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Limit theorems and localization of three-state quantum walks
on a line defined by generalized Grover coins

Amrita Mandal ®,'-* Rohit Sarma Sarkar,!*" Shantanav Chaklraborty,2'3’i and Bibhas Adhikari®!-$
' Department of Mathematics, Indian Institute of Technology Kharagpur, Kharagpur 721302, India
2Centre for Quantum Science and Technology, International Institute of Information Technology, Hyderabad 500032, India
3Centre for Security, Theory and Algorithmic Research, International Institute of Information Technology, Hyderabad 500032, India

® (Received 2 May 2022; accepted 20 September 2022; published 4 October 2022)

In this article, we undertake a detailed study of the limiting behavior of a three-state discrete-time quantum
walk on a one-dimensional lattice with generalized Grover coins. Two limit theorems are proved and conse-
quently we show that the quantum walk exhibits localization at its initial position for a wide range of coin
parameters. Finally, we discuss the effect of the coin parameters on the peak velocities of probability distributions

of the underlying quantum walks.
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I. INTRODUCTION

Quantum walks, the quantum analog of classical random
walks [1], represent a universal model for quantum computa-
tion [2,3]. Besides being a useful primitive to design quantum
algorithms [4—7], quantum walks also provide a useful frame-
work to model transport in quantum systems [8—10]. Just
as in the classical scenario, quantum walks can be defined
in both discrete time and in continuous time [11-13]. Of-
ten for several of the aforementioned applications, studying
the long-time behavior of both discrete-time and continuous-
time quantum walks is extremely crucial. Quantum evolutions
are unitary and hence quantum walks do not naturally con-
verge to a limiting distribution, unlike classical random walks.
However, for a quantum walk, one can define the limiting
distribution as the long-time average probability distribution
of finding the walker in each node of the graph. This long-time
behavior of quantum walks has been fundamental to demon-
strate the speedup of several quantum algorithms [4,14,15],
to prove the equivalence between the circuit and Hamiltonian
models of quantum computing [16,17], and also to under-
stand the phenomenon of mixing of quantum walks [1,18-20].
Consequently, it is important to develop a more comprehen-
sive understanding of the limiting distributions of the various
quantum walks and to highlight the features that distinguish
them from their classical counterparts.

Localization has been widely studied in the context of
discrete-time quantum walks and its precise definition varies
across articles (for example, see Refs. [21-26] and the ref-
erences therein). The probability of finding the walker at a
fixed lattice point converges to zero after infinite long time
in the case of a Hadamard walk on a line with two inner
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states [27]. In this paper our goal is to study the limiting
distribution and the localization phenomena for the coined
three-state discrete-time quantum walk on a line. We consider
two distinct families of parametrized coin operators which we
introduced in Ref. [28]: one that includes the widely used
Grover coin as a special case, while the other does not. In
particular, for this graph, we demonstrate, localization on a
general family of coins that does not include the Grover coin.
Inui et al. derived the first long-time limit theorem for
the three-state quantum walk on a line with a Grover coin
(generally referred to as the Grover walk) and showed that
the probability of finding the particle at the origin does not
converge to zero after infinite time steps, demonstrating lo-
calization [23]. On the other hand, the three-state quantum
walk with an asymmetrical jump and three-state quantum
walk on a triangular lattice, both using the Grover coin, do
not exhibit localization [22,29]. The probability of staying
at the initial position also vanishes for some special set of
escaping initial states in the case of a two-dimensional Grover
walk on the Cartesian lattice, leading to partial trapping [21].
Furthermore, there exists quantum coins for such escaping
states (corresponding to strong trapping) [25]. In Ref. [30],
the authors have classified explicitly the coins leading to the
trapping effect for a walk on a two-dimensional square lattice
based on the existence or nonexistence of an escaping state.
Attempts have been made to generalize the Grover walk
in the literature by considering parametric coin operators
that contain the Grover matrix for some specific values of
the parameters [21,28,31,32]. Discrete-time quantum walks
with a generalized Grover coin are generally referred to
as generalized Grover walks (GGWs). One of the endeav-
ors of the community has been to understand the dynamics
of GGWs in order to distinguish them from their classical
counterparts [28,33,34]. The dependence of the underlying
quantum walk dynamics on the values of the coin parameters
has been explored in Ref. [35]. The limit distribution of a
four-state quantum walk with a parametric coin has been in-
vestigated in Ref. [33]. The authors of Ref. [36] have provided
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analytical results for the asymptotic value of the return
probability and discuss the localization of a two-state one-
dimensional Discrete-time coined quantum walks (DTQWs)
as t — o0o. In Ref. [31] Stefaiidk ef al. have introduced two
families of parametric coin operators: one by deforming the
eigenvalues and the other by deforming the eigenvectors of
the Grover coin. Furthermore, in Ref. [37] Stefafidk et al. have
presented a rigorous analysis of the limiting behavior of these
coined walks and the role of eigenstates for the localization
phenomena. In Ref. [34] we have explored the localization
property of four state quantum walks on two-dimensional
lattices with generalized Grover coins.

In terms of GGWs, it is undoubtedly challenging to find the
parametric coin matrices that preserve the property of Grover
walks. With an appropriate choice of coin operator from the
generalized coin collections, the result regarding localiza-
tion at a position may help us to design effective quantum
algorithms based on the corresponding quantum walk [38].
Furthermore, it is interesting to ask whether it is indeed possi-
ble to study the long-time dynamics of discrete-time quantum
walks using a class of parametric coin operators that do not
include the Grover coin. Can such quantum walks exhibit lo-
calization? In this article, we make inroads towards answering
these questions by considering two families of parametric or-
thogonal coin operators of dimension 3 x 3. Mathematically,
these coin operators are a linear sum of permutation matrices
and hence they can have convenient quantum circuit repre-
sentation [39]. These coins have been used recently to study
properties of quantum walks dynamics such as periodicity of
evolution [28]. In this article, we derive the long-time-limit
probability distributions and study the localization of three-
state DTQW:s with these families of parametric coin operators.
Using this limiting value of the probability measure we are
able to justify localization phenomena at a vertex for a given
initial state.

Furthermore, the spread of the quantum walk wave func-
tion on a line can be modeled using the theory of wave front
propagation [40-42]. In this framework, Ref. [31] analyzed
the peak velocities of the wave functions of two GGWs and
explored the dependence of the coin parameter on the rate
of propagation of the walk through the line. Furthermore,
the localization of the wave function is dependent on the
eigenvalues of the evolution operator that are independent of
the wave number (constant). These correspond to the peak
of the probability distribution which does not propagate, en-
suring localization. Based on the constant eigenvalues of the
evolution operator, a necessary and sufficient condition is
obtained in Ref. [26] for quantum walks on infinite lattices,
corresponding to a periodic transition operator that does not
localize at a vertex.

In this article, following Ref. [37], we also find the peak
velocities of the wave function as a function of the parameters
corresponding to the general families of coin operators that
we have considered. We revisit the localization phenomena
from the aspect of zero traveling velocity of one of the peaks.
Consequently, we obtain new families of 3 x 3 generalized
Grover coin operators, preserving localization, which is differ-
ent from the two classes mentioned in Ref. [31]. This answers
a question posed by Stefaiidk er al. in Ref. [31]. In this work
we note that the permutation coins play a key role in the

behavioral changes of probability distribution at a time and
sign changes of group velocities. These observations make the
proposed walk intriguingly different from the existing GGWs
in the literature.

The organization of this paper is as follows: In Sec. II
we formally define the quantum walk we consider, namely,
three-state DTQWSs on a line with parametric coin operators.
We present two limit theorems on probability distributions at
infinite time steps and establish the localization property in
Sec. III. In Sec. IV we determine the right- and left-traveling
peak velocities of the probability distribution as a function of
coin parameter and discuss the impact of the peak velocities
on the localization phenomena of the walks. Finally, we con-
clude this article with some problems that can be considered
in the near future.

