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Abstract

In this thesis, we examine the tailed model of quantum walks. Unlike the usual quantum walks, the
tailed model guarantees the convergence of the state of the walker to a stationary state. The purpose
of this study is to study how we can utilize this converging property of our model in various ways.
We consider two types of quantum dynamics, the Szegedy dynamics and a Grover-like dynamics. We
obtain the scattering of the walk for these two dynamics in the long run, and based on the scattering
matrix in the latter case, we obtain a characterization of bipartite graphs. Moreover, we show that, in
the Szegedy walk case, the stationary state expresses an electric current function which satisfies the
Kirchhoff current and voltage laws, and in the Grover-like dynamics, if the underlying graph is (non-
)bipartite, the stationary state expresses a (pseudo-)current function which satisfies (pseudo-)Kirchhoff
laws. Furthermore, in the Grover-like case, we introduce a quantum analogy of the electrical energy,
called ‘comfortability’ and we show that the comfortability of the underlying graph can be expressed
in terms of the combinatorial properties of the graph. Finally, we discuss a quantum search algorithm
on complete graphs, which gives two types of finding probabilities, a maximum probability which is
similar to the usual quantum search algorithms and a converging finding probability which arises from
the converging property in our model.
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Chapter 1

Introduction

1.1 Discrete time quantum walks

Discrete time quantum walks are studied in different aspects, many interesting behaviours and results
of them are derived. Compared to the random walks, quantum walks achieve a quantum speedup
in algorithms, such as the quantum walk based search algorithm. Other than the search algorithms,
quantum walks are useful in many aspects in computing, such as graph characterizations, graph
isomorphism problem, triangle problem and element distinction problem|[18, 21, 25].

As discrete-time quantum walks on graphs are being studied, many interesting behaviors of quan-
tum walks, which cannot be observed in the classical random walk setting, have become apparent:
the accomplishment of quantum speed up in quantum algorithm, linear spreading, localization, peri-
odicity, pseudo-perfect state transfer and so on (see [16, 18, 21] and references therein). Among them
it is revealed that behaviors of quantum walks are closely related to geometric features of graphs;
for example, cycle geometry of graphs gives the localization [11, 13], a three-edge-coloring induces an
eigenfunction of some quantum walks [19], and the rotation systems and 1-factorizations of graphs
are reflected on the mixing time of quantum walks [9]. In this paper, we observe what property of
graphs are extracted from the structure of the stationary state of quantum walks. The stationary
state, which is a kind of the long time behavior of quantum walk, has been discussed in [7, 8, 14].
The stationary state of the walk produces some interesting results, which don’t appear in the usual
quantum walks, such as the global scattering of the walk and the induced current function [14]. In
this thesis, we emphasise the fact that, the state of the quantum walk model we introduce in the next
paragraph converges to a stationary state and for the rest of the thesis, we work on several problems
on how to utilize the stationary state of the walker in various aspects?

Let us explain our setting and motivation to focus on stationary states. For a connected and locally
finite graph G = (V, E), which may be infinite, let us define the set of symmetric arcs A induced by
FE as follows: for any undirected edge e € F with end vertices u,v € V, the induced arcs are a and @,
which are arcs from u to v and v to w along the edge e € E, respectively. The terminus and origin
vertices of a € A are denoted by t(a), o(a) € V, respectively. The total space of quantum walk treated
here is denoted by C#, which is the vector space of complex-valued functions on A. Let da() be the
delta function such that

: /
5a(a,):{1 ifa=d,

0 otherwise.

The time evolution operator of a quantum walk U : C4 — C4 is defined by
U=5C.

Here S, = 07 and C' = @,y Cy, where C, is a local coin operator assigned at vertex v which is a
deg(v)-dimensional unitary matrix on span {d, : t(a) = v}. Note that the time evolution operator U
is unitary in the sense that UU* = I. Let v, be the n-th iteration of U with the initial state 1y; that
is, Yp+1 = Uth,. We call for any a € A, ¥oo(a) := lim, 00 ¥p(a), if it exists, the stationary state.
Another type of stationarity of quantum walks, the stationary measure, is discussed in [17], whose form



is as follows: ®(¢n41)(u) = Xoy(a)=u [Yni1(a)]® = > t(a)=u |9n(a)]? for any time step n = 0,1,2,...
and vertex u € V.

We are interested in how the state converges to the stationary state as a fixed point of a dynamical
system. In general, the state of the walker in a quantum walk on a finite graph does not necessarily
converge because the time evolution operator is unitary and hence the absolute values of the eigenvalues
of the operator are equal to 1. When semi-infinite length paths are connected to a finite graph and
the [*°-initial state is set so that quantum walkers along the tails come into the internal and quantum
walkers go out from that at every time step, the convergence of states are shown in [7, 8, 14]. In
this setup, the state space of the walk is described by [*°-space. This quantum walk always converges
to a stationary state independent of the choice of the vertices of the internal graph, to which the
semi-infinite length paths are connected. In [14], the Grover walk is studied, in which the local coin
operators are described by the Grover operator.

Definition 1.1 (Grover operator). The Grover operator Gr(r) is an r X r matriz defined by

2
(GT(T))a,b = ; - 5a,b'

Let A be the set of arcs in the graph obtained by connecting tails and v be the state of the walker
at time step t. Then the following theorem holds.

Theorem 1.2 (See [14]). In the above setting, if unitary operator U is described by the Grover operator
at each vertex, that is C, = Gr(deg(v)), and the initial state is chosen so that the probability amplitudes
on the arcs of the j-th tail which are coming towards the internal graph are o; and 0 elsewhere, then

Yoo 1= tlim (on
—00

exists. Here the limit denotes the point-wise convergence.

This theorem obtained in [14] is remarkably useful and opens a path to obtain many interesting
results. For example, noting that, the stationary state is a fixed point to the unitary operator, we can
obtain the scattering matrix of the walk.

Definition 1.3 (Scattering Matrix). Let A;, = {a1,--- ,a,} be the set of arcs on the tails where t(a;)
are in the internal graph and Ay = {a : @ € Ay} Let a = [ag, -+ ,a,]" and B = [B1,---, 5] "
where aj = Yoo(a;) and Bj = oo(@j). Then the scattering matriz o is an r X r matriz which satisfies

B =cx
for any choice of a.
In the case of Grover walks, the following theorem for the scattering matrix is known.

Theorem 1.4. Let Ay, Aout, @ and B be defined as in definition 1.3 and the unitary operator is
described by the Grover operator. Then the scattering matrix o which satisfies the equation B = oo
s given by

o=Gr(r)

It can be noted that the scattering matrix in the above case does not contain any information
about the internal graph. In a similar way, we study the quantum walk for the case when the time

evolution operator is described by the Szegedy matriz and we obtain the scattering matrix in chapter
2.

Definition 1.5 (Szegedy matrix). For a unit vector v € C" the Szegedy matriz with respect to v is
defined by
Sz(v) = 2vv" — I.

Here, I is the identity matriz.



In the next chapter, we define the Szegedy matrix in terms of a given probability function p, and
we show that the stationary state 1), exists. As in [14], we can get use of this stationary state to find
the scattering matrix in the long run.

As mentioned earlier, in [12, 14], the Grover walk whose quantum coins are expressed by the Grover
matrices {Gr(deg(u))}, e, was applied with the constant inflow. Then the scattering on the surface
in the long time limit recovers the local scattering at each vertex; that is, the scattering matrix is
Gr(r), where r is the number of tails. This implies that we can obtain the global scattering by only
some information on the surface, the number of tails connected to the internal graph G, whereas
this also implies that we cannot obtain any information on the structure of the internal graph Gy.
To investigate how the geometrical structure of the internal graph affects the behavior of quantum
walkers in terms of their stationary states, we must change something in our setting; for example,
we replace a constant flow with some oscillated one. In chapter 3, we show that this change in the
input is equivalent to a change in the dynamics, which is called a Grover-like dynamics in this thesis,
and the quantum walk model with this new dynamics is called the defective model. We note that the
defective model is a special case of the model studied in [14], and hence some information on our new
quantum walk model is readily available, for example, the existence of the stationary state ¥o,. As
our interest revolves around the uses of the stationary state, we compute the scattering matrix of our
walk in the long run, and surprisingly, our expected goal of obtaining information about the structure
of the internal graph is achieved. Let us present the corresponding theorem as follows, leaving the
detailed proof of the theorem to Chapter 3.

Theorem 1.6. Let o and B represent the inflow and outflow of the stationary state on the surface.
Then we have
B=oa,

where the scattering matrix o is unitary and described by

I : Gy is non-bipartite,
o =
7 : Gy is bipartite.

Here 7 is described as follows:

I 0 I 0
T:—[g _ r—k] Gr(r) [(;C _ r—k]’

where k and v — k are the numbers of tails connected to each partite set in the internal graph Gy.

From this theorem, if the interior is non-bipartite, the scattering is the perfect reflection, while
if the interior is bipartite, the scattering is described by the Grover matrix. We remark that this
theorem gives a characterization of bipartite graphs, and the rest of the chapter 3 flows based on this
characterization.

Another remark we make on this theorem is that it can be used to characterize the disconnected
graphs in some special situations. For example, if the scattering matrix is in the form of a block
diagonal matrix

op 0 -+ 0
0 o9 -+ 0

o= ,
0 -~ 0 o4

where at least one of ¢ is of the form 7 then the underlying graph is disconnected. In particular, if
all of them are of the form 7 then the underlying graph is disconnected with s number of components.
On the other hand, If ¢ = I then the above theorem does not provide any information about the
connectedness of the graph.

Now let us explain some background on the scattering we study here. In [20], a discrete-time
quantum walk model on Z is studied and it is observed that this model behaves like a quantum tunnel



with a tunneling effect: i.e. the quantum mechanical phenomenon where the particles succeed in
passing through a potential barrier. This paper discussed the conditions when a perfect transmission
occurs through a double-well. This double-well is replaced by a finite graph in [14] and the model now
becomes a quantum walk on a finite graph with two infinite tails where in the stationary state, the
perfect transmission occurs. Furthermore, the model is generalized by adding an arbitrary number of
tails and hence, the perfect transmission changes into a scattering in the stationary state.

Another interesting result obtained in [14] is a type of a current function obtained in terms of the
stationary state. In literature, for example in [3, 4, 2, 22|, the algebraic models of electric networks are
well studied. These electrical networks can be formulated using the incidence and Laplacian matrices
of the underlying graphs.

1.2 Electrical networks

Let G be the underlying graph of an electric circuit with vertex set V' = {v1,...,v,} and edge set
E ={ey,...,em} where the edges are labelled so that ey, ..., e,_1 are the edges of a given spanning tree
T of G. For each edge e = {u,v}, choose one of the vertices u,v to be the positive end of e and the
other vertex to be the negative end. Then we say that the graph is given an orientation. For a given
orientation, the incidence matrix D = (d; ;) is defined by

1 if v; is the positive end of e;,
d;j = { —1 if v; is the negative end of e;,

0 otherwise.

