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1 Introduction

For mathematical objects (such as graphs, Riemannian manifolds), it is impor-
tant to study the relationship between shapes (such as geometric properties) and
invariants of these objects. These studies have many applications to not only
mathematics but also physics. One of the fascinated object of these studies is a
graph. Graphs are discrete and simple objects in mathematics. Therefore, they
frequently appear in many settings. At least from this stand point, it is impor-
tant to study the relationship between properties of graphs and their invariants.

All graphs in this thesis are assumed to be connected, countable and simple.
Spectral analysis of graphs focuses on the relationship between properties of
graphs and the spectrums of operators which are related to graphs. In this thesis,
we focus on investigating the relationship between paths and the spectrum of the
Laplacian from the view point of number theory.

To explain more precisely, let X be a graph and Ax be the Laplacian of X.
Especially for a finite graph X, it is well-known that closed geodesics are deeply
related to the spectrum of Ax. The relationship describes as the so-called Thara
formula explicitly. The Thara zeta function of X is defined by

2xt) o (35 ).

Here, N,, stands for the number of closed geodesics of length m in X. Then, the
Ihara formula is described as follows (cf. [31]).

Zx(u) ™t = (1 —u?) O det (I —u(Dx — Ax) +u*(Dx — I)).

Here, x(X) stands for the Euler number of X and Dy stands for the valency
operator of X. The above formula was originally established by Y. Thara in the p-
adic setting. Then, it has been generalized in stages by T. Sunada, K. Hashimoto
and H. Bass ([2], [14], [15], [16], [17], [18], [21], [27], [28], [29]). If X is a regular
graph, this formula describes the relationship between closed geodesics and the
spectrum of Ax. In this thesis, we call a formula of this type an Ihara type
formula.

In 1999, L. Bartholdi introduced the Bartholdi zeta function for finite graphs
and established a determinant expression of it ([1]). The Bartholdi zeta function
is defined by

Zx = exp (Z g 2fcbc(C K(C))

cecC

Here, we denote by C the set of closed paths in X, by ¢(C) the length of C' and by
cbe(C) the cyclic bump count of a closed path C. This is a generalization of the
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Ihara zeta function by adding a variable ¢ which plays a role of counting back-
trackings of a closed path. Indeed, if ¢ is equal to 0, this zeta function coincides
with the Thara zeta function. The determinant expression of Zx(u,t,zg) is as

follows ([1]).

Zx(u,t)™ = (1 (1 —t)%u2) )
x det (I —u(Dx — Ax) + (1 — t)u*(Dx — (1 — t)I)).

For a finite regular graph, this formula gives an explicit relationship between the
number of closed paths and the spectrum of Ay. In this thesis, we call a formula
of this type a Bartholdi type formula.

Recently, several authors have considered generalizations of the Thara zeta
function from finite graphs to infinite graphs (cf. [4], [5], [6], [8], [11], [12], [13],
[26]). In this thesis, we follow [4] essentially. For a vertex-transitive graph X
(not necessarily finite) and a fixed vertex xg, the Thara zeta function for X was
introduced as follows in [4].

et - (35 2.

Here, N,,(zo) stands for the number of closed geodesics of length m starting at
xo. We remark that this zeta function does not depend on x( since X is a vertex-
transitive graph. In [4], the definition of the Thara zeta function for a regular
graph X is given (p. 185 in [4]). The definition is a little complicated because
we have to introduce another terminology to define the Thara zeta function for
a regular graph besides closed geodesics. Therefore, we do not introduce it (see
p. 185 in [4]). G. Chinta, J. Jorgenson and A. Karlsson established the Ihara
type formula for the Thara zeta function for a vertex-transitive graph by giving
a new expression of the heat kernel ([4]). This definition works well in the point
of studying deeply the relationship between closed geodesics and the spectrum
of Ax and also as an analogy with heat kernel analysis of rank one symmetric
spaces.

This thesis is divided into four parts. In the first part, we give an introduction
of our research. In the second part, we survey some basic facts in graph theory
which are mainly used in this thesis. In the third part, we introduce an Ihara
zeta function for a graph with bounded degree in the third part. This zeta
function is a natural generalization of the zeta function which was introduced
by G. Chinta, J. Jorgenson and A. Karlsson. Then, we present an Thara type
formula of this zeta function for a graph with bounded degree. Our proof also
gives an alternative proof of the proof in [4]. In the final part, we introduce a
Bartholdi zeta function for a graph with bounded degree. This zeta function is
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a generalization of both the Ihara zeta function which is introduced in the third
part and the Bartholdi zeta function which was introduced by L. Bartholdi.
Then, we present a Bartholdi type formula of this zeta function for a graph
with bounded degree. This formula is a generalization of the Bartholdi-Ihara
formula from a finite graph to a simple graph with bounded degree. Moreover, we
establish a new expression of the heat kernel by using modified Bessel functions.
This expression can be regarded as a one-parameter deformation of the expression
obtained by G. Chinta, J. Jorgenson and A. Karlsson in [4]. Then, especially for a
regular graph (not necessarily finite), we give an alternative proof of the Bartholdi
type formula which is presented in this part by using this new expression of the
heat kernel. This is an important application of our heat kernel expression. We
believe that there should be other applications of our heat kernel expression
because it is well-known that there are many applications of the heat kernel at
least in the finite graph case such as the distribution of the spectrum of regular
graphs.

The author would like to express gratitude to his supervisor, Prof. Hiroyuki

Ochiai, for his encouragement and many helpful comments.

Taichi Kousaka

Graduate School of Mathematics,
Kyushu University,
Fukuoka, Japan



2 Preliminaries

In this part, we introduce terminologies which are mainly used throughout in
this thesis. We remark that there are other terminologies which are introduced
in each part.

2.1 Graphs and Paths

In this section, we give terminologies of graphs and paths used throughout this
paper (cf. [1], [27], [30]). A graph X is an ordered pair (VX EX) of disjoint sets
VX and EX with two maps,

EX — VX x VX, e (o(e),t(e)), EX — EX,ersé

such that for each e € EX | é # e, € = ¢, o(e) = t(€). For a graph X = (VX, EX),
two sets VX and EX are called vertex set and edge set respectively. A graph X
is stmple if X has no loops and multiple edges. For a vertex x € VX, the degree
of x is the cardinality of the set E,, where E, = {e € EX|o(e) = x}. We denote
the degree of = by deg(z). A graph X is countable if the vertex set is countable.
A graph X has bounded degree if the supremum of the set of all degrees is not
infinite. For a graph X, a path of length n is a sequence of edges

C=(e,...,en)

such that t(e;) = o(e;41) for each i. We denote o(ey) by o(C), t(e,) by t(C) and
the length of C' by ¢(C). A path C' is closed if o(C) = t(C). We regard a vertex
as a path of length 0. A path C' = (ey,...,e,) has a back-tracking or bump if
there exist ¢ such that e;1; = ¢;. A path C = (ey,...,e,) has a tail if e, = €.
A path C'is a geodesic if ¢ has no back-tracking. A closed path C' = (ey,...,e,)
is a geodesic loop if C' is a geodesic. A closed path C' = (ey,...,e,) is a closed
geodesic if C is a geodesic loop and has no tail. For a path C' = (ey,...,e,), we
define the bump count of C' as follows.

be(C)=t{ie{l,...,n—1} | e; = €11}

For a closed path C' = (eq,...,e,), we define the cyclic bump count of C' as
follows.

cbe(C)=t{i € Z/mZ | e; =51}

For a closed path z,, we define be(xg) = cbe(xg) = 0. For a path C =
(e1,...,€em), we denote e; by e;(C).



2.2 The Laplacian of a graph

For the vertex set VX of a graph X, we define the (?-space on the vertex set VX
by

(VX)) = {f: VX = C

S 1@ < 4o},

zeVX

For a function f € ¢*(VX) and a vertex x € VX, we define the adjacency operator
Ax on X and the valency operator Dx on X as follows respectively.

(Axf)(@) = f(te)),

(Dx f)(x) = deg(x) f(x).

Then, we define the Laplacian Dx on X by Ax = Dx — Ax. The Laplacian is
a semipositive and self-adjoint bounded operator under our assumption.

2.3 The heat kernel of a graph

For a graph X with bounded degree and a fixed vertex xg, the heat kernel
Kx(1,20,2): RsoxVX — R on X is the solution of the heat equation

{ (AX - %)f(T, z) =0,
f(0,2) = 04 ().

