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Abstrakt: Tato prace se vénuje problematice lokalizace v kvantovych prochdzkich na manhattanské
miiZzce a L-mfiZce. Poté, co shrneme zakladni charakteristiky kvantovych prochdzek a uvedeme pro-
blém lokalizace, ukdZeme, jak lze kvantové prochdzky na téchto dvou orientovanych miizk4ch pfevést
na kvantové prochdzky na neorientované miiZce.

V pripadé homogennich kvantovych prochdzek uré¢ime obecny tvar mince, kterd vede k tzv. uvéznéni. Pro
tyto dvé orientované miizky ukazeme, Ze tento efekt je trividlni, nebot’ vede na Cisté bodové spektrum
evoluéniho operdtoru. Nakonec se zabyvame Andersonovskou lokalizaci na manhattanovské miiZce,
u niZ na zdkladé numerickych simulaci dochdzime k hypotéze, Ze Andersonovska lokalizace je pfitomna
pouze v piipade prochdzek s mincemi, které jsou blizké mincim vedoucim k uvéznéni.
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Abstract: This thesis addresses the problem of localization in quantum walks on the Manhattan lattice
and the L-lattice. Having summarized basic characteristics of quantum walks and the effect of localiza-
tion in the first part, we show how the problem of quantum walks on these two oriented lattices can be
formulated as quantum walks on undirected lattices.

In the case of homogeneous quantum walks we determine the general form of the so-called trapping
coin. For both of these lattices it is showed that this effect is trivial since the corresponding evolution
operator possesses purely point spectrum. Finally we deal with Anderson localization on the Manhattan
lattice. Numerical simulations lead us to hypothesis that Anderson localization arises only in cases when
the coin operators are a small perturbations of those exhibiting trapping.
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Introduction

The concept of quantum walks has attracted considerable attention since their introduction by Ahara-
nov et al [1] in 1993 and the seminal paper by Meyer [2l]. The popularity of the research in this field
can be attributed mainly to the potential utilization of quantum walks in quantum transport, quantum
information theory and quantum computation.

Quantum walks can be viewed as quantum-mechanical analogues of classical random walks, which are a
well-studied stochastic processes in probability theory with a wide range of applications. The term ran-
dom walk was introduced by Pearson in 1905 in the context of the mathematical formulation of transport
phenomena. The concept of classical random walks was used to describe for example Brownian motion
as a microscopic model of diffusion [3].

The study of quantum walks has been initially motivated primarily by the development of quantum algo-
rithms based on quantum walks that provide a considerable speed-up in comparison with their classical
counterparts in terms of computational complexity. Among them the most notable is the search algorithm
[4] that exhibits quadratic speed-up compared to the classical algorithms.

The interest in quantum walks has also been spurred by various experimental proposals and physical
implementations of both quantum walks on a line and on a two-dimensional lattice using cold atoms in
lattices, ion traps or polarization and orbital angular momentum of a photon (for a comprehensive review
see [13]).

One of the motivations behind the study of quantum walks on lattices is to model transport in physical
systems. The propagation of a quantum particle in homogeneous systems is known to be ballistic. In
this thesis we focus mainly on the so-called effect of localization, where the ballistic propagation of the
quantum particle is suppressed, typically due to the introduction of disorder to the system [[6]. Physically
this suppression of spreading can be interpreted as the transition from the conducting state of the material
to the insulating state.

This thesis is focused on the effect of localization of discrete-time quantum walks on directed square
lattices. More specifically, we address the problem of two special cases, namely the so-called Manhat-
tan lattice [7] and L-lattice [8]. These two lattices share the property that at each node there exists two
incoming and two outgoing edges. We consider both the trapping effect that arises in the case of homo-
geneous quantum walks and the Anderson localization which is observed in quantum walks with certain
forms of static disorder.

In the case of quantum walks on the directed lattices we assume that the motion of the walker is restricted
by the orientation of the underlying lattice. As a consequence, regarding the Manhattan lattice and the
L-lattice, two of the four possible directions of motion are blocked at each of the vertex. This enables
us to view the effective coin operators acting locally at the vertices as two-dimensional unitary matrices.
In this aspect we can observe a certain resemblance between one-dimensional two-state quantum walks
and quantum walks on the Manhattan lattice and the L-lattice.

Moreover, regarding the trapping effect, it is known to be trivial in the case of one-dimensional two-state
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quantum walks since it appears only in certain extreme cases when the walk does not spread. Contrary
to this, two-dimensional quantum walks allow for more intricate trapping effect with only a partially
trapped walker at the vicinity of the origin.

On the other hand, the presence of the Anderson localization in one-dimensional two-state quantum
walks has been proved for a wide range of disorder introduced via random position-dependent coin op-
erators. For higher-dimensional quantum walks analytic results about Anderson localization are limited
to certain special cases.

The above mentioned results about localization effects lead us to a question whether, despite the certain
similarity with one-dimensional two-state quantum walks, quantum walks on the Manhattan lattice and
the L-lattice retain the properties of two-dimensional quantum walks with respect to the trapping effect
and Anderson localization.

The structure of this thesis is as follows:

First we introduce the concept of homogeneous quantum walks on the d-dimensional undirected Carte-
sian lattices, as we will utilize this model extensively when addressing the problem of quantum walks
on the Manhattan lattice and the L-lattice. We also illustrate on this example the standard method of the
time-evolution analysis of quantum walks.

In Chapter 2 we provide an introduction to the effect of localization of quantum systems with special
focus on the quantum walks. We first consider the so-called trapping effect that arises in homogeneous
quantum walks and is related to the spectral properties of the evolution operator for certain choices of
the coin operator.

The second type of localization of our interest is the so-called Anderson localization that is typical for
spatially inhomogeneous quantum systems. We briefly review the original self-adjoint model introduced
by Anderson as well as the unitary Anderson model. Then we present analytic results obtained for
Anderson localization of both one-dimensional and d-dimensional quantum walks in the context of the
so-called dynamical localization.

To be able to employ the localization results summarized in the second chapter, we introduce a conve-
nient method to describe quantum walks on the Manhattan lattice and the L-lattice using quantum walks
on square undirected lattices. For homogeneous quantum walks on the Manhattan lattice it is shown
in Chapter 3 that they can be viewed as quantum walks on undirected square lattice driven by four-
dimensional coins satisfying certain restricting conditions. On the other hand, we show in Chapter 4 that
homogeneous quantum walks on the L-lattice are equivalent to the so-called alternate two-dimensional
quantum walks or two-dimensional split-step quantum walks which utilize only a two-dimensional coin.
We also focus on the effect of trapping in the above discussed quantum walks, i. e. we determine the
general form of the coin operators leading to trapping.

The last chapter is devoted to the numerical study of Anderson localization of quantum walks on the
Manhattan lattice. We focus mainly on the case when the coin operator is a small perturbation of that
leading to the trapping and consider only disorder introduced by random phases. We conclude the thesis
with a summary of our results and outline a future prospect of further study.



Chapter 1

Quantum walks on d-dimensional
Cartesian lattices

Quantum walks are quantum-mechanical counterparts of classical random walks. One of the simplest
examples of discrete-time quantum walks is that of a quantum walk on a d-dimensional Cartesian lattice.
In this case the quantum walker makes discrete-time steps of the same prescribed length in accordance
with the underlying lattice.

The state of the walker is described by its position on the lattice and the state of its internal degree of
freedom called a coin. In one time-step of a quantum walk the walker first undergoes the transformation
of the coin state, which can be viewed as an analogy to the coin-flip in the case of classical random walk.
Subsequently, it is shifted according to the outcome of the previous coin transformation.

1.1 Definition

Let us now introduce the concept of a quantum walk on a d-dimensional Cartesian lattice. The position
of the walker on the lattice is defined by a vector from a Hilbert space spanned by

Hp = span{|x) = [x1,- -+, xg) | x1,- -+, xg € Z}, (1.1)
where xp, - - - , x4 represent the coordinates on the lattice. The walker is assigned a Hilbert space
H = H. ® H,, where the Hilbert space H_ is the so-called coin space spanned by 2d basis vectors, i.e.
H. = span{ |c1+>,|cf> yo ,|c:;>, 'c;>}, (1.2)

with c;—.' corresponding to the motion along the j-th axis in positive and negative direction, respectively.
Let us assume that the walker makes steps of the same length of one unit along these axes. In order to be
able to write operators acting on H in a compact form, we assume the steps to be represented by vectors
{ejl j=1,---,d} from the standard orthonormal basis of z4.

The time evolution of a quantum walk is realized by successive application of the evolution operator

U=S§S (], (1.3)

which comprises two subsequent transformations of the state vector: the coin operator C acts solely as
the transformation of the coin state and S represents the conditional shift operator which takes the form

of
S = Z ( Z:;( |c;'> <c;'| ® |x + ej> (x| + |c]_> <c;‘ ® |x - ej> (xl)). (1.4)

X1, Xd €Z
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The state of the quantum walk after ¢ steps starting with the normalized initial state localized at the origin

d d
W) = > (a7 [eF) + a7 le7)) @10, .0y, > (P +lejP) =1 (1.5)
=1 =1
corresponds to
() = U 1(0)) (1.6)
d
= >, (Z(wj-(x, Dlet) +u;xnle7)) @ |x>), (1.7)
X1, ,Xg €2 j=1
where tﬁ;—f(x, 1), j=1,...,d are components of the 2d-component vector of the probability amplitudes
W(x,t) given as
T
W, 0) = (07 Ce 007 (0, g, YD) (1.8)
The resulting position distribution of the quantum walk attains the following form in the above notation
d
Px,0) = ) (e, 0 + 7 (e nP). (1.9)

J=1

1.2 Time evolution

In the following we focus on the analysis of the time evolution of the quantum walks described above,
i.e. we obtain general expressions for the probability amplitudes of the walker being at position x at
time ¢. We only consider spatially homogeneous and time-independent quantum walks (the coin operator
C does not depend on x, ?) since such types of walk are the most frequented ones and can be easily
solved analytically. We will refer to these simply as homogeneous quantum walks.