The incidence matrix D of G defined above can be partitioned as follows.

o [DT DN]

dn

where Dr is an (n — 1) X (n — 1) matrix and d,, is a row matrix which is linearly dependent on the
other rows. By [3, Proposition 5.4] it follows that Dy is invertible. Let Cp = —D;lDN. Define the

matrix C' by
Cr
C =
[Im—n+11

Now consider the case when each edge e; in the graph has conductance M;. Let M := diag(My,--- , My,),
a diagonal matrix whose diagonal elements are the corresponding conductances, then the current vec-
tor w, voltage vector z and the vector of externally applied voltages o defined on E which are related by
the equation z = Mw + « satisfy the following laws of electric circuits which are called the Kirchhoff’s
laws.

1. Kirchhoff’s Current Law (KCL):

2. Kirchhoff’s Voltage Law (KVL):
CTz2=0

In other words, KCL is the rule which says that for every vertex u in the underlying graph G, the
total current entering u is equal to the total current leaving u, and KVL is the rule which says that
for any cycle in the underlying graph G, the total current along the cycle is 0. Here, C is constructed
so that the columns of C' corresponds to the vectors in the cycle subspace of the graph [3].

For simplicity, let us assume that each edge has conductance 1. By [3, Additional results 4a], there
exists a potential function ¢ defined on V such that z = DT ¢. Then the equation z = w + a becomes
DT ¢ = w + o which implies

Lo =n,



where L := DD is the Laplacian matrix of G and 7 := Da is the vector whose entry labeled by v,
7y is the current flowing into the network at the vertex v. This is called the Laplacian formulation of
network equations[3].

Now let us turn back to the quantum walk model with tails. As mentioned earlier, the stationary
state 1o exists, and define a function j(-) as follows.

j(a) = ecla) ~ LY e
k=1

Then the following theorem holds.
Theorem 1.7 (See [14]). If j(-) is defined as above, then j(-) expresses a current flow.
In other words, the function j(-) satisfies the following Kirchhoff’s laws

1. Kirchhoff’s Current Law:

be A:t(b)=u

2. Kirchhoff’s Voltage Law:
For any cycle ¢ = (ay, ..., as) with t(a1) = o(a2), ..., t(as—1) = o(as), t(as) = o(a1) in Gy, it holds

ij(ﬂk) =0.
k=1

In this thesis, we first study in chapter 2, a current function which arises from the stationary state
in the case of the Szegedy walk. We obtain a current function j(-) in terms of the stationary state and
show that it satisfies the Kirchhoff’s current and voltage laws. In chapter 3, we study the Grover walk
and we focus on the simplest oscillation of inflow with alternating signs which is a coarse graining
of alternating current input. This setup gives a characterization of bipartite graphs and based on
this characterizattion, we define a current and a pseudo-current function which satisfy the Kirchhoff
and a kind of a psudo-Kirchhoff laws respectively. Moreover, we express these results in terms of the
Laplacian and signless-Laplacian matrices of the underlying graphs respectively.

As mentioned earlier, the scattering matrix gives an information about the surface or the boundary
of the graph. Next it is natural to ask what happens to the interior. To answer this question, we
introduce the idea of comfortability. The comfortability is a function of the interior, and gives how
quantum walkers accumulate in the internal graph in the long time limit, which is the energy stored
the interior. The detailed definition of the comfortability Egu (Go) is described in Definition 3.3. We
obtain that when only two tails are connected, the comfortability of the graph can be expressed in
terms of the geometric information of the graph as follows.

Theorem 1.8. Assume the number of tails is 2, and the inflow o = (a1, a2)" = (1,0)". Then the
comfortability €qw (Go) of the quantum walk is given by

1 (Xz(Go)
x1(Go)

1 + \Eol) : Go 1s bipartite,

Eqw(Go) =
12(Go)
11(Go)

Here |Ey| is the number of edges of Go, x1(Go) is the tree number of G, that is the number of the
spanning trees of Go and x2(Gg) is the number of the spanning forests of Gy with two components in
which one contains uy and the other contains u,. Here ui; and u, are the vertices in GGy where the

tails with the inflows o and cg are connected respectively. The geometric quantities of 11(Gp) and
12(Go) are defined in Section 3.

. Gy is non-bipartite.



We illustrate the ranking of the comfortability among all of the graphs with four vertices in
Section 3.6. To show the above theorem, we first define a (pseudo-)current function [12, 14] on a (non-
)bipartite graph and we show that these functions satisfy the (pseudo-)Kirchhoff laws in Theorems 3.6
and 3.7, respectively. Secondly, we obtain a potential function with respect to these (pseudo-)current
functions, in terms of (signless-)Laplacian matrix in [3, 4] and Theorem 3.9, respectively. Thirdly, using
these expressions of the potential functions, we obtain expressions for the comfortability in terms of the
(non-)oriented incident matrix and the (signless-)Laplacian matrix, when the graph is (non-)bipartite
in Propositions 3.12 and 3.13. Finally, using the speciality of the setting, we obtain the expression of
the comfortability using the graph factors induced quantum walks defined by Definition 3.10.

A similar notion of extracting the combinatorial information of the underlying graph in an electric
network can be found in literature, for example in [2]. For an electric network on the underlying graph
Gy with the given inductance, resistance and capacitance on each edge, the Laplace transformed
network equations are used to find the resultant impedance between the input and the output vertices
uy and uy, in terms of the combinatorial properties of Gg. For example, the impedance of an electric
network between the vertices u; and u, can be found using the following theorem. Here we assume
that the resistance on each edge is 1 for simplicity.

Theorem 1.9. (See [2, Section 3.8]) The impedance Z of the electric circuit is given by

7 x2(Go)

x1(Go)
where x1(Go) is the tree number of Gg, that is the number of the spanning trees of Go and x2(Go) is

the number of the spanning forests of Go with two components in which one contains uy and the other
contains u,,.

1.3 Quantum search algorithms

Quantum walk based search algorithm is a popular area of study in quantum walks. For a given graph
G, the problem is to search a specific set of vertices of GG. For simplicity, let the size of this set be 1,
that is the problem is to search a given vertex u, of GG, where the number of vertices of GG is N. In the
classical case, the run-time of the search algorithms are of the order O(N). With the quantum walk
based search algorithms, the vertex u, can be searched in the run-time of the order O(\/ﬁ ), that is,
the quantum walk based search algorithm gives a quadratic speed up.

Let us explain the search algorithm based on the Grover operator, which is related to chapter 4 in
this thesis. Let G be a graph with the set of vertices V', the set of edges E and the set of arcs induced
by E is A. Let M be the set of marked vertices, which are to be searched. Define the coin operator
C = @,ey Oy as follows.

-G, ifveM
C, =
G, ifveV\M

where G, is the Grover operator on the vertex v. In particular, let M = {u.}, then the time evolution

operator U’ can be written as
U =UR

where U is the time evolution operator described by the Grover operator defined at each vertex of G
and R is the operator given as follows.

R=1-2 Z la) (al .
at(a)=ux

By choosing the initial state as

1
‘Po—ﬁZ\a%

acA



the time evolution operator U’ is applied ¢ times to obtain the state W, of the walker at the time step
t. The finding probability of u, at time step t is given by

p(u) = D V(o).

at(a)=ux«

The problem is to find the optimal time ¢,y such that the finding probability py,,, (u«) is maximum,
which is called the success probability denoted by psycec-

It is known (by [21]) that applying the search algorithm to the complete graph with N number of
vertices, choosing the optimal time ¢, to be

and measuring the state of the walker, the marked vertex u, can be searched with a success probability
Psuce given by

1
DPsuce = 1+ O(N)

Moreover in [23], it is proved that if the above time evolution operator U’ is applied to the above initial
state Wy on a hypercube with N = 2" number of vertices, the optimal run-time of the algorithm to
search the marked vertex u, is given by

Lopt = Lg \/NJ

and the success probability is given by
1 1
Psuce = 5 + O(ﬁ)
Furthermore, it is known by [24] that the quantum search algorithm on a Johnson graph J(n, k) has
a success probability
1

\/ﬁ)

1
Psuce = 5 + O(

at the optimal run-time

T
tor =~ ——+VN.
P92

These results show that the quantum search algorithm on above graphs has a quadratic speed-up
and the optimal run-time is of the order O(v/N). Similar to these results, we study in chapter 4,
the quantum search of a given vertex in a complete graph with N vertices, where infinite tails are
connected to the graph. As our intuition suggests, we show that the optimal run-time of the algorithm

1
is of the order t,; = O(V' N) and the success probability satisfying pgyec > 3
In addition to that, since the state of the walker converges in our model, it is natural to arise the

question ”"What would it be the finding probability in the long run?” To answer this question, we study
the limit of the finding probability in the long run. In chapter 4, we show that

. 1
Jim (o) = 5

Moreover, by obtaining ||V, — ¥||, we show that the finding probability p; becomes arbitrary close
1
to = while the run-time of the algorithm is set to the order O(NN log N). This result implies that the

tailed model we define gives two types of finding probabilities, a maximum finding probability at the
run-time of the order O(\/ﬁ ) and a finding probability in the stationary state, which is at a run-time
O(NlogN).

With the use of these notion, we arrange the rest of the thesis as follows. In chapter 2, we study
the Szegedy walk on the tailed model. We obtain the scattering matrix in the long run, and in the
stationary state, we derive an electric current function which satisfies the Kirchhoff’s current and
voltage laws.



In chapter 3, we study a Grover-like dynamics on the tailed model. First we show that in our
setting, we can obtain a characterization of bipartite graphs by finding the scattering matrix and the
rest of the chapter is based on this characterization. In the stationary state, we derive a current
function and a pseudo-current function in the case when the underlying graph is bipartite and non-
bipartite respectively, which satisfies the Kirchhoff’s laws and pseudo-Kirchhoff laws respectively.
Moreover, we formulate these network equations using the Laplacian and signless-Laplacian matrices
of the underlying graph respectively. Furthermore, we introduce the notion of comfortability, an
analogy of the electrical energy and using the properties of Laplacian and signless-Laplacian matrices,
we obtain the comfortability of the underlying graph in terms of the combinatorial properties of the
graph. In particular, if the underlying graph is bipartite, we show that the comfortability of the
underlying graph can be obtained in terms of the tree number and the number of spanning forests,
and if the underlying graph is non-bipartite, we show that the comfortability can be obtained in terms
of spanning unicyclic subgraphs.

Finally, in chapter 4, we study a quantum search algorithm on complete graphs. Here we show that
there are two types of finding probabilities, a maximum finding probability as in the usual quantum
walks at the run-time of the order O(v/N) and a finding probability in the long run, which is at a
run-time O(N log N) which arises from the converging property in our tailed model.



