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Abstract

Let (X, d) be a separable ultra-metric space with compact balls. Given a reference mea-
sure 1 on X and a distance distribution function o on [0, co), we construct a symmetric
Markov semigroup {P'};>0 acting in L?(X, u). Let {X;} be the corresponding Markov pro-
cess. We obtain upper and lower bounds of its transition density and its Green function,
give a transience criterion, estimate its moments and describe the Markov generator £ and
its spectrum which is pure point. In the particular case when X = Qp, where Q,, is the field
of p-adic numbers, our construction recovers the Taibleson Laplacian (spectral multiplier),
and we can also apply our theory to the study of the Vladimirov Laplacian. Even in this well
established setting, several of our results are new. We also elaborate the relation between
the Markov process {X;} and Kigami’s process on the boundary of a tree, which is induced
by a random walk on the tree. In conclusion, we provide examples illustrating the interplay
between the fractional derivatives and random walks.
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1 Introduction

In the past three decades there has been an increasing interest in various constructions of Markov
chains on ultra-metric (totally disconnected) spaces, such as the Cantor set or the field of p-adic
numbers. In this paper we introduce and study a class of symmetric Markov semigroups and
their generators on ultra-metric spaces. Our construction is very transparent, and it leads to a
number of new results as well as to a better understanding of previously known results.
Let (X,d) be a metric space. The metric d is called an ultra-metric if it satisfies the ultra-
metric inequality
d(z,y) < max{d(z, z),d(z,y)}, (1.1)

that is obviously stronger than the usual triangle inequality. In this case (X, d) is called an
ultra-metric space.
We will always assume in addition that the ultra-metric space (X, d) in question is separable,
and that every closed ball
B,(z) ={y e X :d(z,y) <r} (1.2)

is compact. The latter implies that (X, d) is complete.

The ultra-metric property (1.1) implies that the balls in an ultra-metric space (X, d) look
very differently from familiar Euclidean balls. In particular, any two ultra-metric balls of the
same radius are either disjoint or identical. Consequently, the collection of all distinct balls of
the same radius r forms a partition of X.

One of the best known examples of an ultra-metric space is the field Q, of p-adic numbers
endowed with the p-adic norm ||z||, and the p-adic ultra-metric d(z,y) = ||z — yl||, . Moreover,



for any integer n > 1, the p-adic n-space Qp = Q) x ... X Qy is also an ultra-metric space with
the ultra-metric d,,(z,y) defined as

dp(z,y) = max{d(z1,91), ..., d(Tpn, Yn)}-

If the group of isometries of an ultra-metric space (X, d) acts transitively on X, then (X, d)
is in fact a locally compact Abelian group, which in particular is the case for Q.
In literature one distinguishes the following two subclasses of ultra-metric spaces:

(i) (X,d) is discrete and infinite.
(7i) (X,d) is perfect (that is, X contains no isolated point).

Various constructions of Markov processes in the setting (i), when X in addition is a locally
compact Abelian group, have been developed by Evans [22], Haran [29], [30], Ismagilov [33],
Kochubei [38], [39], Albeverio and Karwowski [1], [2], Albeverio and Zhao [3], Del Muto and
Figd-Talamanca [42], [43], Rodrigues-Vega and Zuniga-Galindo [66], [50]. They studied X-valued
infinitely divisible random variables and processes by using tools of Fourier analysis; for general
references, see Hewitt and Ross [31], Taibleson [55] and Kochubei [39]. Note that Taibleson’s
spectral multipliers on Q) are early forerunners of the Laplacians that we are considering here.

Pearson and Bellissard [45] and Kigami [36], [37] considered random walks on the Cantor
set, resp. the Cantor set minus one point. In [36], [37], a main focus is on the interplay between
random walks on trees and jump process on their boundaries. In this context, we also mention
Aldous and Evans [4] and Chen, Fukushima and Ying [15]. We shall come back to Kigami’s
work in the last three sections of this paper.

An entirely different approach was developed by Vladimirov, Volovich and Zelenov [57], [59].
They were concerned with p-adic analysis (Bruhat distributions, Fourier transform etc.) related
to the concept of p-adic Quantum Mechanics, and introduced a class of pseudo-differential
operators on Q, and on Q. In particular, they studied the p-adic Laplacian defined on Qg
and the corresponding p-adic Schrédinger equation. In particular, they explicitly computed (as
series expansions) certain heat kernels as well as the Green function of the p-adic Laplacian.
In connection with the theory of pseudo-differential operators on general totally disconnected
groups we mention here the pioneering work of Saloff-Coste [51].

Discrete ultra-metric spaces (X,d) (as in (7)) were treated by Bendikov, Grigor'yan and
Pittet [7], the direct forerunner of the present work. Among the examples of such spaces we
mention the class of locally finite groups: a countable group G is locally finite if any of its finite
subsets generates a finite subgroup. Every locally finite group G is the union of an increasing
sequence of finite subgroups {Gy,}. An ultra-metric d in G can be defined as follows: d(zx,y) is
the minimal value of n such that = and y belong to a common coset of G, .

Since locally finite groups are not finitely generated, the basic notions of geometric group
theory such as the word metric, volume growth, isoperimetric inequalities, etc. (cf. e.g. [16],
[28], [52], [46], [47], [48], , [56], [61]), do not apply in this setting. The notion of an ultra-metric
can be used instead of the word metric in this setting (see [5], [7], [6]).

Selecting a set of generators for each subgroup G, of a locally finite group G, one de-
fines thereby a random walk, that is, a Markov kernel on G,,. Taking a convex combina-
tion of the Markov kernels across all GG,,, one obtains a Markov kernel on G that determines
a random walk on G. Such random walks have been studied by Darling and Erdés [17],
Kesten and Spitzer [35], Flatto and Pitt [26], Fereig and Molchanov [25], Kasymdzhanova [34],
Cartwright [13], Lawler [40], Brofferio and Woess [11], see also Bendikov and Saloff-Coste [9]. In
particular, [40] has a remarkable general criterion of recurrence of such random walks. Further
results on Markov processes on ultra-metric spaces can be found in [18], [19], [23], [24], [41], [49].



Many of the results in the above-mentioned literature are covered by our approach via ultra-
metrics. We develop tools to analyse a natural class of Markov processes on ultra-metric spaces
without assuming any group structure. In particular, the nature of our argument allows us to
bring into consideration an arbitrary Radon measure p on X (instead of the Haar measure in
the case of groups), that is used as a speed measure for a Markov process.

So, given an ultra-metric space (X,d), fix a Radon measure p on X with full support and
define the family {Q,},, of averaging operators acting on non-negative or bounded Borel func-
tions f: X — R by

1
Qf@) = s /B iz (1.3)

Note that 0 < p (B, (z)) < oo for all x € X and r > 0. The operator Q, has the kernel

1

Kr(x> y) = m ]-Br(x) (y>

(1.4)

It is symmetric in x,y because B,(zr) = B,(y) for any y € B,(x). Clearly, Q, is a Markov
operator on the space By (X) of bounded Borel functions on X, that is, Q,f > 0 if f > 0 and
Q.1 = 1. Hence, Q, extends to a bounded self-adjoint operator in L? (X, ).

Let us choose a function ¢ that satisfies the following assumptions:

o :[0,00] — [0,1] is a strictly monotone increasing
left-continuous function, such that o (0+) =0 and o (c0) = 1.

Then the operator
Pr= [ Q) (1.6)

is also a Markov operator in B, (X) as well as a bounded self-adjoint operator in L? (X, ).

The operator P determines a discrete time Markov chain {A},}, .y on X with the following
transition rule: a random point A}, 41 is p-uniformly distributed in B, (AX,,) where the radius r
is chosen at random according to the probability distribution o. For that reason we refer to o
as the distance distribution function.

Note that the operator P is determined by the triple (d, p, o). We refer to P as an isotropic
Markov operator associated with (d, , o). The isotropic Markov operator P has some unique
features arising from the ultra-metric property. First of all, let us mention the following simple
identity:

Qr Qs = Qs Qr = Qmax{r,s}' (17>

Indeed, for any ball B of radius r, any point « € B is a center of B. Since the value Q, f (x)
is the average of f in B, we see that Q, f (z) does not depend on x € Bj; that is, Q,f = const
on B. Now, if s < r then the application of Qs to Q, f does not change this constant, whence
we obtain Qs;Q,f = Q,f. On the other hand, if s > r then any ball of radius s is the disjoint
union of finitely many balls of radius r. Since the integrals of f and Q,f over any such ball are
the same, we obtain Q;Q,f = Qsf.

Since by (1.7) Q2 = Q,, we obtain that Q, is an orthoprojector' in L?. In particular,
spec Q, C [0,1].

It follows from (1.6) that the spectral projectors in the spectral decomposition of P are
the averaging operators Q,, up to a change of variables (cf. (2.6). The fact that the spectral
projectors are themselves Markov operators brings up a new insight, new technical possibilities,
and a new type of results, that have no analogue in other commonly used settings.

'Let us mention for comparison, that the analogous averaging operator in R™ is also bounded and self-adjoint,
but it has a non-empty negative part of the spectrum. In particular, it is not an orthoprojector.



In particular, the Markov operator P is non-negative definite, which allows us to define the
powers P! for all t > 0. Then {Pt} />0 18 & symmetric strongly continuous Markov semigroup.

It follows from (1.6) that P! admits for ¢ > 0 the following representation:

P! f(a) = /0 T Q) dot (). (1.8)

Alternatively, one can define P! by (1.8) and then use formula (1.7) to derive that P*P! = Pstt.
The semigroup {Pt} >0 determines a continuous time Markov process {X;},5. Since the
n-step transition operator of the discrete time Markov chain {Xn}hen is P™, we see that the
discrete time Markov chain coincides with the restriction of the continuous time Markov process
{A;} to integer values of t. This allows us to concentrate on the study of the continuous time
process {X;},~, only.

We refer to the Markov semigroup {Pt defined by (1.3)-(1.8) as an isotropic semigroup,

Yo
and to the jump process {X;},-, as an isotropic process, associated with the triple (d,p,0).

Let us briefly describe the content of the present paper that is devoted to the study of
isotropic semigroups.

In Section 2 we construct the isotropic semigroup as above and provide explicit formulas
for its heat kernel p (¢,z,y) (=the transition density of the process {X;}). As indicated above,
our approach is based upon the observation that the building blocks of the operator P, namely,
the averaging operators Q, of (1.3), are orthogonal projectors in L?(X, 1), which enables us to
engage at an early stage the methods of spectral theory and functional calculus.

We establish some basic properties of the heat kernel, for example, its continuity away from
the diagonal, and prove upper and lower bounds in terms of ¢ and d (z,y).

For example, in Q) with the p-adic ultra-metric ||z — y||, and the Haar measure y, the most
natural choice of the distance distribution function is

o(r) =exp (— (;;)04) , a>0. (1.9)

Then the associated heat kernel admits the estimate

t
t/e +flo —yll,) e

pt(w,y) ~ ( (1.10)

for all t > 0 and x,y € Q,. Note that the estimate (1.10) is similar to the heat kernel bound for
a symmetric a-stable process in R.

We also obtain explicit expression for the Green function of the isotropic semigroup and
provide a transience criterion in terms of the volume growth. Unlike the previously known
transience criteria (cf. [40]), ours does not assume any group structure.

In Section 3 we are concerned with the spectral properties of the isotropic Laplacian L that
is the (positive definite) generator of the isotropic semigroup, that is, P! = e t£. We provide a
full description of the spectrum of £, in particular, we show that the spectrum is pure point.
We list explicitly all the eigenfunctions of £ and we prove that the spectra of the extensions of
L in the spaces LP, 1 < p < 0o, do not depend on p.

A striking property of the isotropic Laplacian £ is that, for any increasing bijection 1 :
[0,00) — [0, 00), the operator ¢ (L) is also an isotropic Laplacian (for another distance distribu-
tion function). In particular, £ is an isotropic Laplacian for any « > 0. Recall for comparison
that, for a general symmetric Markov generator L, the operator £ generates a Markov semi-
group only for 0 < a < 1.

In Section 4 we obtain two sided estimates of moments of the isotropic process {X;}.

In the case when X is a locally compact group, our results apply with an arbitrary Radon
measure pu instead of the Haar measure. Some of the aforementioned questions are particularly



sensitive to the choice of the measure pu, for example, the heat kernel and Green function
estimates. On the other hand, the spectrum of the Laplacian and the moment bounds do not
depend on pu. These quantities depend strongly on the choice of the ultra-metric d, whereas the
eigenfunctions depend both on d and pu.

In Section 5 we compare our isotropic Laplacian with other previously known “differential”
operators in Q, and Q. The notion of fractional derivative D% on functions on Q, was intro-
duced by Vladimirov [57] by means of Fourier transform in Q,. The operator ® coincides with
the operator of Taibleson [55], introduced in a quite different context of Riesz multipliers on
Q. We show that D¢ coincides with our isotropic Laplacian £, associated with the distance
distribution function (1.9). In particular, this implies that the heat kernel of ©¢ satisfies the
estimate (1.10). Note that previously only an upper bound for the heat kernel of ©% was known
(cf. Kochubei [39, Ch.4.1, Lemma 4.1]). We also give a simple proof for a previously known
explicit formula for the Green function of D¢.

Using functional calculus of the operator ®!, we give a full description of the class of all
rotation invariant Markov generators on Q,. This class includes but is not restricted to the
isotropic Laplacians. As a consequence, we obtain that the class of all rotation invariant Markov
processes in Q, coincides with the class of Markov processes constructed by Albeverio and
Karwowski [2] by use of much more involved technical tools.

Next we consider “partial differential” operators on Q. The p-adic Laplacian of Vladimirov
on Q is defined as a direct sum of the operators D% acting separately on each coordinate.
Although this operator is not an isotropic Laplacian, it can be studied within our setting, which
gives simple direct proofs of many results of [59], without using Fourier Analysis and the theory
of Bruhat distributions.

Another multidimensional generalization of D¢ is the Taibleson operator T in Q) that is
defined by means of Fourier transform in Q). We show that the operator T is an isotropic
Laplacian, which allows to obtain detailed analytic results.

In Section 6 we use the fact that every locally compact ultra-metric space arises as the
boundary of a locally finite tree. Using that we relate random walks? on the tree with isotropic
jump processes on its boundary. Kigami in [36] starts with a transient nearest neighbour random
walk on a tree and constructs a naturally associated jump process on the boundary of the tree:
given the Dirichlet form of the random walk on the tree, the boundary process is induced by the
Dirichlet form that reproduces the energy of a harmonic function on the tree via its boundary
values. This is analogous to the well-known Douglas integral [21] on the unit disk. Using this
approach, [36] undertakes a detailed analysis of the process on the boundary.

Restricting attention at first to the compact case, we answer in Section 7 the obvious question
how the approach of Kigami and that of the present paper are related. The relation is basically
one-to-one: every boundary process induced by a random walk is an isotropic process in our
sense. Conversely, we show that, up to a unique linear time change, every isotropic process on
the boundary of a tree arises from a uniquely determined random walk on the tree as in [36]. In
addition, we explain how the boundary process on a tree transforms into an isotropic process
on the non-compact ultra-metric space given by a punctured boundary of the tree. This should
be compared with [37].

Finally, in Section 8 we construct explicitly the random walks on the trees, which correspond
to fractional derivatives on the (compact) group Z, of p-adic integers and on the whole of Q.

Acknowledgement. This work was begun and finished at Bielefeld University under sup-
port of SFB 701 of the German Research Council. The authors thank S. Albeverio, J. Bellissard,
P. Diaconis, W. Herfort, A.N. Kochubei, S.A. Molchanov, L. Saloff-Coste, 1.V. Volovich and
E.I. Zelenov for fruitful discussions and valuable comments.

2Discrete time random walks of nearest neighbour type on a tree are very well understood — see the book by
Woess [63, Ch. 9]



2 Isotropic semigroup and the heat kernel

Throughout this paper, (X,d) is an ultra-metric space which is separable, and such that all
d-balls B, (z) are compact.
2.1 Averaging operator

Recall that for any r > 0,

1
@I = B w) /BT@ fap

is an orthoprojector in L? = L? (X, 1) (cf. (1.3)), and the image of Q, is the subspace V, of L?
that consists of all functions taking constant values on each ball radius r.