Here, the function f(7,z) is in the class C' on R xVX for each x € VX and
the function d,,(x) is the Kronecker delta. The heat kernel on X uniquely exists
among functions which are bounded on [0, 7] x VX for each 7 € R under our
assumptions ([9]). By the uniqueness of the solution of the heat equation, it turns
out that the heat kernel Ky (7,x¢,x) is an invariant under the automorphism
group Aut(X).

2.4 The modified Bessel function

In this section, we define the modified Bessel function and introduce some well-
known properties of them. For n € Z>y and 7 € R, we define the modified Bessel
function of the first kind by the following power series.

00 (7_/2) n+2m

L(7) = Zm.

For —n € Z_g, we define 1_,(7) as follows.
[, (7) = L.(7).
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It is well-known that I,,(7) is the power series solution of the following differential
equation.

d? d
TQd—:;} + Tﬁ — (r? +n*)w = 0.

Moreover, it is also well-known that I,,(7) satisfies the following formula.

2% Lo(7) = Li_y(7) + Losr (7). (2.1)

In addition, for n > 0 and 7 € R, I,,(7) has the following trivial bound.

I.(7) < (%)nef (2.2)

m.

2.5 G(t)-transform

For a real valued function f(7)(0 < 7 < oo) which is integrable in every finite
interval, we define G(t)f as follows.

G(t)f(u) = (u™ = (¢ +1)(1 - 1)) /Ooo o (w000 i) f()gr.

We call this transform G(t)-transform. The following formula holds (cf. [24]). If

0 < u < ————, then, for k > 0, we have
(g+t)(1-t)

G(t) (e T (g +t)(1 — t))_g I (2v/(g+ )1 —t)7))(u) ="' (23)

3 An Ihara type formula for graphs with bounded
degree

In this part, we establish a generalized Thara zeta function formula for a simple
graph with bounded degree. This is a generalization of the formula obtained by
G. Chinta, J. Jorgenson and A. Karlsson from a vertex-transitive graph.

3.1 Introduction

Let X be a connected graph with bounded degree whose vertex set is count-
able and Ay be the combinatorial Laplacian on X. In this paper, a graph with
bounded degree means a graph which has the above properties. The relationship
between geometric properties of X and the spectrum of Ax has been widely



studied. Especially, for a finite regular graph, it is well-known that the distribu-
tion of the spectrum of Ay is deeply related to the number of closed geodesics
(cf. [31]). The Ihara zeta function for a finite graph is defined by

Zye(u) = exp (i %w)

m=1

Here, we denote by N,, the number of closed geodesics of length m in X. This
function is directly related to the number of closed geodesics. The original Thara
zeta function was first defined by Y. Thara in [20] as a Selberg-type zeta function
in the p-adic setting. It can be interpreted in terms of finite regular graphs and
has been generalized by T. Sunada, K. Hashimoto and H. Bass ([2], [14], [15],
[16], [17], [18], [21], [27], [28], [29]). There are various studies for the Thara zeta
function for a finite graph. The most famous and important formula for the
Ihara zeta function for a finite graph is the Ihara determinant formula described
as

Zx(u)™t = (1 — u?) XX det (I —u(Dx — Ax) +u*(Dx — I)).

Here, we denote by x(X) the Euler number of X and by Dx the valency operator
on X. The above formula for a finite regular graph was originally established
by Y. Ihara in the p-adic setting ([20]). Various proofs of this formula are well-
known (cf. [2], [21]). This formula can be interpreted as a formula describing
a relationship between the number of closed geodesics and the spectrum of the
Laplacian on a finite graph.

Recently, several authors have considered generalizations of the Thara zeta
function and the Thara determinant formula from finite graphs to infinite graphs
(cf. [4], [5], [6], [8], [11], [12], [13], [26]). Among them, we follow [4] essentially.
In [4], for a regular graph, the Thara zeta function is defined. The definition is
complicated because we have to introduce another terminology besides closed
geodesics (cf. p. 185 in [4]). However, if a graph X is a vertex-transitive graph,
the Thara zeta function defined in [4] has a natural form. Namely, for a vertex-
transitive graph X, the Thara zeta function of X defined in [4] is

Cx(u) = exp (i Wum)

m=1

Here, we denote by N,, (o) the number of closed geodesics of length m starting
at a given vertex zy. We remark that the above zeta function does not depend
on the given vertex since X is a vertex-transitive graph. We also remark that
if a regular graph X is not a vertex-transitive graph, the zeta function of X
defined in [4] does not always coincide with the above. The idea of giving a
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generalization of the Thara zeta function from finite graphs to infinite graphs in
[4] is to count not all closed geodesics but only count through a fixed starting
vertex. The Thara’s formula for the zeta function defined in [4] is proved by
giving a new expression of the heat kernel on a regular graph by using modified
Bessel functions. The approach through heat kernel analysis is considered to be
successful also from the view point of giving an analogy with quotients of rank
one symmetric spaces. Therefore, we define the zeta function for a graph with
bounded degree following [4].

The aim of this paper is to continue the study about the relationship between
the number of closed geodesics and the spectrum of the Laplacian on a graph.
From this standpoint, for a graph X with bounded degree and a vertex zy € VX,
we define the Thara zeta function as follows in this paper.

Zxc(u, 70) = exp (i Wum)

m=1

We remark that the above zeta function depends on the vertex xg. As mentioned
in [4], this generalization of the Thara zeta function can be considered as corre-
sponding to the Hurwitz zeta function which is generalized from the Riemann
zeta function. Moreover, as we mentioned above, the Thara zeta function for a
graph X with bounded degree is equal to the Ihara zeta function defined in [4]
if X is a vertex-transitive graph. However, our zeta function does not always
coincide with the zeta function defined in [4] for a regular graph which is not a
vertex-transitive graph.

In this paper, we establish a generalized Thara zeta function formula for con-
nected simple graphs with bounded degree by using an algebraic method. Here,
a simple graph means a graph which have no loops and multiple edges. This is a
generalization of the formula for vertex-transitive graphs obtained by G. Chinta,
J. Jorgenson and A. Kerlsson in [4]. We remark that we establish the formula
for connected simple graphs with bounded degree whereas G. Chinta, J. Jorgen-
son and A. Karlsson establish the formula for connected vertex-transitive graphs
which are not always simple graphs ([4]). Moreover, our proof also gives an alter-
native proof of the formula obtained by G. Chinta, J. Jorgenson and A. Karlsson
for simple vertex-transitive graphs. For finite simple regular graphs, we also de-
rive a generalized Thara zeta function formula which is regarded as a local version
of the original Thara determinant formula.

3.2 A path counting formula

In this section, we give an explicit formula between the number of geodesic loops
and the number of closed geodesics. We remark that a graph which is considered



in this section is allowed to have multiple edges and loops. This is a general-
ization of the path counting formula obtained in [4]. We fix a vertex zo € VX.
For a vertex x € VX and a nonnegative integer m, we denote by ¢,,(zo,x) the
number of geodesic paths of length m from xy to z, by ¢, (z) = cp(z,z) the
number of geodesic loops of length m starting at  and by N,,(zo) the number of
closed geodesics of length m starting at xy. For a vertex x € VX and a nonneg-
ative integer m, we denote deg(x)cy,(z) — D .cp. cm(t(e))(resp. deg(x) Ny, (v) —
> eer, Nm(t(e))) by (Axem)(w)(resp. (Ax Ny,)(z)) formally by regarding ¢, and
N,, as functions on VX. Here, we note that functions ¢,, and N,, are not in
¢*(VX) in general. Moreover, we define the following formal power series.

C(u: xg) = Z Cm(xo)u™,

N(u:xg) = N (zo)u™.

m=1
Our goal in this section is to give the following theorem.
Theorem 3.2.1. The following formula holds:
N(u:x9) = (1 —u?)"2{1 — (deg(zo) — Ax)u® + (deg(xo) — Du*}C'(u : -)(ap).
First of all, we give the following proposition.
Proposition 3.2.2. For an integer m greater than 2, the following identity holds:

[51-1 [51-1
Non(w0) = cm(20) — (deg(xo) —2) Y cm2i(r0) + (A i) (20).

=1 %

I3

Il
=

Here, the symbol [-] stands for the ceiling function.