Chapter 2

Electric circuit induced by quantum
walks

2.1 Setting

In this section, we study the Szegedy walk in the tailed model. We show that the state of the walker
converges in the long run and in this converging state, we derive the scattering matrix of the walker.
Moreover, if the underlying random walk is reversible, then we define an electric current function,
which satisfies the Kirchhoff’s current and voltage laws.

Now let us explain the setting of the quantum walk. Let Gy = (Vj, Ey) be a finite connected
graph and Ay be the symmetric arc set induced by Ey. We choose the boundary of Gg, 0 # 6V C V,
with 6V = {vg)), ...,vﬁo)}, where vi(o) #* UJ(O) if and only if ¢ # j. Let {P; : j =1,...,r} be the set of

(0)

semi-infinite length paths called the tails whose end vertices are v, connected to the finite graph Gy

such that V(P;) = {UJ(O) ~ vj(l) ~ v](?) ~ } Here u ~ v means that the vertices v and v are adjacent.

We denote the constructed graph by G = (f/, E) We also denote the arc set induced by Ey and E
by Ag and A respectively. For any arc a = (u,v) € A, we write @ = (v,u), o(a) = u and t(a) = v.
Remark that o(@) = t(a) and t(a) = o(a).

Set p: A — (0, 1] such that

> pla)=1,(ueV)

o(a)=u
p(a) = 1/2, (a € Uj_, A(B;) \ T4).

Here §A := {a € f~1~: o(a) € Vo, t(a) € V'\ Vp}. The total state space associated with the quantum
walk treated here is CA. We define the time evolution operator U on C* in the matrix form by

U)(a)= > (2yp@)p(®) - ) ¥(b),

be A:t(b)=o(a)
for any ¥ € CA. Note that the walk becomes “free” on the tails; that is,

(U)as — {1 : o(a) = t(b), a # b,

0 : otherwise
for any o(a) ¢ Vp. Set the initial state of the walk as

a; ifo(a)=v (a) —_— s=0,1,2,..., 5 =1,2,...,r,

@0((1) =

0  otherwise.

10



Let y : CA — C4 be the boundary operator of A, defined as for any ¥ € c4, (x¥)(a) = ¥(a)
(a € Ag). The adjoint operator, x* : C4 — C4 is described as follows. For any ¢ € C40,

Y(a) ifa € Ay,
(X*¢)(a) =

0 otherwise.

Remark that xx* : CAo — CA is the identity operator on C40 and x*x : C* — C4 is the projection
operator on C# with respect to Ag.
Now we restrict the walk on A to Ay. Let E be the time evolution operator restricted to Ay, that
is
E =xUx".
We put
Py = x4

is the restriction of the state on Ag. Observe that we have the following.

e = x ¥y
=xUW;
= XUX"XPi—1 + XU = x"x) ¥
= Evr—1 + xUWo.

Let p := xUWq be the external source to the dynamics of the walk. Then we have

vy = Evy_1 + p.

By applying an argument to this recursion, similar to the argument in [14], the following theorem
holds.

Theorem 2.1. Let the quantum walk be defined as above. Then there exists Vo, € CA such that

t—00

2.2 Scattering matrix

The convergence of the state leads to the scattering matrix of the walker. To find the scattering matrix
in the long run, first we give the following lemma.
1

Lemma 2.2. For a given probability function p : A— (0,1] and u € v, 27()
pla

(Uo(a) + ¥Yo(@)) is
constant for all a € A such that o(a) = u.
Proof. Tt follows from the dynamics of the walk that, in the stationary state, for any a € A,

Vo(a) = Y 2y/p(a)p(h)¥eo(b) — Voo(@).

be A:t(b)=o(a)

It follows that,

1 B —
N0 (Voola) +¥oo(@) = > \/p(0)¥eo(D), 0(a) = u.
p be A:t(b)=u
Observe that for a given u € V, the right hand side of the equation is a constant. O

11



Let pv(u) := > 1/p(b)¥so(b), then we have
A:t(b)=u

Vrl@)ov (0(a)) = 5 (Pacl@) + V@) = /pl@)pv (1(a)

p(a)pi (o(a)) = p(@)pi; (t(a)).

By using the above lemma, we give the proof of the following theorem.

and hence

Theorem 2.3. Assume the underlying random walk is reversible; that is, there exists my € CV and
mp € CF such that

mg(|al) = p(a)my (o(a)) = p(a)my (t(a)) # 0.
Here |a| denotes the edge containing the arc a. Let o := [y, ag, ...,ar]T, B :=[B1, P, ...
where aj = Yoo (a) with o(a) = v](-l), t(a) = v( and fj = Voo (a) with o(a) = vj(o), t(a) =v
unit vector on C" by

msp = [\/mE (01])/m(Go), ., \/mis(lar]) /m(Go) T7

where m(Go) = ET: mg(laj|) and a; € P; such that o(a;) = v](-l), t(aj) = UJ(O). We define the Szegedy
j=1
matriz by, for a unit vector v € C", Sz(v) = 2vv* — Icr. Then we have

B = Sz(msg)a

Remark. Here my (u) = p¥(u).

Proof. Let
ci = py(u;) = Z Pp(b) W ( (2.1)

bEAt )=u;

where u; = U,EO). Now fix ¢, and consider the case when the initial state is set to o;j = ;. Let ‘I/gfo)

and (3;; be the stationary state and the transmitting value along P; in the stationary state with this
initial state respectively. We put 1/15(2 = X\IISQ. By lemma 2.2, §;; = 2¢cj\/mpg(|a;|) — 6; ;. Let
A = {aefl:o(a) e V\ Vp,tla) € Vo},
Aout:{aeﬁzaeAm}.
Then by applying the time evolution operator once, we get
U (Woo|4s + ¥oolag) = Yool Agur + Poo|4p-

This can be rewritten as

UCCON +lai)) = X% + B9,
where BV = ZT: fBj.i |a;). Now we have the following.
j=1
(W, 0l + (B, 89) = (x*wld) + 8T, x"ull + BY)

= (Y8 + Jaw) , X 0D + |ag))
= (&) YDy + 64

Thus we have

(B, 8Dy =5,

12



which is equivalent to
mp(lai)
m(0Gy)

ci=0o0rc¢ =

Here m(0Gy) := Z mg(|aj|). Now to obtain the desired result, we show that ¢; # 0. To the contrary
]7
let’s assume that ¢; = 0. Then by lemma 2.2 and equation 2.1, ol )( ) = —y) (a) holds. Moreover,

it follows that '
> Vme(la)¥Q(a) =

a€A:t(a)=u
for any u € V and hence
mg(|a)) ¥ (a
a€cA: t(a)eVo
Therefore it follows that A
S me(ja)¥P(a) + 1 =0.
a:a€Ap

Now by computing Z vmg(|al) \II( in two ways, we have the following:

> me(la) ¥ (a)

a:a€Ag

==> > yme(lah¥Q(a

u€Vo a€Ap:t(a)=u

=> > Yme(a)Y(@

ueVy CLEA()'t( )_

= Z mg(|al) Ul (a)

ueVp a€Ap:t(a
= > \/mE(Ia\)‘P&)(a)
a:a€Ag
=1
which is a contradiction and hence
V(e
! m(6Go)
Thus for any j=1,---,r,
2
Bji = m(0Go) mg(ei)mp(e;) — ;.

M%

By the linearity of the time evolution, 8(j) = > f;;a(i) which proves the theorem. O

=1

Now let us consider the case when the underlying random walk is non-reversible. Since p(a)p? (o(a)) =

p(@)p? (t(a)) holds, py (u) must be 0 for all u € V. This leads to the following theorem.

Theorem 2.4. Let o and B be the input and output vectors defined in theorem 2.3. If the underlying
random walk is non-reversible, then the following holds.

B=—-a

Proof. Since the underlying random walk is non-reversible, py (u) = 0 for all u € V which implies
Uo(a) + Yo(@) = 0 for all a € A. In particular, Voo(a;) = —Vo(a;) for any j = 1,--- ,r which
implies

B=—-«a

13



Remark. We remark that if the random walk is non-reversible, then the following holds.

> (@) Poo( (weV)

acA:t(a)=u

On the other h(md since the underlyz'ng random walk is non-reversible, p(a) = p(a) is not necessarily

true, > VP(@)¥s(a) =0, (u € V) s not necessarily true. Hence in the next section, we define
a€A:o(a)=u
a current function, assuming that the underlying random walk is reversible.

2.3 Kirchhoff laws

In this section, we provide an electric current function which satisfies the Kirchhoff’s current and
voltage laws. In this section, we assume that the underlying random walk is reversible. Before stating
the main theorem in this section, we give the following lemma which will be useful in proving the next
theorem.

Lemma 2.5. For any cycle ¢ = (ay, ..., a,), the induction function in CA is denoted by

1

—_— if a=a
mE(\lakD
wel@) =4~ if a=a,
mp(|ak|)
0 otherwise,

Then (we, Vo) = 0 holds.

Proof. 1t is easy to check that w, is an eigenvector of U with the eigenvalue 1, which has the support
in Ag. By the proof of the convergence of ¥, it follows that (w., Vo) = 0. O

Now we have the following theorem.

Theorem 2.6. Let the underlying random walk is reversible. Define j(-) € cA by

mg(|al)
m(Go)

Then j(-) describes the electric current flow of the following electric circuit: the conductances are
assigned at all the edges, and the conductance value at each edge e is given by mg(e).

ja) = y/mg(|a])¥eo(a) —

(msgp, a).

Proof. To show that j(-) is an electric current, we show the following Kirchhoff’s laws.

1. Kirchhoff’s current law:

Yo dla)= Y ja) (a) + (@) = 0

t(a)=u o(a)=u
2. Kichhoff’s voltage law:

jlag)
= me(|al)

= 0 for any cycle ¢ = (ay, ..., as).

To show the Kirchhoff’s current law, we have

14



which implies

> Vme(la))¥ \/mn]f((liaD (msp, ain).

t(a)=u
On the other hand, since pg(|a|) = VmEg(|a|)py(o(a)), we have
1 mg(|la
pillal) = & (Waola) + Wao(@) = LD (),
2 m 5G0)

which implies

mis(Jal) (ao(a) + o (@) = 212l (.00

this implies that

> ja) Zy (a) +j(@) = 0.

t(a)=u o(a)

To show that j(-) satisfies the Kirchhoff’s voltage law, we use lemma 2.5. It holds that

_ Voo(@r)
e Vo) =0 < Z <\ak\> !