Clearly, the family {V,},. is monotone decreasing with respect to set inclusion. It follows
that there exists the limit

Qoo = s- lim Q,

in the strong operator topology, which is an orthoprojector onto Voo = (1,5 Vr. It follows that
Voo consists of constant functions. If p (X) = oo then Vo = {0} and Qs = 0, while in the case
1 (X) < oo we have dim Vo = 1 and

1
Qo = /X fdp. 2.1)
Set also Qg :=id.

Lemma 2.1 The family {Q,} ) of orthoprojectors is strongly right continuous in r.

re0,00
Proof. Let us first show that r — Q, is strongly continuous at r = 0, that is,
- i =id. 2.2
s Mim Qs =1 (22)
Let f be a continuous function on X with compact support. Then, for any = € X,

Qsf (x) — f(z) as s — 0.

Since the family {Qsf} 5€(0,1) is uniformly bounded by sup |f| and is uniformly compactly sup-
ported, it follows by the dominated convergence theorem that

1Qsf — fll;2 = 0as s — 0. (2.3)

Since the space of continuous functions with compact support is dense in L?, by a standard
approximation argument (2.3) extends to all f € L?, whence (2.2) follows.
Next, let us prove that r +— Q. is strongly right continuous at any r > 0, that is,

s- lim Qs = Q. (2.4)
s—r+
It suffices to show that, for any continuous function f with compact support,

1Qsf —Qrfllpz— 0 as s —r+. (2.5)

Indeed, for any = € X, the function r — Q, f (x) is right continuous by (1.3) as the balls are
closed, whence (2.5) follows by the dominated convergence theorem. m



For any A € R set

o Ql/)\? A > 07
Ex= { 0, A<O. (26)

Note that Fyi = Qoo. It follows from the above properties of Q, that the family { £y} of ortho-
projectors in L? is a left-continuous spectral resolution. Consequently, for any Borel function

¢ :[0,00) — R, the integral
| e,
[0,00)

determines a self-adjoint non-negative definite operator, which is bounded if and only if ¢ is
bounded.

2.2 Basic properties of isotropic semigroup

Consider now the operator P defined by (1.6) with a function ¢ as in (1.5). Observe that the
integral in (1.6) converges in the strong operator topology since, for any f € L?,

/0 1Q+ 1l do () < oo,

On the other hand, for any f € B, (X), the integral (1.6) converges pointwise. Moreover, in this
case the function Pf is continuous, because the function z — [ Q. f (z) do (r) is for any e > 0
locally constant and, hence, continuous and it converges uniformly to Pf (x) as ¢ — 0.

As it was already observed, P is a self-adjoint operator in L? and spec P C [0,1]. In
particular, for any ¢ > 0, the power P! is well defined. Set also P° :=id. In the next statement
we collect basic properties of P?.

Theorem 2.2 (a) The family {P'}i>0 is a strongly continuous symmetric Markov semigroup
on L*(X, ).

(b) For any t > 0, the operator P has the representation (1.8), that is,

Pif = Q. f do'(r) .

[0,00)

(c) For any t > 0, the operator P' admits an integral kernel p(t,z,y), that is, for all f € By

and f € L?,
P'f(a) = [ plt.o.) )duto) (27)
where p (t,x,y) is given by
dot(r)
Y X, Y) = — . 2.8
p(t ! y) x/[d(x,y),oo) H (Br(x)) ( )

The function p (¢, x,y) is called the heat kernel of the semigroup {Pt}. It is clear from (2.8)
that p (t,z,y) < oo for all t > 0 and x # y, whereas under certain conditions p (¢, x,z) can be
equal to oo.

For f € By the identity (2.7) holds pointwise, that is, for all € X, whereas for f € L? (2.7)
is an identity of two L?-functions, that it, it holds for p-almost all .

Proof. It follows from (1.6) by integration by parts that, for any f € L2,

Pf= Qrf do(r) = Qoo f — o (r)dQyf. (2.9)

[0,00) (0,00)



Changing A = 1/r and using (2.6), we obtain
Pr= )i+ [ o0mans= [ o0nany,
0,00 0,00

using the convention o (co) = 1. Hence, we obtain the spectral decomposition of P in the
following form:

P= /[0 m)a(m) dE). (2.10)

It follows that
P! —/ o' (1/)\) dEy. (2.11)
[0,00)

(a) The semigroup identity P!P* = P! is a straightforward consequence of (2.11) and the
functional calculus. The strong continuity condition

s- lim Pt =id
t—0+

follows also from (2.11) because o (1/\) > 0 for A € [0,00) and, hence, o' (1/\) — 1 as t — 0+.
(b) Reversing the argument in the derivation of (2.11) from (2.9), we obtain that (2.11)
implies

Pif = Q,f dot(r).

[0,00)
(c) It follows from (b), (1.3) and Fubini that, for any f € By,

Plf() = /[0 N (i [ 10 0 £ ) do'r)

= 1 'y
) /X (f[d(x,y),oo) md‘f ( )) fw)duly)
X

For f € L? it follows by approximation argument. m

Remark 2.3 In the proof of Theorem 2.2 we have not used at full strength the fact that o
is strictly monotone increasing (cf. (1.5)). For that theorem, it suffices to assume that o is
monotone increasing and o (r) > 0 for r > 0.

Remark 2.4 If one takes (1.8) as definition of the operator P!, then one can prove the semi-
group identity P!P* = P'** by means of (1.7). Indeed, for any given s,¢ > 0 and f € L? we
have

PSP f(z) = /O h do® () / h do' (r') Q- Qu f () =

0

= [ o) [ a0 Qusern 10

0

Let & and & be two independent random variables with distributions o* and of, respectively.
Then the distribution of the random variable ¢ = max{&;,&} is o', It follows that

P Pf(2) = E (Quanger e/ () = /0 T Quf(@) doto(r) = P f(2),



Corollary 2.5 For all z,y € X and t > 0, we have p (t,z,y) > 0,

p(t,r,y) =p(tyx),

and
p(t,z,y) < min{p(t,z,z),p(t,y,y)} (2.12)

Proof. The strict positivity of p (¢, z,y) follows from (2.8) and the strict monotonicity of o.

In the integral in (2.8) we have r > d(z,y) whence it follows that B, (z) = B, (y) and
p(t,z,y) = p(t,y,x). Alternatively, the symmetry of the heat kernel follows also from the fact
that P! is self-adjoint.

By (2.8) we have

B do(r) do'(r) ot 32
PO = fo o BT = Sy OB 70

whence (2.12) follows. m
Note that in general, heat kernels only satisfy the estimate

p(t,z,y) < /p(tz,2)p(ty,y).

The estimate (2.12) is obviously stronger, which reflects a special feature of ultra-metricity.

Corollary 2.6 For anyt > 0, the function

1
ey 7Y 2.13
sy { FE 270 (2.13)

is an ultra-metric.
Proof. Set .
d t
F (z,r) = / _do'(s) for r > 0,
[r,4o00) M (Bs(x))

F (x,0) = 0, and observe the following two properties of F":

(a) r+— F (z,r) is monotone increasing in r;

(b) F (x,r) = F (y,r) wherever r > d (x,y) as in this case Bs (z) = By (y) for all s > r.

For any function F with these properties, p (z,y) := F (z,d (x,y)) is an ultra-metric, as the
symmetry follows from (b), while the ultra-metric inequality (1.1) follows from (a) and (b): if
d(z,y) <d(z,z) then

p(x,y) =F(z,d(z,y)) < F(z,d(z,2)) :p(x72)7

and if d (z,y) < d(y, z) then

p(z,y) =F(y,d(z,y) < F(y,d(y,2) =p(y,2).
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2.3 Spectral distribution function

For the Markov semigroup {Pt} associated with the triple (d, u, o), define the intrinsic ultra-

metric dy by
1 1

Ly O od )

Since d, is expressed as a strictly monotone increasing function of d, which vanishes at 0, it
follows that d, is an ultra-metric on X. Denote by B} (z) the metric balls of d. .

(2.14)

Lemma 2.7 For anyr > 0 set

1
s

-
o(r)

- log
Then the following identity holds for all x € X :
B:(z) = By(x).

S

Consequently, the metrics d and d, determine the same set of balls and the same topology.
Proof. We have

Bi(z) = {yeX:di(z,y) <s}

= {yeX:0(d(z,y)) <o(r)}
= {yeX:d(z,y) <r}
= B, (7),

where we have used that o is strictly monotone increasing. m

Definition 2.8 For any z € X we define the spectral distribution function N (z,-) : [0, c0) —
[0, c0) as

N(z,7)= —— . (2.15)

(See Figures 1, 2 and 3).

A

N(x,T)

0

Figure 1: The graph of the function 7 +— N (x,7) in the case when p (X) < oo

Let us define o, (r) as the distribution function of “inverse exponential distribution”, that
is, set

o () = exp <—1> >0, (2.16)

r

As a distance distribution function, o, will play an important role in what follows.

11



N(x,T)

Figure 2: The graph of the function 7 +— N (x,7) in the case, when p (z) > 0

N(xT)

Figure 3: The graph of the function 7+ N (x,7) in the case when p(z) =0 and p (X) = 00

12



Definition 2.9 An isotropic Markov operator P associated with a triple (d, u,o04) will be re-
ferred to as a standard Markov operator, associated with (d, u).

Theorem 2.10 Let dy and o, be defined by (2.14) and (2.16).

(a) The triples (d, pu, o) and (d«, p, 0x) induce the same isotropic Markov operators.

(b) The heat kernel p(t,z,y) associated with the triple (d,u, o) satisfies for all x,y € X and
t > 0 the following identities:

t/d«(z,y) s
p(t,z,y) = / N (ac, —) e *ds (2.17)
0 t

and
1/dx(z,y)
p(t,x,y) = t/ N(x,7)exp(—7t)dr. (2.18)
0
Consequently, p (t,z,y) is a finite continuous function of t,x,y for allt >0 and x # y.

As it follows from (a), any isotropic Markov operator is at the same time the standard
Markov operator, associated with (d., ).
Proof. (a) It suffices to show that

o', (u)
D t7 xr,Yy)= / R T
( ) [du (zy),00) 1 (B (%))

where by Theorem 2.2 the right hand side represents the heat kernel associated with the triple
(dx, p,04). Consider the function

(2.19)

and observe that

2. 0. (u(r)) =exp —u(lr)) =o0(r);
3. By, (x) = By () by Lemma 2.7.
Making the change u = u (r) in the integral in (2.19), we obtain
/ dol (u) dot (r)
(e (29),00) B (B (%)) Jid(@,y),00) 1 (Br ()

which together with (2.8) implies (2.19). Clearly, (2.20) follows from (2.17) as d, (z,z) = 0.
(b) The change s = t/u in (2.19) yields

ny) — dexp (=)
pihoy) = /[ ey 1B (@)

/0 o dem
- t/d(z,y) p (B;/S (33))
_ /Ot/d*(ar,y) N <$’ ;) e 5ds

13



which proves (2.17). Another change s = t7 transforms (2.17) to (2.18). m
In the case z = y we obtain from (2.17) and (2.18)

p(t,x,z) = /000 N (x, ;) e ®ds = t/ooo N(x,7)exp(—7t) dr. (2.20)

Depending on the function N (z,7), the on-diagonal value p (¢, z, ) can be equal to co. For any

z € X set |
T (z) := limsup log Nz, 7) . (2.21)
-

T—00

Corollary 2.11 The function t — p(t,x,z) is monotone decreasing and p(t,x,z) < oo for
allt > T (z) .

Proof. The monotonicity of p (¢, z, x) follows from the first identity in (2.20), while the second
log N (x,7)
T

claim follows from the second identity in (2.20). Observe also that if lim, exists

and hence is equal to T () then p (t,z,z) = oo for t <T (z). m
Proposition 2.12 Assume that T(x) < oo for some x € X.

(a) Forally € X,
lim p(t,z,y) = L
£ ) ) ( )7

where the convergence s locally uniform in y € X.

(b) Forally e X,

pt,z,y)

t—oo p(t,x,z)

where the convergence is locally uniform in y € X.

Proof. (a) As t — oo we have

s 1
N - N . —
(#:3) = N 0) 1 (X)
and t/d, (z,y) — oco. Hence, we obtain from (2.17)
1 1
lim p(t,z,y —/ ——e %ds = ——,
2 SACkEY o n(X) 1 (X)

provided we justify that the integral and lim are interchangeable. The latter follows from the
dominated convergence theorem, because the hypothesis T (x) < oo implies that, for some
A,a >0 and all 7 > 0,

N (z,7) < Aexp (ar) (2.22)

1
N <x, ;) e ® < Aexp ((% — 1) s) < Aexp (—§s> (2.23)
for t > 2a, so that the domination condition is satisfied.
(b) Set r = dy (z,y). It follows from (2.17) and (2.20) that

whence

[e.9]

p(t,x,x>—p<t,x,y>=/

t/r

N (:L‘, f) e °ds.
t

14



Assuming t > 2a and applying (2.23), we obtain

p(t,z,2) — p(t,a,) < A e%%wzaAmp(~i>,
t/r 2r
whereas
(tmm)>/wN(a:§>esds>N a:i e _t
PBEE) = ]y "t - ar ) P\ T )

4r
It follows that

P(t,l"’x) —p(t,x,y) < 2A6Xp (74_1;)
p(t,x, ) - N(z 1)

)V 4r

—0 ast— oo.

2.4 Estimates of the heat kernel

The purpose of this section is to provide some estimates of the isotropic heat kernel. Recall that
by Theorem 2.10

t/dx(2,y) s
p(t,z,y) = / N (a:, —) e *ds. (2.24)
0 t

Definition 2.13 A monotone increasing function ® : R, — R, is said to satisfy the doubling
property if there exists a constant D > 0 such that

®(2s) < D®(s) forall s > 0.

It is known (Potter’s theorem) that if ® is doubling then

.
®(s92) <D <2> ®(sy) forall0 < sy < sy, wherey = logy D. (2.25)
S1

Theorem 2.14 Suppose that, for some x € X, the function T — N(x,T) is doubling. Then

ct 1 Ct 1
—  N(z,—— | <pt,z,y) < ———— N| &, ——— 2.26
t+ da(2,y) Gt+mmm>—”xy)t+¢mw G%+m@w> (2.26)

forallt >0, y € X and some constants C,c > 0 depending on the doubling constant.

In what follows we will use the relation f ~ g between two positive function f,g, which
means that the ratio f/g is bounded from above and below by positive constants, for a specified
range of the variables. In particular, we can write (2.26) shortly in the form

t 1
p(t,x,y) = m N<.T, m) (2.27)

for a fixed z and all y € X,t > 0.
Example 2.15 Assume that, for some z € X and o > 0,
N (z,7) ~71% forall 7> 0.

Then by (2.27)
t N t
(t+du(, )™ (2 4 dy(a,y)?) 2

that is, p (t,x,y) behaves like the Cauchy distribution in “a-dimensional” space.

p(t,z,y) ~

15



Example 2.16 More generally, assume that, for some «, G > 0,

T, 0<7<1,
N(z,7) ~ { B s, (2.28)
Then we obtain by (2.27)
t t+ dy(z,y) <1
((+d@y)™ ST
p(t,z,y) ~ ; (2.29)

(T dm g t+di(z,y) > 1.

For example, let X be a discrete locally finite group, like X = @7’ Z (ny), and p be the
Haar measure, normalized to u (z) = 1. With the discrete ultra-metric we obtain by (2.15) that
N (x,7) ~ 1 for large enough 7. Assuming additionally that

N (z,7) ~ 7% for small T,
we see that (2.28) and, hence, (2.29) hold with 5 =0 (cf. [13]).

Example 2.17 Assume that 7 — N (x,7) is doubling and, for some a > 0,

1\ “ 1
N(x,7) ~ log; for7<§.

Then by (2.27)
t

t+ dy(z,y))log® (t + dy (2, 7))

p(t,@,y) ~ (
provided t + d, (z,y) > 2.
Example 2.18 Assume that, for some a > 0,
N (z,7) ~exp (-77°).

In this case Theorem 2.14 does not apply. An ad hoc method of estimating the integral in (2.24)
yields in this case

p(t,z,y) < IH_Z%exp (—03 (tﬁl 1 d, (x,y)a»

and

p(t,x,y) > % exp (—04 (taiﬂ +d, ($,y)a>) ,

for all z,y € X, t > 0 and some positive constants C3 Cy, c3, c4.

For the proof of Theorem 2.14 we need a sequence of lemmas.

Lemma 2.19 For all x,y € X andt > 0 the following estimates hold.