Let us now employ the method based on the Discrete-Time Fourier transform which represents the stan-
dard approach to the analysis of homogeneous quantum walk, as its dynamics attains a simple form in the
momentum space. The basic principle of this method is to transform the time evolution of the probability
amplitude using the Discrete-Time Fourier Transform

fao= > f@e* ko ke [-mal, (1.10)

X1, Xg€EZL

analyse it in the momentum domain and then transform it back to the spatial domain with the help of the
Inverse Fourier Transform

/g /e
1 ~ .
x) = | fleye** dky - dkg. 1.11
1= [ [ o L dig (111)
- -

In one step of the walk, only the probability amplitudes of the adjacent points can contribute to the
probability amplitude y(x, ). Consequently, the desired time evolution can be written in the form of a
recurrent relation

d

Yx,0 = ) (CHy(x —erj1,1 = 1) + CHy(x + €21 = 1), (1.12)

j=1
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with the initial condition
d
YO0, ,0) = (o}, a7 afa’, Y (aiP+la;P) =1, (1.13)
j=1

where C/ corresponds to the coin operator C with zero elements except for the j-th row.
Transforming the above recurrence using the Discrete-Time Fourier Transform (I.10) we obtain the time
evolution in the Fourier domain in the following form (for detailed computation see [9]])

Uk, t) = Uk)g(k,t — 1) = U' (k) §(k,0), (1.14)

with the transformed initial state given by ¥(k, 0) and the evolution operator in the momentum space
acting as a multiplication by

(k) = diag (e, e, .- eh &) C. (1.15)

As aresult, the task of solving the recurrent relation (I.12)) is reduced to that of finding the #-th power of
U(k) which is easily done when we diagonalize the evolution operator. The expression for the probability
amplitudes in the Fourier domain then reads

2d
ety = > 25K) o)) (o) ik, 0), (1.16)
j=1

where A are the eigenvalues of U(k) and v ; are the corresponding eigenvectors.
At this point we can return to the spatial domain using the Inverse Fourier Transform (I.TT) thus obtaining
the analytic solution of the time evolution in the Cartesian coordinates as

1 2d Vs T ) '
Y(x,1) = a0 dZ{ f f (k) ok ) (v, (RO|k, 0)) e dky -~ dky | (1.17)
FU\G L

This represents the basic relation allowing us to study the effect of the initial state, the form of the shift
operator and dimensionality on the dynamics of the quantum walk.

12



Chapter 2

Effect of localization in quantum walks

One of the interesting features of quantum walks is the so-called effect of localization, i.e. the absence of
the spreading [6]. This phenomenon occurs under certain conditions imposed on the evolution operator
despite the fact that the majority of homogeneous quantum walks spread ballistically.

There exist at least two types of localization in quantum walks; namely the trapping effect in the case of
homogeneous quantum walks that stems from spectral properties of the evolution operators for special
choices of the coin operator and localization of the Anderson type that arises in disordered systems. The
latter was first studied by Anderson in [6] who argued that electrons in a crystal become trapped when
exposed to external random potential on the atoms of the crystal.

2.1 The trapping effect

For the majority of homogeneous quantum walks the probability of finding the particle at the fixed
position converges to zero as the number of steps ¢ tends to infinity. This follows from the analogy
with wave theory that was established in [[10]. The authors showed how one-dimensional homogeneous
quantum walks can be modelled as waves and derived the phase and group velocities. The maximum
group velocity then determines the propagation of the peaks in the probability distribution that stems
from the continuous spectrum of the evolution operator U (k).

However, there also exist quantum walks for which the discussed probability does not vanish. This
remarkable feature termed as the trapping effect is closely related to the point spectrum of the quantum
walk and depends crucially on the choice of the coin operator.

In general, the eigenvalues of the unitary evolution operator can be written as A;(k) = e'“i® The
expression for the probability of finding the particle after ¢ steps at the origin reads

2d d
,0,1) = ZZ [0, 0.0F + [0, .0,0), 2.1)
i=1 j=
where
T

Vi = o )d[ f f @Y (k) o= (o)) (vE(O|ik, 0)) e * ¥ dky -~ dky| ~er  (22)

1.e. igbjif (x, 1) is the i-th component of that part of the probability amplitude (x, #) corresponding to the

overlap with the j-th eigenvector.

Hence we see that the expression for the probability (2.1 consists of integrals containing eigenvalues
13



Aj(k). From Riemann-Lebesgue lemma in the limit of large time ¢ follows that only the expressions with
eigenvalues A; independent of k contribute to the probability P(0,--- ,0, +oo) [L1]. Hence, the existence
of constant eigenvalues implies the presence of the trapping effect. At this point we remark that the
trapping effect is purely a quantum phenomenon without a classical analogue since the classical random
walks diffuse in case of non-zero probability of leaving the actual position.

The trapping effect has been studied extensively for quantum walks on a line and two-dimensional square
lattice with a remarkable difference appearing between these two cases. It can be easily proven that the
general two-dimensional as well as four-dimensional coin possesses either empty point spectrum or con-
stant eigenvalues in the form of +4 [12]. This follows from the bipartite property of the underlying
lattice. As a result, trapping for two-state one-dimensional quantum walks is trivial, as the absence of the
continuous spectrum leads to fully trapped walker. On the other hand, the latter allows for the trapping
effect even in the case of a leaving walk (i.e. in cases when the walker is forced to leave its actual position
at each step). The extent of trapping also depends on the choice of the initial state, namely on the overlap
between the initial state and the eigenvectors corresponding to the constant eigenvalues. Initial states
with zero overlap, i.e. orthogonal to these eigenvectors, lead to propagating walks.

A typical example of a trapping four-state quantum walk on a two-dimensional lattice is that of the
Grover walk represented by the four-dimensional Grover coin

11
11 -1
G=31 1

1

1

1

1l 2.3)
-1
Using the Discrete-Time Fourier transform we obtain the transformed evolution operator U(ky, k)
which, in this case, acquires the form of a four-dimensional matrix. It turns out that this matrix possesses
one pair of constant eigenvalues 1, = +1 and two eigenvalues dependent on the momenta k;, k (for
details see [[13]). Moreover, there exists one initial state that is orthogonal to the stationary states cor-
responding to the constant eigenvalues, namely the state yg(ky,k,0) = %(1, —-1,-1, DT. If we now
consider the asymptotic probability which is given as a limit 7 tends to infinity in the expression (2.1)),
the non-zero contributions stem from the probability amplitudes ‘v »(x, y, 1) corresponding to the
constant eigenvalues, as mentioned above. However, the extent of the trapping, in other words the asymp-
totic probability of staying at the origin, also depends on the overlap of the initial state with the stationary
states (see the form of ). Consequently, the special choice of the initial state ¥/ = %(1, -1,-1,D)7
orthogonal to the stationary states leads to a propagating walk, despite the non-empty point spectrum of
the evolution operator.

Let us remark that trapping can also be achieved for one-dimensional quantum walk in the case of the
so-called lazy walk, in which case we augment the coin space by one additional state representing no
motion, i.e. the walker can move to the right, to the left or retain its current position.

Notice that in this case of three-state one-dimensional quantum walks the trapping can always be avoided
by one special choice of the initial state. On the other hand, four-dimensional trapping coins can be fur-
ther classified as weakly trapping if the trapping effect can be avoided for a special choice of the initial
state, or strongly trapping otherwise [14].

As explained above, the presence as well as the extent of trapping also depends on the initial state, which
proves not to be true for the Anderson localization. Moreover, the support of stationary states in the case
of trapping is known to be finite, whereas in the case of the Anderson localization the discussed states
exhibit exponential tails that are extended infinitely along the underlying lattice.

14



2.2 Anderson localization

While studying transport phenomena, Anderson discovered that certain forms of static disorder (evolu-
tion generated by Hamiltonian dependent on the position but constant in time) can lead to the suppression
of propagation in quantum systems — presence of localized states. More specifically, the Hamiltonian of
the discussed system proves to possess purely point spectrum with eigenfunctions decaying exponen-
tially. Initially, this concept was studied in the context of self-adjoint operators on 2(Z%). For a compre-
hensive review we refer to [[15]].

However, the key object of our interest is usually the dynamics of the system given by the unitary evolu-
tion operator U(f) which for Hamiltonians independent of ¢ reads

U(r) = e 1, (2.4)

For such systems it is then possible to discretize the time by a time-step of length 7', introduce evolution
operator U = U(T) and to study the dynamics after n steps considering propagator U(nT) = U".

In the case of systems with periodic time evolution generated by H(1+7) = H(¢) the asymptotic behaviour
is again given by U(nT) = U(T)". However, no direct relation between U(T) = ¢4 and the Hamiltonian
of the system can be established, since we deal with time-dependent Hamiltonian [16].

Anderson localization has been studied also in the context of these periodic systems in the form of
dynamical localization. This model dealing directly with the properties of the evolution operator is
called the unitary Anderson model and we briefly touch upon it in this chapter, as the construction of the
evolution operator is similar to that of quantum walk.

2.2.1 Anderson model for self-adjoint operators

In this section we introduce the self-adjoint Anderson model, in other words we deal with self-adjoint
Hamiltonians on /2(Z¢) that can be written as

H,=Hy+V,, (2.5)

where Hj is the kinetic energy operator while V,, corresponds to the random potential. We assume the
random potentials V,, to be independent, identically distributed random variables with some common
distribution Py. This model can represent for example the motion of an electron in a crystal. The crystal
itself can be viewed as a periodic lattice - Z¢ with the electron making discrete-time steps on this lattice.
In the orthonormal basis of the (Z%) formed by {6} jezd the operator Hy takes the following form

1 i connected toj
Ho(i, j) =42d i=j , (2.6)
0 otherwise

and the potential V,, acts as a multiplication operator.

With the help of the Discrete-Time Fourier transform it can be shown that the spectrum of Hy is purely
absolutely continuous and is equal to o(Hy) = [-2d, 2d], (see [15]]).

As stated above, the Anderson localization is closely related to the spectral properties of the random
Hamiltonian. Since we deal with a self-adjoint operator, the discussed spectrum can be written as

o(H,) = O—pp(Hw) Uou(Hy) Uog(H,y,), 2.7

where o, is the purely point spectrum and o, 05 represent the absolutely continuous, the singular
continuous spectrum, respectively.
15



The spectrum of the Hamiltonian has a decisive impact on the physical properties of the system. If we
consider the time evolution of a state corresponding to the subspace H,, generated by the eigenfunctions
of opp, it can be shown that such a state stays inside a compact set with high probability as time ¢ goes
to infinity. On the other hand, a state from the . escapes to infinity [[15]].