<:>z:( j (@) )_0

mg !ak!  mp(|ax])
o jlar)
&2y

which concludes the proof.
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Chapter 3

A comfortable graph structure for
Grover walk

3.1 Setting

Let Go = (Vp, Ep) be a finite connected graph and Ag be the symmetric arc set induced by FEy. We
choose the boundary of G, ) # 6V C Vy with 6V = {v%o), ...,w(,o)}, where vgo) # vj(o) if and only if
i #j. Let {P; : j = 1,...,r} be the set of semi-infinite length paths called the tails whose end vertices

are UJ(O), connected to the finite graph G such that V(P;) = {’UJ(O) ~ v](.l) ~ v](?) ~ } Here u ~ v

means that the vertices u and v are adjacent. We denote the constructed graph by G = (f/, E) We
also denote the arc set induced by Ey and E by Ag and A respectively. For any arc a = (u,v) € A,
we write @ = (v,u), o(a) = u and t(a) = v. Remark that o(@) = t(a) and t(a) = o(a).

The total state space associated with the quantum walk treated here is CA. We define the time
evolution operator W on C# in the matrix form by

2 ‘ -
(W)ap = (deg(om)) - %b) if o(a) = t(b),

0 otherwise,

which is so called the Grover walk. Note that the walk becomes “free” on the tails; that is,

g _{1 : o(a) = t(b), a £ b,

10 : otherwise

(W

for any o(a) ¢ Vj. For simplicity, let us denote ’uj(o)

complex value z with |z| = 1:

by u;. We set the [°°-initial state by using a

z_diSt(“%t(“))aj if o(a) = UJS-Jrl, ta) =0}, s=0,1,2,..., 5 =1,2,...,m,
Po(a) =

0 otherwise.

Then quantum walkers inflows into the internal graph G at every time step n from the tails. On the
other hand, a quantum walker outflows towards the tails from the internal graph.

Let @,, € CA be the n-th iteration of the quantum walk such that &, = W®,,. Since the inflow
oscillates with respect to the time step, the total state does not converge in the long time limit. We
put @), := 2"®,,, which satisfies @], ;| = zW®),. The convergence of ®;, is ensured by [14] as follows.

Theorem 3.1 ([14]). ¢/ := Jim @' exists; that is, WO, = 271®/ .

Let us focus on the dynamics restricted to the internal graph. To this end, we define the boundary
operator of Ay, x : C* — C40 by, ) .
(xf)(a) = f(a),a € Ag
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for any f € CA. The adjoint y* : C40 — CA is described by

fla) ifa € Ao,

0 otherwise

(X" f)(a) = {

for any f € CA49. Remark that xx*: CAo — C40 is the identity operator on C4° and x*y : cA A
is the projection operator on C4 with respect to Ag. Putting x®/, =: ¢/, and xWx* =: E, we have

i1 = 2E¢, +p, ¢ =0, (3.1)

where p = xW®(. The dynamical system given by (3.1) can be also accomplished by the restriction
to the internal graph of the following alternating quantum walk for z = —1 case: the time evolution
operator of the alternating quantum walk U : C* — C# is defined in the matrix form by

(—1) Vo lola) (deg(i(a)) _ %) if o(a) = t(b),

0 otherwise,

(D)ap = (3.2)

where 1y, is the characteristic function of V. The quantum coin assigned at every vertex in the
internal graph is the “signed” Grover matrix. The initial state of the walker is
a; ifo(a) = UJ(SH), t(a) = v](fg), s=0,1,2,....,5=1,...,m
Uy(a) = (3.3)

0  otherwise.

In this chapter, we consider ¥,,,; = UV, instead of ®,,. Since W, := lim,_, o ¥, exists and UV, =
U, holds according to [14], we compute its stationary state. In particular, we focus on the following
quantities.

Definition 3.2. Scattering matriz: Let o := [a1, ag, ...,ar]T, B = [B1, b1, ...,BT}T, where 3j = Vo (a)

with o(a) = U(O)) t(a) = oM. The scattering matriz o, which is an r-dimensional unitary matriz, is

J J
defined by
B =oc«

for any choice of a.

The existence of such a unitary matrix is ensured by [7, 8]. If z = 1, the scattering matrix gives
us only the information of the number of tails because the scattering matrix for z = 1 is expressed
by Gr(r) [12]. In this chapter, setting z = —1, we obtain the information on the internal graph in
Theorem 3.5. We are also interested in the stationary state in the internal graph, especially how many
quantum walkers exist; that is, how quantum walkers feel comfortable to the graph.

Definition 3.3. The comfortability of Go with o with 6V for quantum walker :

1
Eqw (Goia, V) = 3 > Woo(a)?.
a€Aop

We extract some geometric graph structures from these quantities which derive from some quantum
effects in Theorem 3.11.

3.2 Scattering matrix

In this section, we obtain the scattering matrix in our model, which gives a characterization of bipartite
graphs. To obtain this scattering matrix, we first give the following lemma.

Lemma 3.4. For a given u € Vy, Woo(a) — Uoo(a@) is constant for all a € A with o(a) = u.

17



Proof. Tt follows from the dynamics of the walk that, in the stationary state, for a € A such that
o(a) € Ay,

\Ijoo(a> = Z 2

————— U (b) + ¥o(a).
bit(b)—=o(a) deg(o(a))

It follows that
\I'OO(G) - ‘1/00(5) =

Z\Il = U.

=Uu

deg
Observe that for a given u € Vj, the right hand side of the equation is a constant. O
Now using the above lemma, we obtain the following theorem.

Theorem 3.5. (Scattering on the surface) Assume the time evolution operator is described by (3.2).
For the stationary state VU, let o := [avg, ag, ...,ar]T and B := [p1, b1, ...,BT}T, where aj is the inflow

described by (3.3) and B; is the outflow described by B; = Voo(a) with o(a) = v](-o), t(a) = vj(.l). Then
the scattering matriz, which is an r-dimensional unitary matriz; B = o, is expressed as follows.
I : Gy is non-bipartite,
g =
T Gy is bipartite.

Here I is the identity matriz and 7 is described as follows:

I 0 I 0
T [g - r—k] Gr(r) [; - r—k]

with the computational basis labeled by {UEO), ...,v,(go),v,(g(izl, .. v,(«o)}, where vg)), ...,v,(go) € XNV and

v,(gzlj ...,w(«o) €Y N&V. Here X and Y are the partite sets of the underlying bipartite graph.

Proof. By Lemma 3.4, U (a) — ¥ (a) is a constant on u € Vj such that o(a) = u, We denote this
value by p(u). That is, Uso(a) — Uoo(@) = p(u),0(a) = u. It follows that if u ~ v then p(u) = —p(v).
Suppose Gy is non-bipartite. Then there is an odd cycle C' = (ug, ..., uz—-1),u; € Vo in Gy. Then
we have p(ui) = —p(uz) = p(us) = ... = p(ug—1) = —p(u1) which implies p(u;) = 0. Since Gy is
connected, p(u) = 0 for any u € V. Thus Us(a) — V(@) = 0 for any a € Ag such that o(a) € V. In
particular 8; = a; for any . Hence 8 = a.
Now suppose G is bipartite with bipartition V5 = X UY. Observe that

s := p(v) (3.4)

is constant for all v € X. Then
for all v € Y. Define

{ae[l:o(a) € V\ Vo, t(a) GX},
AX —{aeA:aeAffl},
{ A o(a)ef/\Vo,t(a)EY},
Ay ={acdiacal}.
Then by applying the time evolution operator once, we get
U (Wool ax + ol gy + Woclag ) = Yool ax + Wacl gy + Wac|ay-

By taking the squared norm, we get

2 2 2 2 2
ool |+ | Zoolay |+ 1¥oclagl® = | @ocax, solar ||+ 1%oclall”.
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It follows from (3.4) and (3.5) that

ol [+ el | = st + Sl [+ sty + Seclay ||

2
= (X N0V]+25 3 Wool(a) + [ Wocl ux
aGAf;

+2Y N0V 25 Y Waola) + [Woclr [

aEAE;

Here S is the shift operator: Sd, = d5 for any a € A. Hence if s # 0,

2
s = —W ZX Voo(a) — ZY Uoola) | - (3.6)
aeAin aeAin
Then it follows that
2
ﬁi:ai_T Z Uoola) — Z Uoo(a) |
‘ V’ acAX acAY

where 3; = U (a) for some a € A, and

2
ﬁizai—m Y Usla) = Y Veo(a) |,

Y X
acA;l acAs

where 3; = Uo.(a) for some a € AY,,. Hence B = T where
2 2
|6V£ 451/\

_W —W‘Fl
: |0V

T= 2 2

—%+1 v
2 R |
Vi 5V 5]+

It is clear that, to satisfy the condition s # 0, we must have ) v Woo(a) # > cax Yoo(a). Now
let us see that s = 0 if and only if kKx = Ky, where kx = 3" c 4x Yoo(a) and ky = >, 4y Voo(a).
By Lemma 3.4 we have, s = 0 if and only if

Uo(a) = U(a), a with o(a) € Ao
and

> Ueo(b) =0, ue V.
b:t(b)=u
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Figure 3.1: Example of the inflow of s # 0.

Thus we have

0= Z Uoo(a)

a:t(a)eY

= Z Uo(a) + ky

a: t(a)€Y, o(a)eX
= Z U(a) + Ky
a:€o(a)eX, t(a)eY
= Z Voo(a) — kx + Ky
a:o(a)eX
= —KkXx + Ky,
which implies kx = ky if s = 0.

If ac satisfies kx = Ky, then s = 0 and the same argument as in the case where GGy is non-bipartite
is valid; 8 = « holds. It is easy to check that 8 = 7 holds for 7 defined above. O

Remark. If we set the inflow to a bipartite graph with the partite sets X and Y so that total inflow
to the partite set X coincides with that to the partite set'Y, the perfect reflecting happens. This means
that we can not detect the bipartiteness of graph with such an initial state. These inputs vectors are
described by eigenvectors of the scattering matriz T with the eigenvalue 1.

3.3 Kirchhoff and pseudo-Kirchhoff laws

In this section we will see that the stationary state can represent a kind of current function [12, 14]
on the underlying bipartite and non-bipartite graphs.

Bipartite case
First, we will introduce a current function induced by the stationary state U, on a bipartite graph.
Let G be a bipartite graph with bipartition Vj = X LY. Define the function f(-) such that

0 if t(a) € X,
fla) =
1 if t(a) €Y.

1 _
Then by Lemma 3.4, it follows that the measure 5 ((—1)f(a)\lfoo(a) + (—1)f(a)\1100(6)) is a constant
for any a € Ayg. We denote this constant by p. Then the following theorem holds.