II. THREE-STATE WALK ON A LINE AND GENERALIZED
GROVER COINS

In this section we review three-state quantum walks on a
line [23,31] and we briefly discuss generalized Grover coins
of dimension 3 x 3 that were recently introduced in the liter-
ature [28].

Discrete time coined quantum walks (DTQWSs) are defined
on the Hilbert space H = H, ® H., where H, is the position
space and #, is the coin space. The Hilbert space H, is
considered as separable and is isomorphic to /?(Z ), the Hilbert
space of all square summable functions on Z. Hence the
superposition of the canonical basis vectors subject to the unit
norm condition form the position state vector |m) € H, for
the position m € Z [13]. Otherwise, in a more conventional
way we can say that H, = Span{|m) |m € Z} [31,43].

At every step the intrinsic behavior of the quantum particle
allows it to move to the right or to the left or stay at its
current position. Hence the dimension of . is three, which
is the number of internal degrees of freedom (called chirality)
of the particle at each step. The vector of the standard basis
assigned to each of these three displacements spans the space
He, i.e., Ho = Span{|1), |2), |3)}, where {|I) | [ = 1,2, 3} is
the canonical ordered basis of C3. Thus the total state space
H = Span{lm) @ |l) | m € Z,1 € {1, 2, 3}} and is isomorphic
to 12(Z) ® C? [44].

One single step of a DTQW is described by a unitary
operator U = S(I ® C), where I is the identity operator acting
on H,, C is the coin operator acting on the space 7{. while S
is the conditional shift operator, allows the walker to transition
into the next step, controlled by the state of the coin register.
The operator S, acting at a particle in position m € Z results
in

S= (m—1)(ml 1) 1]+ |m) (m| ® |2) (2|

meZ

+ [m+1) (m| ® |3) (3]).

The state vector | (¢)) € H of the walker after ¢ time steps is
given by

(@) = Uy —1) =U" [y (0)
=Y Y wmim |1, )
}

meZ 1€{1,2,3
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where the product state of initial position state and initial
coin state is the initial state vector |y (0)) € H and v;(m, t)
is the probability amplitude at time ¢ and at the position m,
with coin state |/}, [ € {1,2,3}. Then attimer and atm € Z
the probability amplitude vector for chirality state being left,
center, or right is

[y(m, 1)) = [Yr1(m, 1), Yo (m, 1), Y3 (m, )] 2)

Therefore we write

@) =L, 1v(=1L0), [¥©O,0), [y (1,0),...]"

Now for a complex-valued function f € [>(Z), its dis-
crete Fourier transform f:I — C is defined as f(k) =
> ez fm)e™ e L2(T), where I = [—m, 7] and L*(I) is the
Hilbert space consisting of all square integrable functions on
I. Thus the Fourier transform from 12(Z) to L*(I) extends to

J

the Fourier transformation of |y (m, t)) as

Wk, ) =Y [¥(m, 1) e, 3)
meZ
where |W(k, 1)) = [V (k, 1), Wa(k, 1), W3(k,0)]", Wik, 1) =
Y mez Yi(m, t)e*m | =1, 2,3 for k € I. The inverse Fourier
transformation is given as

ek W (k, 1)) dk.

[—7,7]

1
[ (m, 1)) = @

Now we obtain the time evolution of |yr(m, t)) from Egs. (1)
and (2) as

Y (m,t 4+ 1)) = 1) A C Y (m —1,1)) +12) 2| C |¢(m, 1))
+ 3)BICIY(m+1,1)),

where C is the coin operator. Then the following holds
from (3):

Wik, 1+ 1)) = Z[IU (I CIYOn—1,0) +12) 2IC [yr(m, 1)) + 13) BIC [yr(m + 1, 1)) ]

meZ

= > I C I m = 1.0) &P 412) QI C [ (m, 1) ™ + e [3) (3| C [ (m + 1,1) "D

meZ

= (@) (11C +12) 2| C + e [3) (3] ) [W(k, 1)

= diag(e™, 1, e )C |W(k, 1)) .

Let U (k) = D(k)C for D(k) = diag(e’*, 1, e='*). Then from above the time evolution in momentum space is given as [43,45]
Wk, 1)) =U k) |W(k, t — 1)) =U"(k)|¥(k,0)). “4)

Let the eigenvalues of the unitary operator U (k) be of the form ¢™/*) with the corresponding eigenvector |v;(k)) for j €
{1, 2, 3}. Then the vector of probability amplitudes can be determined by Eqgs. (3) and (4) as follows:

3

1
|w(m7t)> B m ke(—m,m]

From (1), the probability of finding the walker at time ¢ and
at position m is

P(m,t) = (Y (m, )Y (m, 1))
= |y (m, O + [Ya(m, O + [Y3(m, )7, (6)

and it can be derived from Eq. (5). Whereas, the probabil-
ity P(0,¢) of finding the walker at position m = 0 after ¢
time steps, which is also called the return probability of the
walker to the initial position O, can be evaluated as P(0,¢) =
(¥ (0, )|y (0, t)). Note that, if the walk starts at m = 0 and is
localized there, then from Eq. (1), we get that

3
() =Y 11(0,0)10) ® 1),
I=1

whereas the other probability amplitudes ;(m, 0) =0 for
m # 0. Hence from Eq. (3) we have that |W(k,O0)) =
[v(0, 0)). We assume that the initial state of the walker is
at the origin. Thus, the initial quantum states are determined
by [¥(0,0)) = [a, B, y]17, where «, B, y € C and |a|> +
B+ 1yIP =1

1

e W (k, 1)) dk =
Z (27'[) ke(—m,m]

J=1

ekt wi N oy ()W (k, 0)) [v;(k)) dk. )

We emphasize that the localization phenomena is ex-
tensively studied in the literature for DTQWSs on different
topologies of the underlying system with a variety of coin
operators, as mentioned in Sec. I. However, the mathematical
definition of localization associated with the probability mea-
sure of finding the walker at a vertex differs across articles.
For example, in Ref. [21], the positive value of the total
time-averaged probability limz_ o % Zth_()l Pim,t), T >1
is considered as the condition for localization, whereas in
Ref. [46] a positive value of ), lim, .o, P(m, t) is taken to
be the criterion for localization. Indeed, it has been shown that
the localization phenomena at the initial position depends on
the initial state of the walker [23]. In this paper, we follow the
localization criterion outlined in Ref. [47]. Thus we consider
the localization of a DTQW at a location m corresponding
to an initial state if lim;_, o, P(m, t) > 0. A computable for-
mula of this limiting value is obtained in terms of the coin
parameters and a generic initial state. Therefore, the limiting
value can be obtained with a given initial state and the coin pa-
rameters and consequently, the localization phenomena can be
tested. For completeness, we also classify all the initial states
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for which the proposed walks exhibit localization. Finally we
provide a condition based on the coin parameters satisfying
which the proposed walks show localization in the sense of
Ref. [46].

X l—x—y

A. Generalized Grover coins

In this work we consider 3 x 3 parametric coin operators
to describe the three-state DTQWs on the line. In particular,
we choose C € X and C € ) [28], where

y 1
Xx={|1-x—y X y Y —x—y+ay=0, —= <x< 1§,
y l—x—y X 3
[ x y —l—x—y 1
y=1|l-1-x—y x y Y x4y +ay=0, -1 <x< 3
L y —l—x—y X 3

It is easy to check that the Grover coin is an element of
X by setting x = —1/3 and y = 2/3; whereas the negative
of the Grover coin is a member of ) setting x = 1/3 and
y = —2/3. It is also shown in Ref. [28] that X and X U Y
both form groups under matrix multiplication. Furthermore,
we consider one-parameter trigonometric parametrization of
X and Y as A and ), respectively (see Sec. III). Then it is
obvious that, if A(9) € Xp U Y, then [A(0)]7! = [A0)]" =
A(—0) where 0 € [—m, m]. Another salient feature of these
parametric orthogonal matrices is that these are permutative
matrices; that is, any row of any such matrix is a permutation
of any other row, a combinatorial structure of the Grover
matrix. Besides, matrices in X' U ) can be expressed as a
linear sum of permutation matrices. Consequently, these coins
can conveniently be implemented by parametrized quantum
circuits [48]. Finally, we establish from the numerical compu-
tation that lim,_, o, P(m, t) at the initial position m is equal for
the coin operators A(f) and its inverse A(—6).

