum walk is given

by
(x) = G(B,1)sin(at +7),

where G(f3,¢) only depends on 3 and 7.
Proof From Corollary 2, we can know

Z x[ |OL (ﬁ X t)+ |0R>(ﬁ7x,t)} :Oa

x——t (25)

x; IX[ |0L (ﬁ?x7t) +P|l(§R> (ﬁﬁ(ﬁ,l)] = O
Using Eq. (25) and Theorem 3, we can know

1
() = Y x(PH(a, B, yox1) + PR (et B, y,x,0))
x=—t

= G(B,1)sin(a+7), (26)

where G(f,7r) = — i x[G*(B,x,t) + GR(B,x,t)] only de-

pends on 3 and ¢, instead of & or 7.
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5. Conclusions

In this paper, we discussed the properties of the average
position in QWs with an arbitrary unitary coin. With a SU(2)
coin, if the initial state is |OL) or |OR), the probability distri-
bution is independent of o and y. Some symmetry properties
between different initial states [0L) and |OR) were proven. We
derived that P|13L> (B,x,t) = P\IéR) (B, —x,t) and P|16L> (B,x,t) =
Pig) (B, —x,1). If the initial state [¥) = 1/v/2(|0L) +1|0R)),
we know the average (x) = G(B,t)sin(a + 7). Thus, if we
replace the Hadamard operator with an arbitrary unitary op-
erator, the average position is always not equal to 0, unless
o+f=nm(n€Z).
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