(a)

t 1
p(t,z,y) < m N<JS7 m) . (2.30)

16



(2.31)

“ p(tz,7) > %N <a: %) . (2.32)

Proof. (a) Inequality (2.30) follows from (2.24) using the monotonicity of 7 — N (z,7) that

yields
S 1
N - e * <N — .
()= <%¢@w0

(b) Set @ = min <1, m> It follows from (2.24) that

a

S a a
t? ) > N T, —d >N(7_>_7
paz [N Detasz N (o 5) 5

which is equivalent to (2.31).
(c) We have by (2.20)

o0 1 (o)
p(t,x,z) > / Nz, ;)efsds > N(m, ;) / e ‘ds,
1 1

whence (2.32) follows. m

Lemma 2.20 The following inequalities hold for all x,y € X and t > 0:

1 t 1

PhmY) 2 3 T d (e y) (x’z(ter*(x,y)))’ =
and dy( )
t t+ «\ Ty Y

t Y . 2.34

p(t2,y) < 6t+d*(x,y)p( 2 mm> >

Proof. The lower bound (2.33) follows immediately from (2.31). To prove (2.34), observe that
by (2.30) and (2.32)

p(t.z,y) <e—0 $p(d (@.9).7.2).

dy (z,y

which yields (2.34) in the case t < d, (z,y) as the function p (-, z, ) is monotone decreasing. In
the case t > d, (x,y) (2.34) follows trivially from (2.12), that is, from

p(tz,y) <p(tz ),
using again the monotonicity of p (-, z,z). m
Lemma 2.21 For any given x € X, the following two properties are equivalent.

(i) For some constant C' and all t > 0,

p(t,2,7) < CN <x %) . (2.35)
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(ii) The function T — N(x,7) is doubling, that is, for some constant D,

N (z,27) < DN (z,71.)

Proof. (ii) = (i). The estimate (2.35) follows from (2.20) and (2.25) as follows:

_ 1 OON(:C’%) ]
p(t,z,x) = N(w,t> ; N(L%)e ds

1 o0
DN <x,g>/ max{1,s"}e %ds
0

= CN <m, 1) .
t

(i) = (i7). The upper bound (2.35) implies, for any t > 0,

IA

1 oo
CN <:U, Z) > plt,z,x) > N(z, ;)e_sds
2

2
Z 6_2N<.’E, ;) )

whence the doubling property of N (z,-) follows. m
Proof of Theorem 2.14. The lower bound in (2.26) follows from (2.33), the upper bound
follows from (2.34) and (2.35). m

In conclusion of this section we provide practicable conditions for the validity of the doubling
property of N (z,-).

Definition 2.22 A monotone increasing function ¥ : R, — R, is said to satisfy the reverse
doubling property, if there is a constant 0 € (0, 1) such that for all » > 0

U(r) > 2U(or).

Proposition 2.23 Fiz some x € X. The function T — N(x,T) is doubling provided the follow-
ing two conditions hold:

(1) The function ¥(r) = —1/logo(r) satisfies the reverse doubling property.

(13) The volume function r+— (B, (x)) satisfies the doubling property.

Proof. We use the following short notation for the balls centered at x: B, = B, (z) and B} =
B (x). It follows from the Definition 2.8 of the spectral distribution function that 7 — N(z, 7)
is doubling if and only if the function s — u(B}) is doubling. Set ® = U1 and observe that the
reverse doubling property for ¥ is equivalent to the doubling property for ®. By Lemma 2.7 we
have By, ) = B, which implies that B = Bg(s). Using the hypotheses (i) and (2.25) for the
function u (B,), we obtain

1 (Bsg) = p (Bcp(gs)) <D <i((2§))> 1 (Ba(s)) < const pu(B}),

which was to be proved. m
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2.5 Heat kernels in Q,

Given a prime p, the p-adic norm on Q is defined as follows: if x = p" ¢, where a,b are integers
not divisible by p, then

[l]l,, := p~".
If z = 0 then [|z[[, := 0. The p-adic norm on Q satisfies the ultra-metric inequality. Indeed, if

m C

y=p"5 and m < n then

n—m

a C
x+y:pm<pb +C_l>

o+ yll, < 7" = max { |z, llyll, } -

Hence, Q with the metric d (z,y) = ||z — yl|,, is an ultra-metric space, and so is its completion
Qp — the field of p-adic numbers.
Every p-adic number z has a representation

whence

o
T = g app® = ...ap...asa1a0.0_1a_9...a_N (2.36)
k=—N

where N € N and a; € {0,...,p — 1} are p-adic digits. The rational number 0.a_y...a_y =
],zzjv axp"® is called the fractional part of z and the rest Y o, agp” is the integer part of z.

For any n € Z, the d-ball B,-» (x) consists of all numbers
Yy = Z bkpk = ...bk...bgblbo.b_1b_2...b_]v
k=—N

such that by are arbitrary for k > n and b, = aj, for k < n. It follows that B,-» (x) decomposes
into a disjoint union of p balls of radii p~ (") depending on the choice of by,.
For example, B (0) coincides with the set Z,, of all p-adic integers, that is, any y € B; (0)
has the form
y = ...bg...bab1bg

with arbitrary p-adic digits bg. For any fixed ¢ = 0,1, ...,p — 1, the additional restriction by = ¢
determines a ball of radius 1/p centered at ¢, so that Bj (0) is a disjoint union of p such balls,
as on the following diagram, where every cell renders one of the balls By, (c):

...bk...bgblo ‘ ...bk...bgbll ‘ ‘ ...bk...bgbl (p— 1) ‘
Let p be the additive Haar measure on QQ, normalized so that p (B (0)) = 1. Since

B, (z) =z + B, (0)

and p is translation invariant, we obtain that (B, (x)) does not depend on x. The above
argument with the decomposition of the ball B),-» (z) implies that

p (By-n (7)) = ppo (Bp—<n+1> (33)> )

whence it follows that

w(By—n (z)) =p~™ (2.37)
For any 7 > 0, the ball B, (z) coincides with B, (), where n € Z is such that p™" < r <
p~ (=1 which implies that, for all r > 0,

r/p < (B (z)) <. (2.38)
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Example 2.24 Let (X,d, u) be Q, with p-adic distance and the Haar measure p. Consider the
distance distribution function

o(r) = exp (=(b/r)%),

where o, b > 0. Since

1 o
(r) = log 0'(11") o
we obtain by (2.14)
B =l
o) = () = (S50 (2.39)

By Lemma 2.7, we have

which together with (2.38) yields
w (B (x)) ~ s'/e. (2.40)

Consequently, we obtain
N(z,7) ~ 7/
Since this function is doubling, Theorem 2.14 (cf. also Example 2.15) yields the estimate
t t
(E+ dua, ) 7% (O o =yl

In particular, for all t > 0 and x € X

p(t,x,y) ~

p(t,x,x) ~ /e,

Example 2.25 Let X = Z,, that is, X is the unit ball B; (0) in Q,, with the p-adic distance
and the Haar measure u. Consider the distance distribution function

o(r) =exp (1 — exp 7“_0‘) ,

for some o > 0. Since for r <1

1 1 .
= = ~exp(—r ,
log —U(lr) expr—«—1 P ( )

U(r):

we obtain that

du(z,y) = ¥ (d(2,y)) = exp (~ o~ yl,*).
By Lemma 2.7 and (2.38), we have, for all s < 1,
1

1/a 1’

p(BE @) = (B () = 07 ()= o

whereas for s > % we have y1 (B (z)) ~ 1. Therefore, we obtain, for all 7 > 0,

_
¥ (BT/T (93))

Hence, the function N (z,7) is doubling, and we obtain by (2.27) that

N (z,7) = ~log"* (2 + 7).

t
t+exp (v —yl,")

1

1/a
log 2+ —
t+exp (o —yl,")

p(t,z,y) ~
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Example 2.26 Let X be the subset of @, consisting of all p-adic fractions, that is, the numbers
of the form z = 0.a_1....a_n. Then the p-adic distance d on X takes only integer values so that
(X, d) is a discrete space. Let p be the counting measure on X, that is, p (z) = 1 for any = € X.
Consider the following distance distribution function
1
(o (T) = exp <—W> fOI’ r 2 1, (241)

that is arbitrarily extended to r < 1 to be strictly monotone increasing and to have o (0) = 0.
Since

U(r) = logla(lr) = log® (2r) forr >1,
we obtain, for x # vy,
du(,y) = ¥ (d(2,y)) = log™ (2]}~ yll, ). (2.42)
For s > sg := log™ 2, we have
(B2 () = 1 (Byos() () = 07 (5) = exp (577, (2.43)

whereas for s < sp we have p (B} (z)) ~ p(x) = 1. We see that (2.43) holds for all s > 0. It
follows that, for all 7 > 0,

1
N (z,7) = ——— ~exp (77_1/0‘) . (2.44)
u (B, (@)
By Example 2.18, we obtain
Ct

t +log% (2 |l — pr

p(t,z,y) <

] exp (¢ (1777 +log, (2]z -y, )))

and a similar lower bound.

2.6 Green function and transience

Given an isotropic heat semigroup {Pt}, define the Green operator G on non-negative Borel
functions f on X by

Gf(x):/oooptf(x)dt.

Of course, the value of Gf (z) could be co. By Fubini’s theorem, we obtain

Gf(z)= /Xg (z,y) f (y) du(y)

where -
9(z,y) :/0 p(t z,y)dt.
Substituting the heat kernel from (2.18) and using again Fubini’s theorem, we obtain
Va-(@9) N(z,7)dr  [* ds
9(z,y) = / Nz, ) dr 2) = / — (2.45)
0 T d«(z,y) :u’( s (.T))

where the second identity follows from (2.15). The function g (x,y) is called the Green function
of the semigroup {Pt}. Note that the Green function can be identically equal to oco. For
example, this is the case when p (X) < oo (cf. Figure 1) and the second integral (2.45) diverges
at oo.
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Definition 2.27 The process {X;} and the semigroup {P!} are called transient if Gf is a
bounded function whenever f is bounded and has compact support, and recurrent otherwise.

Theorem 2.28 The following statements are equivalent.

(i) The semigroup {P'} is transient.
(13) g(x,y) < oo for some/all distinct x,y € X.
(ii1) For some/all x € X,

e ds

——— < co. (2.46)

/ 1 (B; ()

The inequality (2.46) is equivalent to
N d
/ % < 0. (2.47)
0 T

Observe that, in the transient case, the function x,y +— @ determines an ultra-metric on X,

which is proved similarly to Corollary 2.6.
Proof. The validity of the condition (2.46) is independent of the choice of x because for any
two z,2’ € X the balls B} () and B! (2') are identical provided s > d (z,2"). The finiteness
of the second integral in (2.45) for « # y is clearly equivalent to (2.46), whence the equivalence
(17) < (ii7) follows, with all combinations of some/all options.

The finiteness of G f for any bounded function f with compact support clearly implies that
g (x,y) # oo, that is, (i) = (ii). So, it remains to prove (iii) = (7). It suffices to show that G f
is bounded for f = 14 where A is a bounded Borel subset of X. Let R be the diameter of A
with respect to the distance d*. Then we have A C B}, (x) for any « € A whence by (2.45)

Gf (1) = /Ag«c,y)du(y)g/ g () di (y)

By (z)
b ds
= Lig, (2.4),00) (S fdﬂ Yy
/m)/o dte)o0) (8) Lyt )
0 1

N /0 1w (Bz (2)) </;§(x)1[o’s] (dx (w,y))du(y)> ds

- | e B @0 B @)ds

S

For s > R the integrand is equal to mu (B (z)) so that the convergence at oo follows
from (2.46). The convergence is clearly uniform in « € A because p (B}, (z)) and p (B} (z)) are

independent of x € A for s > R. For s < R the integrand is equal to

v
1 (Bz (z))

whence the uniform convergence at 0 follows. Hence, sup 4 Gf (z) < oo. That supy Gf (z) < 00
follows from the decay of g (x,y) in dy (z,y). m

Let us note that if X is a locally finite group with the Haar measure u, then the transience
criterion (#ii) of Theorem 2.28 coincides with the general sufficient condition of transience of
[40].

Now let us provide some estimate of the Green function. Set

p(B; (2) =1,

Vi(z,r) = p(Br(x)). (2.48)
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Theorem 2.29 Assume that there exist constants 1 < ¢ < ¢ < ¢’ such that for all v > rg >0

and some x € X v
d < V((Zv (Z")) <. (2.49)

Then the semigroup {Pt} is transient and, for all y € X such that r := d* (z,y) > ro, we have

g(fv,y)ﬁv(x =

Note that the condition V((:C CT)) < ¢’ is equivalent to the doubling property of r — V (x,r)

(cf. Definition 2.13), whereas the condition % > ¢ with ¢ > ¢ is somewhat stronger than

the reverse doubling property (cf. Definition 2.22). For example, (2.49) holds for V (z,r) ~ r¢
if and only if a > 1.
Proof. Set for simplicity of notation V (s) := V (x,s). For r > ry we have

Using the lower bound in (2.49), we obtain

(e 9]

[ e [T < () iy el

=0

where the series converges due to ¢’ > ¢. Similarly, using the upper bound in (2.49), we obtain

* ds T ds (c—=1)r r
/r v<s>2/r Vi) = Vi) =™y

which finishes the proof. m

Example 2.30 Let (X,d, p) and o be as in Example 2.24, that is, X = Q,, is the field of p-adic
numbers with ultra-metric d(z,y) = ||z — yl|, and o(r) = exp (—(b/r)*). Then by (2.39) we
have

d (,y) = const ||z — y||;

and by (2.40)
Vix,r) ~ rl/e,

Therefore, by Theorem 2.28, the semigroup {P'} is transient if and only if o < 1. Moreover, the
condition (2.49) is fulfilled also if and only if o < 1, and in this case we obtain by Theorem 2.29
that, for all x,y,

_1 _
glx,y) = du (z,y)' "o = |z —y[|o

Example 2.31 Let (X,d, ) and o be as in Example 2.26, that is, X is the set of fractional
p-adic numbers and o is given by (2.41). By (2.42) we have, for = # y,

du(z,y) = log” (2| ~ yll,)

and by (2.43)
V (z,7r) ~ exp (7‘1/0‘) .
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By Theorem 2.28 we conclude that the semigroup {Pt} is transient. Theorem 2.29 does not
apply in this case, but a direct estimate of the integral in (2.45) yields, for r := d* (x,y),

g(z,y) = /TOO v (Cji 5 ~ /TOO exp (—sl/a) ds ~ '~ exp (—rl/a) ,

whence, for x # vy,

g(@,y) = lle — yl, 10g°™" (2]~ yll, )

3 Isotropic Laplacian and its spectrum

In this section we are concerned with the properties of the generator of the isotropic semigroup
{Pt}. By definition, the generator £ of a strongly continuous semigroup {P;},~, in a Banach
space is defined by B

f—Rf

t

and the domain dom, consists of those f for which the above limit exists. Since the isotropic
semigroup {Pt} is symmetric and acts in a Hilbert space L? (X, u), the above definition is
equivalent to the following: £ is a self-adjoint (unbounded) operator in L? (X, i) such that

Hr=ei

P! = exp (—tL) for all t > 0.

Obviously, this is equivalent to P = exp (—L), which leads to the identity

1
:1 —
L g5 ;

where the right hand side is understood in the sense of functional calculus of self-adjoint oper-
ators. We refer to £ as an isotropic Laplace operator associated with (d, u, o).

3.1 Subordination

Using the spectral decomposition (2.10) of P, we obtain that

1
Ez/ log dE
0oy (/N

where {E\} is the spectral resolution defined by (2.6). Denote for simplicity

1
so that
L= © (A dE) . (3.2)
[0,400)

The domain dom, is then given by

dom, = {feLQ:/Ooogp(A)Zd(EAf,f) <oo}.

Observe that the function ¢ has the following properties that follow from the assumptions (1.5)

about o
¢ :[0,00] — [0,00] is a strictly monotone increasing

right-continuous function, such that ¢ (0) =0 and ¢ (co—) = oc. (3.3)
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Conversely, any function ¢ satisfying (3.3) determines the function

o (A) = exp (=@ (1/A))

that satisfies (1.5). This observation leads us to the following interesting subordination property
of isotropic Laplacians.

Theorem 3.1 Let L be an isotropic Laplacian associated with (d,u,o). Let ¢ be any function
satisfying (3.3). Then 1 (L) is also an isotropic Laplacian associated with (d,u,0) for some
other distance distribution function o.