As mentioned in the introduction, attempts have been made
in the literature to study coined quantum walks by gener-
alizing the Grover diffusion matrix with parametric unitary
matrices. However, the existing classes of parametric coins do
not have any algebraic structure such as a group structure. This
makes the proposed classes of coins significantly different
from the existing parametric coins in the literature. Moreover,
note that Det(A) = 1ifA € X and Det(A) = —1ifA € Y (see
Ref. [28]). Hence the matrices in X and ) belong to different
connected components in the Lie group formed by orthogonal
matrices of order 3.

In the next two sections we determine the limit laws of
the probability distribution for infinite time steps. Besides,
we discuss the localization phenomena of the walks from two
different aspects: existence of the nonzero return probability
lim;_, o, P(m, t) and the zero velocity of probability distribu-
tion peak of the particle to stay at the position m = 0 on the
line.

III. LIMIT THEOREMS FOR WALKS WITH
GENERALIZED GROVER COINS

The asymptotic probability distribution and the localiza-
tion of three-state walks on one- and two-dimensional lattices
with parametric coin operators have been studied [46,49]. In
this section, we consider the three-state walks on a line with
parametric coin operators C € X' U ). We present the limit

(

value of the probability that a walker can be found at a vertex
on Z for long time. In addition, we show the localization
phenomena of these walks.

A. Coins from X
The evolution operator of three-state walk with generalized
Grover coin in Fourier domain is given by Uy (k) = D(k)C,
where C € X and k € (—m, m]. Indeed, we write explicitly

xeik yeik (1 —x = y)eik
Ox(k)=|1—x—y x y ,
yefik (1 —x = y)efik xe*ik
(7

where x> +y2 +xy —x —y = 0.
First we derive the eigenvalues and eigenvectors of Uy (k)
and Uy (k) via two theorems. They are defined as follows:
Theorem II1.1. Consider Ux (k) as defined in Eq. (7). Then
the set of eigenpairs (A;(k), v;(k)) of Uy (k) are

A= e
1 +2,0—x—y)
v, (k) = [y . Y
II.fi (NIl (I-x-y)
. 1 —x— ry 17
Fagye 1, I-x-y+ ,ylk} ’
y+A;(1—=x—y)e

where w;(k) =0, wy(k) = —w3(k) = w(k) with cosw(k) =
xcosk — (1 —x)/2 and

1 +x—2xcosw(k)

. 2
175 (@@NI™ = 1 4+ x — 2xcos [w(k) — k] i
N 1 +x — 2x cos w(k)
1 +x — 2xcos [w(k) + k]’
for j = {1, 2, 3}.

Proof. Note that the characteristic polynomial of Ux (k) is
kx(A) =A% — (2cosk + Dxr2 + (2cosk + 1)xA — 1. Thus
the eigenvalues and the corresponding eigenvectors can be
obtained by simple algebraic computations. |

Let us take |W(k,0)) = [a, B, y]" € C3,
where le|> + 1812+ y)? = 1. From Eq. ),
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we have

[¥ (m, 1))

3
Lo
S / RO ()W (k, 0)) |v; (K)) dk
j=1 o

3
=Y [Wm 1,1, a,B,y), ¥;(m,1,2,a,B,7),
j=1

¥i(m,1,3,a, 8,71, ®)

where

I//j(mvt’lvolv ﬂ’ )/)

1 w pil—km-w; (o) (vj (k)W (k, 0)) (I]v;(k)),

:E .

and {|1) |l = 1, 2, 3} is the canonical basis of C3.

Clearly, ¥i(m.t)=Y_,¥;(m.t.l,e, B, y), for I =
1,2, 3 and hence

3 3
Pim,ty="Y" [, 0> =YY 1¥;m. 1,1, B, 7).
I=1 j=1

le{L.S.R}

Let us denote the probability of finding a particle at node m af-
ter time steps ¢ with chirality [ by P(m, ¢, 1), then P(m, t, 1) =
[ (m, H?, wherel = 1,2, 3.

Now we state the long-time limit theorem of the DTQWs
with coin operators from X at vertex position m on the line
as follows: To derive these theorems, we make use of the
well-known Riemann-Lebesgue Lemma [50], which is stated
as follows:

Theorem III.2 (Riemann-Lebesgue Lemma). Let f be
an integrable real valued function on [0,27]. Then
lim, oo [27 f(x) cos(nx)dx = 0 and lim, oo [27
fx)sin(nx)dx = 0.

We prove the following theorem which finds the asymp-
totic value of the probability measure for finding the particle
as t — oo for discrete-time quantum walks using coin opera-
tors C € X.

Theorem 111.3. Let C € X be not a permutation matrix i.e.,
x#0,1 and W(k,0) = [o, B, ¥]7 be the initial state of the

J

1—x

walker. Then form € Z
lim P(m,t)
=00
1 _
~ —{|Av|m| +BV| m+1||2
31 —x)(x +3)
+ o1 — x — y)! 4 @yt 4 g1 4 xpplm
—,va"’"H‘ _ ,va""“' fy(—x _y)v\—m+1|
+ yyv\m||2 + |AU|m+1| +Bvlm‘|2},
where

=)+ BA—nET3)
- 2x ’
A=a(l—=x)+ B0 —-x~—y),
B =yl —x)+ By
If C € X are permutation matrices and |¥(k, 0)) = [«, B, y17
is the initial state of the walker, then for m € Z,

lim P(m,t)
11— 00

B ifm=0,C=1
$(a?+21B+y1?) ifm=0,C =Py
HB+yP ifm=—1,C =Py

Yal? ifm=1, C= Py,

Uy P +2le+ B8P ifm=0,C =P
Zly)? iftm=-1, C=Pux

slo+ B ifm=1, C=Pin

0, otherwise.

Proof. The asymptotic nature of the amplitude vector can
be derived by Riemann-Lebesgue Lemma for infinite time
steps (see Appendix A for the details) so that

[¥(m, 1))

g

3
1 ; )
_ Z - / pil—kmtw; (k)] (Uj(k)l\[/(k’ 0)) |Uj(k)> dk
j=1 o

~ 5 [ 1k 0y o @)k or s — 00,

Thus,

-7

1 T 1
Wm0~ o /_ @I [(1 ST

[ 1—x
X | -
(1 —x—y)+yet

+B+v

1—x :|T
1, -
y+ (1 —x—y)ek

1—x

v+ (I —x—ye

}e”“"dk (for t — 00)

=[1/f1(m,t, 1,0[, :3’ )/)’ 1/f1(m,f,2,0l’ /37 ]/)7 I/f](l’l’l,[,3,0[, :39 J/)]T

By Theorem III.1 we have

] —_—

1 +x—2xcosk

Ifi(wG N>

3 —x—2xcosk’
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for A; = ¢'® = 1 and hence the coefficient of « in the expression of ¥ (m, t, 1, &, B, ) is equal to

1 [~ (1 —x)?

21 ) (I —x—y+ye ®)(1 —x — y+ yeik)

1 -2 k )
+x —2xcos ok gk
3 —x—2xcosk

Whenever x ¢ {0, 1}, i.e., C € X is not a permutation matrix, the above expression simplifies to

1 (™ (d-x 1"

—ikm

(1 —x)coskm

1
k= (1 —xpl,

2 7 3—x—2xcosk

where

T2 7 3—x—2xcosk

V3 —x)(x +3)

@ =3)+V30 -0 +3)

2x

Similarly, we calculate for the others and come up with the following:

1
V30 —x)(x +3)

[¥(m, 1)) ~

[oc(l —x)plm\ +B(1 —x —y)vl'"‘ 4 ﬂyv|*m+1‘ 4 y(l —x)v‘f””r”,

a(l —x — yw™ 4 ayp!="=1 4 (1 + )l — xgul=m T xgul=m= 4y (1 — x — yyol =yl
a(l—xw= g gyl 4 (1 —x — yI ™= 4y (1 — ™.