Anderson localization has been proved for a wide range of disordered systems. Let us briefly review
the main results obtained under the following assumptions on the probability distribution Py of the ran-
dom potentials [15]:

1. V,, are independent, identically distributed random variables with common distribution Py
2. Pp has bounded density f
3. support of Py is compact, i.e. we can assume for simplicity supp Po = [—4, 4] for some 4 > 0.

One of the important properties of this model is the form of the spectrum which is known to be almost
surely deterministic and equal to o(H,) = [-2d, 2d] + supp Py = [-2d, 2d] + [-1, 4].

Anderson localization is known to arise in one-dimensional systems for arbitrary disorder satisfying the
above assumption. Moreover, in any dimension localization occurs in case of large disorder and near
band edges [17]].

The extent of disorder is measured by 6(f) = ||f||=! in the sense that large 6(f) implies that the support of
the probability density f is extended. Localization for large disorder then means that there exists §g > 0
such that for 6(f) > d¢ the resulting system exhibits localization.

Regarding localization near band edges, it is assumed that for a fixed 4 > 0O there exists 49 > 2d such
that 2d < Ay < A. Anderson localization then arises in the interval o(H,,) N {(c0, —Ag] U [Ag U o0)}.

2.2.2 Unitary Anderson model

In the following we consider the so-called unitary Anderson model studied extensively in [16]. As
mentioned above, the model deals with Hamiltonians depending periodically on time, i.e. H(¢) = H(t+T)
for some 7" > 0.

The development of the above model has been motivated by the following physical problem. Let us
assume an electron in a metal ring exposed to magnetic field that increases linearly in time, which induces
a force tangent to the ring. The unitary Anderson model is concerned with the asymptotic behaviour of
the electron. More specifically, it addresses the problem whether or not the imperfections of the ring
prevent the energy of the electron to grow infinitely [[18]].

The unitary Anderson model studies unitary operators on [>(Z) of the form

U, = D(w)U, (2.8)

where U is a deterministic unitary operator and D(w) introduces disorder into the system. More specif-
ically, in the unitary Anderson model D(w) acts as a multiplication by random phases, i.e. for every
element ¢ € I*(Z), ke Z

D(wW(k) = e (k). (2.9)

Similarly to the self-adjoint case, random phases are independent, identically distributed random vari-
ables taking values in R/27Z with a common distribution P that is absolutely continuous with a bounded
density.

In analogy with the self-adjoint Anderson model, this can generate discrete evolution of a particle on
one-dimensional lattice. Generally, however, the evolution operator in the case of the self-adjoint model

16



cannot be factorized as e o = eitHoe=1tVo gince the operators Hy and V,, do not commute. Conversely,
general propagator cannot be written in a form of U, = e {H0+V®) a5 discussed previously.
The deterministic part of the evolution operator for the physical system described above attains the band

form of a 5 diagonal operator

rt -t
rro—rt
2 2
o rr ot —f
U = , 2.10
—t2 —rt r2 —rt ( )
rt r?
-2

where r, t satisfy 7> + > = 1 thus ensuring the unitarity of U. As in the case of the self-adjoint Anderson
model, the spectrum of the unperturbed operator U is purely absolutely continuous except for the trivial
case t = 0 in which case the deterministic evolution operator U has purely point spectrum. On the other
hand, in the other extreme case when ¢ = 1 both the deterministic operator U and the perturbed evolution
operator U, possesses purely absolutely continuous spectrum regardless of the disorder. Hence in this
context the value of ¢ provides a measure of the degree of disorder suggesting small disorder for ¢ close
to 1 and vice versa.
In [16]] Anderson localization was proved for the unitary model in the context of dynamical localization.
It yielded results analogous to the self-adjoint model. The authors showed that in the one-dimensional
case the localization is present for any disorder.
The above described model can be generalized to arbitrary dimension using the tensor product evolution
operator Uy acting in 2(Z4)

Ug =& U. (2.11)

In arbitrary dimension it has been proved that localization arises in case of large disorder (i.e. for large
t) or near the band edges of the spectrum.

2.3 Dynamical localization of quantum walks

Quantum walks represent a useful tool to model transport in physical systems. Due to this fact, they can
be utilized to study the properties of the spreading of a quantum state including the Anderson localization.
Moreover, various experimental proposals have been successfully implemented [5]. The experiments
allowing for coins with random disorder can be potentially used to study Anderson localization.
Anderson localization in the case of disordered quantum walks is typically studied in the context of
dynamical localization, which ensures exponential decay of the eigenfunctions as well as other significant
properties of the evolution operator of the quantum walk. Let us begin this section with a summary of
definitions relevant to rigorous analysis of the dynamical localization.

Definition 1. Quantum walk driven by evolution operator U, exhibits

1. spectral localization [[19], if U,, has purely point spectrum, i.e.

oe(Uy) =0, (2.12)

2. exponential localization [19], if U, exhibits spectral localization and the corresponding eigen-
functions decay exponentially,
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3. dynamical localization [20], if there exists C < +oco and a > 0 such that for any two positions
X,y € 74 and arbitrary states of the coin cy, ¢

E (sup,el (x, c1lU”ly, c2) ) < Ce™ ¥, (2.13)

Theorem 1. Dynamical localization implies exponential localization (and consequently spectral local-
ization) [19].

Let us now comment on the terms stated above. Spectral localization implies that there exists a complete
set of square integrable eigenfunctions. We understand the exponential localization to be the analogue
of the Anderson localization, as in [[15]. The dynamical localization then means that the expectation
value of the probability amplitude of transition between two arbitrary points stays exponentially small.
Notice that when dealing with localization, spectral properties ensure neither dynamical localization, nor
exponential localization.
Moreover, dynamical localization also implies that ¥p > 0, |x,c¢) € H and |X|” acting as |X|? |x,c) =
(2., maxlx;l)” |x. c)

sup,enll IXIPUL |x, ¢) || < 400, (2.14)

which means that spreading of the initial state localized at the origin is bounded [20].

2.3.1 Dynamical localization of one-dimensional quantum walks

The dynamical localization in the case of one-dimensional two-state quantum walks has been studied
extensively. We will mainly focus on the disorder stemming from random phases considered by Joye et al
in [21]. However, let us briefly remark that more general results for broader set of coin operators were
derived by Werner et al in [22]]. The authors proved that if the probability distribution at each of the
vertex on the lattice possesses a positive density with respect to the Haar measure then the corresponding
disordered quantum walk exhibits dynamical localization.
In [21] the authors assumed quantum walks for which the time evolution is generated by the random
evolution operator U,, of the form

U, =50, (2.15)

where S is the conditional shift operator and C, represent the position-dependent random coin operators
given as .
—lwy

C.= (e . e_?w,;)(i _tr) rntel0 1], P+ =1, (2.16)
Notice that the random evolution operator can also be rewritten as a product of unperturbed operator
multiplied by the random phases, i.e. U, = D(w)U. It can be proven that this is the general form
of random coin operators that are independent and identically distributed random variables in U(2), for
which the probability amplitudes ¢, and iz are independent random variables while the probabilities of
transition between two adjacent points are deterministic and independent of the position [21]].
The evolution operator can be written in the form of when we relabel the random phases. The
deterministic part U of the random evolution operator U, then reads in the basis
{- L x=LL),Ix=LR),|x,L)|x,R),Ix+ 1,L),|x+ 1,R)---}
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Notice that it possesses similar band structure as in the case of the unitary Anderson model.

2.3.2 Dynamical localization of d-dimensional quantum walks

To our best knowledge, the only analytical results for dynamical localization in higher dimensions are
those obtained by Joye in [20] for disorder introduced via random phases. In [20] the author considered
quantum walks on the Hilbert space H = C?>¢ ® [*(Z¢) driven by the random evolution operator

Uy, = D(w)U = D(w)S (C®I), (2.18)
where D(w) acts as multiplication by random phases
D(w)|x,c) = e |x,c), xeZ% ce span{ |cf>,|c]> Lo ,|c;?>, ’c;>}. (2.19)

Joye proved dynamical localization for coin operators C € U(2d) close to certain permutation matrices
Cr € U(2d), for which the deterministic evolution operator U possesses purely point spectrum. The
permutation matrices satisfying this conditions appear to be permutation operators without fixed points.
Moreover, these permutations must allow for decomposition in cycles of even length and every cycle
must contain both of the directions along the given axis. It can be shown that for such a coin operator the
corresponding deterministic quantum walk exhibits trivial trapping effect, as the deterministic evolution
operator lacks the continuous spectrum altogether.

Let us now illustrate the conditions on the permutation matrices with the help of the example of two-
dimensional quantum walk on a square lattice as it will be of our interest later. Since the basis of the
coin space H, = span{c;r,cl‘,c;r ,¢5 } is four-dimensional, there exist 24 permutation coins. However,
only 9 of them are permutations without fixed points. In addition, two of these are decomposed to cycles
(c].¢3),(ci,c3) and (c], c), (¢, c3) that are in contradiction with the condition stated above. As a con-
sequence, there are only 7 permutation coins that allow for purely point spectrum of the four-dimensional
evolution operator.

At this point we remark, that the elements of the permutation coins can be multiplied by deterministic
phases without affecting the conclusions about the trivial trapping effect and the results on the localiza-
tion. Since we use the results for localization in two-dimensions extensively throughout this thesis, we
will refer to these generalized permutations satisfying the above conditions as trapping permutations.
In order to state the results more rigorously, we include the main theorem proved by Joye in [20]]

Theorem 2. Let U, be defined as above and the elements of D, be independent, identically distributed
random variables w$ with L™ density. Let Cy € U(2d) be a permutation matrix without fixed points
satisfying the above conditions (the trapping permutation). Then there exists 6 > 0 such that for all U,,
with C € U(2d) satisfying ||C — Crllc2a < 6 the corresponding quantum walks exhibits dynamical, as well
as exponential and spectral localization.
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2.4 Quantum walks with temporal disorder

So far we have only taken into consideration static disorder, for which the coin operator has been spatially
inhomogeneous but constant in time. Let us now, for the sake of comparison, briefly review quantum
walks with temporal disorder.

The evolution operator after 7 steps no longer acquires the form of U’, it is given as

Ulw,1) = Ulw)Ui-1(wi-1) - - - Ua(w2) Ui (wy), (2.20)
with the evolution operator governing the j-th step reading
Uj(wj) IS(C]‘®1I). (2.21)

The temporal disorder is introduced via the time-dependent coin operators C;.