Proof. It follows from (3.2) that
v = [ vepMdE.
[0,400)

Since the composition 1 o ¢ also satisfies (3.3), we obtain that 1 (£) is an isotropic Laplacian.
Moreover, using (3.1), we obtain the following formula for o:

5 (r) = exp (-w (log %)) |

Remark 3.2 Any a non-negative definite, self-adjoint operator £ in L? generates a semigroup
{e7™*},.,- We refers to £ as a Laplacian if the semigroup {e™**} is Markovian. In general, by

Bochner’s theorem, for any Laplacian £, the operator (L) is again a Laplacian, provided 1 is
a Bernstein function (see, for example, Schilling, Song and Vondracek [53]). It is known that
P(A) = A is a Bernstein function if and only if 0 < o < 1. Thus, for a general Laplacian L,
the power £ is guaranteed a Laplacian only for a« < 1. For example, for the classical Laplace
operator £ = —A in R", the power (—A)® with a > 1 is not a Laplacian. In a striking contrast
to that, by Theorem 3.1, the powers £ of the isotropic Laplacian are again Laplacians for all
a > 0.

3.2 [L’-spectrum

Our next goal is to give an explicit expression for £f and to describe the spectrum of £. Recall
that by Theorem 2.10 the triples (d, u, o) and (ds, pu,04) induce the same Markov operator P
and, hence, the same Laplace operator £, where d, is the intrinsic ultra-metric defined by (2.14)

and
0w (1) = exp (—%)

From now on we will use only the metric d, and o,. Let the spectral resolution {E\} be also
defined using the metric d,, which means that in the definition (2.6) of E) we now use the
averaging operator Q, with respect to the metric d,. The function ¢, associated with o, by
(3.1) has especially simple form: ¢, (A\) = A. Therefore, we obtain from (3.2) the spectral
decomposition of £ in the classical form

L= AEy = / AdE,. (3.4)
[0,4-00) (0,00)

The change s = % gives

1
L= —/ —dQs,.
(0,00) §
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For any x € X, denote by A (x) the set of values of d, (x,y) for all y € X, y # z, that is,
A(z) ={d(z,y) 1y € X\ {z}}. (3.5)

Lemma 3.3 The set A (x) has no accumulation point in (0,00). Consequently, A (x) is at most
countable.

Proof. Let r € (0,00) be an accumulation point of A (z), that is, there is a sequence {r}} from
A(z) \ {r} such that r, — r as k — oo. Then 7, = d, (z,yx) for some y; € X. Since the
sequence {yx} is bounded, by the compactness of all balls in X it has a convergent subsequence.
Without loss of generality, we can then assume that {yx} converges, say to y € X. Then we
have r = d (z,y). Since r > 0, we have for large enough k that rp > r/2 and d (y,yx) < /2.
Then we obtain by the ultra-metric inequality that

ry <max (r,d(y,yx)) =7
and analogously

r <max (g, d (Y, Yx)) = Tk

whence r; = r, which contradicts the assumptions. m
Definition 3.4 For any ball B in X denote by p (B) the minimal d,-radius of B.

Note that p (B) exists because all balls are defined as closed balls, and p (B) coincides with
the d.-diameter of B.

Lemma 3.5 If p(B) > 0 then p(B) € A(x) for any x € B. Conversely, any number in A (x)
is equal to p (B) for some ball B containing x.

Proof. Set r = p(B) so that B = B} (z). For any y € B we have d, (z,y) < r, and we have
to show that dy (z,y) = r for some y. Assume that d, (z,y) < r for all y € B. Then the set
{ds« (z,y) : y € B\ {z}} is a subset of (0,7) NA (z). By Lemma 3.3, the latter set has a maximal
element, say r’. Then B C B}, (z), which contradicts the minimality of radius r. Conversely, if
r € A (x) then the ball B = B, (x) has p(B) = r since there exists y € X with d(z,y) =r. m

Definition 3.6 Let B,C be two balls in X such that C C B. We say that C' is a child or
successor of B (and B is a parent or predecessor of C) if C' # B and, for any ball A, such that
C CAC B wehave A =C or A = B. In other words, B is a minimal ball containing C as a
proper subset. If C' is a child of B then we write C' < B.

Denote by K be the family of all balls C' in X with positive radii. If C' = B} (z) is a ball

from IC with 7 > 0 then for the minimal radius p (C') we have two possibilities:
1. either p (C) > 0,
2. or p(C) =0 and the center of C is an isolated point of X.

Lemma 3.7 For any ball C € K such that C' # X there is a unique parent ball B. For any ball
B with p(B) > 0 the number deg (B) of its children satisfies 2 < deg (B) < oo. Moreover, all
the children of B are disjoint and their union is equal to B.
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Proof. Fix some x € C. It follows from Lemma 3.3 and the definition of I that the set
(p(C),00) N A(x) has a minimum that we denote by 7. Then the ball B} (x) is a parent of C.
The uniqueness of the parent follows from definition.

If C; and Cy are two distinct children of B then Cy and Cy are disjoint. Indeed, if they
intersect then one of them contains the other, say C; C Cy. By definition of a parent/child, we
must have then Cy = C7 or Cy = B, whence C7 = Cy follows.

Let us show that for any z € B there is a ball C' such that x € C' < B. Indeed, if the set
(0,p(B)) N A(x) is empty, then C = B (x) = {x} is the child of B. If the set (0,p(B)) N A (x)
is non-empty then by Lemma 3.3 is has a maximum, say r. Then C' = B} (z) is a child of B.
Hence, the set of all children of B is a covering of B.

Each child C of B is an open set (being also a closed ball) because C' coincides with an open
ball of radius p (B). Since B is compact, it follows that the set of its children is finite, that is,
deg (B) < oo. Finally, deg (B) cannot be equal to 1 since then B would coincide with its only
child. Hence, deg (B) > 2. m

For any C' € K define the function fo on X as follows. If C' is a proper subset of X then,
denoting by B the parent of C| set

1p (3.6)

(note that always p (C) > 0). Set also A (C) :=1/p(B). If C = X (which can only be the case
when X is compact), then set fo =1 and A (C) = 0.

Theorem 3.8 For any C € K the function fco is an eigenfunction of L with the eigenvalue
A (C). The family {fc : C € K} is complete (its linear span is dense) in L? (X, i) . Consequently,
the operator L has a complete system of compactly supported eigenfunctions.

Proof. Fix a ball C € K or radius r = p(C), and let B be the parent of radius ' = p(B).
Any ball of radius s < 7’ either is disjoint with C' or is contained in C, which implies that 1¢
is constant in any such ball. It follows that, for any s < r’, we have Qs1¢ = 1¢ and, similarly
Qs1p = 1p, whence

Qsfc = fe-

For s > r' any ball of radius s either contains both balls C, B or is disjoint from B. Since the
averages of the two functions %)10 and %)1 B over any ball containing C' and B are equal,
we obtain that in this case Qsfc = 0. It follows that

1 1
Llo== [ (Qufeds= =2

which proves that fc is an eigenfunction of £ with the eigenvalue A (C'). In the case of compact
X we have Qsfx = fx for all s > 0, whence Lfx =0 = X\ (X).

Let us show that the system {fc : C € K} is complete. We assume that some function f € L?
is orthogonal to all functions fc and prove that f = const. We have for any r > 0,

(QT‘fafC)LQ = (fv QTfC)L2 = const (ffo)LQ = Oa

where we have used the fact that any eigenfunction of L is also eigenfunction of Q, with an
eigenvalue that we denoted by const. Hence, Q. f is also orthogonal to all fo. We will prove
below that Q,f = 0, which will imply by (2.2) that f = 0.

Since Q.. f is constant in any ball of radius r, by renaming Q, f back to f we can assume
from now on that f is constant in any ball of radius r. Fix some ball C' € K and its parent B.
It follows from (3.6) that (f, fc);2 = 0 is equivalent to

1 1
m/cfd“:méfd”’
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that is, the average value of f over a ball is preserved when switching to its parent. Starting
with two balls C; and Cs of radii r, we can build a sequence of their predecessors which end
up with the same (large enough) ball. This implies that the averages of f in C; and Cy are the
same. Since f is constant in C; and Cs, it follows that the values of these constants are the
same. It follows that f = const on X. If u(X) = oo then we obtain f = 0. If 4 (X) < oo then
using the orthogonality of f to fx = 1 we obtain again that f =0. m

For any ball B with p(B) > 0 define the subspace Hp of L? as follows:

Hp = span{fc : C < B}. (3.7)

By Theorem 3.8, all non-zero functions in Hpg are the eigenfunctions of £ with eigenvalue ﬁ.

It follows from Lemma 3.7 that the functions {1¢ : C' < B} are linearly independent and
Y 1c=1p.
C<B

This entails

> mO)fe=0 (3.8)

C<B

and that this is the only dependence between functions fo. Hence, we obtain that
dimHp = deg (B) — 1. (3.9)

Clearly, the spaces Hp and Hp: are orthogonal provided the balls B, B" are disjoint.
Define the set

A={d,(z,y) v,y e X, z#y} = gXA(x). (3.10)

Theorem 3.8 implies the following.

Corollary 3.9 The spectrum spec L of the Laplacian L is pure point and

specﬁ—{%:reA}U{O}.

The space L*(X,u) decomposes into an orthogonal sum of finite-dimensional eigenspaces as

follows: if u(X) = oo then
LQ(X,M) = @ HB:
p(B)>0

and if p(X) < oo then

L*(X, p) = {const} @ @ Hp .
p(B)>0

Example 3.10 Let (X,d, u) and be as in Example 2.24, that is, X = Qp, d(z,y) = |lz —y|,
is the p-adic distance and p be the Haar measure. Set for some o > 0

= (- (2)").

so that by (2.39)



Since the set of non-zero values of [z —y, is {p it follows that the set A of all non-zero

values of d, (x,y) is

k}kGZ’

A:{pak:keZ} .

Hence,
spec L = {pak ke Z} u{0}.

Corollary 3.11 Let (X,d) be a non-compact, proper ultra-metric space. Let M C [0,00) be
any closed set (unbounded, if X contains at least one non-isolated point) that accumulates at 0.
Then the following is true.

(a) There exists a proper ultra-metric d' on X that generates the same topology as d and the
isotropic Laplacian L' of the triple (d', p, 04) has the spectrum spec L =

(b) Suppose in addition that there exists a partition of X into d-balls that consists of infinitely
many non-singletons. Then the ultra-metric d' of part (a) can be chosen so that the collections
of d-balls and d’'-balls coincide.

Proof. The set
D={xe(0,00): 27 e M}uU{0}

is a closed, unbounded subset of [0, co) containing 0. The the statement (a) is equivalent to
the existence of a proper ultra-metric d’ on X that generates the same topology as d and such
that the closure of the value set {d' (z,y)}, cx of that metric coincides with D. This metric
property is proved by Bendikov and Krupski [8, §2]. Then the isotropic Laplacian associated
with the triple (d’, u, 0.) has the required property by Corollary 3.9. The proof of (b) follows in
the same way from [8, §2]. m

3.3 The Dirichlet form and jump kernel

Let us construct a Dirichlet form (&€, domg) associated with the isotropic semigroup {Pt}. It is
well known that if P*1 = 1, which is the case here, then

£(f, —hm—//ptxy () — 1 ()2 dyt () dp (1)

t—0 2t

and
domg = {f € L* : £ (f, f) < o0}
(see [27]). Using the identity (2.18), we obtain that

1/ds«(z,y)
p—(t,tx,y) S / N(xz,7)dr ast\,0.
0

Setting

Jew)= [ Y Ny IR s (311)
T,Y) = T, T)dT = —_— —, 3.11
0 d«(z,y) V(:E,S) s?

we obtain by the monotone convergence theorem that, for all f € L?,

%/X/X(f(x)—f(y))ZJ(w,y) dp () dp (y) -

Note that 0 < J (z,y) = J (y,z) < oo for all x # y, while J (z,z) = oco.
The polarization identity implies then, for all f, g € domg that

D=5 [ [ C@-10) 0@ -9 @ndi@dnt).  G12)
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The function J is called the jump kernel of the Dirichlet form £. We show here that it can be
used also to describe the generator L of {Pt}. Recall that by the theory of Dirichlet forms,
the generator £ has the following equivalent definition: it is the self-adjoint operator in L? with
dom, C domg such that

(Lf,9)=E(f,9)

for all f € dom, and g € domg.
Denote by V, the image of the operator Q, (defined with respect to d.), that is, the space
of all L2-functions that are constant on each ball of radius 7. Set also

Vi=UW

r>0

and observe that V is a linear subspace of L?. Observe also that the space V. of all locally
constant functions with compact support is contained in V.

Theorem 3.12 The space V is dense in L?, it is a subset of domy and, for any f € V,
£ @)= [ (@)= 16T @) dut). (313)

Proof. That V is dense in L? follows from (2.2). In fact, V. is also dense in L?, which follows
from the fact that all the eigenfunctions of £ lie in V..

By (2.6) and (3.4) we have Q, = 1[91 ;) (£). Therefore, £Q, is a bounded operator, which
implies that dom, D V, and, hence, dom, D V.

Fix a function f € V, with r > 0, set

/|f I T () dys ()

We show that u € L2, Observe that f (z) =
the integration to the domain {d, (z,y) >

o< ([1f@ - 16T dun) ( [ du@))- (3.14)

Let us show that

f (y) whenever d, (z,y) < r. Hence, we can restrict
r}. We have by the Cauchy-Schwarz inequality

—_

/ J(z,y)dp(y) < —.
{y:d«(z,y)>r}

Indeed, by (3.11) and Fubini’s theorem, the latter integral is equal to

/ /OO ;ﬁdu(y) = /OOL/ dp (y)
{yde(e9)>r} Hss>do @y V (7, 8) 82 r SVAE,8) Jyr<da(@y)<s)

B ©V(x,s) =V (z,7)
N /T s2V (x, s) ds

< /Oods_l
- ), s r

[dus e,
X T

Since f € dom, C domg, we obtain that v € L?. In particular, u (z) < oo for almost all z € X.
Consequently, for almost all € X, the function

y = (f(@) = f(y) J(z,y)

<

It follows from (3.14) that
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is in L', and its integral
v (z) = /X () — F(w) T () duy)

is an L? function. We need to verify that £f = v. For that purpose it suffices to verify that, for
any g € domg,

(v,9)2 =E(f,9)-

Indeed, using Fubini’s theorem, we obtain
e = [ [ 00 - 1)) Io,) dulv) i (2)
= | [ (@)~ @) 9 ) T2 du(e) di )
X JX
/X (f (@)= f () (g(z) =g ) J (z,y) du(x) du(y)
(f,

X

which was to be proved. m

3.4 [P-spectrum

It is known that any continuous symmetric Markov semigroup can be extended to all spaces
LP, 1 < p < oo, as a continuous contraction semigroup. In particular, this is true for the
semigroup {Pt} . We use the same notation for the extended semigroup, while we denote by L,
its infinitesimal generator and by dom,, its domain in L”.

Theorem 3.13 For all 1 < p < oo we have
spec L, = spec Lo .

Proof. Since by Theorem 3.8 all the eigenfunctions of Lo are compactly supported, they belong
also to LP, which implies that
spec Lo C spec Ly,

To prove the opposite inclusion, we choose \g ¢ spec Lo and show that \g ¢ spec £,,. For that
purpose it suffices to show that the resolvent operator

R:= (Ly— Xid) ™!

being a bounded operator in L?, extends to a bounded operator in LP. The latter amounts to
showing that, for any functions f € L? N LP and g € L? N L9, where q = p%l is the Holder
conjugate of p, the following inequality holds:

((Bf,9) 2| < Cllfll o 9l o

with a constant C that does not depend on f,g.
Let us restrict to the case A\g > 0 (the case when A9 < 0 is simpler). Choose a,b > 0 such
that a < A\g < b and [a, b] is disjoint from spec L£5. Using the spectral decomposition (3.4), we

obtain IE IE IE
R / A / A / o
spec Lo A= Ao [0,a) A= Ao [b,00) A= Ao

_ d(EAfag) d(Ekfvg)
(Rf’g)_A7a) )\_)\0 +\/[@QQ) )\_)\0 :
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Integration by parts gives

 (BEaf,9) (Exf,9)
(Bf.9) = “ 5+ /[o,a> FESW dA
(Bwf,9) (Exfs9)
b /[b,oo) TESWER

Since E)\ = Q) is a Markov operator, it standardly extends to a bounded operator in LP with
the norm bound 1, so that

(EXF ) < 1 fll e 1]l pa -
It follows that

1 1 d\
Rf. g9)| < + +/ 2 )
(Rf, )| < I fll o 19l Lo (/\0 a0 S (= A0)2>

which finishes the proof since the quantity in the large parentheses is finite. m

The last theorem of this section concerns a Liouville property. Note that the semigroup {Pt}
defined by (1.6) acts on the space By of bounded Borel functions as a contraction semigroup,
but it is not continuous unless X is discrete. Define convergence of sequence in B as a bounded
pointwise convergence, that is, a sequence {frp} C B, converges in B, to a function f if all
sequence {f} is uniformly bounded and fi () — f (z) as k — oo for all x € X. Define a weak
infinitesimal generator L, of the semigroup {Pt} in By as follows: the domain dom,_ consists
of functions f € B such that the limit

_ pt
Lof =lim =TS
t—0 t

exists in the sense of convergence in By. This yields L f € By for any f € dom,__ .