Thus the statement of the theorem follows after computing
the norm of v (m, t). Now let us take C to be the permutation
coin. This can be obtained from & by substituting either x = 0
orx = 1.

First let x = 1, then C is the identity matrix. Clearly the
eigenvalues of corresponding U (k) are e, 1, e, Thus,

T

| (m, t)) N%/ (2| (k, 0)) e=*™ |2) dk (for t — 00),

where |2) = [0, 1,0]7. This results lim,_,o P(m,t) = |B|?
for m = 0 and lim,_, o, P(m, t) = 0 for m £ 0.
Let x =0 then either y=0or y=1. If y=1 then C =

P123). Correspondingly, the eigenvalues of U (k) are w, w?,

2mi .
and 1 where w = e75 . In this case,

g

1 . .
[¥(m, 1)) ~ E/ [ + (B +y)e, ae™ + (B + ),

-7

ae * + B+ y)NTe  mdk (1 — o0).

If x=0 and y =0, then C = P(32). The eigenvalues of
U (k) are w, w?, and 1 where w = e . Hence we get

g

1 . .
W om,0) ~ — | Te+p)+ ye®, (@ +B)+ye®,

(@ + Bre ™ +ylTe ™ "dk,

setting t — oo. This completes the proof. ]

To corroborate the theoretical findings of Theorem III.3,
we plot Fig. 1. We compare the limiting probability of the
walker to be at some vertex m of the line, i.e., lim;_, o, P(m, t),
obtained in the aforementioned theorems with the actual prob-
ability of the walker to be at m after a large but finite number
of steps. For Fig. 1, we consider a DTQW starting from origin
and using a coin operator from the family C € &. In all the
figures we observe that the probability of finding the particle
is maximum around the origin.

Using the computable expression of lim,_, o, P(m,t) as
derived in Theorem III.3, the localization condition for the

[
DTQWs according to the definition given in Ref. [46] is
1+12
1 —v2

x [Re(AB) + Re(TiT2) + Re(Ti T3)]

4v
2

QAP + 2B + TP + B + 151" + 17—

2?2
+v1

1)2 —
ZRC(T2T3)1| > 0,
Vv

where 71 =a(l —x—y)+ (1 +x)+vyy, Th =ay— Bx,
Ty =—Bx+y(l —x—y). Note that —5+2/6<v <1
when x # 0,1 so that 1 — 2 # 0. This follows from the
derivation in Appendix B.

Let us now choose the initial coin state o = \/Lg =B=y.

Then from Theorem I11.3,

lim P(0,¢) = [|A + Bv|?
11— 00

31 —x)(x+3)

1
+§|2 +v(1 = 3x)> + |Av +B|2].

0-4 " e P(m,5000) 04 T amlim, P(mat)
> m—limy . P(m,t) ® P(m,5000)
= 203
8 3
§o2 502 |
o a
0.1
0 o [ ] I [ .
32101 2 3 52401 2 3
m m
1 _ 1+v2
(a) z=—3 (b) z =~

FIG. 1. Panels (a) and (b) compare the probability distribution
P(m,t) at time t = 5000 (black points) and the limit measure
lim; o P(m,t) (blue bars) when the underlying coin operators
are from the collection X and correspond to x = —i and x =

3
1+2 11

==, respectively; with initial coin state [%, el ﬁ]T. We get
P(0, 5000) = 0.2934, lim, ., P(0,7) = 0.3031 for panel (a) and

P(0, 5000) = 0.3542, lim,_. o P(0, ) = 0.3548 for panel (b).
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Probability
o
©w
(9]

Probability
o
N o
o (4] (%]
o
w

1 0.25

-m 273 -x/l3 0 w3 2#x/3 w
4

Probability
Probability

0 .
- 2n/3-7/3 0 73 27/3 «w
0

(d)m=1

FIG. 2. The initial coin state is taken as [%, % %]T for all
the walks. In panels (a) and (c), we compare the values P(m, 5000)
(green points) and lim,_, o, P(m, t) (red point) for the walker’s po-
sitions at the origin i.e., m = 0 and m = 1, respectively; with coin
operators correspond to different values of (x,y) changes along
x4y —x—y+xy=0, =1 <x, y < 1. Besides, we draw the
probabilities P(m, 5000) (black points) and lim, o, P(m,t) (red
points) due to the change in 0 € [—m, 7], 8 # 0, %”, —ZT”, where
x = (14 2cos6)/3, for positions m = 0 and m = 1, given in panels
(b) and (d), respectively.

J

2c050+1 (=cos®) | 1

3 3 +
_ (I—=cos®) _ 1 & 2cosf+1
X, = 3~ 5 sin 0 ==
(1—cosf) 1 (I—cosf) 1
— — + 7 sinf —— 7

It is clear from the parametrization that if A(6) € &j then
[A(0)]7' = A(—6). In Fig. 2, we compare the long-time-limit
probabilities with the probability at a large but finite time,
at two different positions m = 0, 1, across the range of coin
parameters from A’. In each case we seta =8 =y = \%
The diagrams in Figs. 2(a) and 2(c) show the change in
probability values along the ellipse x> + y> —x — y + xy = 0,
—% < x,y < 1; the diagrams in Figs. 2(b) and 2(c) are plotted
recording the changes in parameter 6 for [—m, w]. We see
that the probabilities take the relative minimum value around
(x,y) = (1, 0) or consequently around 6 = 0. A relative max-
imum values for both the probability at + = 5000 and limit

7 sin 6

sin 6

Since 24v(l1—-3x)#0 for x#0,1, we get
lim;_, », P(0,¢) > 0. Correspondingly, the walks with coins
from X, x# 0,1 show localization at m = 0. Figure 2
supports this fact.

In fact we establish the following corollary from Theorem
II1.3 regarding the initial states that lead zero value to the
limiting probabilities.

Corollary Il14. Let Ce X and x#0,1. Then
lim;, o, P(0,¢) =0 if and only if |W(k,0)) = ﬁ[(l —x—
y), —(1=x), yI", N =[(1 —x =y + (1 —x)* +y*]'/%.

Proof. The limiting probability takes zero value for
the walks under consideration, whenever A = B =0 and
x #0,1. Hence the corresponding initial state reads
(W(k,0)) := [Wx) = x[(1 —x —y), =(1 —x), yI", for
which lim,_, o, P(0,t) of the walks with coins from X,
x # 0, 1 vanishes. |

Indeed, it can be checked that |V y) is orthogonal to the
eigenvector |v;(k)) given in Theorem III.1 corresponds to the
eigenvalue 1.

Now we redefine the set of matrices in X’ that can be repre-
sented by a single parameter 6. To this end, for —7 < 6 < 7,
setting

. y) 1+2cos® 1—cos€+ 1 o
X, y) = , ——sinf |,
g 3 3

yields one-parameter representation for the matrices in A" in
terms of the parameter 6 [28]. We call this matrix class as Ajp,
where

3 3
(d-cost) 4 1
3 +ﬁ51n9

(I—=cos®) _ 1 &
T 5 sin 0

<0<

2cos6+1
3

(

measure appear for (x,y) = (0, 1) and 6 = 27” in Figs. 2(c)

and 2(d), respectively. Besides, it is easy to see from Fig. 2
that lim;_, o, P(m, t) at the initial position m = 0 is equal for
the coin operators A(0) and its inverse [A(—6)].