Proof. First of all, we define several symbols. For a non-negative integer m, a
vertex € VX and an edge e € EX such that o(e) = x or t(e) = x, we denote
by ¢m(x, e)(resp. Ny, (x,e)) the number of geodesic loops (resp. closed geodesics)
of length m starting at x through e. Let m be an integer which is greater than 2
and e € EX be an edge such that o(e) = xp. The number ¢,,(xq, e) — N, (0, €)
is equal to the number of geodesic loops of length m starting at xy through e,
which are not closed geodesics. Therefore, we have

Cm(To,€) — Ny(0, €) = cm_o(t(€)) — cm_a(t(e), €) — cm_a(t(e), e) + cwt,,_s(t(e), €).

Here, we denote by cwt,,_»(t(e), €) the number of geodesic loops of length m — 2
starting at ¢(e) with tail e. By this, we have

cm(0) — Nin(20)



= 3 {ema(t(€)) — cma(t(€). &) — cmos(t(e), €) + cwtm_s(t(e),e)}

eEExO

= deg(zo)cm-2(0) — (Axcm-2)(20)

= > {emalt(e).&) = Nuoa(t(e).8)} = D {em-a(t(e),€) — Nos(t(e), €)}

e€lby, e€lby,
—Z{Nm2 €) + Nt }+chtm2
e€ly, e€lz,
Further,

and

ZNmz ZNmZ ZNmQ%G

e€FEqy, e€ by, e€lbz

Then, we have

cm(0) — Nin(0)

= deg(zo)Cm—2(x0) — (AxCm—2)(x9) — 2Npm_2(20) Z Wty

e€ by,

Putting m = 3 in (3.1), since cwt;(t(e),e) = 0, we have

c3(xo) — N3(zo) = deg(xo)er(xo) — (Axer)(xg) — 2N1 (o).

Therefore,

N3 (o) = c3(x0) — (deg(x) — 2)c1 (o) + (Axer)(xo).

By the same argument, we have

Ny(z0) = ca(z0) — (deg(wo) — 2)ea(wo) + (Axca) (o).

In the case m > 5, by (3.1), we have
cm(20) — Nin(20)
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= deg(xo)cm—2(20) — (AxCm—2)(20) — 2Nm—2(70)

— {Nin—a(z0) deg (o) — 2) + (cm—s — Nin—a(z0))(deg(z0) — 1)}
= deg(zo)cm—2(x0) — (Axcm—2)(20)

— 2N,—2(x) — (deg(zo) — 1)em—a(xo) + Np—a(z0).

Therefore, we have the following recursive formula.

{Nim(20) = Nim—2(20)} — {Nm—2(20) — Nin—a(x0)}
= {cm(®0) — cm—2(z0) } — (deg(xo) — D{cm—2(20) — cm—a(z0)} + (Axcm—2)(70).

For m > 5 which is an odd integer, we have

Nm(20) = Nin—2(o)
= cm () — (deg(zo) — 1)cm—a(z0) + (N3(zo) — c3(0))

m—

+ (deg(xo) — 1)c1(xo) — Ni(wo) + Z(Axcmni)(%o)-

2
i=1

Here, we used the above recursive formula in the above equation. By this and
(3.2), we have

‘3
vl

‘3
wl

Nm<(L'0> = Cm({['()) (deg(mo) — 2) Cm— Qi(ZL‘o) + i(AXcm_gi)(xO).

i=1 i=1

For m > 6 which is an even integer, by the same argument, we have

Np(20) = em(m0) — (deg(zo) — 2) Z Cm—2i(T0) + Z i(AxCmai)(20).-

]

In the rest of this section, we give the proof of Theorem 3.2.1. We define
R, (x0) and R,,(z) as follows.

R (x0) = i(Axcm—2)(0),

o) if m=1,
Rm(l‘o) = Rg ZUQ) ifm= 2,
Rm(l'o) — Rm,Q(Q?o) ifm 2 3.



We define the corresponding formal power series as follows.

R(u : xy) = Z R (xo)u™,
R(u: xy) = Z Ry (0)u™.

1

3
Il

By the definition of R,,(x¢) and R,,(zo), we have
R(u: xo) = u*(1 — u?)>AxC(u : x0). (3.3)

Moreover, for vertices xg,x € VX, we define b,,(zo) as follows.

co(xo, ) if m=0,
() = c1(xo, ) ifm=1,
" ca(xo, ) if m=2,

em(0, ) — (deg(z) —2) 02 e oj(w0,2)  if m > 3,
By the definition of this symbol, we have
B(u : 1) = (1 —u?) "1 — (deg(zo) — Du*}CO(u : x9). (3.4)
By Proposition 3.2.2, we have
N(u:xg)=Cu:xzg) — (Clu:zg) — Bu:x))+ R(u:x0) = B(u:xo) + R(u: o).
By (3.3) and (3.4), we have

N(u:x) = (1 —u®) {1 — (deg(zo) — Du’}C(u : mp) + u*(1 — u?) *AxC(u : -)(z0)
(1 —u?)7*{1 — (deg(wo) — Ax)u” + (deg(zo) — 1)u"}C(u : -)(x0).

Therefore, we get Theorem 3.2.1.

3.3 An Ihara type formula for simple graphs with bounded
degree

In this section, we give a generalized Thara zeta function formula for a simple
graph with bounded degree. Let X be a connected simple graph with bounded
degree. We denote the supremum of all degrees of X by M. We remark that M
is greater than 1 by our assumption. We denote the set of all bounded operators
on (%(VX) equipped with the usual operator norm ||-]| by B(¢*(VX)).
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First of all, we introduce several bounded operators on (*(VX). For f €
2(VX) and m € Z>g, we define C,, as follows.

Cuf(x)= D [lte).

c€Csz l(c)=m

Here, the symbol C, stands for the set of all geodesic paths of length m starting
at x. We define Qx by Dx — I and B,, as follows.

B — Cm_(Q—[)ZJL:%ﬂCmfzj if m > 3,
"o, ifm=0,1,2.

For f € (>(VX), we define R, as follows.

AT (A (@) f(z) iEm >3,
(&JX@_{O ifm=0,1,2.

Moreover, we define R and Ny, as follows.

R! =

m

(Qx — I)dyz(m) + R,y if m >3,
0 if m=0,1,2,

Nxm = B+ R}.

We remark that the above operators are in B(£*(VX)) since X has a bounded
degree. For B € B({*(VX)) and for xg,z € VX, we define B(xg, ) as follows.

B(zg,x) = By, ().

Here, the symbol 6., stands for the Kronecker delta. We remark that B(xg,x)
is in C by the Cauchy-Schwarz inequality since B is in B(£*(VX)).
Then, we have the following proposition.

Proposition 3.3.1. (/12)) We have the following equation:

o C:—Q—1 if m=2,
" C(rrL—lC(l - Cm—2Q me Z 3.

Let o = M=V MZ44M ”‘gQHM, Then, for m € Z>o, we have

|G| < ™.

Moreover, for |u| < é, we have the following equations:
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(1) (Zf,?o Omum) (I —uAx +u’Qx) = (1 —u?)I.

By Proposition 3.3.1, we have the following proposition.

Proposition 3.3.2. (1) For |u| < X, we have

(Z Bmum) (I — U,AX + U,QQ)() = AXu — 2qu2
m=1
+(Q—1)(I —uAx +u’Qx)u’.

(2) For |u| < £, we have

ZNXmU Ax—2QXu)(I—UAX—|‘U2Qx)_1

u? >
5+ E R, u™.
—u
m=3

It is easy to check by Proposition 3.3.1. Therefore, we omit the proof of
Proposition 3.3.2

Let f be a C'-function on B = {u € C||u| < €} which takes the value to
bounded operators on a Hilbert space and satisfies f(0) =0, || f(u)| < 1 for any
u € Be. Here, ||-|| stands for the operator norm on this Hilbert space. Then, for
u € B, we have

+(Qx — 1)

—log(I — f(u Z%

Here, the above series converges in operator norm, uniformly on compact subsets
of B.. By this, we have

n—1

d s .
g1 = fu) = Y2 3 ) )

n=1

<.
Il
o

Let f(u) = Axu—Qxu?®. We remark that |u| < X implies || f(u)|| < 1. Then,
we have the following proposition.
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Proposition 3.3.3. For |u| < <, we have
P~ F() ™ =~ tog(T — f(u +u22 ny P Ay, Q] f ()

Here, [Ax,Qx] = AxQx — QxAx.
Proof. By the previous remark, for |u| < é, we have

o0

—dilogf f(u ZiZf )"

By straightforward calculation, we have

[f(w), f'(w)] = (@xAx — AxQx)u™.