In [21] authors considered disorder stemming from random phases a)JL.’R that are independent, identically
distributed variables with values in R/27nZ. The resulting random coin operators then take the form
of (2.16) with the subscript referring not to the position but to the time-step. Under the additional
assumption on the random phases

E (e‘iwf) _E (e‘i‘*’?) ~0 (2.22)

diffusive behaviour of the quantum walk was proved in [21]].
Similar statement also holds in arbitrary dimension under certain additional assumptions on the random
phases [23]].
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Chapter 3

Quantum walks on the Manhattan lattice

In the following two chapters we focus on quantum walks on the so-called Manhattan lattice and the so-
called L-lattice. Both of these lattices are directed square lattices with two incoming and two outgoing
edges at each vertex. However, in the case of the Manhattan lattice, the walker arriving at one of its
vertices either continues straight on or is reflected by 90 degrees according to the orientation of the
outgoing edges. On the contrary, in the case of the L-lattice the walker is forced to change direction at
each step.

Motivated by the results obtained for classical random walks on the Manhattan lattice [[7] and the L-lattice
[8], we introduce the quantum analogue of these in the following. First of all, we show how quantum
walks on these lattices can be described using 8-state quantum walk on a two-dimensional square lattice.
Taking advantage of certain properties of both the Manhattan lattice and the L-lattice, we show how
the description of the discussed quantum walks can be reduced to two-dimensional quantum walks on
a square undirected lattice in the former case and to the so-called split-step quantum walks in the latter
case, respectively.

In the following we assume that the coin-state corresponds to the direction of motion which is restricted
by the orientation of the edges. The state of the whole system is described by a vector from the Hilbert
space H = H. ® H,, where H, = span{|L),|D),|U),|R)} is the coin space spanned by four basis states
that correspond to the motion to the left, down, up and to the right. The Hilbert space
H,, = span{|x, y) |x,y € Z} then specifies the position of the walker on the lattice.

We use the following notation

Yr(x,y,1

Yo(x,y,1)

wU (x’ Yt )

Yr(x, Yy, 1)

for the probability amplitudes of being at node (x, y) at time ¢ with the given state of the coin.

Y(x,y,0) = 3.1

3.1 Quantum walks on the Manhattan lattice

It can be easily seen that the Manhattan lattice is homogeneous with respect to cells comprised of four
nodes. There exist four possible choices of these elementary cells (see Figure [3.2); however we will see
that the first two of them will enable us to simplify the description of the quantum walk on the Manhattan
lattice to that of two-dimensional quantum walk on a square lattice.

In the following we associate numbers 1, 2, 3 and 4 with nodes |0, 0), |1,0), |0, 1) and |1, 1) (see Figure
[3.3). Due to the direction of the edges it is necessary to use four different coins at each node which can
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Figure 3.1: The Manhattan lattice.

Figure 3.2: The elementary Manhattan cells.

be expressed in the basis {|L), |D),|U),|R)} as

di by 0 0 a 0 ¢ 0 1 0 0 0 10 0 0
et @ 000 o 1 0 0 0 ds 0 by 01 0 0
C“o010’C2‘b20d20’c3‘0010’C4‘00a4C4’

0 0 0 1 0 0 0 1 0 ¢35 0 a3 0 0 by dy

(3.2)
where
ajcj .
(b, d,-)’ je1,2,3,4 (3.3)

are arbitrary two-dimensional unitary coins that effectively act at the vertices.
As mentioned above, the Manhattan lattice can be composed of the elementary cells shown in Figure[3.3]
Let us now identify each of the cells with a point on the two-dimensional square lattice (for the coordi-
nates on this lattice we use letters n, m). The correspondence between the coordinates on the lattices is
given as

12 (x,y) = 2n,2m)

2:(x,y)=C2n+1,2m

(nymy s 2+ W = b (3.4)
3: (x,y) =2n,2m+1)
4: (x5, =Cn+1,2m+1)

where the numbers 1,2,3,4 label the position inside the cell (Figure[3.3).
The state of the walker on the Manhattan lattice can be described by the position of the corresponding
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Figure 3.3: The elementary Manhattan cell.

cell on the square lattice (labelled by n, m), position of the node inside the cell (labelled by 1,2,3 or 4)
and the coin state. In terms of (3.1) it means,

Y1(n,m,1) Yi(x,y,1)

_ N2, m, 1) _ _|¥p(x,y,0
Y(n,m,t) = Wra(nm, 1) , where Y;(n,m,t) = voeyn| (3.5

Ya(n,m,1) YR(x, Y, 1)

The probability amplitude of the walker being at the position n, m at time ¢ is then given by a
16-component vectors ¥ (n, m, t).

Let us assume that four different coins Cy, C», C3 and C4 (3.2)) act at each of the four nodes inside each
of the cells. When describing one step of the quantum walk in a cell, we consider four possibilities:

the walker comes from the outside of the cell and continues to another cell,

the walker comes from the inside of the given cell and moves to another cell,

the walker moves inside of the given cell,

the walker comes from the outside and continues inside of the cell.

Labelling the state by i or o according to if the walker comes from the inside or the outside of the given
cell enables us to reduce the dimension of the coin operator acting in the cell to 8. This follows from the
fact that the combination of i, 0 and the coin state is unique within each of the cells.

The 8-dimensional coin operator in the basis {|L), , |D), ,|U),,|R),,|L);,|D);,|U);,|R);} reads

0 0 0 0 d b 0 0
0 0 0 0 ¢ ag 0O 0O
0 0 0 0 0 0 ar ca
0 0 0 0 0 0 by dy
M=y 00, 00 0 0 0 (3.6)
0 ds 0 b3 0 0 0 O
by 0 d» 0O 0 0 0 O
0 ¢ 0 a3z 0 0 0 O
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However, as we will see, a convenient choice of the cell enables us to simplify the above description to
two-dimensional quantum walks driven by four-dimensional coin satisfying certain restricting condition.
Focusing closely on one step of the two-dimensional quantum walk on the corresponding square lattice
we see that it consists of two subsequent steps inside the cells. Namely the state of the walker entering the
cell is a linear combination of states (e [L)+3|U))®|1,0) and (y |R)+6|D))®I0, 1) (see Figure[3.3). Firstly,
this state is transformed at vertices (1,0) and (0, 1) by the coins C; and C3, respectively. Subsequently,
it is shifted inside the cell according to the directions of the edges, undergoes the transformation by the
coins C; and Cy4, and leaves the cell. This transformation of the initial state entering the cell can be
written as

IL) = axd |L) + axcy |D) + asby |U) + baby |R)

|D) = bids|L) + a1d3 |D) + c3¢4 |U) + c3ds |R)

|U) = cady |L) + c1c2|D) + asds |U) + bad; IR) (3.7
[RY = b1b3|L) + a1bz |D) + azc4 |U) + azds |R) .

The corresponding coin operating on the square lattice then attains the following form

ar d1 bl d3 (69) d1 bl b3 d1 b1 0 0 ar 0 (&) 0
a) 1 a d3 Cl1 C2 A b3 _ Cc1 ai 0 0 d3 0 b3
arby c3ca asdr azcal |0 0 a4 callbn 0O do O
b2 b4 Cc3 d4 b4 dz as d4 0 0 b4 d4 0 Cc3 0 as

)

Cu= , (3.8)

and its unitarity is equivalent to the unitarity of matrices which represent unitary transformations at
the nodes of the Manhattan lattice.

We see that a quantum walk on the Manhattan lattice can be represented by a quantum walk on two-
dimensional square lattice driven by coin in the form of(3.8)) with the conditional step operator given
by

S = Z (IL)<L|®|n—1,m><n,m|+|D)<D|®|n,m—1)<n,m|+

nmez

|UNU|® |n,m~+ 1) {n,m|+ |RY{R|®|n+ 1, m){n,m| ) 3.9

With the help of the Discrete-Time Fourier Transform (I.I0) we obtain the evolution operator in the

Fourier domain as )
e 0 0 o0

- 0 e 0 0
OukD=| o 0 i o|Cn (3.10)
0 0 0 ek

In the following we utilize the correspondence between the quantum walk on the Manhattan lattice and
the two-dimensional quantum walk on the square lattice to derive some of the interesting properties of
the Manhattan walks.

3.2 Trapping effect in quantum walks on the Manhattan lattice

Let us now analyse under which conditions the quantum walks described above exhibit the trapping ef-
fect by imposing conditions on the spectrum of the matrix Uy (k, ). More specifically, our aim is to
determine the form of the general trapping coin Cy (3.8). We consider the most general case when the
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quantum walk has 4 different coins at each node in a cell.

We proceed as follows: we impose restrictions on the characteristic equation for the transformed evo-
lution operator Uy (k,I) and solve it with respect to the parameters of the coin operator . The
characteristic equation reads

det (Tp (k. 1) - AL) = 0. (3.11)

The presence of the trapping effect is related to the existence of a constant eigenvalue. Moreover, in the
case of four-state two-dimensional quantum walks the discussed constant eigenvalues always come in
pairs. The determinant of the transformed evolution operator U(k, [) can be written as a product

detOp(k, 1) = det (diag (e, e, ", ') det Cyy = det Cy. (3.12)

In other words, the determinant of Uy (k, [) is independent of k, [. On the other hand, determinant of a
matrix is also equal to the product of its eigenvalues. As a result, we can write down the characteristic
equation in the form of

det (Op(k,1) - AT) = (¥ = 2) (=€ — 2) (e* = 2) (e7*D - 2) = 0, (3.13)
where +e'¥ represent the pair of constant eigenvalues.

Let us now determine, under which conditions el¥ is an eigenvalue of the transformed evolution operator
Uk, 1). That is, we solve the equation

det (Op(k.1) — €I) = 0, (3.14)

with respect to the parameters of the two-dimensional coin operators (3.3). The solution (for details we
refer to the Appendix A) of this equation is given as

_OC,' ._OCj _Ock _lar <
A N X
where i, j, k, [ are pair-wise distinct indexes from {1, 2, 3, 4} with the additional condition reading
e — bib ibybie? — cicjcreie®™® — bib ibicic jer(aid) — biey) = 0. (3.16)

Let us now assume without a loss of generality, that the index / in (3.13) is equal to 4. The characteristic
equation for the solution given by (3.13)) attains a simple form

A = (b1bybsby + c1cac3ca)A> = bybabscicacs(asdy — bacs) = 0, (3.17)

that does not depend on &, . As a consequence, the trapping effect in case of quantum walks driven by
the coin (3.8)) is trivial since the evolution operator Uy, (k, I) possess only the point spectrum.