B. Coins from Yy
In what follows, we provide a limit theorem for the pro-
posed walks with coin operators from ). We perform a similar
analysis as above. For C € Y, k € (—n, 7], ﬁy(k) = D(k)C
is given by

xe'k etk (-1 —x— y)e”‘
Uy(k)=|-l—-x—y x ' y ; 9)
ye_’k (-1 —x— y)e“k xe K

where x> +y2 4+ xy +x+y = 0.

The following theorem provides computable expressions for eigenvalues and eigenvectors of Uy (k):
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Theorem I11.5. Consider l7y (k) in Eq. (9). Then the set of eigenpairs (A ;(k), vj(k)) of ij (k) are

o (0 1 —y+ 11 +x+y) A+x+y—ry 7
)\,]’Ze / ) |Uj(k)>= ik’ ) ik
Ilfi(@UNDIL(L+ x4 y) —A;ye =y +1;(1+x+y)e
where w (k) = 7, wr(k) = —w3(k) = w(k) with cos w(k) = —xcosk — @ and
1 —x —2xcosw(k) 1 —x—2xcosw(k)

. 2 _
I @D = s tot) —F T T T ox — 2xcos[oth) £ 41"

for{j =1,2,3}.
Proof. Note that the characteristic polynomial of Uy(k) iSky(A) = A3 — (2cosk 4+ 1)xA% — (2cosk + 1)xA + 1. Hence the
desired results follow after simple algebraic calculations. |

The next theorem concerns the asymptotic value of the probability measure for finding the particle to be at any vertex m, as
t — oo, for a DTQW using coin operators C € ).

Theorem II1.6. Let C € ) be not a permutation matrix, i.e., x # 0, —1 and ¥(k, 0) = [«, B, y]T be the initial state of the
walker, then for m € Z we get

lim POn, 1) ~ ——————— (1D + E ™I £ a1+ x+ v — ey 4+ B — ol 4 =
= 0 T 31+ 03 —x)

" 4y (U x4+ )T =y P D By,

where
= +3)+ /31 +x)(3 —x)
n = 2 ,
D=oa(l+x)+ B0 +x+y),
E=y(l+x)—pBy.

If C € Y are permutation matrices and W(k, 0) = [e, S, y]T is the initial state of the walker, then for m € Z we have the
following:

18I ifm=0,C=1
el +2[8+y1») ifm=0,C=—Pay3
§w+w2 ifm=—1, C = Py

. Zal? ifm=1,C=Pin

A POm, 1) ~ §(|y|2~|—2|a~|—,3|2) itm =0, C=P§132))
%|)/|2 ifm= —l, C :P(132)
Ho + BI? ifm=1, C= Py
0, otherwise.

Proof. The proof follows adapting a similar approach as in

Theorem II1.3. u 0.4 o Pemao0o)) O[T =l POnt)
In Fig. 3, we compare the numerical values of P(m, t),t = 03 i Pm, 1) 03 ® P(m10000)
10000 and the limiting value of the probability measure fixing 2™ 2 l
the same initial state, when the initial position of the walker is E 0.2 802 !
the origin; that is, m = 0 for two different coins from ). The o 09_ ‘
figures support the localization phenomena. %01 01 ‘
The walks with coin operators from ) localize according 0
to Ref. [46] if 3240123 3 2 r?] 1.2 3
1+ p? 5
[1 Zz<2|D|2+2|E|2+|Sl|2+ 1217 4 1831%) @ z=3 (b) @ = L
4 . . . FIG. 3. Panels (a) and (b) compare P(m, t) for = 10000 (black
+ =2 [Re(DE) + Re(S152) + Re(S153)] points) and lim,_, o, P(m, t), (blue bars) when the underlying coin op-
" 5 erators are from ) correspond to x = % and x = @, respectively;
23— = with initial coin state [ 1=, L., 117, We get P(0, 10 000) = 0.3120,
V3’33

+2u 1— 12 Re(5253)] >0, lim,_, o P(0, 1) = 0.3031 for panel (a) and P(0, 10000) = 0.3092,

lim,_, o P(0, ) = 0.3123 for panel (b).
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05

% 204
K 8
o Q
2 °

a 0.3

0.2
-m 27/3 -7/3 0

w3 273 =«
0
(b) m=0.
0.2
015
=
202 8 01
Z [
_r§0_1 0.005
[}
0
-r 273 -7/3 0 73 2x/3 =
0
(d) m=1.

FIG. 4. Here the coin operators under consideration are chosen
from Y, x # —1, 0 and the initial coin state is [%[, %, %]T in all
the cases. In panels (a) and (c) we compare the values for probability
att = 10000 (green points) and limit probability measure (red point)
for the walker’s positions at m = 0 and m = 1, respectively, with dif-
ferent coin operators. Also, we draw the probabilities P(m, 10000)
(black points) and lim,_, o, P(m, t) (red points) for different values of
0ecl-nm,nl.0#n, -7, %, -3,

where Sy = a(l +x+y)+ (1 —x) — yy, S = —ay + Bx,
S3=Bx+y(l+x+y) and —54+2V6< <1, ur<l.
See Appendix B for the derivation.

J

2c080—1 _ (+cos)
3 3 +
_ _ (+4cosf) 1 2cosf—1
Yy = 5 "5 sin 0 5
_ (I4-cos6) 1o _ (I+4cos0)
—5—+ ﬁsme 3 5

Note that, if 6 € {7, —m, 3, —5}, we obtain the negative
of the permutation matrices in ),. Also, if A(f) € )y then
[A®)]"! = A(—6). In Fig. 4, we see the limiting values of
the probability measure for the walks where the coin param-
eter (x,y) changes along the ellipse x> +y*> +x +y +xy =
0, -1 <x,y< %; or the coin parameter 6 € [—m, ]. In
Figs. 4(b) and 4(d), the probabilities take the relative mini-
mum and maximum values are around § = 0 and 6 = —%,
respectively. In Figs. 4(c) and 4(d), the probability values are
getting near to zero in the neighborhood of (x,y) = (—1,0)
and 6 = =+, respectively. Finally, observe from Fig. 4 that
lim,_, o, P(m, t) at the initial position m = 0 is equal for the
coin operator A(6) and its inverse [A(—0)].

IV. PEAK VELOCITIES OF THE WALKS

In Sec. III we established that the discrete-time quantum
walks with coin operators from the family Xy and )y localize.

7

sin 6

Also, from Theorem III.5, we write

lim P(0,1) = |:|D+Eu|2
1—>00

3(1+x)3 —x)
1
+§|2 + 11+ 30 + |Dp +E|2].

Since 2+ pu(l1+3x)#0 for x#0,—1, we get
lim;_, o P(0, ¢) > 0 and we say the walks with coins from ),
x # 0, —1 show localization at m = 0. To account for this fact
we have Fig. 4. In fact, we establish the following corollary
from Theorem III.6 regarding the initial states that lead to
zero value for the limiting probabilities.

Corollary IIl.7. Let Ce€) and x3#0,—1. Then
lim; o P(0,t) =0 if and only if |W(k,0)) = Iiv[—(l +
x+y), 14x), yI', N = [0 +x+y)* + (1 +x)* +y172

Proof. We get lim;_, o P(0,7) =0 whenever D =FE =
0 and x # 0, —1. Therefore, the corresponding initial
state is [W(k, 0)) := |Wy) = +[-(1 +x+y), (1 +x), y]",
for which the limiting probability at m = 0 of the walks with
coins from ), x #£ 0, —1 vanishes. [ |

Indeed, it can be checked that |Wy) is orthogonal to the
eigenvector |v;(k)) given in Theorem III.5 and corresponds to
the eigenvalue —1.