Theorem 3.6. Let the setting be the same as the above and define j(a) = (=1)/@W _(a) — p. Then
J(+) satisfies the Kirchhoff’s current and voltage laws:
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1. (Kirchhoff current law) For any uw € V and a € A,

> (b)) =0; ja) + j(@) = 0.

beA:t(b)=u

2. (Kirchhoff voltage law) For any cycle ¢ = (a1, ..., as) witht(a1) = o(ag), ...,t(as—1) = o(as), t(as) =
o(a1) in Gy, it holds

i](ak) = O.
k=1

Proof. We can rewrite the expression in Lemma 3.4 as

L@ () + (1Y@ @) = L 1)/ ola) = u
5 (1 e(a) + (-1) P (@) T, o (V) ol =

=u

in which the right hand side is a measure on the vertex u, denoted by p(u). Then it follows that if
u ~ v then p(u) = p(v). Since Gy is connected, it follows that p(u) is a constant for all u € Vp, which
is denoted by p. Summarizing the above, we have

1

~ 1O (b) = p,u € V. (3.7
deg(u) b:t%:u< ) > )
Then from (3.6) we can express
1
P=15v1 Z Voo(a) — Z Voo(a)
[oV] acAX acAY

Equation (3.7) implies
Z jla) = Z (=)D (a) — pdeg(u) = 0, u € V).

a:t(a)=u at(a)=u

Also we have B
j(a) + @) = (=1)T @DV (a) + (=1)/ DU (@) — 2p =0, a € Ay.

Now suppose C = (ay,...,ay),a; € Ag is an even cycle in Gy. Assume that o(a;) € X. Define ¢ such
that
1 if a = agg41 or Gogy1,

p(a) =< =1 if a = agy, or Gy,

0 otherwise.

Let ¥o := X* V. Since @ is a centered eigenvector of yUx* whose eigenvalue is —1, by [14, Lemmas
3.4 and 3.5] we have 9o, L ¢ and it follows that

0= <'¢oo‘90>
= Z T/@(@‘PW)
a€Aop

!
=3 [[Woo(a2r-1) + thoo(@26-1)] — [thoo(azk—1) + Voo (G2k—1)]]
k=1

= 3 [~ (j(agg-1) — G(@n-1)) — (~1)7) (j(az) — j(a))]
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Since j(a) + j(a) = 0, it follows that

Non-bipartite case
Next let us investigate the property of ¥, in the non-bipartite case. We can see that the stationary
state itself has similar properties to the electrical current flow as follows.

Theorem 3.7. Let 1o, € CA° be the stationary state on the non-bipartite graph. Then ¢ satisfies
the following properties:

1. (Pseudo-Kirchhoff current law) For each u € Vi and a € Ay,

Z Yoo(a) =0, thoo(a) = thoo(a).
(a)=u

t

2. (Pseudo-Kirchhoff voltage law) For any even closed walk (e1, ..., e2s) such that
t(e1) = o(ez), ..., t(e2s—1) = o(ezs) and t(ezs) = o(ey),
2s

> (=1)Fheo (ex) = 0.

k=1

Proof. The proof of the first part is obtained from the proof of Theorem 3.5. To prove the second part,
for an even closed walk (eq,...,es) such that t(e;) = o(ea),...,t(eas—1) = o(eas) and t(ess) = o(eq),
define the function ¢ by
(=1)F if a = ey, or a = e,
¢(a) =

0 otherwise.

Note that in the case when the arcs in the walk overlap, then ¢(a) is set to be the sum of all such
values defined above, on the corresponding arcs. Then it is easy to check that ¢ is an eigenvector of
U with the eigenvalue —1. By the proof of the convergence of W, it follows that (¢, V) = 0 which
gives the desired conclusion. O

3.4 Laplacian and signless Laplacian

We have seen that the stationary state has the properties of current function or pseudo-current func-
tion in C4o. Then it is natural to determine the potential function in CY0 with respect to the current.
In this subsection, we characterize the potential function using the Laplacian and the signless Lapla-
cian for the cases of bipartite and non-bipartite graphs, respectively.

Bipartite case

Let M be the adjacency matrix and D be the degree matrix of Gg. The Laplacian matrix of Gy is
denoted by L = D — M. Using the Laplacian matrix with the Poisson equation, we can characterise
the current function j(-) on Ap in terms of a potential function on Vy ([3] and [4]) in which exists
under the Kirchhoff current and voltage laws.

Theorem 3.8 (see e.g., [3, 4]). Let the setting be the same as in Theorem 3.6. Let Gy be a bipartite
graph and L be the Laplacian matriz of Gy. Then there exists a potential function ¢ € CV° such that
j(a) = ¢(o(a)) — ¢(t(a)). Here ¢ satisfies the following equation.

L(b = —q,

where q(u) = > jla), u e V.
a€A\Ag:t(a)=u
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Proof. Let Vi = {v1, ..., v, }. Denote the incidence mapping by B : C4 — C" which satisfies

(B () = biblag) 1 <i<n

j=1
where m = |A4y| and
1 if t(aj) = v,
bij = q—1 if o(aj) = v,
0 otherwise.

Then we have

By)w)= > P@)- > Pa)veh

a€Ap:t(a)=v a€Ap:o(a)=v

The adjoint operator B* : CY0 — C4 is given by
(B*)(a) = f(t(a)) — f(o(a)).
Then we have BB* in terms of the Laplacian matrix L
BB*=2(D — M) =2L.

If the potential function is ¢ € C" and the conductance along each arc is assumed to be 1, by the
Ohm’s law,

j(a) = ¢(o(a)) — ¢(t(a))
= —(B*¢)(a).

Now we can state the latter part of the Kirchhoff’s current law as follows.

j(a) = ¢(o(a)) — #(t(a)) = ¢(t(a)) — ¢(o(a)) = —j(a),a € Ao.
And it follows that

which implies

Z jla) =0,u € V.
a€A:t(a)=u

Now we can denote the first part of the Kirchhoff’s current law in terms of the incident matrix as

follows.
oo+ Y d@- Y @- > =0

a€Ap:t(a)=u a€A\Ag:t(a)=u a€Ap:o0(a)=u a€ A\ Ag:o(a)=u
And it follows that

(Bi)w)=-2 > jla)

ac A\ Ag:t(a)=u

This gives an analogy of the equation given in [3] as

Bj = -2

where g(u) = > jla),u € V. In other words,
acA\Ag:t(a)=u

Lo =—q.

Moreover, for any cycle ¢ = (ai,...,as) with t(a1) = o(az),...,t(as—1) = o(as),t(as) = o(a1) in Go,
taking the sum of j(a;) = ¢(o(a;)) — ¢(t(a;)) over the cycle, the Kirchhoff’s voltage law satisfies. [
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Here we should remark that ¢ € (ker(L))*: actually we have

0= o= > =2 qvi(),

a€A:t(a)EV) a€A\Ap:t(a)eVp veEVD

where 1(-) is the constant function whose value is 1 and ker(L) = {c1 : ¢ € C}.

Non-bipartite case
When the underlying graph is non-bipartite, the following two properties hold for the stationary sate
U by Theorem 3.7:

U (a) = Uoo(a), for any a € A, o0(a) € Vp; (3.8)
U(a) =0, for any u € Vj. (3.9)
acA:t(a)=u

As an analogy to the current function in the bipartite case, we represent these properties in terms
of the non-oriented incidence matrix and the signless Laplacian matrix in the following theorem. Here
the signless Laplacian matrix of G is denoted by @ = M + D.

Theorem 3.9. Let Vo, be the stationary state of quantum walk such that Vs (a) = limy, o0 (U™ W) (a)
for any a € A. Let Gy be a non-bipartite graph and Q be the signless Laplacian matriz of Go. Then
there uniquely exists ¢ € CV° such that Voo (a) = ¢(o(a)) + ¢(t(a)) for any a € Ag. Here ¢ satisfies
the following equation.

Q¢ = —q

where q(u) = > VU(a), ueVp.
a€ A\ Ao:t(a)=u

Proof. Denote the non-oriented incidence matrix on the set of arcs by C': C40 — C" which satisfies

(Co)(w) =Y eistblay), 1< i<,
j=1
where m = |Ap| and

1 if t(a]’) = v; Or O(aj) = Uy,
-
* 0 otherwise.

Then we have

(CY)w)= > Wdl@+ >, ) veV

a€Ap:t(a)=v a€Ap:o(a)=v

The adjoint operator C* : CYo — C40 is given by

(C*f)(a) = f(t(a) + f(o(a)).
Then we have CC* in terms of the signless Laplacian matrix Q

CC* =2(D+ M) = 2Q.

Let oo = X" Woo. Now let us see that if there exists a potential function ¢ € CY such that ¥ (a) =
(C*¢)(a) for any a € Ap, then ¢ must satisfy

Qe = —q.

Remark that for any a € Ag

veo(a) = (C*0)(a) = ¢(t(a)) + ¢(o(a) = ¢(t(a) + ¢(o(a)) = (C*¢)(a) = ¥u(a)
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and hence the first property of (3.8) can be easily confirmed. We have, by the property (3.8),

Z Veo(a) = Z VU (a)

a€A:o(a)=u a€A:o(a)=u

= Z \IIOO (a)v

a€A:t(a)=u
and by the property (3.9),

Usla) + Y. Usla) =0, ue V.
acA:t(a)=u acA:o(a)=u

Let us divide the summation in the above equation by

> Ula)+ > Uola) + D> Usola)+ > Uoo(a) =0.

a€Ap:t(a)=u ac A\ Ag:t(a)=u a€Ap:o(a)=u ac A\ Ag:o(a)=u

Then it follows that

Co)w)==2 3 Us(a)

ac€ A\ Ao:t(a)=u
which implies
1~ ~yk
Qo= 50C*9 =,
where q(u) = ZaeA\AO:t(a):u Uo(a),u € Vp. Although the existence of the potential function ¢ is

ensured by the pseudo-Kirchhoff voltage law in Theorem 3.7, we prove here directly as follows. To
show the existence of ¢, it is enough to show that

Voo € Range(C*) = ker(C)=.

Let us see that

ker(C') = (ker(d) N Hy) @ H_, (3.10)
where Hy = {w € C4 : ¢p(a) = 9(a) for any a € Ao}, H_ = {¢ € C% :yp(a) = —9(a) for any a € AO}

and
1

(dip)(u) = ——e (a).
7 degq, () aer:Xt(:a)ﬂ :

Note that Hy @ H_ = CA and Hy = ker(1 — Sy), H_ = ker(1 + Sp), where Sy is the shift operator
on C4 such that Syd, = d5 for any a € Ag. The operator C' can be rewritten by

(CY)(u) = y/degg, (u) (dv) (u) + (dSov)(u)) .

Then we have ~
ker C' = ker(d(1 + Sp)),

which implies (3.10). By [14] it follows that
Voo € (ker(d) NH4 )t

Since Yoo (@) = Yoo (a), then thoy € Hy = HE. Therefore 1o, € ker(C)*+ = Range(C*).
Furthermore, since Gy is non-bipartite, the least eigenvalue of @) is positive (cf. [6]) and hence @
is invertible. This completes the proof of the existence and the uniqueness of ¢. O
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3.5 Comfortability

We have seen that relations between stationary state and the (signless-)Laplacian, which contains
information of the geometry of the graph. Let us express the comfortability in terms of some graph
geometrical properties.