Theorem 3.14 (Strong Liouville property) Any Borel function f : X — [0, co) that sat-
isfies Pf = f must be constant.
Consequently, 0 is an eigenvalue of Loo of multiplicity 1.

Proof. Since P and Q, commute, we obtain from f = Pf and

Pf— /OOO Quf dou(s), (3.15)

that, for all » > 0,
Q.f = PQ,f = / QuQ.f do, (s).
[0700)

Observing that
QsQr = Qmax(r,s)v

we obtain

Qrf = Qrf do (s) + Qsf dos (s).

[0,7) [r,00)

The first integral here is equal to o, (r) Q, f, which implies

(1—04(r)Qrf = Qsfdos(s). (3.16)

[r,00)
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Fix some x € X. By Lemma 3.3, the set A (x) of all values d, (z,y) for y # x has no accumulation
point in (0,400). Choose 7 as follows: if A () does not accumulate to 0, then ro = 0, and if
A (x) accumulates at 0 then r( is any value from A (x). In the both cases the set A (z) N (r, 00)
consists of a (finite or infinite) sequence r; < ry < ... that converges to oo in the case when it is
infinite. Applying (3.16) to r = ry and r = ;1 instead of r, where k£ > 0, we obtain

(1= 0w () Qri f () = (1 = 0% (rh41)) Qupy [ () = /[ ) Qsf () do (s)
= QS (@) (0w (rhs1) — 0w (18))

whence it follows that

(1= 0w (1e41)) Qi f () = (1 = 04 (141)) Qi [ (@)

and, hence,
Qrkf (l’) = Qm+1f (ZL‘) .

Consequently, we obtain that

Qrkf(x) = Qrof(x) for all k& > 1.

Since r can be chosen arbitrarily close to 0, we obtain that Q, f () does not depend on r. For
any two points z,y € X, we have Q,f (z) = Q,f (y) for r > d, (x,y). Therefore, the function
Qrf (x) is constant both in r and z. It follows from (3.15) that f = Pf is also a constant.

For the second statement of the theorem, 0 is an eigenvalue of L., because Lo,1 = 0. Assume
that Lo f = 0 and prove that f = const, which will imply that the multiplicity of 0 is 1. By
assumption we have f € B, and

— 0ast— 0.

f_Ptf By,
t

Since the family {%Pti} . is uniformly bounded, we obtain by the dominated convergence
t>

theorem that, for any r > 0,

Q (—f_tptf> B gast -0,

which in turn implies that, for all s > 0,

s £ _ ps+t _ pt
PIP e (L2 B

t

It follows that, for any « € X, the function s — P f (x) has derivative 0 and, hence, is constant.
It follows that f = Pf, and by the first statement of the theorem, we conclude that f = const.
|

4 Moments of the isotropic Markov process

Let {X;} be the Markov process associated with the isotropic semigroup {P*}. For any v > 0,
the moment of order v of the process is defined as

M,y (z,t) = E; (di(z, X)7) ,
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where E, is expectation with respect to the probability measure on the trajectory space of {A;}
with Xy = x. In terms of the heat kernel p(¢,x,y) the moment is given by

M, (z,t) = /X d(z,y)p(t, 7, y) du(y). (4.1)

The aim of this section is to estimate M., (x,t) as a function of ¢ and ~.
Let us start with two lemmas. We use the volume function (2.48), that is

Vi(z,r) = p (B (x))
and its average moment function of order ~, that is

1 / .
r7dV(xz,r).
V(l‘, T) (0,7] ( )

Lemma 4.1 Forallx € X,t>0 and v >0,

& 1 & t
M, (z,t) = t/ R, (a:, —) e Ttdr = / R, (x, —) e ®ds.
0 T 0 s

Proof. Using the equations (4.1) and (2.24), as well as the Definition 2.8 of the spectral
distribution function in terms of the volume function, we obtain

Ry (z,7) =

My (z,t) = /Xd*(w,y)”p(w,y) dp(y)
= / r7 (t v N(z,7)e ™ d7'> av(z,r)
(0, 00) 0

o rY e 1
= ———dV(x,r) | te Tt dr = / R <:1:, —> te "t dr.
/0 </(0,1/T) V(z,1/7) ( )> 0 ’ T

In the 3rd identity, we have used Fubini’s theorem. m

The volume function r — V(z,r) non-decreasing and takes values from 0 to p(X). In the
compact case, V(x,r) = u(X) for all » > r = r*_ (z), the largest value in A(z) (see (3.5)).
When z is isolated, V(x,r) = p{z} for all 0 < r < 75 = r5(z), the smallest positive value in

A(z).
Lemma 4.2 For any given x € X and v > 0, the following properties hold.

(a) The function T — R (x,T) is non-decreasing.
If X is compact Ry(x,7) = Ry (x, 75, (2)) for all 7 > 1}, ().

max max

If X is discrete and infinite, Ry(x,7) = Ry (z,75(z)) for all 0 <7 < r§(x).

(b) For all T > 0, we have
R’Y(va) S 7—’7

and, if the volume function r+— V (x,r) satisfies the reverse doubling property, then there
exists a constant ¢ > 0, such that

Ry(z,7) > cT” (4.2)

for all 7 > 0. In the non-discrete compact case, if the volume function just satisfies the
reverse doubling property at zero, (4.2) holds for all 0 < 7 < 1}, (x). In the discrete
infinite case, if the volume function just satisfies the reverse doubling property at infinity,

(4.2) holds for all T > r{(x).
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Proof. For the first part of (a), we integrate by parts:

R (a,7) = ﬁ (ﬂV(x,T) —/(M Via, s) ds“*) :/(M (1— %) ds”,

whence 7 — R, (x,7) is non-decreasing.

The second part (a) is straightforward.

Regarding (b), the general upper bound on R,(x,7) is obvious. If the volume function
satisfies the reverse doubling property, then in the respective range,

1

Vx, 1)
(67)7 <1 — —“//((:2 57_T))> >0(1—r)TY =c1?

for suitable constants 0 < k,c < 1. m

Now, in order to estimate the moment function ¢ — M, (z,t), we need to estimate a Laplace-
type integral as given by the formula of Lemma 4.1. We will treat such estimates in the two
technical Propositions 4.6 and 4.7 at the end of this section. Before that, in the next three
theorems, we anticipate the statements of the results regarding the moment function.

R’Y(va) 2

(67)" (V(x,7) — V(x,07))

Theorem 4.3 Assume that (X, d) is non-compact and has no isolated points. Then the follow-
ing properties hold.

(1) Forallz € X, t>0and0<~vy<1,

el
11—~

M’Y(wvt) S

(2) If for some x € X, the volume function satisfies the reverse doubling property, then for
any 0 <y <1,

7,

My (z,t) > 1 :
for all z,t > 0 and some ¢ > 0. Moreover,
M (z,t) = oo,
forall z, t >0 and v > 1.
Theorem 4.4 Assume that (X,d) is discrete and infinite. Then the following properties hold.

(a) Forallz,t>0 and 0 <y <1,
C .
M,y(lll‘,t) < :mln {t,tﬁy}

for some C > 0.

(b) If for some (equivalently, all) x € X the volume function satisfies the reverse doubling
property at infinity, then for any 0 <~y < 1,

M"/(Zv t) > ﬁ min {ta t’y}
for all z , t > 0 and for some ¢ > 0. Moreover,
M,(z,t) = o0

forall z, t >0 and all v > 1.
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Assume now that (X, d) is compact and let D be its d,-diameter. By Lemmas 4.1 and 4.2,
forallz € X, v>0and t >0,

M’Y(xat) < R’y(va) < D,Ya
whence we study the behavior of the moment function t — M, (x,t) at zero.

Theorem 4.5 Assume that (X, d) is non-discrete and compact. Then the following properties
hold.

(1) There exists a constant C > 0 such that

t if v>1,
My(z,t) <CQ t(log:+1) if y=1,
tY if y<1,

holds for all x and all 0 <t < 1.

(2) If for some x € X the volume function satisfies the reverse doubling property at zero, then
there exists a constant ¢ > 0 such that

t if y>1,
My(z,t) > e t (logt+1) if v=1,
£ if v<l1

holds for all z and all 0 < t < 1.

We now provide the technical details regarding the Laplace-type estimates that imply The-
orems 4.3, 4.4 and 4.5. In the following two propositions, M and R will always be two non-
negative, non-decreasing functions related by the Laplace-type integral

M(t) = /DOO R<$) e Tdr.

Proposition 4.6 Let v > 0 be given.

(1) Assume that
As? > R(s), or that respectively R(s) > Bs" (4.3)

for some A >0 (resp. B >0) and all s > 0. Then the inequality

AtY Bt
> M(t), respectively M(t) > ———
1—vy (I=7)e

holds for all 0 < v <1 and all t > 0.

(2) Assume that there is tg > 0 such that R(s) = 0 for all 0 < s < to. Assume also that one
of the respective inequalities of (4.3) holds for all s > ty. Then

t t\"” / " e\
M(t) < —°  min {—, (—) } ,  respectively M (t) > ¢ min {—, (—) } ,
I -7 to’ \ to 1—~ to’ \ to

for all0 <~y <1, allt > 0 and some constants c,c’ > 0.

(3) The assumption v > 1 and the lower bound R(s) > BsY imply that M(t) = oo for all
t>0.
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Proof. It is known that for 0 < v < 1 the Gamma-function satisfies
1 1
—<I(1l =)< —
(I=7)e =

1—7’
whence by monotonicity of the Laplace-type integral the first claim follows.
To prove the second statement, we write

M(t) =/ R<f> e % ds.
{t/s=to} \3

First assume that R(7) < As? for all 0 < s < co. Then we obtain

¥
A/ <£> e *ds = At”/ s Te %ds
{t/s>to} \S {s<t/to}
t/to -y
Atv/ s Tds = <i> Aty , and
0 to) 1=

0 At t\" At}
M(t) < Aﬂ/ s Ve Sds < = (t—> L
0 0

IN

M(t)

IN

1—7 1—7v

e O}

I—n 0
Second, assume that R(s) > Bs?, for all s > tg. Then for t/tg > 1

t/to Bt [ B B N
M(t) > Bﬂ/ s Ve %ds > / s Vds = — 0 <_> '
0 0 ( (1 — ’)/) e to

It follows that

e 1—7)e

When t/tg < 1 we get

t/to Bty [t/to Bty F\ 17 B "
M(t) > Bﬂ/ sVe 5 ds > _/ s Vds — ——— (_) _ 0 (_) _
0 € Jo (I1—=2)e \to (1—7)e \ to

It follows that
J t [(t)” Bmin{to, 1 t [(t\”
(1-7)e to’ \ to (1-79)e to’ \ to
This proves the second claim. For the third claim observe that that if R(s) > B s for all s > ¢

and v > 1,
t/to

M(t) > Btv/ s Ve *ds =00
0

forallt >0.m

Proposition 4.7 Assume that there is to > 0 such that R(s) = R(to) for all s > tg. Assume
also that one of the respective inequalities in (4.3) holds for all 0 < s < ty. Then

C1 % Zf v > 17
cat (10g%1+1) if y=1,
’y .

C3 (%) Zf 7 < 17
¢ if v>1,

to

M(t)

IN

1 .
respectively, M(t) > cht(log® +1) if =1,
v
h (%) if <1,

for all 0 <t <ty and some positive constants c1,¢) ,ca, ¢y, c3,c5.
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Proof. Let v > 1 and 0 < t < tg. According to our assumption

M(t) = / R(z) e *ds+ R(to) (1 - e_t/to) .
{t/s<to} \¥

Observe that for 0 < t < tg,

i < (1 _e—t/t()) < i
2% to

First, if R(s) < AsY for all 0 < s < g, then

ee to)t e to)t
M(t) < At'y/ s'yesds—l—R(t—O)SAS7 577als—}—M
t

o Jto 0 t/to to
At N\ Rttt At
L =~ | R(t o).
’7—1<t0) - to to( (fo) + —1)
Second, if R(s) > Bs?, for all 0 < s < g, then
t

2ty
Assume that 0 <y < 1 and 0 < t < ty. Again first, if R(s) < AsY for all 0 < 7 < ¢y, then

o0 to)t t
M(t) < Aﬂ/ s‘”e_sds—i-ﬂSAt“/I‘(l—'y)—i—R(to)—
t/to to to

Aty t Atl [ t\” t

< to)— = O (— to)—

< 1—7+R(0)t0 1_7<t0) + Rto) -

() (15 m).

Second, once more, when R(s) > Bs?, for all 0 < s < T, then

00 o0 i\ /B mindte 1
M(t) > Bt'Y/ s Ve %ds > Bt’y/ s Ve Sds > (_) <%> .
t/to 1 tO e
Finally, assume that v =1 and 0 <t < to. First, if R(s) < As” for all 0 < 7 < tg, then
R(T)t

M(t) < At/ s le *ds +
t/T

fo's) 1

= At / sle™s ds+/ ste™Sds | + R(to)t
1 t/to to
< q L g to)t R(t t

< At / —§+/ = +R(—°):<A+ (0>>t(log—0+1>.
1 S t/t() S t() t() t

And at last, if R(s) > Bs? for all 0 < 7 < tg, then

00 to)t
M(t) > Bt/ s*e*SdHM
t/to 2to
Bt (' ds R(t))t Bt. to Rt
_/ _S+ﬁ:_1 _0+ (0)
t

0g
/to S 2t0 e t 2t0

= bt <10g fo + —R(to)e) > min {—R(to) E} t <log%0 + 1> .
e

t 2Bty 2to e

e

The proof is finished. =
Theorems 4.3, 4.4 and 4.5 follow.
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5 Analysis in Q, and Q)

5.1 The p-adic fractional derivative

Consider the field Q) of p-adic numbers endowed with the p-adic norm |[|z||, and the p-adic
ultra-metric dp(z,y) = [lz —y||,. Let u, be the Haar measure on @, normalized such that
tp(Zy) = 1. Let V. be the space of locally constant functions on Q,, with compact support which
will be considered as test functions on Q.

The notion of p-adic fractional derivative, closely related to the concept of p-adic Quantum
Mechanics, was introduced in the papers by Vladimirov [57], Vladimirov and Volovich [58]
and Vladimirov, Volovich and Zelenov [59]. In particular, a one-parameter family {9“},~¢ of
operators, called operators of fractional derivative of order «, was introduced in [57].

Recall that the Fourier transform F : f +— f of a function f on the self-dual locally compact
Abelian group Q, is defined by

~

Fio) = [ (@.0) f@i (o)

P

where z,60 € Qy,
(z,0) = exp (2mv/—1{z6}),
and {x6} is the fractional part of the p-adic number x6 (cf. (2.36)). It is known that F is a

linear isomorphism of V, onto itself.

Definition 5.1 The operator (D%,V,), a > 0, is defined via the Fourier transform on the locally
compact Abelian group Q, by

Daf(€) = |l€S F€), €€ Q.

It was shown by the above named authors that the operator (©%,V,) can be written as a
Riemann-Liouville type singular integral operator

pr—1 f(@) = fy)
T Jg, o — g dpip(y)- (5.1)

D% f(x) =

The aim of this section is in particular to show that the operator (D%, ),) is in fact the restriction
to V. of an appropriate isotropic Laplacian. We use the following distance distribution function

ou o (- (")

Denote by {P.} the isotropic semigroup associated with the triple (dp, tbp, 0a), and let L, be
the corresponding Laplacian.