Therefore, we get

F)f'(u) = f'(u) f(u) + [Qx, Ax]u®

By this equation, we have

—_

n—1

Fla f(w) )" = nf'(u) fw)" " +a® Y3 f )" Qs Ax]f ()

J=1

n—

i
o

Then, we have

—% log(I — f(u)) =) %(nf%u)f(u)“ Fut Y if) T [Qx, Ax]f () )

[
By Proposition 3.3.2 and Proposition 4.3.4, for |u| < é, we have
00 00 n—1
d Nxm m d 3 1 . i 1
Vg Do = g s ) TS D)™ A, @l

15



u? d ~=~ R .
H Q=D gy 2

Dividing by v and integrating from u = 0 to u, we have

Nxm -1

Ko og(1 — f(u)) — 25 L log(1 —?)
m=1 m

u 00 1n 1 00
s [ LS e A Q) e 3

Therefore, for xq,z € VX, we have
00 N .

X, (':EOMr)um
m=1 m

deg(z) — 2

—[log(I — Axu + Qxu®)|(xo, z) — Sxo(z) log(1 — u?)

+/0“Z2Z Z] )" Ax, Qx) f () (2o, @ dZ+Z m(T0, @

n=1"" j=1

SRS

(3.5)

We define Zx (u, xg, z) as follows.

© N .
Zx (u, v, x) = exp (Z N0, ) x)um)

m
m=1

We remark that Zx(u,zo,z9) = Zx(u,x) by Proposition 3.2.2. Then, we have
the following theorem by (3.5).

Theorem 3.3.4. For |u| < L, we have

deg(xzg)—2
g(20) Sug (@)

Zx(u,xg,2) = (1 — u2)7

X exp

In particular, if X is a (¢ 4+ 1)-regular graph, we have

I —(Dx — Ax)u+Qxu’ =1— ((¢+1)] — Ax)u+ qlu’.

16



Since Ay is a self-adjoint bounded operator, there exists a unique spectral mea-
sure such that

Ay = / ME(N).
o(Ax)

Here, o(Ax) stands for the spectram of Ax. For zo,x € VX, we denote the
measure (E(-)dy,,0z) bY f1z2(-). Then, by the property of the spectral integral,
we have the following corollary by Theorem 4.3.5.

Corollary 3.3.5. For |u| < X, we have
ZX(U,[B[),CC) = (1 - u2)_T IO(x)

X exp ( — /U(AX) log(1 = ((¢+1) = Nu+ un)dprO,x(A))

X exp (i Wu”ﬁ

m=3

Before we consider the case that X is a finite (¢ + 1)-regular graph, we
introduce the notion of the local spectrum ([10]). For a vertex x € VX, we
denote z-local multiplicity of A\; by m,()\;). Here, the z-local multiplicity of \;
is the zz-entry of the primitive idempotent FEy,. Let {ug = Ao, ft1, .- -, fta, } be
the set of eigenvalues whose local multiplicities are positive. For each vertex
xr € VX, we denote the z-local spectrum by o,(X). Here, the x-local spectrum is
oo(X) = {Apeo) melon) ,udm:(“ %)} Then, we have the following corollary
immediately by Corollary 4.3.6.

Corollary 3.3.6. For |u| < %, we have

Zy(wao) = (1=*)"F [ (1—(g+1=Nutgu?) "
A€y (Ax)

X exp <i WU’”)

m=3

We remark that this formula holds for a regular graph which is not always a
simple graph by Proposition 3.2.2 and the formula obtained in p. 188 in [4]. This
formula is regarded as a local version of the original Ihara determinant formula
since the above equation gives the explicit relationship between the number of
closed geodesics starting at zy and the xg-local spectrum of the Laplacian of X.

17



4 A Bartholdi type formula for graphs with bounded
degree

In this part, we introduce a generalized Bartholdi zeta function for simple graphs
with bounded degree. This zeta function is a generalization of both the Bartholdi
zeta function which was introduced by L. Bartholdi and the Thara zeta function
which was introduced by G. Chinta, J. Jorgenson and A. Karlsson. Furthermore,
we establish a Bartholdi type formula of this Bartholdi zeta function for simple
graphs with bounded degree. Moreover, for regular graphs, we give a new expres-
sion of the heat kernel which is regarded as a one-parameter deformation of the
expression obtained by G. Chinta, J. Jorgenson and A. Karlsson. By applying
this formula, we give an alternative proof of the Bartholdi zeta function formula
for regular graphs.

4.1 Introduction

All graphs in this paper are assumed to be connected, countable and simple.
Let X be a graph with bounded degree and Ax be the combinatorial Laplacian
of X. It is well-known that the spectrum of Ay is closely related to geometric
properties and combinatorial properties of X at least from the view point of
graph theory, number theory and probability theory. Classically, it is important
to study the relationship between closed paths in X and the spectrum of Ax.
In this paper, we study the relationship from the view point of number theory.

Especially for a finite graph X, it is well-known that closed geodesics of X
are deeply related to the spectrum of Ay (cf. [31]). The relationship is described
as the Thara formula explicitly. The Thara zeta function for a finite graph X is

defined by

Zy(u) = exp (i %w)

m=1

Here, N,, stands for the number of closed geodesics of length m in X. Then, the
Thara formula is described as follows (cf. [31]).

Zx(u)™ = (1 —u?) ) det (I —u(Dx — Ax) +u?*(Dx — I)).

Here, x(X) stands for the Euler characteristic of X and Dy stands for the
valency operator of X. For finite regular graphs, the above formula was originally
established by Y. Thara in the p-adic setting ([20]). Then, it has been generalized
by T. Sunada, K. Hashimoto and H. Bass ([2], [14], [15], [16], [17], [18], [21], [27],
28], [29]). When X is regular, this formula gives an explicit relationship between
the number of closed geodesic and the spectrum of Ax.

18



In 1999, L. Bartholdi introduced the Bartholdi zeta function for finite graphs
and established a determinant expression of it ([1]). The Bartholdi zeta function
is defined by

Ix = exp (Z E 2fcbc E(C)) .

ceC

Here, we denote by C the set of closed paths in X, by ¢(C) the length of C' and
by cbe(C) the cyclic bump count of a closed path C. This is a generalization
of the Thara zeta function by adding a variable ¢ which plays a role of counting
back-trackings of a closed path. Indeed, if ¢ is equal to 0, this zeta function
coincides with the Thara zeta function Zx(u). The determinant expression of
Zx(u,t) is described as follows ([1]).

Zx(u,t)™ = (1 (1 t)?u2) Y
x det (I —u(Dx — Ax) + (1 — t)u*(Dx — (1 — t)I)).

As in the case of the Thara formula, when X is regular, this formula gives the
explicit relationship between the number of closed paths and the spectrum of
Ax.

Recently, several generalizations of the Ihara zeta function from finite graphs
to infinite graphs have been considered (cf. [4], [5], [6], [8], [11], [12], [13], [26]).
In this paper, we follow [4] essentially. In 2017, the author introduced the Thara
zeta function for a graph X with bounded degree as follows ([22]).

Ptz = (35 2

m=1

Here, N,,(zo) stands for the number of closed geodesics of length m starting at
xo. If X is vertex-transitive, this zeta function coincides with the Ihara zeta
function which was introduced in [4]. In [4], the definition of the Ihara zeta
function for regular graphs is given (p. 185 in [4]). In general, however, when
X is regular, the Thara zeta function in [4] does not always coincide with our
Ihara zeta function. In [4], G. Chinta, J. Jorgenson and A. Karlsson established
the Thara type formula for the Ihara zeta function for vertex-transitive graphs
by giving a new expression of the heat kernel ([4]). This definition works well in
the point of studying deeply the relationship between closed geodesics and the
spectrum of Ax and also as an analogy with heat kernel analysis of rank one
symmetric spaces. After that, the author established the Thara type formula for
the Thara zeta function for graphs with bounded degree ([22]). His proof also
gives an alternative proof of the formula for vertex-transitive graphs.
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In this paper, we study the relationship between closed paths and the spec-
trum of Ax by introducing a Bartholdi zeta function for graphs with bounded
degree. For a graph X with bounded degree and a vertex xj, a Bartholdi zeta
function is defined by as follows in this paper.

CeCqy

Here, we denote by C,, the set of closed paths starting at ;. We remark that
we introduce a Bartholdi zeta function which is a generalization of the above.
However, we do not introduce the definition in Introduction because the defini-
tion is a little technical in the sense of being based on a path counting formula.
If ¢ is equal to 0, this Bartholdi zeta function coincides with Zx (u,xq). If X is
a finite graph, by the definition of Zx(u,t, z¢), the following equality holds.