Definition 3.10. (Important graph factors) Let x1(Go) be the number of spanning trees of Gy and
x2(Go;ui,u,) be the number of spanning forests of Gy with exactly two components, one containing
u1 and the other containing u,. Here the isolate vertex is regarded as a tree.

Let C, be the set of spanning subgraphs of Go all of whose components are odd unicyclic graphs and
let TC, be the set of spanning subgraphs of Gy whose one component is a tree containing the vertex uq
and remaining components are odd unicyclic graphs, which are possibly empty. Note that TC, contains
the spanning trees of Gy as well. See Figure 3.2.

Now define the functions t1 and 1o by

Ll(Go) = Z 4W(H)

Hec,

and

L(Goiuy) = Y 4L
HETC,

where w(H) is the number of components in H.
Then with the above notations, we have the following theorem.

Theorem 3.11. (Comfortability in the interior) Assume the number of tails is 2, and the inflow
a = (a1,2) = (1,0) at uy and uy, respectively. Then the comfortability of the quantum walk (3.2) is
given by

1 (xz(Go;u1,un)

- + | B ) if Go is bipartite,
XI(GO) | 0| f 0 D

4

Eow (Gour, up) =

L2(Go; u1)
11(Go)
Then we can determine how much quantum walker feels comfortable to the given graph by listing

up the spanning subgraphs in Definition 3.10 of this graph. We will demonstrate it for the graphs
with four vertices in the next section.

if Go is non-bipartite.

Proof. Bipartite case
Now we introduce the energy of the electric circuit € go(Gp) which is given by,

1., . 1 .
€rc(Go) = 5 HJ”2 =3 Z |J(a)|2-
a€Agp

To give the next proposition, we prepare the following notion. Note that the Laplacian matrix
L is singular and hence ¢ is not determined uniquely. We impose the ground condition ¢(n) = 0
which reduces the equation in Theorem 3.8 to L™ ¢ = —¢(  where L™ is the matrix obtained
by removing the n-th row and the n-th column of the Laplacian matrix, ¢ and ¢(™ are the vectors
obtained by removing the n-th element from ¢ and ¢ respectively. Here, det(L(”)) is the number
of spanning trees of Gy (see [3]), and hence non-zero. So ¢ is determined uniquely by ¢ =
—(L("))_lq(”). More over, we denote by B and B, the usual incidence matrix and the non-oriented
incidence matrix on the set of edges respectively. More precisely, we fix an orientation of each e € Fjy
and denote it by Ey:

AO = Eo U (Eo),
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TCo

O
A U  Spanning trees of K4

N
ZAN

AN
N
X KA

Figure 3.2: C,-factor and TC,-factor of K4: The white colored vertex in the complete graph Ky
corresponds to u1. The left figure depicts the list of the family of odd unicyclic factor of K4 and the
right figure depicts the list of the TC,-factor of K4. Note that the isolated vertex is regards as a tree
and the family of the spanning tree is included in TC,.

where (Eo) = {a € Ay | a € Ey}. Then B : CFo — C% is denoted by

(By)(w) = Y W(a) = > v(a);
t(a)=u o(a)=u

then its adjoint is expressed by
(B*f)(a) = f(t(a)) — f(o(a)).
The non-oriented incidence matrix B : CEo — CY% is denoted by

(B)w)= > Pla)+ Y ¥(a);
(a)=u

t(a o(a)=u
then its adjoint is expressed by
(B*f)(a) = f(t(a)) + f(o(a)).

Now we give the following proposition.

Proposition 3.12. The electrical energy of the circuit is given by

1 n—1 L . n) ;- noi i)k
nc(Go) = ———c > (=g ()™)Y det(B)det((Bi 7)),
det(L(M) 4
i,j=1 HCGy

|E(H)|=n—2

where Bgl’j) is the matriz obtained by choosing the columns corresponding to the edges in H and
removing the j-th and n-th rows in the oriented incidence matriz of Gy.

Proof. By definition, we can write the electrical energy in terms of the Laplacian matrix as follows.

Erc(Go) = 3 712 = (B, B*6) = (6, Lo) = — (9,0) = — (6, ¢™) = (L) g™ ™)

n—1
= 3 d ) ).
i=1
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By Cramer’s rule, we get,

€pc(Go) = det(L n) Zq i)det(L{™),

where LE") is the matrix obtained by replacing the i-th column of L(™ by ¢(™. Now by expanding

along the i-th column, we get

(n)
€ec(Go) = det n) ]z:lq det(L(] ,))
where LE;L)D is the matrix obtained by removing the j-th row and the i-th column from L. Note
that Lgn)) = B (BE™)* and hence
Epc(Go) = Z q" (j)det(BUM (BEm)*),
,j=1

where B is the matrix obtained by removing the j-th and the n-th rows from B. Now by Binet-
Cauchy theorem (see [6]), it follows that

n—1
eEc<Go>—det(lL(n))ijzzf—l)iﬂq(”)(i)qw)(j) 2 des By )det((By)°).

|E(H)|=n—2

where Bgl’j ) is the matrix obtained by choosing the columns corresponding to the edges in H from
BUm) O

Now we apply Proposition 3.12. Observing that p = 1/2, ¢/ (1) =1 — p = 1/2 and ¢™ (i) = 0
(1=2,...,n—1) in our setting of Theorem 3.11 and applying Proposition 3.12 to our setting, we get

_ L1 (n,1)y)?
€pc(Go) = 1 det(L0) H;;O (det(BH )) .
|E(H)|=n—2

Focusing on the linear dependence on the column vectors of the incidence matrix of the spanning
subgraph H C Gy, we obtain the following:

1. If H contains a cycle, then det(BgL’l)) =0;
. If H contains a connected component including both w; and u,, then det(Bj, (m, 1)) =0.

Hence, it implies that if det(BgL’l)) # 0, then H is a spanning forest which contains exactly two
components, one containing u; and the other one containing u,,. On the other hand, if H is a spanning
forest which contains exactly two components, one containing u; and the other one containing wu,,

n,l Bl 0

for the trees T7 and 75 in the forest which are the spanning trees of the two components of the forest.
2 2

Now by [3], det(Br,) = det(Br,) = +1 and hence (det(Bj;""))" = 1. Thus, (det(Bj;""))" = 1 if

and only if H is a spanning forest which contains exactly two components, one containing u; and the

other one containing w,. Hence it follows that

is of the form

x2(Go;u1, up)

Epc(Go) = x1(Go)
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Let Gy be a bipartite graph. Then

1
Eqw =3 ZI‘IJ ZIJ ) +plP =5 3 i) +p Y dla)+p*| Bl

aer aeAO a€Ap a€Aop
= €r0(Go) + p*| Eol- (3.11)
1
Note that in our setting with only two tails, we have p? = T which leads to the formula in the
theorem. 0

Non-bipartite case

Now let Gy be non-bipartite. Then we have ¥oo(€) = 1so(€) = (B*¢)(e) for any e € Ey and
Q¢ = —q. Now since G is non-bipartite, it follows that @ is invertible (for example, see [6, Theorem
7.8.1]) and hence ¢ = —Q~'¢. By a similar argument, it follows that

Eaw(Go) = 5 3 [Woala)? = 3 (oo, ne) = {B*6, B°6) = (6,00) = (@ 0,0) .
aer

By using the Cramer’s rule and the Binet-Cauchy theorem, we can derive a similar expression for the
non-bipartite graphs as follows:

Proposition 3.13. Let Gy be a non-bipartite graph with an arbitrary choice of u1 and u,. Then we

have
Equ(Go) = d@i@ 20T 3 det( By ) det(B).

|E(H)|=n—1

where Bg) is the matriz obtained by choosing the columns corresponding to the edges in H and re-
moving the j-th row from B.

Observing that ¢(j) = d1(j) in our setting and applying Proposition 3.13, then we have

Eqw(Go) = detl(Q) Z (det(Bg)))Q.
HCG)y

|E(H)|=n—1

Focusing on the linear dependence on the column vectors of the incidence matrix of the spanning
subgraph H C G\ {u;1}, we obtain the following:

1. If H has an even cycle, then det(Bg)) =0;
2. If H has a connected component having at least two odd cycles, then det(Bg)) = 0;
3. If H has a connected component having an odd cycle and w1, then det(Bg)) = 0.

Hence it implies that if det(Bg)) # 0 then H =T UC; U...UC} where u; € T where T is a tree and
C1 U...UCy are odd unicycles. Now if H = T UCy U ... UC where uy € T where T is a tree and
C1 U...UCy, are odd unicycles, then Bg) is of the form

Br| 0 [...] O
0 |Beg, |- O
B
0 0 | Be,
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Note that det(Br) = £1 (by [3]) and by expanding the determinant of the non-oriented incidence
matrix of a cycle, we can show that det(Bc,) = +2 (see Appendix for the details), which implies that

- 2
(det(Bj))" = 4201,
where w(H) is the number of components in H. Furthermore, by [5],

det(Q) = Z 4@ (H)

HeCy
and it follows that
Z w(H)—1
c _ HeTC,
QW T TS ()
HeCy
which completes the proof. O

3.6 Example

As an example to our result in Theorem 3.11, we consider the connected graphs with 4 vertices labeled
by {u1,u2,us,us}. The setting is the same as in Theorem 3.11 and we choose the inflow o = (1,0)
at the vertices u; and uy, respectively. We classify these graphs into 10 classes based on the number
of edges, bipartiteness and the configuration of u; and u4 and the numbers of important factors state
in Definition 3.10. Note that the comfortability for the non-bipartite case depends only on u;. We
conclude that every graph with 4 vertices belongs to exactly one of the following classes (see Fig 3.3):

G1 = {K4},
Go = {K4—wiuj: j =2,3,4},
G = {K4 —uwu; 11,5 =2,3,4},
Gs={Cy:u1 ~us},
Gs = {Cy:ug o us},
Gs = {G : G is constructed by joining u; to exactly one vertex in the cycle ug, us, ug},
G7 = {G : G is constructed by joining u;(i = 2,3,4) to exactly one vertex in the cycle uy,ug, ui(k,l # 1,7)},
Gs ={T : T is a tree with dist(uj,uq) = 1},
Gog ={T : T is a tree with dist(uj,uq) = 2},
Gio ={T : T is a tree with dist(ui,us) = 3}.

Here K4—u;u;j is the graph obtained by removing the edge w;u; from Ky. Now for G; € G;(i =1, ...,10),
we compute Equw as follows. When Gy = Ky for example, since K is non-bipartite, we have

vo(Kq;u1)
L1(K4)

To compute ¢1(K4), we need to find the number of odd unicyclic subgraphs which span K4. The only
such possible subgraph is a 3-cycle with an additional edge. It is clear that there are 4 ways to choose
a 3-cycle and for a chosen 3-cycle, there are 3 ways to choose an edge which connects the remaining
vertex to the cycle. Hence, altogether there are 12 such subgraphs, which are shown as C, in figure
3.2. Observe that each subgraph has only one component and hence we have

Eqw(Ky) =

0 (Ky) = 48.