At this point we restrict ourselves to solutions of (3.16) in the form of SU(2). An arbitrary SU(2) matrix
can be parametrized as

M= ( ae beb

~be B ge i@
Using this parametrization for matrices (3.15)) we obtain the general SU(2) solution of (3.16) dependent
on 6 real parameters as

), a+b*=1, ab,aBeR. (3.18)

o _ cos?(4p) i cos(4¢) iB
C: = O el i€ {1 2 3} C4 - * \/1 COS2(6¥1+(12+(1/3+ﬁ) COS(al+az+6¥3+,3)e
i —e i 0 ) 5 Ly D, T _ cos(4y) e-iﬁ + J _ c052(4¢) e_i(y .
cos(a|+az+az+f) - cos? (a1 +az+a3+B)
(3.19)
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Note that since the choice of the parameter ¢ is arbitrary, matrices C4, cover all SU(2) coin operators.
The characteristic equation for this solution reads

A4 = 2cos(4p)> +1 =0, (3.20)

with the solution acquiring the form .
/11,2 = +e'%. (3.21)

We conclude that the trapping effect in the case of a homogeneous quantum walk on the Manhattan lattice
is trivial since the trapping coins possess only the point spectrum. The absence of the continuous part of
the spectrum causes the suppression of the propagation of the resulting quantum walk.
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Chapter 4

Quantum walks on the L-lattice

Let us now turn to the quantum walks on the L-lattice, in which case we follow similar approach as
in the case of the Manhattan lattice and find that their description can be reduced to a certain type of
two-dimensional quantum walks utilizing only two-dimensional coin operators.

Analogously to the Manhattan lattice the L-lattice (see Figure d.1) is homogeneous with respect to cells
(see Figure .3). As a consequence, the description of the homogeneous quantum walk on this lattice
can be reduced to that of the 8-state quantum walk on a square lattice driven by the coin operator

0 0 ¢, 0 0 a 0 O
a 0 0 0 0 0 0 c
0 0 0 d b3 0 0 O
0 by 0 0 0O O dy O
CL=10 4, 0 0 0 0 ¢ 0 @.D
0 0 0 ¢ a3 0 0 O
b 0 0 0 0 0 0 d
0 0 d 0 0 b 0 0

However, the description can be further simplified to two-dimensional coins when we take into consid-
eration four subsequent steps as follows.

The L-lattice can be composed of two types of vertices shown in Figure[d.2] Although there are four dif-
ferent directions of motion, the quantum walk on the L-lattice can be defined using only two coin states.
This follows from the fact that when we consider four subsequent steps starting for example from the
vertex with the coin operator C| which acts on the coin states |L) and |R) we necessarily arrive at vertex
C with coin states |L) and |R). In other words, the evolution operator comprised of even number of steps
always mixes only two of the four possible coin states, namely the states |L) and |R) or the states |D) and
|U). Hence we introduce the following identification of the coin states |L),|D) = |1) and |R), |U) = |2),

where
1\ (0
{11),12)} = {(O)(l)} 4.2)

This allows us to introduce the evolution operator in the following form (considering quantum walk
starting from the first vertex with the coin operator Cy, see Figure i.3))

Ur=SpuCsS1rC3Spu C2S1rCH, (4.3)
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Figure 4.1: The L-lattice.

Figure 4.2: The elementary L-lattice vertices

where the shift operators S ;g and S yp correspond to the motion along the x axis and y axis, respectively.
Explicitly,

Siw= Y (DS =Ly (xpl +12) 2o+ Ly () “9
XYyez

Sou= Y (IDC® Iy~ 1) xyl +12) @@y + 1) xyl ), (4.5)
XYeZ

and the two-dimensional unitary coin operators acting on the two types of vertices are given as

o aj Cj .
C’_(bj dj)’ jef{1,2,3,4}. 4.6)

The Discrete-Time Fourier transform then yields the time evolution in the momentum space as

5 5 B C_il 0 e—ik 0 e—il 0 C_ik 0 y
lﬁ(k, l,t+ 1) = UL(k, l) lﬁ(k, l, t) = ( O eil) C4( 0 eik) C3( O eil) Cz( 0 eik) C]',b(k, l, t) (47)

We see that quantum walks on the L-lattice can be viewed as quantum walks on an undirected square
lattice utilizing only two-dimensional coin operators with the shift operator modified as described above.
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Figure 4.3: The elementary L-lattice cell.

4.1 Relation to the two-dimensional alternate and the two-dimensional
split-step quantum walks
Quantum walks driven by the evolution operator in a form similar to (4.3)) have been studied previously

in the context of the so-called two-dimensional alternate quantum walks introduced in [24]. The authors
considered the evolution generated by

Uatternate = SDU HSrH, (4-8)

where H is the well-know Hadamard coin

1
#= 5l ) “

They argued that the probability distribution of this alternate quantum walk starting with the initial state
¥(0,0) = \/Li(l, i)7 is identical to the probability distribution of the two-dimensional walk with the Grover

coin 1' for the specific choice of the unique non-trapping initial state ¥5(0,0,0) = %(1, -1,-1,D7T.
Let us also remark that quantum walks on the L-lattice with rotation coins are equivalent to the so-called
two-dimensional split-step quantum walks studied in [25]. In this case the evolution is governed by

Uspiit = S pu R(62) S Lr R(01), (4.10)
with the rotation coins
_[cosf; —sinb; . I
R®)p = (sinej cos 6; )’ J=12 6;el 2’ 2]' @.10)

We will comment on the split-step quantum walks and the results obtained in [25] later in the context of
localization in quantum walks on the L-lattice.

4.2 Trapping effect in quantum walks on the L-lattice

Similarly to the analysis of the trapping effect on the Manhattan lattice, let us now turn to the analysis of
the general trapping coins in quantum walks on the L-lattice. This can be again formulated as a problem
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of determining the form of the coin operators Ci, C,, Cs, C4 satisfying the characteristic equation for
the transformed evolution operator U (k, 1) with the constant eigenvalue €', ¢ € R which reads

det (UL (k. 1) - I) = 0. 4.12)

Since this characteristic equation holds for arbitrary k, [ € [-r, 7], it can be readily separated. After some
algebra (for details we refer to the Appendix A), we obtain the general form of the trapping coins as
or (A.TT)). The characteristic equation for this solution is independent of k, [ which leads to purely
point spectrum.

In the case of the general trapping coins in quantum walks on the L-lattice, we obtained only the point
spectrum. As a result, we conclude that the trapping effect is trivial, similarly to that of the quantum
walks on the Manhattan lattice.

For the L-lattice this conclusion could have been anticipated from the form of the evolution operator
that in the momentum space acquires the form of a two-dimensional matrix as in the case of two-state
one-dimensional quantum walk.
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Chapter 5

Localization in quantum walks on the
Manhattan lattice

In the previous two chapters we dealt with homogeneous quantum walks on the Manhattan lattice and
the L-lattice. Let us now focus on spatially inhomogeneous quantum walks on the Manhattan lattice.
Motivated by results obtained by Joye [20] we consider static disorder introduced by random phases.
That is, the evolution operator of the corresponding inhomogeneous quantum walks attains the following
form

Uy, =Dw)S(CRI), 6D

where D(w) is a diagonal matrix acting as a multiplication by random phases in the form e/“(*#:),
¢ € {L,D,U,R}. Joye proved localization for quantum walks on square lattices for coins close to the
trapping permutation matrices. This property is measured by the matrix norm

IAllcs = \/Amar(ATA), A e CH, (5.2)

where A.x(A) denotes the largest eigenvalue of the matrix A.

Let us now employ numerical simulations to estimate the asymptotic behaviour of the disordered quan-
tum walks on the Manhattan lattice. We infer this from two characteristics: the probability distribution
and the time evolution of its variance o>. Since we deal with two-dimensional lattice, we analyse the
cross-section of the probability distribution averaged over the number of iterations.

We depict the resulting cross-section of the probability distribution in a logarithmic plot. As a conse-
quence, we anticipate the localized quantum walks to exhibit peak consisting of two linear functions
meeting at the origin, since in this case exponential decay of the probability distribution is expected. The
cross-section of the probability distribution behaving as a quadratic function suggests diffusive spread-
ing. This is characteristic for classical random walks for which the probability distribution after ¢ steps

is proportional to
2

P(x,1) ~ex?, o =2Dr. (5.3)
The second feature of our interest is the long-time behaviour of the variance

()= Y (=07 + ¢y - p)?) Px, y, 1), (5.4)

X,YEZ

where u(x), u(y) are the mean values of the variables x,y. Since the variance measures the expected

deviation of the random variables from its mean, it provides a good estimate of the spreading of the

probability distribution. The propagation of the unperturbed quantum walk is known to be ballistic, i.e.
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02 ~ t>. On the other hand, the spreading of the classical random walks behaves as o> ~ t. Finally,

since the probability distribution of the localized quantum walk decays exponentially, we expect the
corresponding variance to saturate, i.e. 0> ~ 1.

5.1 Elementary Manhattan cell with four identical coins

Let us first consider the case utilizing the same coin at each of the 4 nodes of the elementary Manhattan
cell,i.e. C; = C for j = 1,2,3,4. Consequently, the coin operator @) attains the following form

ad bd cd b?
ac ad ¢* ab
Cm = ab ¢ ad ac| (55
b* cd bd ad
Let us first restrict ourselves to C € SU(2). Using the parametrization for general M € SU(2)
1 - Zeia eiﬂ
M=(” & Pe | paBeR pelo] (5.6)
—pe V1 -p’e
we obtain the coin operator in the form
(1-p% —pN1=p2e PO py1 -2l pre
Co - p 1 _p2 ei((l+ﬁ) (1 _p2) p2 eZiﬁ —p 1 _p2 ei(af—ﬁ) 57
M= —p [T = pZei@h e (1= p?) o1 = 2 ei@h) 5.7
pre pN1=p?eP0  —pyJ1 - p2elF® (1-p%)

According to the results obtained by Joye, we expect localization for p close to 1, as in this case the coin
operator satisfies the condition of being close to one of the trapping permutation matrices.