H Zx(u,t,xg) = Zx(u,t).

roeVX

In this sense, this Bartholdi zeta function is a generalization of the original
one. Furthermore, we present a Bartholdi type formula for this Bartholdi zeta
function. Especially for regular graphs, this formula describes the relationship
between the number of closed paths and the spectrum of Ay. We remark that
for finite graphs, this formula can be regarded as a refined version of the original
Bartholdi zeta function formula.

Moreover, for (possibly infinite) regular graphs, we give a new expression of
the heat kernel which is regarded as a one-parameter deformation of the expres-
sion obtained in [4]. By applying this formula, we give an alternative proof of
the Bartholdi formula for regular graphs. We note that our heat kernel approach
to the Bartholdi formula is new even for finite regular graphs. This is an im-
portant application of our new heat kernel expression. Many applications of the
heat kernel are well-known. Therefore, in addition to the above application, we
believe that there should be more applications by using our new expression of
the heat kernel.

4.2 A generalized path counting formula

In this section, we give a generalization of the path counting formula obtained by
T. Kousaka ([22]). First of all, we introduce several symbols. We take a vertex
xo and e € E,,. We denote by C,, the set of closed paths starting at zy and by
C’;}g’t“il the set of closed paths starting at zy which has no tail. For a complex
variable t, we define C,, (¢, xo), N (t, xo, €) as follows.

Cm(t, iEo) _ Z tcbc(C')’

C
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Ny (t, xo,e) = Z b,

()

Here, C runs through C,, such that ¢(C') = m in the first equality and C' runs
through CI9! such that e;(C) = e,{(C) = m in the second equality. For
m € Zso, f € *(VX) and z € VX, we define C,,(t) by

Cn()f(x)= Y ().

CEBLL(C)=m

Here, we denote by B, the set of paths starting at . We define C,,(t)(zo, e) as
follows.

ZE(), Z 4be(C

Here, C' runs through C,, such that e;(C) = e, ¢(C') = m in the above equality.
Moreover, we define Cy,(t)(zo, -, €), Np(t, xo, -, €) and Cy,(t)(xo, ¢, €) as follows.

C an € Z tbc
t , Lo, € Z tbC
Cin(t) (g, €, €) Z £Pe(©)

Here, C' runs through C,, such that e,,(C) = €,¢(C') = m in the first equality, C
runs through C2°" such that e,,(C') = €, £(C') = m in the second equality and C'
runs through C,, such that e, (C) = e, €,,(C) = €,£(C') = m in the third equality.
We denote by B(¢?(VX)) the set of bounded operators on ¢?(VX). We remark
that C,,(t) is in B({%(VX)) for each t. For B € B({*(VX)) and z;, 75 € VX, we
define B(x1,x5) as follows.

B(l’l, Ig) = Béxl ($2)

Here, the symbol §,, stands for the Kronecker delta. We define the following
formal power series.

o
C’Cbc t,zo:u) ZCm (t, zo)u™,

=1

Mg

C(t,zo:u) = Con(t) (0, z0)u™,

3
[}



N(t,zo:u :ZNmtazo
m=1

Here, we denote ZeeEIO N (t, g, €) by Ny (t, o). In addition to this, for a vertex
r € VX, we denote deg(x)C(t,x :u) — > p C(t,t(e) : u) by AxC(t,- : u)(z)
by regarding as an element of ¢*(VX) formally and for m > 1, z € VX, we define
R, (t)(x) as follows.

Ron(t Z (1 —1)20=9(1 — ) Ax Cpoj (D)) (2, 7).

First of all, we prove the following proposition.

Proposition 4.2.1. For a vertex xy, we have the following equality:
(1—(1—t)*u’)N(t,zo: u) = (1 — (deg(zo) — (1 — ¢*))u*)C(t, z0 : u)

AxC(t,-:u)(xo).

u

p— 2 —
deg(xo)tu” + =0 =)

Moreover, for m > 3, we have

Non(t, 20) = Cin(t)(wo, w0) — (deg(wo) — 2(1 = 1)) Yy (1= )77V Crpn;(t) (w0, o)

J=1
+ R (t) (w0) — Sa2(m)(1 — )™ 2t deg (o).
Here, we denote the ceiling function by [-].

Proof. First of all, we prove the first identity. For m > 3, zp € VX and e € £,
we have

Cm(t) (ZL'(), e, é) = Z tbc(C) + Z tbc(c)

C=(e,e2,....m—1,E),62=€,m_17€ C=(e,e2,....m—1,€),2=E€,em—_1=€
C=(e,e2,....em—1,€),e27#& em—_17€ C=(e,e2,...em—1,8),27€,em—_1=€

Then, we have

Con(t)(x0, €, €)
(

= £(Ch_a(t)(t(e), &) — Cra(t)(t(€), &, €)) + t2Cro(t)(t(e), &, )
+ (Cra(t)(t(e)) — Crna(t)(t(e), €) — Crna(t)(t(e), -, €) + Crna(t)(t(e), €, €))
+ t(Cra(t)(t(e), -, €) — Cra(t)(t(e), €, €))



= Cna(t)(t(e), t(e)) + (1 = 1)Cns(t)(i(e), €)
+(t = 1)Cna(t)(t(e), - €) + (t = 1)*Craa(t)(t(e), €,¢).

By this, we have

Ch, ( ) (o, €, €)
Sa(t)(t(e), t(e) + (t = 1) (Crna(t)(t(e), ) — Nim-a(t, t(e), ©))
t—l)(Cm 2(t)(t(e), -, e) — Nim_o(t, t(e),, €))
t—l)(Nm o(t, t(e), e)+Nm ot t(e), - €)) + (t — 1)*Crnsa(t)(t(e), € €)
—2(t)(t(e), t(e)) + 2(t — 1)Np—a(t, t(e ) é) + (t* = 1)Cp, (t)(t(e) )

Therefore, we get
Con(t)(x0,e,8) = Cpua(t)(t(e), t(e)) + 2(t — 1) Np_ao(t, t(e), €)
+ (= 1)Cpa(t)(t(e), &, €). (4.1)
In the case that m > 5, by (4.1), we have
Cin(t)(z0, €, €)
= m—2(t)(t(e)7 t<e)) + 2(t - 1)Nm—2(t> t(e)> é)

+ (t2 - 1){Cm_4(t)($o, 1’0) + Q(t — 1)Nm_4(t, Zo, 6) + (t2 - 1)Om_4(t)($0, €, 6)}

Then, we have

Con(t) (0, x0) — Npn(t, z0)

- (deg(%)cm%(t)(%afﬂo) AxCpa(t)(z0, 70 )
+2(t — 1) Npoa(t, 0) + (£ — 1) deg(mo)C’ 1(H)(zo, o) + (£2 = 1)2(t — 1) Npp_a(t, z0)
+ (t2 - ].)2 (Cm_4(t> (ZE(), Io) Nm_4(t, l’o)) (42)

Hence, for m > 1, we have the following.

Nm+4(t7 .T()) - 2(1 - t)Nm-i-Q(ta .T()) + (1 - t2)<]‘ - t)sz(tJ l‘o)
= Cnpa(t) (0, ) — deg(20)Crnra(t) (w0, ) — (1 = t)*Crn(t) (w0, 7o)
+deg(0) (1 — t2)Crn(t) (w0, ) + Ax Crnya(t) (o, 0)-
It is easy to check that this implies the following desired identity:
(1— (1= t)*u?)N(t,zo: u) = (1 — (deg(zo) — (1 — t*))u*)C(t, z0 : u)

“ AxC(t, - : u)(xg).

2
— deg(zo)tu” + m
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Next, we prove the second identity. For m = 3, by (4.1), we have

Ng(t, (L’Q) — (1 — t)2N1(t, I())
= Og(t)(l’o, Io) — (deg(xo) — (1 — t2))01(t)(l’0, I()) + Axol(t)(l'o,xo).

Then, we have

Ns(t,z0) = C5(t)(z0, 20) — (deg(zo) — 2(1 — t)) C1(t)(zo, 20) + AxCi(t) (20, o).

For m = 4, by (4.1), we have

Nu(t, x) = Ca(t)(xo, z0) — (deg(xo) — (1 —1%))Ca(t) (20, z0)
+ AxCo(t) (0, 79) + (1 — £)2Ny(t, 20)
= Cy(t)(w0, w0) — (deg(wo) — (1 — %)) Ca(t) (o, 0)
+ Ax Oy (t) (w0, 20) + (1 — £)*(Ca(t) (w9, wo) — t deg(x0))
= Cy(t) (20, z0) — (deg(xo) — 2(1 — 1)) Ca(t) (o, 7o)
+ Ax Cy(t) (o, 70) — (1 — t)*t deg(wo).