Theorem 5.2 For any o > 0, we have
(LasVe) = (D%, V). (5.2)

Proof. By Theorem 3.12; we have, for any f € V.,
Lof@) = [ (1) = FW) Jale.v) din(v)

where

o0 s 2ds
Ja(T,y Z/ — o
@0 =] o i BE@)
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As in Example (2.24), we have

@@w»=<ﬁlﬁk)i (53)

whence

The change r = ps'/® yields

e ar—*Ldr
Jo(T,y) =p“/ —
lo—yl, Ho (Br(z))

Since the value set of the metric ||z —y||, is {p" };cz, we obtain from (2.37) that
pp (By () = p" if p" <r < p"*, (5.4)

which implies, for ||z —yl|, = p", that

© qr—algr N
AkMMBN@) N Z;An p (Br(2))
G 1/ 1 1

B . 1 1 _ (4 1 pfk(a+1)
- o ]ﬁ Z prle+l) o ZE 1 —p—(a+D)

n>k
+1
d—p 1\ 1—p 1\
C 1—p ) \pF S 1—p @t flz —yl, '
Hence, we obtain the identity
pr—1 1
Ja(,y) = —— ; (5.5)
S

which in view of (5.1) finishes the proof. m

The heat kernel for the semigroup {P.} was estimated in Example 2.24. We restate this
estimate here as a theorem.

Theorem 5.3 The semigroup {PL} admits a continuous transition density pa(t,x,y) with re-
spect to Haar measure ji,, which satisfies for all t > 0 and x,y € Q, the estimate

t
te 4 o =y, )

Pa(t, z,y) ~ ( (5.6)

The upper bound in (5.6) was also obtained by a different method by Kochubei [39, Ch.4.1,
Lemma 4.1].

Theorem 5.4 The semigroup {P.} is transient if and only if o < 1. In the transient case, its
Green function g, is given explicitly by

—Q

1—p _
ga(r,y) = Tt lz = ylo " (5.7)
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The formula (5.7) for a fundamental solution of ©, acting in the space V. of Bruhat distri-
bution, was obtained by Vladimirov [57, Thm 1, p.51] and Kochubei [39, Ch.2.2].
Proof. That a < 1 is equivalent to transience was shown in Example 2.30. Assuming a < 1,
we obtain by (2.45)

gal@ y)/oo ds i/oo ar®=Ldr
o d«(z,y) :U’p(B;k (.Z')) P le—=yll, Hp (BT(x))

Setting ||z — yl|, = p¥ and using (5.4), we obtain

n+1
/p 1yt (prs0e )
T (67 n
pn p p nka

L—p™ a1k
1— pa—l

1
ga(x7y) - E Z

n>k

9

which finishes the proof. m

Denote by L, , the generator of the semigroup {P.} acting in L9(u,), 1 < ¢ < co. Applying
Corollary 3.9 and Theorem 3.13, we obtain the following.

Theorem 5.5 For any a > 0 and 1 < g < oo, we have
spec Lag = {p®* 1 k € Z} U {0}.
Each A\, = p®* is an eigenvalue with infinite multiplicity.

Proof. We only need to show that the multiplicity of Ay is infinite. In the general setting of
Theorem 3.8 and Corollary 3.9, some eigenvalues may well have finite multiplicity and some
not. Indeed, each ball B with the minimal positive d,-radius p generates a finite dimensional
eigenspace Hp that consists of eigenfunctions with the eigenvalue %. It follows that the eigen-
value 1 has finite multiplicity if and only if there is only a finite number of distinct balls of
dy-radius p.

In the present setting in @, there are infinitely many disjoint balls of the same radius p, as
they all can be obtained by translations of one such ball. Thus, all the eigenvalues have infinite
multiplicity. m

Let {X;} be the Markov process on Q,, driven by the Markov semigroup {P!};~¢. The semi-
group is translation invariant, whence the process has independent and stationary increments.
For any given v > 0 and ¢t > 0 , consider the moment of order v of A; defined in terms of the
p-adic distance dp(z,y):

My () = E(J4]10),

where E is expectation with respect to the probability measure on the trajectory space of the
process starting at 0. Applying Theorem 4.3 and using the relation (5.3) between d, and ||-|| »
we obtain the following estimates.

Theorem 5.6 The moment M (t) is finite if and only if v < a. In that case, there exists a
constant k = k() > 0 such that

K-/t’Y/O‘ at’Y/a
< t) <

a—vy " a—7
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5.2 Rotation invariant Markov semigroups

Let {P:}+>0 be a symmetric, translation invariant Markov semigroup on the additive Abelian
group Q. This semigroup acts in Cy(Q)), the Banach space of continuous functions vanishing at
oo. It follows that there exists a weakly continuous convolution semigroup {p;}¢~o of symmetric
probability measures on @, such that

Pif(x) =pt % f(x). (5.8)

As the probability measures p; are symmetric, the following identity holds, which is basic in the
theory of infinite divisible distributions:

Pi(¢) = exp (=t ¥(()),

where ¥ : Q, — R, is a negative definite symmetric function on Q,. By the Lévy-Khinchin
formula,

() = / (1 - Re{z, () d3(x),
Qp\{0}

where J is a symmetric Radon measure on Q, \ {0} — the Levy measure associated with the
negative definite function ¥ (see for the details the book of Berg and Forst [10]).

Definition 5.7 For any a € Q, with ||a/, = 1 define the rotation operator 6, : @, — Q, by
0, (z) = ax. We say that the Markov semigroup {P;} as above is rotation invariant if

Oa(pt) = pr for all a € Q, with [laf|, =1, (5.9)

Let £ be the (positive definite) generator of P, that is, P, = exp (—tL). It is easy to see that
(5.9) is equivalent to 6, o L = L 00, . In this case we also say that L is rotation invariant. By
construction, any isotropic Markov semigroup {Pt} defined on the ultra-metric measure space
(Qp, dp, 11p) is rotation invariant. As we will see the class of all isotropic Markov semigroups is
indeed a proper subset of the class of rotation invariant Markov semigroups.

Assume that the semigroup {F;} is rotation invariant. Then, for all a such that |[a|[, =1 we
have

U(ag) =¥(¢) and 0,(3) =3J. (5.10)

Since the Haar measure p, of each sphere is strictly positive, (5.9) and (5.10) imply that the
measures p; and J are absolutely continuous with respect to p, and have densities p;(z) and
J(z) which depend only on ||z[|,. The same is true for the function ¥, so that

J(@) =i(l=l,) and W(C)=v([cl],)-
All the above shows that, for the generator £ of {P;}, we have V. C dom, and
Lu=9YD)u, ue,, (5.11)

where ©® = D! is the operator of fractional derivative of order o = 1, which we identify with the
isotropic Laplacian £1 by Theorem 5.2.

It follows from (5.11) and (5.2) that the eigenfunctions of the operator (£,V.) in L? has a
complete system of eigenfunctions {fo : C' € K} as described in Theorem 3.8. Associated with
each ball B of radius p™, there is the (p—1)-dimensional eigenspace H p spanned by the functions
fc, where C runs through all balls that are children of B, and the corresponding eigenvalue is

A(m) = p(p~™ ).
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Let {a(m)}mez be a sequence of real numbers satisfying
a(m)>a(m+1), a(+o0)=0 and 0<a(—o0)=W < +oo. (5.12)
Define the sequence {\(m)}ez by
A(m) = a(m) — (p— 1) Ha(m + 1) — a(m)}. (5.13)

Theorem 5.8 A sequence {\(m)},, oz of reals represents the spectrum spec L of a rotation
invariant Laplacian £ on Q, if and only if it is given by (5.13) with a sequence a(m) that
satisfies (5.12).

Proof. Consider a rotation invariant Laplacian £ = 1(®). Let us compute the negative definite
function ¥(¢) = ¢ (]|¢]|,) associated with £. We have

w(icl,) = /@ gy (LTl €0 il ) )
- Yk [ (1= Re(z,0)) dyuy(x).

keZ {wiHIHPZPk}

According to Vladimirov [57, Example 4],

pF=pFt it ¢, <p7h,
[ wQdu@ =4 =kt K=,
{z:||z[l ,=p*} 0 if ||<||p > pkt2,

In particular, we have

/ dpip(z) = p* — pF1.
{z:||=l ,=p*}

Let ||C]| = p~™*+1 then the above computations yield
o™ =™ "+ 1 -p") > i) " (5.14)
k>m—+1
Define the non-increasing sequence {a(m)}mez by
alm) = (1) 3364 = (1= | i(lell,) duple).  (5.15)
k>m {z:l]l,>p™}
By (5.15), the equation (5.14) will get the following form
YT = B (a(m) — a(m+ 1)) + a(m o+ 1) (5.16)
a(m) — (p—1)7" (a(m +1) —a(m))}.
Let A(m) be the eigenvalue of the Laplacian (¢)(®), V.) corresponding to the ball B of radius p™.
Then A\(m) = ¥(p~™*1) and the identity (5.16) gives the desired result, namely, the equation
(5.13).

Conversely, given a sequence {a(m)} as in (5.12), we define the sequence {A(m)} by (5.13)
and set

U(Ee) = (l¢l,). where $(p™) =A(—m+1), and
J@) = i(lel,). where (™) = (a(m)—a(m+1)/@" —p™ ).  (5.17)
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It is straightforward to show that
Q) = [ (= Re(w.0)) (o) diy(a)
Q@ \{0}

whence VU is a negative definite function. It follows that the function exp(—t W) is positive
definite, whence it is the Fourier transform of a probability measure p,. Clearly, {p¢}i>0 is
a weakly continuous convolution semigroup of probability measures. By construction, each
measure p; is rotation invariant. Finally, we define the translation invariant Markov semigroup

by Pif =fxp;.m

Corollary 5.9 In the above notation the following statements are equivalent.
(1) The sequence A(m) is non-increasing.
(2) The sequence 1 (p™) is non-decreasing.

(3) The sequence j(p™) is non-increasing.

In particular, if the sequence a(m) is convex, then each of the equivalent properties (1)—(3)
holds.

Proof. The equivalence (1) <= (2) follows from the relation A\(m) = 1(p~™"!). To prove that
(1) <= (3), we apply (5.17) and obtain

A(m) = Am+1) = (™ —p™ ) (™) —i(™)) -

The equivalence (1) < (2) < (3) follows. Finally, (5.13) and the convexity of a (m) yield (1). m
Next, we consider strict monotonicity.

Corollary 5.10 The following statements are equivalent

(i

(ii

The sequence \(m) is strictly decreasing, and A\(—o0) = +o0.
The sequence ¥ (p™) is strictly increasing, and ¥(+00) = 400.

(7i1) The sequence j(p™) is strictly decreasing, and f](Hpr) dpy(x) = +00.

(iv) The associated rotation invariant Markov semigroup {P,} is isotropic.

)

)

)

)
In particular, if the sequence a(m) is strictly convex and a(—o0) = +00, then each of the
equivalent properties (i)—(iv) holds.

Proof. The equivalence (i) < (i1) < (ii7) follows by the same arguments as in the proof of
Corollary 5.9. The convexity of a (m) together with a (—o0) = 400 imply () following the same
argument. We are left to show that (iv) <= (ii).

Assume that {P;} is a isotropic Markov semigroup as constructed in (1.3) — (1.8). The
semigroup admits a continuous transition density p(t,z,y) = pi(z — y) with respect to the Haar
measure fip; the function p; is given by

pi(y) = /0 " 4a(y) do'(s), where gu(y) =m133@<y>. (5.18)

To find the Fourier transform p;(€), we argue as follows. The ball B,(0), p¥ < s < p**l is
the compact subgroup p_kZp of Qp, whence the measure w, = ¢ 1, coincides with the normed
Haar measure of that compact subgroup. Since for any locally compact Abelian group, the
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Fourier transform of the normed Haar measure of any compact subgroup is the indicator of its
annihilator group and, in our particular case, the annihilator of the group p‘kZp is the group
kap, we obtain

0:(8) = 12, (€) = Lo pry([I€l,)),  where p* <5 < p**h.

It follows that when ||{[[, = p !,
) = Y (W) = o' () ) = o () = exp (~t (i)

whence

1
N =log——.
Y(p~) 8 )
According to (1.5), the sequence o(p!) is assumed to be strictly increasing and to tend to zero
as | — —oo. Thus, ¥(p™) is as claimed in (7).
Conversely, if a strictly increasing sequence ¥ (p™) as in (i7) is given, we define the strictly
increasing sequence

o(p™) = exp (—p(p~™ ).

Let 0 : [0, 0c0) — [0, 1) be any increasing bijection which takes the values o(p™) at the points
p™. We define the function p;(y) by the equation (5.18). As o(400) = 1, this is a probability
density with respect to p, . It is straightforward that {p;};~0 gives rise to a weakly continuous
convolution semigroup of probability measures on Q,. Moreover, each p; is rotation invariant
by construction. Thus, the semigroup P;f = f * p; is isotropic. m

Remark 5.11 In [2], Albeverio and Karwowski started with a sequence {a(m)}mez as in (5.12)
and used the classical approach of backward and forward Kolmogorov equations to construct
a Markov semigroup {P;} on the ultra-metric measure space (Qp,dp, f1p). In particular, they
showed in [2, Theorem 3.2 9] that the Laplacian £ of that semigroup has a pure point spectrum
{A\(m)} as in (5.13), and the A(m)-eigenspace is spanned by the functions fp, where B runs over
all balls of radius p”~!. Our Theorem 5.8 shows that in fact the class of Markov semigroups
constructed in [2] coincides with the class of rotation invariant Markov semigroups.

5.3 Product spaces

Let {(Xi,d;)}, be a finite sequence of ultra-metric spaces; we assume that all (X;,d;) are
separable and that all balls are compact. Let (X, d) be their Cartesian product: X = X; x...x X,
and, for z = (z;) € X and y = (y;) € Y, we set

d(z,y) = max{d;(z;,y;) 11 =1,2,....,n}.

Thus (X,d) is a separable ultra-metric space, all balls in (X, d) are compact, and, moreover,
each d-ball B,(a) in X is a product of d;-balls Bi(a;) in X; of the same radius.

Given a Radon measure p; on each (X;,d;) we define p = @) p; on (X, d). Let V. be the set
of all compactly supported locally constant functions on (X, d).

Consider the ultra-metric measure space (X, d, ). According to the previous sections, there
exists a rich class of isotropic Markov semigroups and corresponding Laplacians on (X, d, 1) as
constructed in (1.3) — (1.8). Thanks to the product structure of (X,d, ) one can define in a
natural way a non-trivial and interesting class of Markov semigroups and Laplacians which are
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not isotropic. Namely, choosing on each (X;,d;, ;) an isotropic Markov semigroup {P!}, we
define a Markov semigroup {P;} on (X,d, 1) as the tensor product of the {P!},

n
P =P
i=1
The semigroup {P;} has the following heat kernel:
n
p(t,z,y) = [ [ pit, 2o w0),
i=1

where p; is the heat kernel of {P/}.
The generator £ of P, can be described as follows: V. C dom, and for any f € V. we have

Lf(x) =) Lif(x) (5.19)
=1

where x = (21, ..., z,) and £; acts on z;. It follows that

£f(x) = /X () — F(u) Tz, dy)
where

n
J(z,dy) = Z Ji(wi, yi) dpi(yi) ,
i=1
and J;(x;,y;) is the jump kernel of £;.

In particular, we see that for each x € X the measures J(z,dy) and u(dy) are not necessarily
mutually absolutely continuous (in the case when at least one of X is perfect, J(z, dy) is singular
with respect to ), which implies that the semigroup {P,;} is not necessarily an isotropic Markov
semigroup.

In this paper we do not intend to develop a general theory on product spaces. Our aim is to
study in detail two specific examples related to p-adic analysis.

In the first example we consider the Vladimirov Laplacian that matches well the above general
construction. In the second example we consider the Taibleson Laplacian defined in terms of the
multidimensional Riesz kernels, see Taibleson [55] and Rodriguez-Vega and Zuniga-Galindo [50].
We show that the Taibleson Laplacian is isotropic. This will allow us to improve the heat
kernel bounds from [50] and to obtain some new results (transience/recurrence, independence
on 1 < p < oo of the LP-spectrum, precise bounds of the moments of the corresponding Markov
process etc.)

Consider the linear space Q) = Q) X ... X Q, over the field Q, and define in Q) a norm

Hsz:max{Hzin:i:1,2,...,n}. (5.20)
It clearly satisfies the ultra-metric triangle inequality (1.1) and is homogeneous in the following
sense:
laz|l, = llall, l|z]l,, forall a€Q,, »€ Q.
Set

dp (z,y) = ||z —yl,
so that (Q},dp) is an ultra-metric space.
Let pp, = @) f1p,i be the additive Haar measure on the Abelian group Qp- As before, let V. be
the set of all compactly supported locally constant functions on the ultra-metric space (Qg, dp).