Now we redefine the set of matrices in Y can be repre-
sented by a single parameter 6. To this end, for —7 < 6 < 7,
for the set of matrices in )/, setting

. 7) 2cosf — 1 1+cos€+ 1 . P
X,y) = , — ——sin

' 3 3
yields one-parameter representation for the matrices in X and
Y in terms of the parameter 6 [28]. We call this matrix class
YV, where

_ (+cost) _ 1

sin 6 —3 % sin @

—M+%sin9 <6<

2cosf—1
3

(

This was done by demonstrating that there exists a nonvan-
ishing probability for the quantum walk to remain at a vertex
even as the time steps of the walk approach infinity. In this
section, we discuss the localization phenomena of the walks
from a different perspective.

In Ref. [31], the authors establish a relationship between
the choice of the coin parameters and the peak velocity with
which the underlying quantum walk wave function spreads.
The authors demonstrate this by considering a generalized
Grover operator as coin, obtained by modifying its eigen-
values and eigenvectors. Peak velocities control the limit
distribution and in turn influences localization.

Here at first, we determine the peak velocities of the prob-
ability distribution of the walker’s position when the coin
operators are from X and ). This allows us to provide a new
family of parametrized coin operators Xy, outside those in
Ref. [31], which preserves the localization of the Grover walk.
We describe how the coin parameter 6 relates the spreading of
the walks through the line.
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Recall that, from Eq. (8), we have

1 b
W (m, 1)) = ZZ/

=1 -

ei[—km/r+Wj(k)]l (Uj(k)|\l/(k, O))

~

x |v;(k)) dk. (10)

Now to determine the behavior of |y (m, 1)) ast — oo, we
employ the idea given in Ref. [31] by using the method of
stationary phase approximation (SPA) [51].

In general, the SPA states that, for a propagating wave
packet, the contributions of the fast oscillating phases average
out and only the amplitudes corresponding to the stationary
phases contribute significantly to the overall wave function
of the wave packet. The propagation of the wave function
corresponding to a quantum walk on an infinite line with
periodic boundary conditions can be modeled using the theory
of the SPA.

Consider the phase w;(k) = w;(k) — mk/t from Eq. (10).
Now, the rate of decay is given by the order of the stationary
points of the phase w; (k). By solving the equation j—;@ (k) =
0, we find the stationary points corresponding to the maximum
value of %6) (k). If ko is the solution of the second-order
derivative then by equating the first-order equation j—ka) (k) =
dd—ka) (k) — m/t with zero we get the position of the peak after
time t as m = %a) j(k)|k,t, whereas the peaks in the proba-
bility distribution curve propagates with the maximal group
velocity %w i (k)|x,- Here we recall that the group velocity of
the propagating wave function corresponding to the quantum
walk is simply %a)j(k), where k and w;(k) are the wave
number and angular frequency, respectively [41].

Next we obtain peak velocities for the wave function cor-
responding to a discrete-time quantum walk on a line with

generalized coin operators chosen from the sets Ay and ).
|

lPork)

A. With coin operators C € &)

First we consider the walk with coins from X. Now for
x=(1+42co0s8)/3, by Theorem III.1 the eigenvalues of
Ux(k)are ; = @i ®_ j =1,2,3, where w (k) = 0, wy(k) =
—w3(k) = w(k) with cosw(k) = —1(1 — cosk) + <2¢(1 +
2cosk).

Since w;(k) is independent of the wave number k, the
localization effect of the quantum walks using AXj as the
coin operator is preserved as that of the Grover walk [21,23].
Indeed, the existence of constant eigenvalues of the time evo-
lution operator and the localization are equivalent for DTQW:s
on infinite lattice under cyclic boundary conditions [47].

We shall now determine the peak velocities using the coin
operators from Xy for 6 = 0, 27”, —27”, which are permutation
matrices. For 8 = 0, Xy becomes the identity matrix. There-
fore, w,(k) = £k and w;(k) = %k, consequently the right-
and left-going peak velocities are

d d
Vg = ﬁws(k) =-1, v= ﬁwz(k) =1,
whereas szza)z(k) = j—;m(k) =0.
Similarly, if 6 = 27” orf = —27” we get permutation matri-

ces P13y € Ay or P3) € Ay respectively. For both the cases
the eigenvalues w;(k) = i%” and w;(k) = :I:ZT” and hence
the corresponding peak velocities are 0. If 6 equals to —z or
7, accordingly the coin operator is the Grover matrix, the right
and left peak velocities are \/lg and —\%, respectively [31].

From now onward we consider coins from the family
Xy except the Grover and permutation matrices, i.e., (1 +
2cos6) # 0,3, —1. Now, to find the peak velocities we de-
termine for which values of k the second derivatives of w; (k)
and w3 (k) vanish. Thus,

cosk(l +2cos@)

dk?

{9 — [—1 + cosk 4 cos (1 —i—ZCOSk)]z}%

sin k(1 + 2 cosk)*[—1 + cosk + cos O(1 + 2 cos k)]

{9 —[—1+ cosk + cosO(1 + ZCOSk)]Z}%

vanishes for

5c086 +7 — 3v/cos?6 + 6¢cosf + 5

ky = m — arccos (

and

2(2cos6 + 1) )

5¢c080 + 7+ 3v/cos2 0 + 6¢cosf + 5

k§ = m — arccos (

Then we determine the group velocities given by

dos(k) _ dan(k) _

2(2cos6 + 1) )

%sink(l + 2cos0)

dk

dk \/1—[—%(1—cosk)+%c039(1+2cosk)]2
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at the stationary points k) and k3. Hence the velocities of the right- and left-going probability peaks vg and v, are given by

dws (k)

wO = =4

k=K?

1 [94/cos? 6+6cos 0+5—(15cos 6+21)
3 \/cos2 046 cos 0+5—(cos H+3)

if — 27'[ 2

<9<—3

A/ cos? 046 cos 0+5—(15 cos 6+21)

2 2w

_1 /2
3

daws(k)
dk

dwz(k)

«/cos2 046 cos 0+5—(cos 0+3)

vy(0) —uiV(6),

k=k?

v (0)

k=k9

/ cos? 046 cos 0+5+(15 cos 0+21)

\/cos7 646 cos O+5+(cos 0+3)

/

if—n<9<—7, 3 <0 <m,

if — 271 2

<9<—3

2w 2

\/cos‘ 646 cos 0+5+(cos 6+3)
da)3 (k)

@)= =4

= v, (0),

k=kY

where (1 +2cos@) # 0, 3,
vPO) =vP©) =0

Here we mention that vg(6) and vz (6) do not keep the same
sign for all the coin parametric values 6 through the interval
[, 7], in contrast with the study in Ref. [31]. Henceforth, in
order to get rid of the conflict with the names “velocity of
the right-going peaks” and “velocity of the left-going peaks,”
which are generally used in case of positive and negative
quantities, we emphasize that we represent vr(6) and vL(Q)
respectively, by the expressions “)2 | r=r0 and d“” )| K=kO
only, not in the sense of sign.

We plot the functions le>(«9) and v(z)(e) with 6 in Figs. 5
and 6 respectively, whereas the underlying coin operator is

—1. It is worthy to mention that

X, —m <0 <.
1
0.5
-
>
0
0.5 / \
-r 2x/3 -7l3 0 w3 27/3 «
0

FIG. 5. The velocity v, V(@) for the one-parameter family of
quantum walks defined by the coin class Xy. The velocity of the left
traveling probability peak takes the maximal value 1 at 6 = 0 and
when |6| increases it decreases and becomes 0 at 0 = +27 /3. vzl)(é)
takes a negative value for |6| > 27 /3. The curve for peak velocity
is symmetric about the vertical line through 6 = 0. For the Grover

walk, v} " (0) attains the value ——, ie, v (m)=v" ()= —%.

\/9«/009 6+6cos 0+5+(15cos0+21)
3

if—n<9<—3, 3 <0 <m,

In Fig. 7, we plot the probability distributions of the Grover
walk for different positions of the walker after three certain
time steps.

Figure 8 shows the probability distributions of the walks
after time ¢ = 50 at different position of the walker with some
coins from Aj.