Therefore, the second identity holds for m = 3,4. In the case m > 5, the identity
(4.2) is equivalent to the following identity.

Ny (t,zo) — (1 = ) Nyp—a(t, wo) — (1 — t*) (N2 (t, m9) — (1 — £)*Nppu—a(t, 29))
= Cn(t) (w0, o) — (1 = t*)Cra(t) (w0, 0)

— (deg(zo — (1 = 1)) (Cr—a(t)(z0, 20) — (1 — £*)Chyr—a(t) (20, 20))

+ AxCra(t) (20, 20)- (4.3)

By summing the both sides of (4.3), we have the desired identity. O

Next, we prove the following theorem that is our goal in this section.
Theorem 4.2.2. For a vertex xq, we have the following identity:
(1—(1—)u?) (1= (1—1)u?)CP(t, 20 : u)

= {1 — (1 —t)(deg(z0) — Ax + 2t)u* + (1 — ¢*)(1 — t)(deg(zo) — (1 — 1)) u*}C(t, - : u)(zo)
— (1= (1 —#*))tdeg(zo)(1 — t)u?

Moreover, for m > 3, we have the following identity:

M\S

[51-1
deg(xo)l :i(l —t) (1 — )% Cp_o;(t) (0, 20)

=1

(1= D) R(t)(20) — Saz(m)(1 — £t deg(xo).

Cn(t, o) = Cp(t) (0, x0) —
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Proof. For m > 1, Cp,(t,z9) — Ny (t,20) ( resp. Cy,(t) (o, 20) — Np(t, o) ) rep-
resents the number of closed paths with weight t*°() ( resp. t*°() ) of length m
starting at xy, which have no tail. Hence, we have

Crn(t, 20) — N (t, 20) = t(Crn () (w0, T0) — Nin(t, 20)).
Then, we have
CP(t, 2 - u) = tC(t,co - u) + (1 —t)N(t, 20 : u).
By this and Proposition 4.2.1, we have
(1—(1—1t)*u?)CP(t, 20 : u)

= <(1 —t)(1 — (deg(zo) — (1 —*))u?) +t(1 — (1 — t)2u2))0(t,x0 )
(1 —t)u?
1—(1- 2

By simple calculation, this implies the first equality. Next, we verify the second
equality. By Proposition 4.2.1, for m > 3, we have

Con(t, ) = t(Cm(t)(xo, zo) — Np(t, xo))
+ (Nin(t, 0) = O (t) (0, 0)) + Con(t) (w0, 20)
= Cr(t) (0, 20) — (1 = ) (Cou(t) (w0, 0) — Nin(t, 20))
Con(t) (0, z0)

— (1 — t)t deg(xo)u® + SAxC(t, - 1 u)(wo).

rm]-1
— (1 —t)(deg(zo) — 2(1 — 1)) (1= )20 Cy () (o, o)

1

w|3

— .
|l
~

+ (1= ) Ry (t)(w0) — G2z (m)(1 — )™ ' deg(ao).

O

In the end of this section, we note that generating functions which we defined
in this section are expressed by C(t,xo : u). We define the generating function
of R,,(t)(zo) as follows.

R(t,zo : u) ZR

It is straightforward to check that the following holds. If |¢| < 1, |t| # 0 and
lu| < %, then, we have

U2

(1—(1—0)2u?)(1—(1—)u?)
Therefore, all generating functions which we defined in this section are expressed
by C(t,xq : u). We note that the above formula holds for ¢ = 0.

R(t,zp:u) =

AxC(t,- : u)(xo).
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4.3 A Bartholdi type formula for simple graphs with bounded
degree
In this section, we introduce a Bartholdi zeta function for a graph with bounded
degree. This zeta function is a generalization of the Bartholdi zeta function from
a finite graph to a graph with bounded degree ([1]).
First of all, we define a Bartholdi zeta function for a graph with bounded

degree. For a graph X with bounded degree, a vertex xy and complex variables
t, u, we define a Barholdi zeta function as follows.

CeCqy

This is a natural generalization of the Thara zeta function for a graph with
bounded degree which was introduced in [4] in the spirit of L. Bartholdi although
he introduced by using the Euler product expression. Before we give an Thara
type formula for this zeta function, we define several operators and give several
properties of C,,(t). We define I(t), Qx and Qx(t) as follows.

Then, we have the following proposition.

Proposition 4.3.1. For m > 2, we have

G- =D(@Qx+ 1) ifm=2,
Cm@)—{cm_l(t)cl() (1= 1)Cha()Qx(t) ifm > 3.

We give the proof of this proposition although this proposition was proved in
[25] because our proof is a little different from [25].

Proof. 1t is enough to show that for z¢,x € VX,

LGP = (- 1)(@x + D) (w0, 0) if m =2,
Crn(8) (o, >‘{ (Croa (DO (1) — (1 — 1)Coral(D)Qx (1)) (0, ) iE m > 3.

For m = 2, it is obvious. In the case m > 3, for xq,x € VX, we have

Crn-1(t)C1(t) (w0, ©) = Cro1(8) C1(E) 0 (x) = > > 9

CeBL L(C)=m— 1eeEt<UC)
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By considering whether a path has backtracking at the last step and comparing
Cm—l(t)cl(t)<'r07 Z’) to Cm<t)(‘r07x)7 we have

Crn—1(t)C1(t) (o, ) — Crea(t) (z0, )t — Crr—a(t)(z0, x)(deg(zg) — 1)
+ Cpa(t) (w0, )t + Crp_a(t) (w0, ) (deg(o) — 1)t
= Cp(t) (20, x).

Therefore, we have

For a complex valuable ¢, we define «(t) by

M+ /M2 +4(t| + )M
a(t) = 5 :

Here, we denote the maximum of all degrees of X by M. Then, we have the
following Lemma.

Lemma 4.3.2. For |t| < 1, then for m > 0, we have
|G (D] < alt)™.

Proof. We prove this by induction on m. For m = 0,1, there is nothing to do.
We suppose that our assertion holds for m — 1. Then, we have

[Cn()l = [|Cria())C1(E) — (1 = 1) Cra () Qx () |
< Ma@®)™ + (14 t)a@®)™ (M — 1+ t])
= a(t)" *{a(t)M + (1+ [¢t))(M -1+ [t])}
= a(t)" *(a(t)* + |t]2 —1) < a(t)™.

O

By Proposition 4.3.1 and Lemma 4.3.2, we have the following proposition.

1

Proposition 4.3.3. For |u| < ;7.

it] < 1, we have

(;Cm(t)um) (I —uAx +(1- t)QX(t)u2) — (1= (1= )%,
(Tg ( Lj Crn—aj(t)(1 — t)Qj)um> (I —udx + (1— t)QX(t)u2> _
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Next, for m <0, ¢, z € VX and f € (*(VX), we define an operator R,,(t) by

B (8)f () = B (t) () f (2)-

Then, we define an operator C<"¢(¢) like the operator Ny, introduced in [22] by

Chn(t) if m=0,1,
chc ‘ th(t) ifm= 2,
WO T ) - SIS i, ()
+(1 — ) (t) —52Z( (1 —t)™ %Dx it m > 3.

We remark that this operator is also a bounded operator by our assumption. We
also remark that C¢(¢)(xg, 29) = C,,(t, 7o) and the following identity holds by
Theorem 4.2.2.

[e.9]

1
Zx(u,t, o) —exp(ZE (t,z0)u )

m=1

Therefore, for xo,x € VX, we define Zx(u,t, zg,x) as follows.

© cbe
Zx(u,t, xo, x) = exp (Z O (t)(z0, 7) x)um).
m

m=1

Moreover, we define f(z) as follows.

f(z) = zAx — 22 (1 = )Qx (1).
Then, we have the following Proposition ([22]).

Proposition 4.3.4. For |u| < we have

1
a(t)’?

f@ﬂf—ﬂwr*:—§4%u—fw»

(1—-t)u Z Z )" (AxQx(t) — Qx () Ax) f(u) ™"

Under the above preparation, we give the following theorem.