Now to compute to(Ky;u1), we have to find the spanning subgraphs which contains a tree with u
and the remaining are odd cycles, which are possibly empty. There are two types of such subgraphs,
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as shown as TC, in figure 3.2 one being the spanning trees and the other being the cycle ug, us, uyg
along with the single vertex uj. In the first case the number of spanning trees is the tree number, or
the complexity, of Ky, given by 4*72 = 42 (e.g., [3]) while in the second case there is only one such
subgraph which has two components. So it follows that

ta(Kg;u1) =20

and hence 20 5
Ky)=—=—.
CawlK) =35 =15
Now consider G4 € G4. This graph is a 4-cycle with u; ~ u4. This graph is bipartite and hence

cantGo = (g™

4
Since x1(GYy) is the tree number of G4 and by removing an edge from G4 we can get a spanning tree,
we have

4 |E0|>.

Xl(G4) =4.

To compute x2(Gyq;u1,uq), we have to find the number of forests with exactly two components, one
containing u; and the other containing u4. To find such a forest, the edge {u1,u4} has to be removed,
and other than that, one of the remaining edges has to be removed. So we have

x2(Ga;ur,ug) =3

and hence 13 19

Eqw (Ga) 4(4 +4) 6
Similarly, we compute the comfortability on the remaining classes of graphs and we tabulate these
values as shown in Table 1.

’ Gi | G |G| Gs| Gi [ G5 | Gs | Gr|Gs]| Go| G|

cow(G:) || 5/12 [3/4]1/2[19/16 | 5/4 | 7/4]3/4| 1 | 5/4 | 3/2
Scattering R R R T T R R |T]| T T
o
3

¢} ¢}

3 3

Bipartiteness - - - o o - -
|E| 6 5 5 4 4 4 4

Table 3.1: The comfortability of quantum walker to graphs with four vertices: The comfortability to
each graph class is described by £gy. The symbols of “R” and “T” mean the perfect reflection and
transmitting, respectively. The best graph with four vertices of the comfortability is the Gg and the
worst graph is the complete graph.

Based on €gw, we have the following ordering of graphs:
Ge —ow G1o =ow Gs5,G9 =ow G4 —qw Gs =qw G2,G7 —ow G3 —qw G1.

Furthermore, we remark that for a tree T in general, with n vertices, the comfortability of the
quantum walker is given by

eow(T) = i (dist(us, un) + (n — 1)).

Finally we also consider the comparison between the comfortability for z = 1 and z = —1 cases.
Any graph of four vertices is isomorphic to one of the graphs I'1,T'g, ..., g given in Figure 3.4.
We set

Comf(&) = max . Eqw (G; o, uy, uy)
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uncomfortable

| Quantum walk |

comfortable

Figure 3.3: The Hasse diagram of comfortability of graphs: The most comfortable graph for this
quantum walker is Gg which is a non-bipartite graph, while the most uncomfortable graph is G
(the complete graph). Here the entrance vertex w; is indicated by the white vertex, and the exit

vertex uy is indicated by the black vertex for the bipartite case.

Theorem 3.11).

Note that in the non-bipartite
case, the comfortability for this quantum walker is independent of the position of the exit vertex (see

| Ti [Tp [T5 | Ty [Ts5 | T |
z=—15/4]3/2[5/4] 7/4 |3/4]5/12
z=1 | 5/4[3/2|5/4|17/12 | 3/2 | 13/8

Table 3.2: Comf(I';) for z = £1
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< OD <P

Fl FQ F3 F4 F5 FG

Figure 3.4: Non-isomorphic graphs I';’s for four vertices

for a = (1,0) at u; and u,. Then we have the comfortabilities for each graph and z = £1 as in
Table 3.2. Thus we have, for z = —1,

Comf(T's) < Comf(I's) < Comf(I';) = Comf(I'3) < Comf(I'y) < Comf(T'4),
and for z =1,

Comf(I'1) = Comf(I's) < Comf(I's) < Comf(I's) = Comf(I's) < Comf(I'g).
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Chapter 4

A quantum search on complete graphs

4.1 Setting

In this section, we introduce a quantum search algorithm using the tailed model. Note that, as we
explained in the introduction, our goal is to utilize the properties obtained by the convergence in our
model, we are particularly interested about the finding probability of a particular vertex in the long
run. Now let us explain the setting and the notations in our study.

Let Gy = K be the complete graph with /N number of vertices. We connect N tails {P; : j =1,..., N}
to every vertex of the graph, namely {ui,...,un}. We choose a vertex u, as a marked vertex and we
define the time evolution operator U as follows.

_ (2 — 5ab) if o(a) = t(b) = us,

(U) de2g(o(a)) (4.1)
ab = - - 4§ - if o(a) = Uy 4.1
b deg(o(a)) 5ab f ( ) t(b) 7£ )
0 otherwise.

The state of t~he walker after time step ¢ is W, € CA and can be computed by ¥, = UW,_;. The initial
state Uy € C4 is defined as follows.

1 ifae A\ A, dist(t(a), Ky) < dist(o(a), Ky) -

Uo(a) = { (a € A), (4.2)

0, otherwise,

where dist(u, Ky) is the shortest distance between uw and K. It is known from [14] that the following
theorem holds.

Theorem 4.1. There exists Uo, € C® such that, for any a € A

lim Uy(a) = Vool(a).

t—o00
The relative probability of finding the vertex wu, at time t is given by
~ 2
v(us) = Y, la).
a€Ap:t(a)=ux

Note that due to the initial state defined in equation 4.2, it acts as an external input to the graph,
hence 7; does not describe a probability. To normalize it, we set
7y (u)

vi(u) == SR
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4.2 A search algorithm

It is noted that in our setup, when the operator U is applied t,,, = LW\/N | times, the finding
probability of u, is higher, where we have a similar phenomena as the usual quantum search algorithms;
that is we have t,,, = O(\/N ). The difference in our model is that the state of the walker converges
and hence the finding probability. Therefore we are particularly interested in the finding probability
in the long run. First let us set up some basic results we use in the main theorems in this section.

4.2.1 An invariant subspace

It can be noted by the symmetricity of the walk, that there are 3 types of arcs which are partitioned
into the disjoint sets Ay, A_, A, as follows.

Ay ={a€ Ay : t(a) = u.},
A_={a€ Ay : o(a) = u.},
As={a € Ay : t(a), ola) # u}.

Also from the symmetricity of the time evolution, it is easy to notice that the value ¥;(a) is invariant
of the subsets A;, A_ and A,. Thus setting a; = ¥y(a) (a € Ay), by = ¥¢(a) (a € A_) and
¢t = Uy(a) (a € Ay), from the dynamics we have in (4.1), we obtain

0 1+ 2 2 4
a¢41 9 N N Qg 9 1
1| = |-14+—= 0 0 be| +— [—1
N N
Ct11 0 2 ) 4| |c 1
N N

We can project this walk on to a path by normalizing these probability amplitudes a;, b; and ¢;. To
obtain this projected walk, we normalize these as follows,

N—1 0 0 ay
agi=| 0 N -1 0 by
0 0 JVIN=-DN-2)| |&

Thus we obtain the following master equation:

a1 =T (€)ag + be, ap = 0. (4.3)
Here
0 —1+¢ 2¢2(1 — €?)
T(e) = |—1+¢ 0 0
0 2e2(1 — €2) 1 — 2¢2
and -
be = [6\/2 — €2, —6\/2—62, \/4—6624-264} ,
2
h =4/ —=.
where € N

Remark that the relative probability of the marked vertex can be computed by v (u.) = ||az(1)]|?.

Now let us consider the asymptotics for large N, which is equivalent to considering (4.3) for small
perturbation e. Also by solving the recursion in equation 4.3, we obtain the following.

ar = (I+T(€)+T2e) + -+ T'71(€)) be.

And we use perturbation theory on 7T'(e) to approximate «;.
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4.2.2 Kato’s perturbation theory on 7T'(¢)

Observe that T'(e) can be expanded using the Maclaurin series as follows.
T(e)=To+ €Ty + T+,
where

0 _
To=|-1 0
0 0

1
(4.4)

N OO

which is symmetric and hence diagonalizable. Note that the spectrum of Tj is Spec(7p) = {—1,1,1},
hence we can use the degenrate perturbation to approximate the eigenvalues and eigenvectors of 1.
Moreover, we have

0 O 2
Ti=10 0 0
0 v2 0
and
01 O
=11 0 0
0 0 -2

Now let us explain the expansions of the eigenvalues and the projection operators on to the corre-
sponding eigenspaces. Since the spectrum of T is Spec(Tp) = {—1,1,1}, we can use the degenerate
perturbation in [15]. Denote the eigenvalue of T'(¢) which corresponds to —1 by A_i(e) and the two
eigenvalues corresponding to 1 by Aj +(€) and the expansions are given as follows.

Ai(e) = -1+ e + 22 4 o) (4.5)
Ma+(e) =1+ e)\ﬁc +o(e) +--- (4.6)

Since —1 is a simple eigenvalue of Tp, the coefficients )\(j% and )\(E% are given as follows.

AY = (1 Py, (4.7)
A 2% = tI‘(TgP_l — T15_1T1P_1), (48)

where P, is the eigenprojection corresponding to the eigenvalue A and S) is the reduced resolvent at
A (X € Spec(T')) which can be computed using

P, =

ON| N |
OW| |

and

S 1=~ lim > @—AYU&:%U—P4)

771\ eSpee(M\ (-1}
1 1 0
1 21 12
2175 3 Y
0 0 1
Thus we have
Al =0
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and 1
(2)
A = —.

Hence, we obtain .
Aoi(e) = -1+ 562 +O(é%). (4.9)

Since 1 is a semi-simple eigenvalue of Tp, to compute A; +(€), we use the reduction process given in
[15]. Consider

1
T(e) := E(T(E) —1)Pi(e).
Here P (€) is the total projection for the +1-group. The new matrix T'(¢) can be expanded by
T(e) = Ty + Ty + -

because +1 is semi-simple eigenvalue of T. Here Ty is computed using the results given in [15]:

Ty = T\ P,
ST R
\/51—10

Using this expression for Tj the coefficient /\gl)i can be obtained from the spectrum of Ty as follows:

AL € Spec (Tol () = {#i},

and the corresponding eigenvectors are given by

1
= [, &6, V2]

V1,4i = 5

Since Ty is a skew-Hermitian matrix, the eigenprojections of +i can be directly computed by its
normalized eigenvectors vy 4; as
Py = v1,1007 4y
and it can be checked that
Py = v 4407 4 + 01,01 -

Moreover, since the eigenvalues +i are simple, the term o(e) of the expansion of Aj 1(e) can be
expressed by
o(e) = 62>\f:)|: +0(€)

and the coefficient )\Q_L can be obtained by using the formula of the weighed mean of the perturbed
eigenvalues again; that is,

)‘g?)i = tr(T()PLi) = —Z.