From Fig. 5 we see |v£l)(%)| < |v(LI)(7r)|. Accordingly, in
Fig. 8, the right and left peaks travel slower than the Grover
walk in Fig. 7 through the line, whereas the initial state is
(JLE’ 0, %2) and r = 50 for both the cases. Indeed, it is to be
noted that, unlike the Grover coin, the coins Xp, 6 = % %
are not symmetric, which cause the asymmetric probability
distributions with respect to the position m = 0.

Now we see in Fig. 9 the probability distribution of the
walk with coin from &) with time changes, at a certain posi-
tion of the walker on the line.

]
05
|
S
05
Tt 273-m3 0 73 273
)

FIG. 6. The velocity v(”(e) for the one-parameter family of
quantum walks defined by the coin class X,. We see v(z)(Q) attains
positive values for —27/3 < 6 < 27 /3 and take maximum value 1
at & = 0. For the Grover walk vf)(e) = —7 0 = m, —m. More-
over, the peak velocity curve is symmetric about the vertical line
through 0 = 0. There is a certain jump discontinuity in the peak
velocity curve at 8 = £2m /3. However, the peak velocity v(z)(Q) is
not feasible to carry out.
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0.3 0.2
= 02 0.15
E § 0.1
0.1
0.05
0.___/\'ww— A 0 Lt weeattf\.
-50 -20 0 20 50 .50 220 20 50
m m
(a) t = 50 (b) t =100
0.3
= 02
£
a

0.1¢

0
-300 -100 0 100 300
m

(c) t =500

FIG. 7. The probability distribution of the Grover walk after time
steps t = 50, t = 100, and t = 500 with initial state ( 12 ,0, f)
Clearly the probability distribution contains three domlnant peaks
whose positions are determined by the velocities v, D) = -5

1)(7'[) =0, v(”(n) = —3. In panel (a), the peak positions corre-
spond to —27, 0,27 and in panel (b), the peak positions appear at
—56, 56, 0. As time increases we see that the probability values at the
peaks diminish gradually. The peak at the origin does not propagate
with time, which emphasizes the localization of the Grover walk.

In Fig. 9 we plot the probability of the walker to be at
position m = 0, over time. Starting from m = 0, the quantum
walk with coins from A} propagates to other vertices of the
line with time. However, the probability to localize (i.e., to
remain at m = 0) converges to a constant as t increases.

B. With coin operators C € Y,

Now we consider the walk with coins from ), while
for x = (2cos® — 1)/3, by Theorem IIL.5 the eigenvalues of
Uy(k)are A; = /%) j = 1,2, 3 where (k) = 7, wy(k) =
—w3(k) = w(k) with cosw(k) = —%(1 —cosk) —cosfO(1 —
2cosk)/3. Here also the eigenvalue A; = —1 is independent
of wave number k and hence the walk shows localization.

0.2 0.2
0.15 ‘ 0.15 |
—_ |
£ 04 \ ‘ £ 041 ‘
o ‘ o
0.05 0.05
0 /J M\/V\/\ i\ 0 ‘r’\\/‘-‘*\/‘ WV \‘\
-40 -20 0 20 40 -40 -20 0 20 40
m m
(a) Xg,0 =73 (b) X, 0 = —7.

FIG. 8. The probability distribution of the walk using coins from
Xy for 6 = 7 and 0 = —7 after t = 50 time steps with the initial
LY. The peaks on the left and the right side move with

1
state (7, e

velocities v(l)( )= vﬁe(—%) ~ F0.3568 and appear at positions
Tv'p(3) = Tv<“ —Z)~ F17. Here the probability distribution
curves spread much slower in compared with the Grover walk shown
in Fig. 7.

|i|
| ‘I‘W "u

(0

0 100 200 300

FIG. 9. The probability distribution of the walker with time at
the origin m = 0, starting w1th the initial state (ﬁ’ , L ) while
the coins are Xy for 6 = 7, 2 The red- and green- colored nodes
correspond to & = 7 and 6§ = 7, respectively. Here the black dotted
curves passing through the probability distributions are the averaged
probabilities of the corresponding walks. It looks apparently that, as
time propagates, the averaged probabilities of the walks at m = 0
with the Grover coin A7 and with coin Xz converge to 0.2 and 0.13.

Similarly as the case &) we determine the peak velocities
using the coin operators from )y. For 6 = w, —m, )y be-
comes —I3, so that w,(k), ws(k) = kand vg = 1, vy = —1.
Similarly, if 6 = 5 or & = —% we get permutation matrices
Pazy € Vo or —P23y € Yy, respectively. For both the cases
peak velocities are zero. If & = 0 the coin operator is the neg-
ative times Grover matrix, whose right and left peak velocities
are —% and % respectively.

a2k
Now We get that ;”,:2( )

vanishes for

. (SCOSQ—7+3\/cos29—6cos9+5)
ky = m — arccos

2(2cosf — 1)
and
ki =m — arccos

y 5c086 — 7 — 3v/cos?>6 — 6¢cosf + 5
2(2cosf — 1) ’

for 2cosf — 1) #£0, -3, 1,i.e.,60 # %, —%, w,—m,0.

1 1
05 0.5
-}
4 > 0
>0
05
0.5 -

- 273 -7/3 0 w3 27/3 w - 273 -x/3 0 w3 273 =«

[% 0
(a) Group velocity v(Ll)(O) (b) Group velocity 1)( )( 0)
FIG. 10. uﬁ)(e) and v‘”(@) for the one-parameter family of
quantum walks defined by the coin class V. At0 =0 vi')(O) attains
the value —ﬁ v(l)(Q) takes the maximal value 1 at & = —mxr, 7 and
is negative for |0| < 27 /3. In panel (a), the velocity increases as |6 |
increases and becomes 0 at € = £x /3. Whereas in panel (b), the
velocity decreases as |0| increases and there is a discontinuity of the
left peak velocity curve at & = &+ /3, in contrast with panel (a).
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Then the group velocities

day (k) dws(k)

1sink(1 —2cos)

dk  dk

at the stationary points k(l) and kg are as follows:

\/1 — [3(1 = cosk) + S cosO(1 + 2005k)]2

1 94/ cos? 6—6 cos +5+(15 cos H—21) f—Z<p<Z
oD@ = dan (k) ) 3V eos?0—6cos6+5+(cos6-3) 3 3
I = —— =
dk K=k 1 94/c0s2 0—6 cos 6+5+(15cos H—21) f << T _0<qx
\/cos2976c050+5+(c05973) 373 ’
Q) )
Ur ®) = —vp @),

9«/c0s 0—6cos0+5—(15cos0—21) if—Z<cp<XZ

W2 (0) = dwy (k) _ /<082 §—6 cos H+5—(cos 0—3) 3 3
dk k=kY l 94/ cos? §—6cos +5—(15 cos §—21) f <@ <—Z Z_0<q
\/cos29—6cnsé)+5—(0056—3) 373 ’

v2(0) = —vP ),

whenever (2cosf — 1) # 0, =3, 1.

We show the changes in the functional values of vg)(e)
and v\*(#) with 6 in Fig. 10.

Next, Fig. 11 shows the probability distributions of the
walk with negative times the Grover coin, i.e., 8 = 0, at dif-
ferent position of the walker after three certain time steps.

0.3 0.3
=02 =02
£ £
0.1 ( 20.1 /\M
0 ol 0 N'\/\
50 20 0 20 50 50 20 0 20 50
m m
(a) t =50 (b) t =100
0.4
£02
o
0 J |
-300 -100 0 100 300
m
(c) t =500

FIG. 11. The probability distribution corresponding to negative
of the Grover coin after time steps ¢ = 50, 100, 500 with initial
state (%, %, %ﬁ ). Clearly the probability distribution contains three
dominant peaks whose positions are determined by the velocities

v(0) = 55, v (0) = 0, v (0) = — . In panel (a), the peak po-
sitions correspond to —28, 0, 28 and in panel (b), the peak positions
appear at —56, 0, 56. In contrast with panels (a) and (b) for the
probability distribution in panel (c) corresponds to a large time step
t = 500, the left and right peaks take small probability values. In all
the figures the central peak at the origin does not propagate with time,
which emphasizes the localization of the walk with negative Grover
coin.