Theorem 4.3.5. For |u| < it| <1 and zo,x € VX, we have

t)’
Zx(u,t, zo,x)
= (1—(1—-1t)%u?

d _
-l =25, (o)
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00 n—1
“ 1 . el
X exp ( / (1=1)2") —> 5 [f(2)""(AxDx — DxAx)f(2)'"'] <xo,:c)dz)
0 n=2 = j=1
[tDx — Cs(t)] (zo, z) (1 = t) R (t) (o, 2)
1-1¢ m
X exp ( ( Ju® | exp ng -
Proof. We consider the following power series that converges in |u| < a(t |t < 1.
> ceetyum
m=0

By the definition of C*¢(¢), we have

S e = KOS oy - POZLOS S 6y - a2

+(Qx(t) - 1@))% +(1=1)> Rp(tyu™
+ Ot = D — T(;—t)t;uz Dy.

Here, we denote the floor function by |-|. In the right hand side of the above
equation, the following equality holds.

(QX(t) - I(t)) 1 _(1(1—_0:)2“2 1 lil(l__t)t;;u? Dx
=t(1 —t)u*Dx + %(QX —1).

Hence, we have

l\)‘§

i CePe(tyu™ = ?X_(tt) Z Con(t)u™ — Q 1 — Z Crnoj(t)(1 — )% u™
m=0

m=0 =0

(1—t)*? 2
(Qx — I)m +(1—t)u (tDX — Cy(1))
+(1=1) ) Rp(t)u™
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Then, we have

m=1 1=t 7= 1-t m=0 j=0
+(Qx —1I)7 (1(1?;;2 5+ (1= t)u*(tDx — Cy(t))
+(1=1) ) Rp(t)u™

By Proposition 4.3.3, we have

Al icm pur 1~ @O =10 = >~ Cay ()(1 = )

1_?(1 (1= 021 — plapy~ 1= SO )

=uf'(u)(! - f(U)) -
By Proposition 4.3.4, we have

Al 3 Cultum —1 - Qx(t) ~ I1H) 5~ >~ Gz (1)(1 = )

- —udilogu )

(I —=1t)u Z ij (u)" 7 (AxQx(t) — Qx (1) Ax) f(u) ™"

Therefore, for xg,xz € VX, we have

Ol )(ﬂfo z)

um

deg(go)‘% (w)u-r-[log(1 — (1= 1% + “DX_C;“” ), 4
d 1 —=t)Ry(t)(zo, ) ,,
i 3 Ol
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Dividing by u and integrating from 0 to u, we have

=L OPe(t) (2o, 1),
$ ),

m

m=1

_ deg(zo) — 2

- toutr = )] w0

§I>—‘

/ (1—t zQi
m=1

3G (AxQx (1) — Qx(0)Ax) F2) ] (. 2)d:

[tDX — Cg(t)} (Io, l‘)

5 (1 —t)u?

5 Oao(w)log(1 — (1~ t)*u?) +

o

(1-tR Zo,
3! D0, 2) .
m=3

This implies the following identity

ZX(ua ta Zo, ._'L')

=(1—(1—-1t)%?

I —

di —
)~ g @)

X exp </0“(1 —t)2° g % zj [f(2)" " (AxDx — Dx Ax) f(2)" "] (wo, x)dz)
X exp < [tDx — C;(t) (o, x)(l B t)u2) exp <ni (1- t)R:;L(t)@oaﬂﬁ)um)'

If X is a (¢ + 1)-regular graph, we have
(Dx — Ax)u+ (1 —t)Qx(t)u* =1 — ((¢+1)I — Ax)u+ (1 —t)(q + t)u’l.

Since Ay is a self-adjoint bounded operator, there exists a unique spectral mea-
sure F such that

Ay — / ME(N).
(Ax)

Here, we denote the spectrum of the Laplacian Ax by o(Ax). By Theorem 4.3.5
and the property of the spectral integral, we have

Zx(u,t, w0, ) = (1= (1 = )%?) =7 0l
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X exp (/U(AX) —log(l—(¢g+1—=Nu+ (1 —1t)(q¢+ t)UQ)deo,x(/\))
X exp (hD X C’;(t)} (%, 2) (1— t)u2>
% exp <i (1— t)Rm(t)(onal’)um).

Here, we denote d{E(A)dyy, 0z0) BY itz 2o (A). Hence, we get the following corol-
lary.

Corollary 4.3.6. For |u| < ﬁ, lt] < 1, we have
Zy(u 0, ) = (1= (1= 1))~ "3 o
X exp (/ —log(1—(¢g+1—Nu+(1—1t)(qg+ t)UZ)d,uxo,z<)\))
o(Ax)

X exp < [#Dx = C;@)} (r0.2) () _ t)uZ)

. (i (1= ORal)n) )

m=3

Moreover, we discuss the case that X is a finite (¢ + 1)-regular graph. We
introduce the notion of the local spectrum ([10]). For a vertex x € VX, we
denote x-local multiplicity of A\; by m,()\;). Here, the z-local multiplicity of \;
is the zz-entry of the primitive idempotent E),. Let {uo = Ao, pt1, - - -, fta, } be
the set of eigenvalues whose local multiplicities are positive. For each vertex
z € VX, we denote the z-local spectrum by o,(X). Here, the z-local spectrum
is 0,(X) = {)\glz(/\o)’ Iurlnz(ul)’ o 7ﬂdm:(udz)}.

Then, we have the following corollary immediately by Corollary 4.3.6.

Corollary 4.3.7. For |u] < ﬁ, it| < 1, we have

Zx(t,u,wo,2) = (1 — (1 — 1)2u?) =7 2@
H (1_ (Q+1—)\)u—l—(1_t)(q+t)u2)*mzo(>\)

A€oz (Ax)
X exp ( 1Dx C;(t)} (o) ) _ t)u2)
o ($5 L0000 1)
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4.4 The Euler product expression

In this section, we give the Euler product expression of the Bartholdi zeta func-
tion which is introduced in Section 4. We have to introduce several terminologies
to give the Euler product expression. We take a vertex xq. A closed path C' start-
ing at x( is primitive if there is no closed paths starting at xy whose length is
shorter than ¢(C') and of which the multiple is C. We denote by PK,, the set
of primitive closed paths starting at xy. Then, the following theorem holds.

Theorem 4.4.1. For |u| < |t| < 1, we have

t)’

ZX(t, u,:z:o) = H (1 _ thC(C)ug(C))_ﬁ.
CePKyy

Proof. For |u| < lt| <1 and N € Z>;, we have

(t) ’

log H (1— $ebe(C) Z(C)>7ﬁ _ Z

CEPK oy, L(C)SN CEPK oy L(C)SN

_ Z Z Cbc(C m @(C’)

CEPK 4y L(C)<N m= 1

— Z Z C tcbc cm) E(Cm)

CePKzo,e(0)<Nm 1
_ Z Cbc (C’)
e

Here, the last sum runs through the set of closed paths starting at xo such that
the length of primitive paths is less than or equal to N. Therefore, for any NV,
we have,

exp (Z 7c = 4ebe(0) Z(C)) H (1- tcbc(C)UZ(C))—ﬁ

CEPKay L(C)SN

lOg(l . tcbc(C)uﬁ(C))

1
0C)

Here, the sum runs through the same set as the above. Taking the limit of the
both sides, we have

Zx(tum) = [ (1= e@u@) e,
CEPKay
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4.5 The heat kernels on regular graphs

In this section, for a regular graph, we give a new expression of the heat kernels
on regular graphs by using the modified Bessel function of the first kind. Let X
be a (¢ + 1)-regular graph. We denote the heat kernel of X by Kx (7, o, x). For
J € Z>o and real variable ¢ which satisfies |t| < 1, we define the symbol d;(t) as
follows.

1 if 7 =0,
d;(t) = { —eEE i >,
Then, the following theorem holds.

Theorem 4.5.1. For 7 € R>o, € VX and |t| < 1, we have

)
7'1}0, E C iL'o, E d] —(g+1)7

Jj=
n+2j

) (1= 0% (1= g+ D) sy 2V~ Dla + D).
Proof. We define g(t,z) as follows.
g(,x) = 9TV f(1 ).

Then, it turns out that the heat equation is equivalent to the following equation.

Here, we remark that Ci(¢) is equal to Ax. It is sufficient to show that the
following is the solution of the above equation.

z) =) Cu(t)(o, ) Z d;(t)

x(1=0)Y(1=0)(g+1t) 2 Lo (24/(1—=0)(g+t)7).

It is obvious that ¢(0,2) = 0,,(z). Therefore, it remains to check that g(7, )
is bounded on [0,7] x VX for each T and ¢(7,x) satisfies the above equation
indeed.