Figure [5.1] depicts the dependence of the norm of ||Cys — Cx|| on the value of p. In the case of 4 identical
coins Cy is the anti-diagonal permutation matrix. We see that the norm as a function of p increases as we
decrease p, which means that we should expect the presence of localization only for p very close to 1.

5.1.1 Numerical simulations

In the case of the coin operator Cj (5.5]), we can take advantage of the symmetries of the resulting quan-
tum walk and consider cross-sections only along the x axis without a loss of generality. Moreover, we
assume the distribution to be centred around the origin and set u(x) = u(y) = 0 when computing the
variance.

In our simulations we examined the dependence of the probability distribution and the time evolution of
the variance on the value of the parameter p. We performed 10000 iterations for quantum walks with
100 steps for different values of p restricting ourselves to real SU(2) matrices, i.e. we set @, 5 = 0. We
assumed the random phases to be independent and identically distributed random numbers in [0, 27].
Results obtained from numerical simulations suggest that in the case of four identical coins in the ele-
mentary Manhattan cell we observe 3 types of asymptotic behaviour with respect to the value of p. For
p close to 1 the corresponding quantum walk exhibits localization which is characterised by linear de-
cay of the averaged probability distribution in the semilogarithmic plot (see the left plot in Figure [5.2)).
Moreover, we see that the spreading given by the variance of this averaged distribution saturates as the
time ¢ increases (see the right plot in Figure [5.2)).

32



197 1

IC,C I

0.5+ 1

p

Figure 5.1: Dependence of the norm ||Cy; — C,|| on the value of the parameter p

Decreasing the parameter p, the width of the peak in the probability distribution as well as the rate of
spreading grows. For p € [0.3,0.8] the averaged probability distribution decays quadratically (the left
plot in Figure[5.4)) and the variance increases linearly in time (the right plot in Figure[5.4). These features
are attributed to diffusive propagation of the resulting quantum walk.

In the case of small p it can be seen that ballistic propagation starts to prevail. This we deduce from the
shape of the averaged probability distribution that exhibits two peaks propagating proportionately to the
number of steps 7 (see the left plot in Figure [5.5). Moreover, the variance grows quadratically (see the
right plot in Figure[5.5) as expected in the case of ballistic spreading.

However, the analysis is inconclusive for p € [0.80,0.98] (Figure [5.3). Therefore, we performed 10
iterations with the number of steps increased to 400. We remark that the demands on the computational
time in the case of 400 steps and 10 iterations are comparable to the previous regime when we performed
10000 iterations for 100 steps of the quantum walk.

The results obtained for this increased number of steps suggest that the transition between localized
regime and diffusion occurs in the interval p € [0.80,0.90]. This can be inferred from Figure [5.6] and
where it is shown that while spreading saturates for p ~ 0.90, propagation of the quantum walk with
o ~ 0.80 is nearly diffusive.

However, we cannot exclude the possibility of localization setting in after more then 400 steps. Never-
theless, the number of steps in our simulations is limited by rapidly increasing time needed to perform
one iteration, as well as memory demands. That is, since we deal with a square lattice, the time complex-
ity as well as the space complexity grows quadratically with the size of the underlying lattice. Without
parallelization the time needed to perform 10000 iterations for quantum walk with 100 steps reached
approximately 120 hours.
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Figure 5.2: Cross-section of the probability distribution after 100 steps averaged over 10000 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o (on the right). The
parameter of the coin operator set to p = 0.999, p = 0.995, p = 0.99 and p = 0.98.
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Figure 5.3: Cross-section of the probability distribution after 100 steps averaged over 10000 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o (on the right). The
parameter of the coin operator setto p = 0.97, p = 0.96, p = 0.95, p =094, p =0.93, p =092, p =

0.91 and p = 0.90.
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Figure 5.4: Cross-section of the probability distribution after 100 steps averaged over 10000 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o (on the right). The
parameter of the coin operator set to p = 0.80, p = 0.70, p = 0.60, p = 0.50, p = 0.40 and p = 0.30.
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Figure 5.5: Cross-section of the probability distribution after 100 steps averaged over 10000 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o (on the right). The
parameter of the coin operator set to p = 0.20 and p = 0.10.
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Figure 5.6: Cross-section of the probability distribution after 400 steps averaged over 10 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o (on the right). The
parameter of the coin operator set to p = 0.80, p = 0.81, p = 0.82, p = 0.83, p = 0.84 and p = 0.85.
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Figure 5.7: Cross-section of the probability distribution after 400 steps averaged over 10 iterations,
semilogplot (on the left). The time-dependence of the corresponding variance o> (on the right). The
parameter of the coin operator set to p = 0.86,0 = 0.87, p = 0.88, p = 0.89 and p = 0.90.
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5.2 Elementary Manhattan cell with four different coins

Let us focus on the case of 4 different coin operators C; acting in the elementary Manhattan cell. Firstly,
we assume the coins to be real elements of SU(2), i.e.

C= |, piel0 1], je{l,2,3,4). (5.8)

The four-dimensional operator (3.8) then reads

VI-011=p3  —piy1-05 p24J1 - p? P1P3
pryl=p3  J1=piy1-p3 P102 —p3 /1 - p?
Cu = 2 : 3 "L (5.9)
—p2yJ1 -0} P3P4 JI=031=p5  parJ1-p3
204 p34/1-p3 —pa /1 - P} 1-p3/1-p]

Note that in this case the resulting probability distribution is no longer symmetric meaning that the
choice of the cross-section can affect our conclusions. Therefore, we use the covariance matrix to find
the directions in which the probability distribution spreads. The covariance matrix is symmetric and is
given as

(5.10)

( o? cov(x, y))

cov(y, x) 0'5

where o2, 0'5 is the variance computed along x axis, y axis, respectively. Covariance cov(x, y) is defined
by
cov(x,y) = Z (x = N — Y)P(x, y), (.11
X YeZ

where u(x), u(y) are the mean values of the positions x and y. The eigenvectors of the covariance
matrix then determines the main directions, in which the distribution spreads whereas the corresponding
eigenvalues specify the shape of the distribution. That is, the spreading is greater in the direction of the
eigenvector corresponding to the larger eigenvalue.

In the analysis of our results we utilize the information obtained from the covariance matrix and make
the cross-sections in the directions given by its eigenvectors. However, we must also choose the cross-
sections in accordance with the underlying discrete lattice.

According to the results obtained by Joye [20] the presence of localization is ensured in cases when
Cy is close to a trapping permutation coin. Moreover, we know that the trapping effect for quantum
walks on the Manhattan lattice is trivial. Consequently, these permutation matrices represent certain
extreme cases of the trapping effect. Let us therefore begin the analysis with coin operators close to
those exhibiting trapping. According to the results obtained for trapping, three of the coins C; must be
close to generalized reflections, i. e. without a loss of generality let us assume py, o2, p3 to be close
to 1. The fourth parameter p4 is an arbitrary number from [0,1]. In this case, there exists two trapping

permutations
0 0

0 0

Cr, = 0
1

Cr, = (5.12)

-1
0
which are the extreme cases when p; = p» = p3 =ps = 1 and p; = p» = p3 = 1, ps = 0, respectively.
Figure depicts the dependence of the norm ||Cys — Cr, || and [|Cas — Cr, | on the parameter p4 upon
setting p1 = pp = p3 = 0.999. As a consequence, we expect localization at least for p4 close to 0 and 1.
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Figure 5.8: Dependence of the norm ||Cy; — Cr, || on the value of the parameter p4 with p1 = pp = p3 =
0.999

5.2.1 Numerical simulations

In the numerical simulations we performed both 10000 iterations for 100 steps and 10 iterations for 400
steps. We set three parameters p; = p; = p3 = 0.999 and varied the fourth parameter p4 by 0.1 starting
from ps = 1.0. Table [5.2.1] shows the eigenvectors and eigenvalues of the covariance matrix for both
regimes of 10000 iterations—100 steps and 10 iterations—400 steps. We see that in both cases the axes of
spreading can be well approximated by lines x = y and x = —y (see Figure (5.9). Moreover, except for
p4 = 1.0 the eigenvalues suggest that the probability distribution spreads more in the direction x = —y.
Let us first focus on the setting 10000 iterations—100 step. Figure[5.10]and Figure [5.11]depict the cross-
sections of the averaged probability distribution along x = y axis and x = —y axis, respectively. In
accordance with our expectations, the distribution spreads more in the direction x = —y except for the
case when ps = 1.0. The time dependence of the variance of the overall probability distribution is
given by equation (5.4)) and is depicted in Figure [5.12] Figure[5.12]suggests saturation of the discussed
variance, however for certain values of the parameters, namely p4 = 0.4, ps = 0.6, ps = 0.7 the results
are inconclusive.

To obtain a better estimate of the asymptotic behaviour of the variance, we performed 10 iterations for
quantum walk with 400 steps. As far as the shape of the cross-sections of the probability distribution is
concerned (see Figure[5.13]and Figure[5.14), it is similar to the previous case of 100 steps. Moreover, the
width of these cross-sections is comparable to that of Figure [5.10]and Figure [5.T1] which also indicates
that the propagation is suppressed. Finally, the time evolution of the variance plotted in Figure [5.13|
appears to be bounded.

Based on the results obtained from numerical simulations presented in this section and section[5.1.1] we
draw the following conclusion. The localization is present in the case when the real SU(2) coin operator
Cu given by (5.9) is a small enough perturbation of the real SU(2) Manhattan trapping coin.
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Figure 5.9: The cross-sections x = —y (red) and x = y (blue).