And finally, we obtain the rest of the eigenvalues of T'(¢) as follows.
5
Ax(e) =1=+1ie— 162 +O(é%). (4.10)
Now with the approximations of the eigenvalues, we can write the spectral decomposition of T'(e)

which is given by
T(e) = A-1(e)Pr(€) + A1 (€) P11 (€) + A1,—(e) Pr,—(e),

where Pj(e) is the eigenprojection onto the each perturbed eigenvalues and can be expanded by

Pi() = P; + O(e).

37



This implies

a; = (1_)‘21(6)p_1(6)+1_)‘i+(6) 1-X_(9

T=21(0) T (o @ 1—A1,_(6)P1’—<6)> be. (4.11)

Inserting the expansions of A_1(€), A1 +(€) in (4.9), (4.10) into (4.11), we have the following expression
for oy:

= % {1 B (_1)te—i2f (1+0(6))} €§(1+0(5))b£—1)
+ é {1 . eiete—ge2t(1+0(e))} egz‘e(1+0(e))b£1,+)
ot {1 _ efietef%ezt(lJrO(e))}ef%ie(lJrO(e))bgl,f)' (4.12)
€

Here bgj ) .= P;j(e)be. We notice that P_1by = 0, which implies that there exists b such that bg_l) =
e(b/ + O(e)).

4.2.3 Theorems on the quantum search driven by the tailed model

Now let us give the main theorems in this section. Comparing to the usual quantum walk search
algorithms, we have a similar theorem as follows, which gives a run-time of the order O(v/N) to get
a maximum finding probabilty of wu,.

Theorem 4.2. (Pulsation) Until the time step O(N), the finding probability of the marked vertex is

estimated by
1(1—cicos[ty/2/N] )?
Vi(te) ~ 2 1+cf ’

where ¢; = e~ O/ WN) for large size N. In particular, at the time step t ~ m/N/2, the finding
probability of the marked vertex is

57

() 1(1+e 2van )2 - 1
Ve(Uy) ~ = —.
' 1-{—6_\/5;1\7 2

Proof. Since b e O(e), if t < 1/€%, the second and third terms in (4.12) are main terms; that is,

Qp ~ 3(1 _ eiete—%etZ)bgl,-‘r) _ 3(1 _ e—iete—%eﬂ)bgl,—)
€ €

for sufficiently small €. Note that

bt = Py be = (v14,bo)v1i + Ole)
= [~i/V2,i/V2,1]" + O(e).
bb7) = Py b = (01,4, bo)v1,—i + Ofe)
= [i/v2,—i/v2,1]T + O(e).

Therefore until ¢t € O(1/¢), we have
7 T
oy~ - [ —V2(1 — ¢y coset), V2(1 4+ ¢ coset), QSiDEt} ,
€

where ¢; = e~/ 4t Then the normalized constant of the relative probability can be computed by
4(1 + ¢7). Then we have
2(1 — ¢; cos et)?

41+c2)

V(U ) ~
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for t € O(1/e). In particular, if t = m /¢, then the finding probability at the marked vertex takes the
local maximal value

1(1+ 67571'/(2@))2
5 1 +€757T/\/ﬁ

Vt(u*) = > 1/2

O]

This theorem implies that until the time step O(N), this walk has the oscillation with the peri-
odicity mv/2N. Thus the locally maximal value of the time sequence of {i(u4)}¢~0 can be observed
around O(v/N) and its probability is higher than 1/2.

Next we answer the natural question arised in our model, What is the behaviour of the finding
probability in the long run?

Definition 4.3. (The limit distribution) The normalized finding probabilty on V(Ky) is defined by
p) = i ()
for any u € V(Ky).

Theorem 4.4. (The finding probability of the marked vertex at the fixed point)
Let p be the limit distribution of the finding probability defined as the above. Then we have

1
li L) ==
Nl_IgOHN(u) 5

Proof. Taking t — oo in (4.11) and inserting the expansions of A_;(€) and A; +(¢€) in (4.9) and (4.10),
we have

Qo = lim oy
t—o0

_ %(352(1+0(e))/4p_1(6)()E n Eesie(1+0(e))/4pl7+(€)b€ B ze—5i6(1+0(e))/4pl7_(6>b6_
€ €

Then
lim oo = 2%(¢e5if/4pl,+(e)be —ie /4Py _(e)b,)
1 . bie/4
= 251(1) 2Re (ze P17+b€)
= —2Im(P17+bo)
1|t
=— 11
V2 0
Thus the finding probability at the target vertex u, is 1/2 because the relative probability is given by
looo (1) 2. O

This theorem implies that we can find the marked vertex in the stable state with probability 1/2
while the traditional quantum search algorithm has the oscillation. Since the traditional quantum
search algorithm takes O(v/N) if we measure the system at an appropriate time, now the next interest
may be that how long does it take to converge? To answer the question, let us introduce the finite
time which we regard as convergence.

Definition 4.5. (£2-mixing time of quantum walk) Let W; be the t-th iteration of the quantum walk
and Vo, be its stationary state. For 6 > 0, we set t(6) by

t(0) :=min{s >0 : "t > s, ||Woo — Uy||xcy < e},
where for f € (CA, the norm ||f||ky is the £2-norm with respect the internal graph; that is,

11y = > [f(a)l*.

a€A: t(a)eV(Kn)
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Theorem 4.6. (The /2-mixing time) Let t(0) be the £2-valued mizing time defined as the above. Then
we have
t(#) € ©(NlogN)

for any fized 8 > 0.

Proof. By (4.12), we have

2
SN + (1) +ie 3 4 o) - ie ) 4 o)

(4.13)

o= St (1+o(1))
oo —arf) = 7 \

€

There is a conflict between €2 and e~3€'t/4 in the RHS. Note that €2 < e 3€°t/4 if and only if t <
8|loge|/(3€?). Let us see the lower bound of ¢ such that ||as, — ay|| < e if t < 8|loge|/(3€?). By
(4.13), there exists m > 0 such that

o= S5t (1+o(1))
[laco — || = (m+0(1))f. (4.14)
Then solving
oMt (o)
(m—l—o(l))f <e y
we obtain the lower bound of ¢ by
4

t > (6 +log(m+o(1)) + | loge\)m.

Thus the lower bound of such a t must belong to at least O(|loge|/e?). On the other hand, if
t > 8|loge|/(3¢)?, then (4.13) is rewritten by

62
oo — aul| = (m' + o(1))ee™ 2" (o), (4.15)
which implies
2

t>(0+1 ! 1)) —|1 -

> (6 + log(m' +o(1)) — | oge[)€2(1+0(1))
Since t > 8| log €|/(3€)?, this inequality is satisfied for any fixed 6 if € is sufficiently small. Therefore
we can conclude that t(0) € ©(]loge|/e?) = ©O(Nlog N). O

Remark. We remark that theorems 4.2 and 4.6 both give finding probabilities in their unique ways,
where the former one gives a quantum speed-up and the latter one shows a stability. In other words, the
former one appears to be a finding probability which is in usual quantum walk based search algorithms
and the latter one occurs because of the converging property of our model which shows a speed down
and takes more time than classical search algorithms, but has advantage in measuring as the finding
probability is stable.

40



Chapter 5

Conclusion

Discrete time quantum walks is the quantum analogy of random walks, which is determined by a set of
states in the Hilbert space spanned by the set of arcs of the underlying graph, and a unitary operator
which describes the dynamics that changes the state of the walker at each time step. In general, it is
not necessary that the state of the walker converges, because the time evolution operator is unitary,
and hence the eigenvalues lie on the unit circle. We introduce the tailed model which guarantees the
convergence of the state in the long run. The state which the state of the walker converges to is called
the stationary state. This property is new to the tailed model and we are interested in utilizing it and
study the use of this stationary state in various situations.

First we study the Szegedy dynamics in the tailed model. We show that in the long run, the
scattering matrix of the walker becomes the Szegedy matrix. Moreover, we define an electric current
function in terms of the stationary state and we show that this current function satisfies the Kirchhoff’s
current and voltage laws.

Next we study a Grover-like dynamics in the tailed model, which is equivalent to a special case of
a previously known model. In this study we find the scattering matrix and show that the scattering
matrix gives a characterization of bipartite graphs. Based on this characterization, if the underlying
graph is bipartite or non-bipartite, we derive a current function and a pseudo-current function re-
spectively, which satisfy Kirchhoff laws and a type of pseudo-Kirchhoff laws respectively. Moreover,
we formulate the electric network equations using the Laplacian and signless-Laplacian matrices of
the underlying graph respectively. Furthermore, we introduce the notion of the comfortability of the
underlying graph, a quantum analogy of the energy of the electric circuit and using the properties
of the Laplacian and the signless-Laplacian matrices, we obtain the comfortability of the underlying
graphs in terms of the combinatorial properties of the graph. If the underlying graph is bipartite,
we show that the comfortability can be computed in terms of the tree number and the number of
spanning forests of the graph and if the underlying graph is non-bipartite, we show that it can be
computed in terms of the odd unicyclic subgraphs.

Finally, we study a quantum search algorithm on the complete graph K, which arises from the
tailed model. Unlike the usual quantum search algorithm in the literature, since the state of the
walker converges in our model, we have two types of finding probabilities for a given marked vertex.
The first type of the finding probability is a maximum finding probability obtained at a time step of
order O(\/N ), which is a similar result to the usual quantum search algorithms. The second type of
the finding probability is the probability obtained at the stationary state, or the limiting probability
in the long run. This type of finding probability arises due to the convergence property in our model
which is not achieved in the usual quantum search algorithms. We show that this limiting probability

1
is arbitrary close to 3 when the order of the run-time of the algorithms is as large as O(N log N).
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Appendix

Let C; be an odd unicyclic graph and let B(;l. be the non-oriented incident matrix of C;. Let us prove
that det(Bc,) = +2. Since an odd unicyclic graph is obtained by connecting trees to an odd cycle (say
"), If we expand det(B(;i) along the row corresponding to a leaf of a tree connected to C’, it reduces
to a similar determinant. By expanding recursively along the rows corresponding to the leaves of the
graph, we obtain

det(Bci) = tdet(Ber).

Now it is enough to show that det(B¢r) = 2. Observe that we have

1 0 ... 0 1

1 1 0 ... 0
det(B¢r) = det

0O ... 0 1 1

Expanding the determinant in the right hand side along the first row, since there are odd number of
rows and columns, we get

1 0 0 0 11 .. 00

1 1 0 0 0 1 1 0
det(Bgr) =det | = + det

0O .. 0 1 1 0O .. 0 0 1

Now to compute the two determinants in the right hand side, we expand the first determinant recur-
sively along the rows and the second along the columns and we obtain that these two determinants
are equal to 1. Hence we conclude that

det(Bc,) = +2.
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