Figure 12 shows the probability distributions of the walks
after time ¢ = 50 at different position of the walker with some
coins from Y.

From Fig. 10 we see |v(Ll)(%)| < |vzl)(0)|. Hence in Fig. 12
the right and left peaks travel slower than the walk in Fig 11

through the line, whereas the initial state is (= NERIVE [) and
t = 50 for both the cases. In contrast with the walk with
negative Grover coin, the walks with coins )y, 6 = 6, —%
have asymmetric probability distributions with respect to the
position m = 0.

V. CONCLUSION

We have proved two limit theorems for three-state quantum
walks on one-dimensional lattices when the coin operators are
considered as generalized Grover operators which are recently
introduced in the literature by characterizing orthogonal ma-
trices of dimension 3 x 3 that can be written as a linear sum
of permutation matrices. Furthermore, we have analyzed the
localization properties of the walks by using the obtained

0.2 0.2
E g
& 0.1 T 0.1
0 0 /f\/
-40  -20 0 20 40 40 =20 0 20 40
m
(a) y070: g (b) y979:_g

FIG. 12. The probability distribution of the walk using coins
from )y for 0 = % and 6 = —% after 1 = 50 time steps with the
initial state (%, %f %f) The peaks on the left and the right side

move with velocities v(”( )= (1) %) and appear at positions

Tvzl)R( )= Tv“) (%)~ :F14 Clearly, the probability distribution
curves spread much slower in compared with the walk shown in
Fig. 11.
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formula of probability measure of finding the walker at any
position with a given generic initial state. Indeed, we have
shown that the walks show localization phenomena generi-
cally, and we also have classified the initial states for which
the walks do not show localization phenomena when the ini-
tial position is assumed to be the origin. In support of these
results we have analyzed peak velocities associated with the
limiting distributions of the walks. All our analytical results
have been thoroughly corroborated with numerical examples.

Our results can be used to determine how fast the quantum
walks described here converge to their time-averaged limiting
distribution. As mentioned earlier, this phenomena, known as
mixing, has been crucial in analyzing the running times of
several quantum algorithms. In fact, it has been demonstrated
that discrete-time quantum walks on a one-dimensional
lattice with a Hadamard coin mixes quadratically faster than
its classical counterpart. It would be interesting to investigate
whether this speedup is retained for quantum walks with the

J

parametrized coins introduced here. Other topologies, such as
higher dimensional lattices, can also be explored in this re-
gard. Another future plan of our research includes developing
quantum circuit models for the proposed quantum walks.
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APPENDIX A: DERIVATION RELATED TO LIMIT THEOREMS

Below we derive a compact expression for the quantum state |y (m, 1)), the probability amplitude vector as defined in Eq. (2)
when the coin operator C € X. A similar expression can be obtained for coins in ).

3

[ ,
P / PN (o ()| W (k. 0) v (K)) dk
j=

V(1 —x — y)eo®

1 —x—y+ye“® :|T

1 [7 1
~ 2 ) IR <[<1 —x =) yelo @A (1 x — y)elo®+h

y+ (1= x — yeio®
1 —x— e*i[w(k)*k]
( y)+y

<[

y+ A —x—ye

+B8+v

1 —x—y+ye @®

(k) —km]
Y+ (1 —x — y)e- it :|e )dk

—iw(k)

1—x—y+ye@® ]T

1 T 1
T f, 13— <[(1 —x —y) F ye Mo Ty (1= x = y)eiotA

¥+ (1= x = y)elo®
X | -
(l — X — y) + yel[w(k)“rk]

1 —x—y+ye©®

i[—w(k)t—km)
Y+ (I —x — y)elodKl ]e )‘”‘

= [ana +appf +aniy, ana + anf + any, asie + anf +anyl’.

Then comparing both sides for the coefficients of «, B, y we geta;;, 1, j € {1, 2, 3}. Here we derive a;; and the other a;; can

be obtained similarly.
By Theorem III.1 Il (N> = || f3(—w(k))||? and hence

(‘ y+ (1 —x = y)el®
(

1 [7 1
ain =5 /_ﬂ I £2(@@NI> \ | (1 = x = y) + yellet=H

Simplifying the above expression it becomes

1 T 1+ x —2xcosw(k)

2
ei[w(k)tfkm] 4 ‘ (

V4 (1—x = y)eo®
1 — X — y) + ye_i[w(k)"rk]

2
ei[a)(k)t+km])dk_

1 +x —2xcosw(k)

ayn = - —

21

e*ikm
. 1+ x —2xcos[w(k) — k]

iw(k)t + eiw(k)t)dk.

1 +x —2xcos[w(k) + k]

Clearly the above expression simplifies a;; to the form % ffﬂ G(w(k), k) cos (w(k)t) cos (km)dk, where G(w(k), k) is a
quotient function which is a continuous functions of k. Hence for all coins in X which are not permutation matrices i.e., x # 0, 1,
we get G(w(k), k) is Riemann integrable as well as Lebesgue integrable.

Thus using the Riemann-Lebesgue Lemma we say aj; ~ 0 ast — oo. Similarly it can be done for other a;;, i, j € {1, 2, 3}.
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APPENDIX B: DERIVATION RELATED TO LOCALIZATION CONDITION USING THE DEFINITION GIVEN IN Ref. [46]

Recall that the localization condition for a DTQW as proposed in Ref. [46] is Zmez lim,_, o, P(m, t) to be positive.

Then, for coins in X, the parameter v as mentioned in Theorem II1.3, is such that
that 1 —v2 #0. Suppose x #0,1 and T} = a(1 —x —y) + Bl +x) +yy, h=ay — Bx, T =

—5+2\/6<v<1forx750,1, SO
—Bx+ y( —x —y). Then

considering the approximation of lim,_, o, P(m, t) in Theorem III.3, taking sum over all the positions on the line, we obtain

SR .
meZt—wo 3(1 —x)(x+3) o

20 (AP + [B)) ) v?" + 2Re(4B) Y vl

meZ ]

+ {(|Tl|2 +IBP 4117 Y v + 2Re(TTh) + Re(TiT3)) Y v’"*""“'}

meZ

+ {2Re(TzT3) Z pl=mt+m+1| }j|

meZ

meZ

1
- - 2A2+BZ+T2+T2+T2 v2|m|
3(1_x)(x+3)H[ (AP +1B) + (T + |l + |T3| )]n%
{ [Re(Aj +Re(T1T2 +Re Tl Zvlm+m+1}+ {ZRC(Tsz)ZU"’HHler”H
meZ meZ
1 1+
[T {21AF +21BP + T + B + |13

T30 -nE+3)'1

+ 207 '[Re(AB) + Re(T1T5) + Re(T1 13)] + 2Re(1>T'3)}

—2(1 = v»)Re(BhT5 )}

_ 1 14 v?
T 301 -0+ 3)[

,3—1? =
+ 2v 1= UZRC(T2T3) .

—2v'[Re(4B) + Re(T1T5) + Re(Ti T3)]

[Re(AB) +Re(TiTy) + Re(TiT3)]

Furthermore, for coins in ), in order to derive a criterion for localization and to analyze the dependency of it on the initial

state, we obtain from Theorem III.6 for x #~ 0, —1,

> lim P(m, 1) =
=00

meZ

3(1+x)3 —x)

LA
-

where §; = a(l +x+y)+ (1l —x) —yy, $2 =

1 [1+u

[Re(DE) + Re(S152) + Re(S8153)] + 2,u 23~

—ay+ Bx, 83 =

QIDI* +2|E1* + |Si 1> + 1S2/* + 1S51%)

Re(SzS3 )i|

ﬂx+y(1+x+y),and—5+2\/6<,u< 1, u? <l
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