100 steps 400 steps

04 A A A A2

1.0 | 0.0137 0.0253 ( 8 22(7)(9)) (8 22(7)(9)) 0.0068 0.0579 ( 8 ;8%) ( 8 ;gzi)
0.9 | 0.0583 0.2780 ( 8 ;g;z) ( 8 gg;g) 0.1026  0.3839 ( 8 ;83;) ( 8 ;gg;)
0.8 | 0.0759 0.4569 ( 8 ;32;) ( 8 g;gi) 0.0428 0.3140 ( 8 ;(1)?2) ( 8 ;éég)
0.7 | 0.1544 0.5168 ( 8 éé;(l)) ( 8 g?;?) 0.0847 0.5858 ( 8 Zggé) ( 8 322?)
0.6 | 0.1050 0.6056 ( 8 ;?;i) ( 8 ;éfg) 0.1011 0.4156 ( 8 3?4914;) ( 8 g;gZ)
0.5 | 0.0946 0.5978 ( 8 S;;i) ( 8 2;2) 0.1124 0.6646 ( g 3471(1)2) ( 8 23(1)2)
0.4 | 0.1278 0.7750 ( 8 ;8;;) ( 8 ;8:2) 0.1975 0.7225 ( 8 Zggé) ( 8 Sizf)
0.3 | 0.1290 0.6891 ( 8 g?é;) ( 8 Z;g;) 0.0704 0.6351 ( 8 ;832) ( 8 ;833)
0.2 | 0.2042 0.6270 ( 8 Zggg) ( 8 gggs) 0.0712  0.5726 ( 8 2212) ( 8 2212)
0.1 | 0.1808 0.8082 ( 8 Sg?;) ( 8 23;?) 0.1627 0.7523 ( 8 g;gg) ( 8 2222)
0.0 | 0.1864 0.2993 ( 8 Zggg) ( 8 3282) 0.0949 0.3780 ( 8 égzg) ( 8 3222)

Table 5.1: Eigenvalues 4 5 and the corresponding eigenvectors v; » of the covariance matrix for the aver-
aged probability distribution for disordered quantum walks for 100 steps and 400 steps. The parameters
of the coin operator (5.9) are given as p; = p» = p3 = 0.999 and the p4 is varied by 0.1.
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Figure 5.10: Cross-section along x = y of the probability distribution after 100 steps averaged over

10000 iterations, semilogplot with the parameters p; = po = p3 = 0.999. On the left the parameter of the

coin operator is set to ps = 0.0, pg = 0.1, ps = 0.2, p4 = 0.3, ps = 0.4 and p4 = 0.5. On the right the
parameter of the coin operator is set to ps = 0.6, p4 = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0.
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Figure 5.11: Cross-section along x = —y of the probability distribution after 100 steps averaged over

10000 iterations, semilogplot with the parameters p; = p» = p3 = 0.999. On the left the parameter of the

coin operator is set to ps = 0.0, ps4 = 0.1, ps = 0.2, p4 = 0.3, p4 = 0.4 and ps = 0.5. On the right the
parameter of the coin operator is set to ps = 0.6, pg4 = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0.
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Figure 5.12: The time evolution of the variance of the probability distribution with the parameters p; =
P2 = p3 = 0.999 averaged over 10000 iterations for 100 steps. On the left the parameter of the coin
operator is set to ps = 0.0, ps = 0.1, p4 = 0.2, p4 = 0.3, ps = 0.4 and p4 = 0.5. On the right the
parameter of the coin operator is set to ps = 0.6, p4 = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0.
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Figure 5.13: Cross-section along x = y of the probability distribution after 400 steps averaged over 10
iterations, semilogplot with the parameters p; = p» = p3 = 0.999. On the left the parameter of the coin
operator is set to pa = 0.0, ps = 0.1, p4 = 0.2, p4 = 0.3, p4 = 0.4 and ps = 0.5. On the right the
parameter of the coin operator is set to ps = 0.6, ps = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0.
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Figure 5.14: Cross-section along x = —y of the probability distribution after 400 steps averaged over
10 iterations, semilogplot with the parameters p; = po = p3 = 0.999. On the left the parameter of the
coin operator is set to ps = 0.0, pg = 0.1, ps = 0.2, p4 = 0.3, ps = 0.4 and p4 = 0.5. On the right the
parameter of the coin operator is set to ps = 0.6, p4 = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0.
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Figure 5.15: The time evolution of the variance of the probability distribution with the parameters p; =
02 = p3 = 0.999 averaged over 10 iterations for 400 steps. On the left the parameter of the coin operator
issetto ps = 0.0, p4 = 0.1, pa = 0.2, p4 = 0.3, ps = 0.4 and p4 = 0.5. On the right the parameter of the
coin operator is set to p4 = 0.6, p4 = 0.7, p4 = 0.8, p4 = 0.9 and p4 = 1.0..
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5.2.2 Random coins

To estimate the behaviour of quantum walks with random phases in the case of four identical coin op-
erators we varied the parameter p. However, in the case of 4 different coin operators in the Manhattan
cell, the resulting four-dimensional coin operator (5.9) depends on 4 parameters. In the previous section
we restricted ourselves to one special case when the coin represents a small perturbation of the trapping
coin. To be able to estimate the behaviour when this condition does not hold, we choose the parameters
P1, P2, p3 and pg randomly from the interval [0,1].

We performed 100 quantum walks for different random choices of the coin to obtain preliminary results.
For each of the choices we did 500 iterations for 100 steps. To be able to cover and analyse large enough
sample, we focus only on two characteristics of the probability distribution. The first one is the minimum

of norm ||Cy — Cr || where Cy,, i € {1,---,7} is one of the 7 possible trapping permutations
0 0 01 0 001 0 -1 00 0 -1 0
0010 0010 0 0 1 0 0O 0 0 -1
C’”_OIOO’ C”Z_—IOOO’ C"3_0 I 0 1P C’“_—l 0
1 00O 0100 1 0 0O 0O 0 -1 O
0010 001 O 00 0 1
1 000 00 0 -1 1 0 1 O
Cas = 0 0 0 1} Cre = 01 0 of Cor = 01 0 Oof (5.13)
0100 1 00 O 00 -1 0
The second one is the value of the fit parameter a. To estimate the rate of spreading, we fitted the function

y(t) = bt to the variance o2(1) of the overall probability distribution.

Figure 5.16 then depicts the dependence of the fit parameter a on the minimum of the norms. We see
that for the majority of the quantum walks with the minimum of the norms in the interval [0.8, 1.5] the
spreading is close to diffusion, since the variance behaves as o> ~ t. On the other hand, with the norm
increasing, ballistic propagation starts to prevail.

These numerical results lead us to the hypothesis that the Anderson localization on the Manhattan lattice
with the disorder stemming from random phases arises only for the coin operator that represents a small
perturbation of the coin operator that leads to the trapping effect.

5.3 Localization in quantum walks on the L-lattice

Unlike in case of quantum walks on the Manhattan lattice, localization of quantum walk on the L-lattice
has already been studied numerically in [25] in context of two-dimensional split-step quantum walks.
Using numerical results, the authors of [25] argued that spatial disorder introduced via random phases
leads to localization for an arbitrary two-dimensional split-step quantum walks except for coins that
match the topological phase transition point. The phase transition is given by two lines 8; = 6, and
0 = -6, (see Figure[5.17).

In [25] they took into consideration two split-step quantum walks with parameters 6; = 0.35x, 6, =
0.157 (blue star Figure and 0, = /4, 6, = —n/4 (purple star Figure[5.17). Notice that the second
choice of parameters is closely related to the quantum walk with the Hadamard coin

Uy = Spy R(-n/4) S R(m/4). (5.14)

In numerical simulations, the authors focused on two types of disorder stemming from random phases,
namely the spin-independent disorder, in which case the multiplication of random phases acts as
D,, = diag (¥, &) (5.15)
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Figure 5.16: Dependence of the fit parameter ¢ on the minimum of norms over all possible trapping
permutations.

and the spin-dependent disorder, for which there is a phase shift by r in one of the diagonal elements
D,, = diag (ei“’(x’w, e_i“’(x’”)). (5.16)

Figure [5.18] suggests the presence of localization in the case of the rotation coin with 8; = 0.357, 6, =
0.157 for both spin-dependent/independent disorder. On the other hand, parabolic shape of the cross-
section for the disordered Hadamard walk is attributed to diffusive propagation. Let us note that in
[25]] the authors considered also disorder in the angle parameter. Contrary to expectations, this type of
disorder led to diffusive propagation instead to localized quantum walks.
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Figure 5.17: Phase diagram for the topological quan-
tum numbers for two-dimensional split-step quantum
walk. The blue star corresponds to the parameters
6, = 0357, 6, = 0.157, the purple star represents the
Hadamard walk (adopted from [25]]).
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Figure 5.18: The cross-section of the probabil-
ity distribution for split-step quantum walk after
1000 steps and 500 realizations. The blue and or-
ange lines correspond to the Hadamard walk with
spin-dependent/independent disorder, whereas red and
green lines represent split-step walk with 6; =
0.357, 6, = 0.157 (adopted from [23])).



Conclusion

In this thesis we focused on the effect of localization in quantum walks on two specific cases of directed
two-dimensional lattices, namely the Manhattan lattice and the L-lattice. We investigated both the ef-
fect of trapping that arises in the case of homogeneous quantum walks and on the Anderson localization
which is related to the presence of static disorder.

In certain aspect, quantum walks on the Manhattan and the L-lattice lie between the two-state quantum
walk on a line and the four-state quantum walk on an undirected two-dimensional lattice. On one hand,
both Manhattan and the L-lattice are two-dimensional graphs. However, the lattices have directed edges,
and on every vertex there are two incoming and two outgoing edges. Hence, for quantum walks on the
Manhattan and the L-lattice the coin operators on the individual vertices are given by two-dimensional
matrices, as in the case of the two-state quantum walk on a line. It was an open question whether local-
ization in quantum walks on Manhattan and L-lattice will behave in a similar way to that for the two-state
walk on a line or a four-state walk on a two-dimensional lattice.

In our analysis we have first showed that homogeneous quantum walks on the Manhattan lattice can be
described using quantum walks on an undirected square lattice driven by four-dimensional coin operator
of a specific form. For homogeneous quantum walks on the L-lattice this procedure can be taken fur-
ther and one can show that they can be described using only two-dimensional coin operators. In fact,
we showed that they are equivalent to the so-called two-dimensional split-step quantum walks or two-
dimensional alternate quantum walks that have been studied previously.

The reduction of quantum walks on Manhattan and L-lattice to quantum walks on undirected lattices al-
lowed us to investigate the trapping effect in detail. We determined the general form of a coin that leads
to trapping. In both cases we found that trapping occurs only in trivial cases when the evolution operator
possesses purely point spectrum. Due to the lack of the continuous spectrum the resulting trapping quan-
tum walks on the Manhattan lattice, as well as on the L-lattice, do not propagate. Hence, the trappping
effect on these two oriented lattices is similar to that for the two-state quantum walk on a line. This
result can be anticipated for the L-lattice, since the quantum walk is described by two-dimensional coin
operator. On the other hand, the walk on the Manhattan lattice can be described using four-dimensional
coin operators which in principle allow for non-trivial trapping effect. However, the form of the coin
operator proved to be too restricting.