Recall that V. is a dense subset in L? = L*(Q, up).
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5.3.1 The Vladimirov Laplacian

For any given n-tuple a = (o, ..., a;,) with entries o; > 0 we define the ultra-metric

p(,9) = mac { s = yill g7 i = 1,2,...,n

In particular, the ultra-metric d, (x,y) defined above corresponds to the case a = (1,...,1). The
identity map

( b dp.a) = ( Z?dp)
is a homeomorphism, but not bi-Lipschitz, unless «; = 1 for all 7. This fact plays an essential
role in the study of the class of Laplacians introduced next as a special instance of (5.19).

Definition 5.12 Let a = (o, ..., ay). For any function f € V. we define the operator
n
T f(x) = Y D% f(x),
i=1

where x = (x1, 22, ...,7,) and D3’ is the p-adic fractional derivative of order a; acting on ;.

The operator U on QI?; with a = (2,2,2), was introduced by Vladimirov [57] as an ana-
logue of the classical Laplace operator in R3. This operator, which we denote briefly by 22, is
translation invariant and homogeneous, that is,

QQTy(f) = Ty(‘Z]2f), where 7, f(z) = f(z+y).

and
020,(f) = HaHIQJ 0.(0%f), where 6,f(z) = f(axy,axs, azs).

It follows that the Green function g(z,y) of the operator U? on Qg is also translation invariant
and homogeneous:

9(z,y) =g(x —2,y—2) and g(az,ay) = g(z,y)/ llall, ., a € Q.
In particular, setting &(x) = g(x,0) , we obtain for all non-zero a € Q, the identity

¢(1,1,1)

&(a,a,a) = Tal

p

This identity was observed in [57]. It gives an idea of how the Green function of the operator
22 (in Vladimirov’s terminology, the fundamental solution of the equation % & = §) behaves at

infinity /at zero. Below, in Proposition 5.15, we will prove that, for all non-zero a = (a1, as,as) €
3

D’ .

E(ay,az,a3) ~ —. (5.21)
lall,

In fact, we shall prove similar estimate for more general operators 0% without the homogene-
ity property. We start by listing some properties of the operator (U“,V,) from Definition 5.12
which follow directly from the corresponding properties of the “one-dimensional Laplacians”

D%,
1. (0%, V,) is a non-negative definite symmetric operator.

2. (W, V.) admits a complete system of compactly supported eigenfunctions. In particular,
the operator (20%,),) is essentially self-adjoint.
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3. The semigroup exp(—t ) is symmetric and Markovian. It admits the heat kernel p, (¢, z, y)
which has the following form

t x y Hpal t xzayz

4. The semigroup exp(—t %) is transient if and only if A :=>" > 1.

zla
5. For all f €V,
V(@) = [ (F(a) = 1) Jae.dy)

where

(x, dy) = ZJ — i) dip.i (i)

and
p¥ —1 1

L= p o g — g 7

Jai (1’1 - yz) =

In particular, the semigroup exp(—t0®) is not an isotropic Markov semigroup, if n > 1.
Observe that thanks to the group structure of Qp, the functions (z,y) — pa(t,7,y) and
(z,y) — ga(z,y) are translation invariant. Hence, setting

pa(t,z) = pa(t,Z,O) and ga(z) = ga(z,O),

we obtain
Palt,z,y) = pa(t,x —y) and go(z,y) = galz — ).

Proposition 5.13 Set

Aza—l

=1

Then the heat kernel satisfies the following estimate

tl“l‘l/az
~ ¢4 H min 4 1, ———— (5.22)

szH

uniformly for all t >0 and z € Q. In particular, for all t > ||z||

p?a ’
—A
palt,z) =t (5.23)
Proof. By Theorem 5.3 we have
t 1 ) tlJrl/az‘
Pa; (t,2i) =~ T ~ Jija; iR 1, HH—H—% ,
(8172 + il willy

whence the claim follows. m
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Proposition 5.14 The semigroup exp(—t0®) is transient if and only if A > 1. If A > 1 then,
for all z € QZ and some C1 > 0,
A-1
1
Jga(2) > Cy | ——— )
[E1 1N
For any k > 0, we define the set
Qk) = {x cQy: mzax{||a;2||g”} <k mzln{\:z:,H;”}} .

Then, for all z € Q(k) and some constant Cy > 0 which depends on k,

1 A-1
<o)
=l 2<qup,a>

Proof. The transience criterion A > 1 follows from p, (¢, z,x) ~ t—4. To prove the lower bound,
we use (5.23) and write

A—1
o0 o0 [ee] 1
ga(z) = / palt, z)dt > / palt,z)dt > Cl/ tAdt=cy | —— .
0 [E : 121,

1215 0

12l o o0
= / +/ pa(t,z)dt =1+ II.
0 12110

To estimate the second term II, we use again (5.23):

oo A-1
4 1
17 :/ t dt ~ | ——— .
[ 121,

To estimate the first term we use (5.22):

15,0 n t1+1/ai
A | |

i 1zl

B w1 it
= H T H—” e 171
Z

1 =il

On the other hand we have

When z € Q(k), we obtain

n

I < c”H; <min{]\z-\\o‘i})n+l < min{ |zl }ﬁ
Tl o B -l E1H
=1 =
n
= c//mjn{‘ZzH }H al 1/%
1= 1

Next,

n n

H H 1 _ 1
g < = i

izt ( i=1 (mm{szHpJ}) min < [|z; ],
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whence
A-1

1

min {12157 |

Again using the fact that z € Q(k), we write

I<C//

A-1 A-1

1 1 A-1
_ < S =c(k) | ——— .
min { 12137 } max { 121107 } I2lp,0
The obtained upper bounds on the integrals I and II imply the desired upper bound for g,(z). m

Proposition 5.15 Let o = (a1,...,ap) = (B,...,5) be an n-tuple having all entries equal to
B. Assume that (n —1)/2 < § < n. Then the semigroup exp(—t L) is transient and the Green
function go(z) satisfies the estimates

1 A-1
Ja(2) = <W) , (5.24)

Since A = 5 and ||z, , = HzHg, the estimate (5.24) is equivalent to

n—_3
ga(2)2< : ) : (5.25)

1211,

for all z € Q) and some c1,c3 > 0.

Proof. Transience follows from Proposition 5.14 because A = n/3 > 1. The same Proposition
yields the desired lower bound of the Green function. To prove the upper bound, we observe
that the Laplacian U“ is homogeneous, that is

V00, = ||al|} - 0, 0 D,
for all a € Q. This implies that also the Green function g,(z) is homogeneous, that is
go(az) = lally ™" ga(2),

for all a € Q@ and 2 € Q).
Without loss of generality assume that |z|, , = Hz1||5 > (0. Then

90(2) = ga(21(1,22/21, -, 20/21)) = |21l 7 ga(1, 22/ 21, - 20/ 1)

1 A-1
= <—> 9a(1,22/21, oy 2n/21)

[E2N

A-1
1
(—) sup {ga (1,22, ..., 20) : ¥ € Zp} .

121lp.a

Next we apply our assumption 3 > (n — 1)/2 and obtain from (5.22)

o
91,20, ..cyzp) = / Palt, (1,22, ..., zy) dt
0

_ (/01+/100) pot, (1,29, o) dt

1 no9q 1 o n
< c/ t_ﬁt+ﬁdt+c’/ t 8 dt = ¢y < 00,
0 1

which implies the desired upper bound. m
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5.3.2 The Taibleson Laplacian

The Fourier transform F : f — fof a function f on the locally compact Abelian group Q} is
defined by

f6) = [ (@.0) 5o

P

where ¥ = (21,...,2,) € Qp, 0 = (61,...,0,) € (Qp)" = Q)

and duy(z) = dpp(r1)...dpp(ry) is the Haar measure on Q. It is known that F is a linear
isomorphism from V. onto itself, which justifies the following Definition (compare with Definition
5.1).

Definition 5.16 The Taibleson operator T for o > 0 is defined on functions f € V. by
TaF Q) = IS Flo), ¢eqp

It follows that (T, V.) is an essentially self-adjoint and non-negative definite operator in L2.
This operator was introduced by Taibleson [55], and the associated semigroup exp(—t %) was
studied by Rodriguez-Vega and Zuniga-Galindo [50]. In particular, it was shown that

p* -1 f@) =@ »
d . 5.26
1 — po—n o Hx _ yHg—i-n Hp (y) ( )

T (x) =

The equation (5.26) implies that the operator (—%%,),) satisfies the max-principle, whence its
semigroup is Markovian. Our aim is to show that exp(—t %) is an isotropic Markov semigroup
on the ultra-metric measure space (Qy, dp, f1y,)-

Our first observation is that the spectrum of the symmetric operator (£¢,V,) coincides with

the range of the function ¢ — ||C[|7,
spec T = {p** : k € Z} U {0}.

The eigenspace H(\) of the operator (T%,V,) corresponding to the eigenvalue A = pF®, is spanned

by the function

1 1
fk - —1 k7n — —_1 k—17n
) e N T

and all its shifts fi(- + a) with a € Q} / kag. Indeed, computing the Fourier transform of the
function fx,

~

Fe(©) = Lgen, <oy = Lgcl, <pt—1y = i, =pt}s

we obtain - R R
T f1(Q) = IS Fe () = P fr(Q).

All the above shows that the operator €% coincides with an isotropic Laplacian £, on (Qg, dp, MZ)
associated with the distance distribution function

1= (- ()

and the semigroup exp(—t %) coincides with the isotropic semigroup {P};}
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Observe that the associated intrinsic ultra-metric is
lz =yl \*
(o) = (=12
P D
The spectral distribution function N, (z,7) = N,(7) is the non-decreasing, left-continuous stair-

case function which has jumps at the points 7, = p*®, k € Z, and takes values N, (73) = plk—1)n

at these points. It follows that
No(1) ~ /e

In particular, 7 +— N,(7) is a doubling function, and Theorem 2.14 implies the following result.

Theorem 5.17 The semigroup exp(—tT%) on Qp admits a continuous heat kernel pa(t,z,y)
that satisfies the estimate

t
n+ao ?
GEEI RN

In particular, the semigroup exp(—tT*) is transient if and only if o < n. In the transient case,
the Green function (=Taibleson’s Riesz kernel) satisfies the identity

_1-p 1
T= o o — gl

pa(t,z,y) ~ (5.27)

9o (z,y)

Note that the upper bound in (5.27) was proved in [50].

Definition 5.7 of a rotation invariant Laplacian on Q, can be carried over to Q. The
Taibleson operator €% is an example of a rotation invariant Laplacian. Theorem 5.8, Corollary
5.9 and Corollary 5.10 and their proofs remain valid also for Q. Here we provide a short proof
of a slightly weaker result that is of significance for us. Set T = T'.

Theorem 5.18 The equation (L,V.) = (¢¥(%),V.), where 1) is an arbitrary increasing bijection
[0, 00) — [0, c0), gives a complete description of the class of isotropic Laplacians on the ultra-
metric measure space (Qp, dp, py).

Proof. Let ¢ : [0,00) — [0,00) be an increasing bijection. By Theorem 3.1, the operator
(¥(%),V,) is an isotropic Laplacian.

Conversely, let (£,V.) be an isotropic Laplacian on (Qp,dp, p1;). Let dp. be the intrinsic
distance associated with £. By construction, dp is an increasing function of d,, see (2.14).
Since the range of d, is the set {p* : k € Z} U {0}, one can choose an increasing bijection
¢ :[0, 00) — [0, co) such that dp = ¢(dp). Let A(B) and 7(B) be the eigenvalues of (£, V,) and
(%, V.), respectively, corresponding to the ball B C Qp - Since the intrinsic distance associated
with ¥ is pildp, we get

1 1
AB) = diam,.(B) ¢ (diam,(B))
1
= Somy T

where 9(s) = 1/¢(p/s), an increasing bijection of [0, co) onto itself.
Since both (£, V,) and (1(%), V.) are isotropic Laplacians defined on the ultra-metric measure
space (Qp,dy, i) whose sets of eigenvalues coincide, we get

(67 Vc) = (T/J(T)v Vc)a

or equivalently, in terms of the Fourier transform,

L) = (IS, FQ),
for all f € V. and ¢ € Q}, which finishes the proof. m
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6 Random walks on a tree and jump processes on its boundary

6.1 Rooted trees and their boundaries

A tree is a connected graph T without cycles (closed paths of length > 3). We tacitly identify T
with its vertex set, which is assumed to be infinite. We write u ~ v if u,v € T are neighbours.
For any pair of vertices u,v € T, there is a unique shortest path, called geodesic segment

m(u,v) =[u=wvg,v1,...,0, =]

such that v;_1 ~ v; and all v; are disctinct. If w = v then this is the empty or trivial path. The
number k is the length of the path (the graph distance between u and v). In T" we choose and
fix a root vertex o. We write |v| for the length of (0, v). The choice of the root induces a partial
order on T, where u < v when u € 7(0,v). Every v € T'\ {0} has a unique predecessor v~ with
respect to o, which is the unique neighbour of v on 7(o,v). Thus, the set of all (unoriented)
edges of T is

E(T)={[v",v]:veT, v#o}.

For u € T, the elements of the set
{veT: v =u}

are the successors of u, and its cardinality deg™ (u) is the forward degree of u.
In this and the next section, we assume that

2 <deg™(u) <oco forevery uecT. (6.1)
0
uNv
v
u
e
Figure 4
A (geodesic) ray in T is a one-sided infinite path m = [vg,v1,v2,...] such that v,—1 ~ v,

and all v, are disctinct. Two rays are equivalent if their symmetric difference (as sets of vertices)
is finite. An end of T is an equivalence class of rays. We shall typically use letters z, y, z to
denote ends (and letters u, v, w for vertices). The set of all ends of T is denoted 9T. This is
the boundary at infinity of the tree. For any u € T and = € JT, there is a unique ray m(u,x)
which is a representative of the end z and starts at u. We write

T=TUaT.
For w € T, the branch of T rooted at u is the subtree T, that we identify with its set of vertices
T,={veT:u<wv}, (6.2)

so that T, = T'. We write 0T, for the set of all ends of T" which have a representative path
contained in Ty, and T,, = T, U 0T, .
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For w,z € f, we define their confluent w A z = w A, z with respect to the root o by the
relation
m(o,w A z) = 7(o,w) N7(o,z).

It is the last common element on the geodesics (o, w) and 7 (o, z), and it is a vertex of T  unless
w =z € 0T. See Figure 4.
One of the most common ways to define an ultra-metric on 7T is

de(z,0) = {0’ ifz=w, (6.3)

_/\ .
elehul it s L.

Then T is compact, and T is open and dense. We are mostly interested in the compact ultra-
metric space 7. In the metric d. of (6.3), each d.-ball with centre x € 9T is of the form 9T,
for some u € (o0, z). Indeed

T, = B_u/(z) for every u € w(o,z), and Ag, (z)={e ¥ :uen(o,x)}.

Conversely, we now start with a compact ultra-metric space (X,d) that does not possess
isolated points, and construct a tree 1" as follows: The vertex set of T is the collection

B={B.(z):z€ X, r>0}

of all closed balls in (X, d), already encountered in §3. Here, we may assume (if we wish) that
re Ad(a:)

We now consider any ball v = B € B as a vertex of a tree T'. We choose our root vertex as
o = X, which belongs to B by compactness. Neighborhood is given by the predecessor relation
of balls, as given by Definition 3.6. That is, if v = B then v = B’ is the predecessor vertex v~
of v in the tree T. By compactness, each x has only finitely many successors, and since there
are no isolated points in X, every vertex has at least 2 successors, so that (6.1) holds.

This defines the tree structure. For any z € X, the collection of all balls B,(z), r €
Ag4(z), ordered decreasingly, forms the set of vertices of a ray in 7' that starts at o. Via a
straightforward exercise, the mapping that associates to x the end of T" represented by that ray
is a homeomorphism from X onto d7". Thus, we can identify X and 0T as ultra-metric spaces.

In this identification, if originally a vertex u was interpreted as a ball B,(x), r € Agy(x),
then the set 9T, of ends of the branch T, just coincides with the ball B,.(z). That is, we are
identifying each vertex w of T" with the set 0T,.