First, we check that g(7,z) is bounded. By Proposition 4.3.1 and (2.2), we
have

n+2j5

o 24/ (q+t)(1-t)7

’ d 1 — t2j n+2; €
o)1 < Yt Z\ O T
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We denote the maximum of d;(¢) by M,;. Then, we have

o] 0o n( 2
i) < VT ey 3 OO
n=0

= (n+ 27)!

n oo

< M, VD i (Oz(i)‘T) 3 ((227]_);"

J=0

Therefore, g(7, x) is bounded on [0,7] x VX for each T
Second, we check that g(7, x) satisfies the equation. To prove this, we define
g(1) as follows.

o(r) =3 Cul) > ds(t)

_ n+2j

X (L= 05 (1= )(g+1) " F Ty /T~ g+ D)7).

Then,

%9 r.2) — Cu(Bya(r. ) 2)

~{ R0 - cuttgt) a0

Therefore, it is sufficient to check that

Y(7) ~ o) =0,

=> " Cu(t) Z d;(t) (1 =) (1 —t)(q + t))‘"“f*l Lis2jo1 20/ (1 = t)(g +t)7)

+) Cult) Z d;(t)(1 =) (1 —t)(g+1))

_nt2ji-1

Lt (2 (1—1t)(q+ t)T)

xS 40T (1= g +D) 7 Lusy (2T —D(g+D7).
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Here, we used (2.1) and we remark that we are allowed to change the order of
the differentiation and power series by (2.2). By Proposition 4.3.1, we have

(G — (1=t (g+ )] ifn— 2,
Cnlt) = { CHOCA () — (L~ 1)(q + )Cat) ifn >3

Here, we remark that the operator C,(t) is a self-adjoint operator. By this
relation, we have

Z CL(t)C,
n—142j

de HA =Y (=g +1) 2 L 2/ —6)(g+t)7)

e (t)Zdj(t)(l—t)QJ (=g +1) 7 To; /(T = 8)(g + t)7)

1425

+ Colt) Zd Y= ((1=t)(g+1t) 7 Lyy (2v/(A—t)(g+1t)7)

1425

2 12j+1 (2 (]. — t) (q + t)T)

(1—t)(g+1) Zd (1=t¥((1-t)(g+1t)"

+ ZC Zd 1= B2 (1= t)(q+1) "7 Lugyr VT —8)(g + 1)
n=3
+) Cult)
n=1
n42j—1

<3O0 =0 (=0 +0) T L (2T =0+ D7),

To explain our calculation clearly, we put
(n=1) Zd Y1 =12 ((1=t)(g+1) 7 Loy 2/ (1 = t)(g + t)7),

1425

2 12j+1 (2 (1 — t)(q + t)T),

(n=2-1)=Cyt Zd Y1 =% ((1—t)(g+1)”

1425

n=2-2)=(1-1t)(¢g+1) Zd HA =) ((1=t)(g+1) * Ly 2V —t)(g+1)7),

n—1+2j

(n=3-1) ZC Zdj(t)(l—f)J(l—t)(qut))_ > Lo 2V (A =) (g +1)7),
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n+2j—1

(n=3-2) ic id] (1= (A =1)(g+1)

Jj=

In+2j+1 (2 (1 — t) (q + t)T)

By calculating (n=1)+(n=2-1)+ (n=3—1),

> Ci(t)Cra(t)

<3O0 (=0 +0) T Ly (V= 00+ 07)

n—142j

:ic Zd A=) ((1=t)(g+1t)  * Tnpayor (201 =) (g+t)7)

+(n:2—2)—|—(n—3—2)

Then, we have

% (7 - crt)g(e)

=GO - ¥ (=g +0) T L VT D+ 0r)

+D GO GO0 (=D +0) " Ly VT =8+ 1)7)
—(n=2-2)—(n=3-2)

=GO - 0¥ (A=Dg+1) T L VT D+ 07)

+ Zdj(t)(l — )P ((1=t)(qg+ t))_% Ljt1 2V (1 =t)(g+1)7) = (n=2-2)

j—1

=S A0 -5 (1= g +8) T Ly VT Dg +0)7)

+ Zdj(t)(l — 1) (1 - %) (A=) +0)" 7 Lyt 20/ (g +0)7)

=S 400 - (1= t)(g+1) 7 Ty (21— 8)(g+)7)

Sy a1 - 1) (1 - t) (1= +8) "7 Ty VA D(g + 7).

q+t
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Here, we note that Cy(t) = I. Therefore, we have

0
S2(r) = Ca(t)g(r) = 0.
Here, we used 1_1(7) = I (7). This completes the proof. O

4.6 An alternative proof of the Bartholdi zeta function
formula

In this section, we give an alternative proof of the Bartholdi zeta function formula
for a regular graph obtained in Section 4.

Since Ay is a self-adjoint bounded operator, there exists a unique spectral
measure F such that

Axy = / AE(N).
o(Ax)

Here, o(Ax) stands for the spectrum of Ay. Therefore, for xg,x € VX, we have
Kx(1,z9,2) = / e ™ Aty (V).
o(A)

Here, we denote d(E(X\)dyz,,0z) by dptz, »(A). By applying the G(t)-transform
and by easy culculation, for 0 < u < ﬁ, we have

mowﬂﬂmwmwzem(/ d“m%A»yw
u? = (¢+t)(1 1)

/(,(M (q+t) A —thu++—(g+1-=X)

(A)

dﬂxo,x()‘)-

We remark that we are allowed to change the order of integrations in the above

equation by Fubini’s theorem. We also remark that if 0 < u < ﬁ, then we have

(Q+t)(1—t)u+%—(q+1—)\)>0.

On the other hand, by Theorem 4.5.1, we have

G(t) (KX<7'7 Zo, l’)) (u) = G(t) ( Z Cy(t)(xo, ) Z d;(t) e~ (a7

=0
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n+2j

x (L= ((1=t)(g+1t) 2 Lo (2v/(1—=0)(g+ t)T)) (u)
= iCn (o, T Zd t)H 2

Here, we used (2.3) in the second equation. Therefore, we have

G(t)(Kx(1,xg,2))( ZC’ (zo, x)u"?

oo L3

—1+2¢ ‘
g + ZZC" 25 (t) (20, ) Y1 —t)Hu"

1—-1

n=2 j=1

We note that the following equality holds.

Z Z Cr9;i() (0, 2)(1 — t)¥u" = Z (1 = )7 Cp_g;(t)(z0, 2)u"

n=2 j=1 n=3 j=1

Hence, we have

G(1)(Kx (7, 20, 7)) (u)

0o o [51-1
= 3 i), mpur = T ES N ST (1 PIG (1) g,y
+ %(C’o( t)(zo, x) + C1(t)(xo, z)u + tCo(t) (o, :E)u2)
Full = 000 (0.0) = (0= 14 201455 ColO o 2)
By the definition of C*¢(¢), we have
G(t)(Kx (T, z9,2)) (u)
— iCO(t)(xo,x) + % Z (C’;bc(t)(:vo,x) — (1 = t)Rin(t) (w0, ) )u™
+ (1 = Hu(Cy(t) — tDx ) (z0, ) — (g — 1)%%@)(%@).

Therefore, we have

/ 2 _(g+t)(1—1)
oax) (@A —thu+L—(g+1-X)

d#xo,x(A)
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= %Co(t)(xo,x) + % Z (CPe(t)(wo, ) — (1 — t) R (t) (o, ) ) u™
. (1—1)2u

22 Co(t)(zo, ).

+ (1= t)u(Co(t) — tDx) (0, 2) — (g — 1)ﬁ

This is equivalent to the following equation.

I cuoon - 1 “+ZCCC e
+ M(l — t)u2}($0,$)
= o (1= (g 1= At (1= )+ 10 (N
U Ja(ax)

By integrating both sides from 0 to u and determining the integrating constant,
we have

(1-(1- t)Q)q;zl‘swo(”“’)ZX(u, t, o, ) exXp ( B Z (1- t)Rm(t)(:vo,:)s))

e ([CM ~ ), - o) ) m

= exp (/ —log (I - (¢g+1=XNu+(1—1t)(qg+ t)u2)d,uwovw()\)).
o(Ax)
Therefore, we have
Zx(u,t,xg,x) = (1 — (1 — t)2u2)—q;zl5-ro(r)

< exp ( Clog(L— (g4 1— N+ (1—8)(q+ t>u2>dum,z<A>)
o(Ax)

X exp < [#Dx — O; O] (z0,2) ) t)u2)

coxp (37 LUl )

m
m=3

This gives an alternative proof of the Bartholdi zeta function formula obtained
in Section 4.
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