In the last chapter we dealt mainly with Anderson localization on the Manhattan lattice. We restricted
ourselves only to static disorder introduced via independent, identically distributed random phases. Mo-
tivated by known analytical results, we performed numerical simulations. Based on these numerical data
we estimated the asymptotic behaviour from two characteristics of our interest: the cross-section of the
averaged probability distribution and the time-dependence of the variance of the overall probability dis-
tribution. The numerical simulations performed for the elementary Manhattan cell with four identical
coins suggest presence of localization only in the case when the four-dimensional coin operator is close
to anti-diagonal matrix. In the case of four different coin operators within the elementary Manhattan
cell localization appears to be present for coins that represent a small perturbation from those exhibiting
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trapping effect. These results led us to the hypothesis that localization in quantum walks on the Manhat-
tan lattice arises only for coins close to the trapping coins. We note that for the L-lattice the situation
is different. Indeed, the study of Anderson localization in [23] proved that it arises for almost arbitrary
choice of the coin operator, as in the case of one-dimensional quantum walks.

Many interesting questions remain open. To our best knowledge, except for Joye’s results [20]], Ander-
son localization has not been proved analytically in dimensions higher than one. Moreover, these results
only deal with coins in a specific form. The question then arises, whether this effect can be observed for
a broader range of four-dimensional coin operators on a square lattices or not. This question has been
partially answered in this thesis where we considered one special case of the underlying lattice — the
Manhattan lattice.
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Appendix A

A.1 Trapping effect in quantum walks on the Manhattan lattice

In the following we focus on the details of the calculations outlined in section Since the char-
acteristic equation (3.14) holds for arbitrary k, [ we obtain following relations for the coin parameters
aj, bi, ¢, di, 1 €{1,2,3,4}

—il.

e — a1d363i"’ — a2b1b30103d4ei“’ + a1a2b303d1d4ei‘” + a2a3b1c1d3d4ei“’ - a1a2a3d1d3d4ei"’ =0
eili - a4d263i¢ — a3b2b40264d16i<‘0 + a2a3b4C4d1dzei‘” + a3a4b202d1d4ei¢ - a2a3a4d1d2d4ei‘/’ =0
eiki - Cl3d4€:3w7 - a1a3a4d2d3d4ei“’ + a1a4b303d2d4ei9” + a1a3b4C4d2dgei“’ - alb3b463C4d26i‘p =0

e_iki - azdle3i"" — a4b1b201€2d3ei"0 + a1a4b262d1d3ei“’ + a2a4blcld2d3ei“’ - 611612614611dzd3ei("7 =0

(A1)

ei (k_l)l a1a3d3d4ezi“’ — a1b3C3d4e2i"‘7 =0

e ®D: ayaydrdse™ — azbycadre®’ = 0 (A.2)
ei(_k_l)l a1a2d1d364i“’ — a2b1c1d364i"” =0
ei(_k+l)l a2a4d1dze4i“’ — a4b2c2dle4i"" =0

4ip

e — bibabibae®? + ajasdrdie®? + arazdidie® — cicacicae®® + detC = 0 (A3)

where

det C = ayarazasdidyrdsdy — ayarasbacad i dads — ajarasbscsdidady + ararbsbycscad dr
— ajazasbrcodidzdy + arazbybscyrcadids + arasbrbscyrczdidy — aybabsbacycscad)
— apazagbic1dadsdy + arazbibscicadrds + arasbibscicadydy — arbibsbacicicady
+ azasb1brcicrdsdy — azsbibabacicorcads — asb1bybscicacsdy + bibabsbscicacsey. (A4)
Relations (A.2)) imply
apds =0 apds; =0 azd, =0 asd; =0 (A.5)

since the determinant of the unitary matrices (3.3)) is never equal to zero. There exist 16 possible com-
binations how these conditions can be satisfied. If we also take into account the conditions on the
unitarity of matrices (3.3), four of these combinations gives trivial solution in the form of antidiagonal
two-dimensional matrices whereas eight of these combinations immediately yield solution in the form of

__0c,' '_OCJ' [0 « _[a
R T R
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where i, j, k, [ are pair-wise distinct indexes from {1, 2, 3,4}. It can be readily verified that the equations
(A.T) also imply solution in the form of (A.6) for the last four of the 16 combinations. The equation
(A.3) then puts another restriction on the matrices (A.6) in the form of

e4i“" - bl-bjbkbleZi“’ - CiCjCkcleZi<'D - bibjbkcicjck(aldl - blCl) =0. (A.7)

A.2 Trapping effect in quantum walks on the L-lattice

Let us now turn to the details of the calculations touched upon in 4.2} The characteristic equation (4.12)
can be readily separated in the following manner, as it holds for arbitrary &,/ € [-n, 7]

601 621"0 - a1b264d36w - a2b3c1d4ew - a3b46‘2d1 el‘p - a4b1C3dze“" +detC =0 (A.S)
C_ZIkZ - a1a4bZC3e1“’ - a2a3b4clel‘"’ =0 (A.9)
6_2111 - a1a2b3C4e“" - 613614[?16‘261"0 =0

GZikZ - b104d2d3ei‘p - b302d1d4ei"0 =0

62i11 - b201d3d4ei‘p - b4C3d1dzei"D =0

6_21(k+1) M a1a2a3a4e"” =0
eZI(k_l) L= b1b3CQC4el¢ =0
621(_k+1) L= b2b4C163el¢ =0

e &*D - _ g drdrdye® = 0,

The relations (A.9) together with conditions on the unitarity of the coins C;, C», C3, C4 immediately
yield solution in the form of

0 el 0 el el a
Ci=(eiﬁ,- 0 ) Cj:(eiﬁj 0 ) Ck:( 0 eiﬂk)a Cl:(b[ 1

el el 0 0 el a ¢
Ci= ( 0 eiﬁi)’ Cj = ( 0 eiﬁ./)’ Cr = (ei'g" 0 )’ Ci= (bz l) (A.ll)

where i, j, k,[ € {1,2,3,4} are pair-wise distinct indices satisfying (i, j) = (1,3) or (i, j) = (2,4). These
solutions are further restricted by conditions imposed by equation (A.g).

20
&o

(A.10)

or

9

49



Bibliography

[1]

(2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Y. Aharonov, L. Davidovich, and N. Zagury. Quantum random walks. Physical Review A, 48:1687,
1993.

D. Meyer. From quantum cellular automata to quantum lattice gases. Journal of Statistical Physics,
85:551, 1996.

A. Einstein. Uber die von der molekularkinetischen theorie der wirme geforderte bewegung von in
ruhenden fliissigkeiten suspendierten teilchen. Annalen der Physik, 7:549, 1905.

N. Shenvi, J. Kempe, and K. B. Whaley. Quantum random-walk search algorithm. Physical Re-
view A, 67:052307, 2003.

K. Manouchehri and J. Wang. Physical Implementation of Quantum Walks. Springer Publishing
Company, Berlin, 2014.

P. W. Anderson. Absence of diffusion in certain random lattices. Physical Review, 109:1492, 1958.

E. J. Beamond, A. L. Owczarek, and J. Cardy. Quantum and classical localisation and the Manhat-
tan lattice. Journal of Physics A, 36:10251, 2003.

E. J. Beamond, J. Cardy, and J.T. Chalker. Quantum and classical localisation, the spin quantum
Hall effect and generalizations. Physical Review B, 65:214301, 2002.

A. Ambainis, E. Bach, A. Nayak, A. Vishwanath, and J. Watrous. One-dimensional quantum walks.
In Proceedings of the Thirty-third Annual ACM Symposium on Theory of Computing, STOC ’01,
pages 37-49, New York, NY, USA, 2001.

A. Kempf and R. Portugal. Group velocity of discrete-time quantum walks. Physical Review A,
79(5):052317, 2009.

N. Inui, N. Konno, and E. Segawa. One-dimensional three-state quantum walk. Physical Review
E, 72:056112, 2005.

M. gtefaﬁék, B. Kollér, T. Kiss, and 1. Jex. Full revivals in 2D quantum walks. Physica Scripta
Volume T, 140(1):014035, 2010.

N. Inui, Y. Konishi, and N. Konno. Localization of two-dimensional quantum walks. Physical
Review A, 69:052323, 2004.

B. Kollar, T. Kiss, and I. Jex. Strongly trapped two-dimensional quantum walks. Physical Review A,
91(2):022308, 2015.

K. Werner. An invitation to random Schrodinger operators. arXiv:0709.3707, 2007.
50



[16] A.Joye, E. Hamza, and G. Stolz. Dynamical localization for unitary Anderson models. Mathemat-
ical Physics, Analysis and Geometry, 12:381, 2009.

[17] P. D. Hislop. Lectures on random Schrodinger operators. Contemporary Mathematics, 476:41,
2008.

[18] A. Joye. Random unitary models and their localization properties. Entropy and the Quantum II,
Contemporary Mathematics, 552:117, 2011.

[19] A. Klein. Multiscale analysis and localization of random operators. arXiv:0708.2292, 2007.

[20] A.Joye. Dynamical localization for d-dimensional random quantum walks. Quantum Information
Processing, 11(5):1251, 2012.

[21] A.Joye and M. Merkli. Dynamical localization of quantum walks in random environments. Journal
of Statistical Physics, 140(6):1025, 2010.

[22] A. Ahlbrecht, V.B. Scholz, and A.H. Werner. Disordered quantum walks in one lattice dimension.
Journal of Mathematical Physics, 52:102201, 2011.

[23] A. Joye. Random time-dependent quantum walks. Communications in Mathematical Physics,
370:65, 2011.

[24] C. di Franco, M. Mc Gettrick, and T. Busch. Mimicking the probability distribution of a two-
dimensional Grover walk with a single-qubit coin. Physical Review Letters, 106(8):080502, 2011.

[25] J. M. Edge and J. K. Asboth. Localization, delocalization, and topological transitions in disordered
two-dimensional quantum walks. Physical Review B, 91:104202, 2015.

51