If we start with an arbitrary locally finite tree and take its space of ends as the ultra-metric
space X, then the above construction does not recover vertices with forward degree 1, so that
in general we do not get back the tree we started with. However, via the above construction,
the correspondence between compact ultra-metric spaces without isolated points (perfect ultra-
metric spaces) and locally finite rooted trees with forward degrees > 2 is bijective (cf. [32]).

It is well known that any ultra-metric space X which is both compact and perfect is homeo-
morphic to the ternary Cantor set C' C [0,1]. When X is not compact but still perfect we have
a homeomorphism X ~ C' \ {p}, where p € C is any fixed point.

For the rest of this and the next section, we shall abandon the notation X for compact and
perfect ultra-metric space.

We consider X as the boundary 0T of a locally finite, rooted tree with forward degrees > 2.
At the end, we shall comment on how one can handle the presence of vertices with forward

degree 1, as well as the non-compact case.

There are many ways to equip 07" with an ultra-metric that has the same topology and the
same compact-open balls 9T, , x € T, possibly with different radii than in the standard metric
(6.3). The following is a kind of ultra-metric analogue of a length element.
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Definition 6.1 Let T be a locally finite, rooted tree with deg™(x) > 2 for all x. An ultra-metric
element is a function ¢ : 7' — (0, 00) with

(i) é(v7) > ¢(v) for every v e T\ {o},
(ii) lim¢(v,) =0 along every geodesic ray m = [vg,v1,v2,...].

It induces the ultra-metric dg on 0T given by

0, ifz=y,
Gole3) = {<z><my>, ifoy.

The balls in this ultra-metric are again the sets
oT, = B¢(u) ((IJ) , xedly.

Note that condition (ii) in the definition is needed for having that each end of T' is non-isolated
in the metric dy. The metric d, of (6.3) is of course induced by ¢(z) = e~ 1.

Lemma 6.2 For a tree as in Definition 6.1, every ultra-metric on 0T whose closed balls are
the sets 0Ty, , u € T, is induced by an ultra-metric element on T'.

Proof. Given an ultra-metric d as stated, we set ¢(v) = diam(97,), the diameter with respect
to the metric d. Since deg™(v™) > 2 for any v € T \ {0}, the ball 9T, is the disjoint union
of at least two balls 0T, with v~ = v~. Therefore we must have diam(97,) < diam(97T,-),
and property (i) holds. Since no end is isolated, ¢ satisfies (ii). It is now straightforward that
d¢> =d. n

In view of the correspondence between the ultra-metric and the ultra-metric element, in the
sequel we shall replace in the notation the subscript d referring to the metric d = dy by the
subscript ¢ referring to the ultra-metric element. We note that

diamg(0T) = ¢(0), Ag(z) ={o(u) :uem(o,x)} and Ay ={op(v):veT}. (6.4)
We also note that, for any « € 07 and v € 7(0,x), the balls of the metric dy satisfy the identity

b(z) = {8Tv for $(v) < 1 < Bv7), ifv £ o

Br(x):Br . o
or  forr > ¢(o), ifv=o.

(6.5)

6.2 Isotropic jump processes on the boundary of a tree

In view of the explanations given above, we can consider the isotropic jump processes of (1.3)—
(1.8) on the space X = 9T. Since this space is compact, we may assume that the reference
measure 4 is a probability measure on 97. Given a measure p on 97, a distance distribution
function o with properties (1.5), and an ultra-metric element ¢ on T', we obtain the (dg, , o)-
process on 97T, that will be referred to as the (¢, u, 0)-process on 0T. We can write the semigroup
and its transition probabilities in detail as follows. For z € 9T and (0, x) = [0 = v, v1 ,v2,...],
using (6.5),

= Z ch Qo) f (@)
n=0

where ¢, =1—0'(¢(vo)) and ¢, =o' (¢(vn_1)) — o' (¢p(vy)) forn >1.
Thus, for arbitrary v € T and = € 9T as above

Ty, NOTy)

G
P[X; € 0T, | Xo = 2] = Z ¢ 10T, 0 OT:) T
Un

(6.6)

The standard (d, p)-process in the sense of Deﬁn1t1on 2.9 in the case of metric d = dy will
be referred to as the standard (¢, pu)-process.
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6.3 Nearest neighbour random walks on a tree

On trees there is a class of well-studied stochastic processes, namely random walks. Our aim is to
analyze how random walks on a tree are related with isotropic jump processes on the boundary
of the tree. A good part of the material outlined next is taken from the book of Woess [63]. An
older, recommended reference is the seminal paper of Cartier [12].

A nearest neighbour random walk on the locally finite, infinite tree T is induced by its
stochastic transition matrix P = (p(u,v)), ,er With the property that p(u,v) > 0 if and only if
u ~ v. The resulting discrete-time Markov chain (random walk) is written (Z,),>0. Its n-step
transition probabilities

p(")(u,v) =Pu[Z, =], u,veT,

are the elements of the n'" power of the matrix P. The notation P, refers to the probability
measure on the space of trajectories starting at u. We assume that the random walk is transient,
i.e., with probability 1 it visits any finite set only finitely often. Thus, 0 < G(u,v) < oo for all
u,v € T, where

G(u,v) = Zp(”) (u,v)
n=0

is the Green kernel of the random walk. In addition, we shall also make crucial use of the
quantities

F(u,v) =Py[Z, = v for somen > 0] and U(v,v) =P,[Z, = v for somen >1].

We shall need several identities relating them and start with a few of them, valid for all u,v € T

G(u,v) = F(u,v)G(v,v) (6.7)
Gv,v) = #(M) (6.8)
U(v,v) = > p(v,u)F(u,v) (6.9)
F(u,v) = ;(u,w)F(w,v) whenever w € 7(u, v) (6.10)

The first three identities hold for arbitrary denumerable Markov chains, while (6.10) is true
specifically for trees. The identities show that the quantities G, U, F' are completely determined
just by the values of F(u,v) for u ~ v. More identities from [63, Chapter 9] will be cited and
used later on.

By transience, the random walk Z, must converge to a random end (see e.g. [12] or [63,
Theorem 9.18]).

Lemma 6.3 There is a 0T -valued random variable Zo such that for every starting point u € T,
P,[Z,, — Zs in the topology of f] =1.

In brief, the argument is as follows: by transience, random walk trajectories must accumulate
at dT almost surely. If such a trajectory had two distinct accumulation points, say x and y,
then by the nearest neighbour property, the trajectory would visit the vertex z A, y infinitely
often, which can occur only with probability 0.
For any u € T consider the limit distribution v, that is a Borel measure on 9T defined for
any Borel set B C 0T by
v (B) =Py[Z € BJ.
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The sets 9T, , u € T (plus the empty set), form a semi-algebra that generates the Borel o-algebra
of OT. Thus, each measure v, is determined by the values on those sets. There is an explicit
formula (cf. [12] or [63, Proposition 9.23]) that holds for v # o:

1—F(v,v7) P
u(OT) Fluv)3— F(v=,v)F(v,v7)’ fue (p}UITAT), (6.11)
| = F(u, )00 = FOZ0F@0T) g

1—F(v=,v)F(v,v7)

A harmonic function is a function h : T'— R with Ph = h, where
Ph(u) = Zp(u, v)h(v).

For any Borel set B C 9T, the function u — 1,(B) is a bounded harmonic function. It is
possible to prove that all v, are comparable in the following sense: p(*) (u,v) vy < vy, where k
is the length of 7(u,v). Thus, for any function ¢ € L' (9T, v,), the function h, defined by

hy(u) = /aTcpdl/u

is finite and harmonic on 7. It is often called the Poisson transform of .
Next we define a measure m on T as follows: m(o) = 1, and for v € T\ {0} with 7(o,v) =
[o=wv0,v1,...,05 =],
p(vo, v1)p(v1,v2) - - P(Vg—1, Vk)

m(v) = p(v1,v0)p(v2,v1) - - - P(Vk, Vk—1) (6.12)

Then, for all u,v € T,
m(u)p(u,v) = m(v)p(v,u), and consequently m(u)G(u,v) = m(v)G(v,u). (6.13)

Hence, the random walk is reversible. This will allow us to use the electrical network inter-
pretation of (7,7, m): see e.g. Yamasaki [65], Soardi [54], or — with notation as used here —
[63, Chapter 4]. Each edge e = [v,v] € E(T) is thought of as an electric conductor with
conductance

a(v_v ’U) - m(v)p(v, U_)'
The Dirichlet form 7 = E7p for functions f,g : T'— R is defined by
Er(f9)= Y. (fl)=f) (9(v) —g(v7)) a(v™,v). (6.14)
[v—w]eB(T)

The domain of this Dirichlet form is the following space:

D(T) =D(T,P)={f: T —R| E(f, f) < oo} (6.15)

6.4 Harmonic functions of finite energy and their boundary values
We are interested in the subspace
HD(T) =HD(T,P) ={h € D(T,P): Ph=h}

of harmonic functions with finite energy. The terminology comes from the interpretation of such
a function as the potential of an electric flow (current), and then Er(h, h) is the energy of that
flow.

Every function in HD(T,P) is the Poisson transform of some function ¢ € L?(9T,v,). This
is valid not only for trees, but for general finite range reversible Markov chains, and follows from
the following facts.
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(1) Every function in HD is the difference of two non-negative functions in HD.

(2) Every non-negative function in HD can be approximated by a monotone increasing se-
quence of non-negative bounded functions in ‘HD.

(3) Every bounded harmonic function is the Poisson transform of a bounded function on the
boundary.

The boundary 0T is the (active part of) the Martin boundary, with v, being the limit
distribution on 0T of the Markov chain, starting at u. The facts (1) and (2) are contained in
[65] and [54], while (3) is part of general Martin boundary theory, see e.g. [63, Theorem 7.61].

Thus, we introduce a form Exp on T by setting

D(OT,P) = {¢ € LT, v,) : E7(hy, hy) < o0},

(6.16)
SHD“O? 7/1) = gT(hépa hd}) for P, 17[) € D(aT’ P)

6.5 Jump processes on the boundary of a tree

Kigami [36] elaborates an expression for the form Eyp(p, 1) of (6.16) by considerable effort,
shows its regularity properties and then studies the jump process on 9T induced by this Dirichlet
form. We call this the boundary process associated with the random walk on T'.
Let us show that there is a rather simple expression for £yp. Define the Naim kernel on
0T x 0T by
m(o) , ifz#y,
Oo(x,y) = < G(o,0)F(o,x Ny)F(x Ny,o0) (6.17)
400, ifr=y.

In our case m(o) = 1, but we do not use this to ensure the applicability of (6.17) in more general
cases (think of a different choice of the base point, or a different normalization of the measure
m).

Theorem 6.4 For any transient nearest neighbour random walk on the tree T with root o, and
all functions ¢, ¥ in D(OT,P),

Ernle) =5 [ [ (ela) = o) (0a) = 0(0) Oula) dvola) o).

A proof of Theorem 6.4 is given in [20] in a setting of potential theory on Green spaces,
which are locally Euclidean. The definition of the Naim kernel in [44] refers to the same type of
setting. However, the trees, even when seen as metric graphs, are not locally Euclidean. In this
sense, so far the definition of the Naim kernel and a proof of Theorem 6.4 in a suitable for us
setting have not been well accessible in the literature. In a forthcoming paper, Georgakopoulos
and Kaimanovich will provide those “missing links” in full generality.

We give here a direct and simple proof of Theorem 6.4 for the specific case of trees. We start
with the following observation.

Lemma 6.5 The measure O,(z,y) dv,(z) dv,(y) on T x 0T is invariant with respect to chang-
ing the base point (root) o.

Proof. We want to replace the base point o with some other v € T. We may assume that
u ~ 0. Indeed, then we may step by step replace the current base point by one of its neighbours
to obtain the result for arbitrary w.
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Recall that the confluent that appears in the definition (6.17)) of ©, depends on the root o,
while for ©, it becomes the one with respect to = as the new root. It is a well-known fact that

duy,

dv,

G(u,u N, )
G(o,uNo )’

() = K(u,x) :=

where K is called the Martin kernel. Thus, we have to show that for all z,y € 0T (x # y)

m(o) _ m(u) K (u, 2) K (u, y)

G(0,0)F(0,x Noy)F(x Noy,0)  Glu,u)F(u,w Ay y) F(w Ay y,u)

Consider four cases.
Case 1. z,y € 0Ty. Then x Ay =z Ayy =:v € Ty, and u Ay x = u A, y = u. Thus, using
(6.7), (6.10) and the fact that by (6.13)

m(u)/G(o,u) = m(0)/G(u,0),

we obtain

m(u) K (u, 2) K (u,y) 3 m(u) (G(u, u)>2
G(u,u)F(u,z Ny y)F(z Ny y,u) G(u,u)F(u,v)F(v,u) \ G(o,u)
m(0)G (u,u)
F(u,v)F(v,u)G(0,u)G(u,o0)
m(o)
F(u,v)F(v,u)F(o,u)F(u,0)G(0,0)
m(o)
F(o,v)F(v,0)G(0,0)’

as required.
Case 2. x,y € 0T \ 9Ty, . Then

TNoy=xNyy=we€T\T,, and uA,z=uN,y=o.

Case 3. x € T, ,y € 0T \ 9T}, . Then

TNy =0, TA,Y=u, uNox=u and uA,y=o.

Case 4. x € 0T \ 0Ty, , y € 0T, . This is similar to Case 3, exchanging the roles of = and y.

In all cases 2—4, the proof is done similarly to Case 1. m

For the proof of Theorem 6.4, we need a few more facts related with the network setting;
compare e.g. with [63, §4.D].

The space D(T) of (6.15) is a Hilbert space when equipped with the inner product

The subspace Dy(T') is defined as the closure of the space of finitely supported functions in
D(T). It is a proper subspace if and only if the random walk is transient, and then the function
Gy(u) = G(u,v) is in Dy(T') for any v € T' [65], [54]. We need the formula

Er(f,Gy) =m(v)f(v) forevery f € Dy(T). (6.18)
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Given a branch T, of T' (for w € T\ {o}), we can consider it as a subnetwork equipped with
the same conductances a(u,v) for [u,v] € E(Ty). The associated measure on Ty, is

mr,(u) = Y a(uv)= {m(u) if ue Ty \ {w},

vET v~ m(w) - a(w7 w_) ifu=w.

The resulting random walk on T}, has transition probabilities

U, v ifueT,\{w}, v~u,
a(o,0) p(u,v) € T \ {w}

mr, (u) - p(w,v)
1 —plw,w™)

pr,, (u,v) =
ifu=w, v~u.

We have Fr, (u,u”) = F(u,u”) and thus also Fp, (u,w) = F(u,w) for every u € Ty, \ {w},
because before its first visit to w, the random walk on T}, obeys the same transition probabilities
as the original random walk on 7. It is then easy to see [63, p. 241] that the random walk on
T, is transient if and only if for the original random walk, F'(w,w~) < 1, which in turn holds
if and only if v,(9Ty) > 0. (In other parts of this and the preceding two sections, this is always
assumed, but for the proof of Theorem 6.4, we just assume the random walk on the whole of T'
to be transient.) Conversely, if F'(w,w™) =1 then F(u,w) =1 for all u € T, .
Below, we shall need the following formula for the limit distributions.

Lemma 6.6 Foru e T\ {o},
vu(0Ty) =1 —p(u,u™) (Glu,u) — G(u™,u)) .

Proof. By (7.7),
F(u,u™)

G(u,u)p(u, u_) = 1— F(u7u_)F(U_,u>

Thus,
plu,u”) (Gu,u) = G(u™,u)) = (1 = F(u,u)) Glu,w)p(u,u”) =1 — v, (0T,)

after a short computation using (6.11) m

Proof of Theorem 6.4. We first prove the Doob-Naim formula (shortly, D-N-formula) for
the case when ¢ = 1p7, and 9 = 157, for two proper branches T}, and T}, of T'. They are either
disjoint, or one of them contains the other.

Case 1. T, CT,. (The case T, C T, is analogous by symmetry.)
This means that w € T, . For =,y € 9T we have

(p(2) = (y) ((z) —P(y) =1
if x € 0Ty, and y € 9T \ IT,, or conversely, and

(p(z) = o(y)) (W(z) —(y)) =0

otherwise. By Lemma 6.5, we may choose v as the base point. Thus, the right hand side of the
identity is

/ 0, (2, ) dvy(2) dvy) = Vo (0T \ OT, )o(0T,)
oT\aT, JoT, G

since © Ay y = v and F(v,v) = 1.
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Let us now turn to the left hand side of the D-N-formula. The Poisson transforms of ¢ and
1 are
ho(u) = v, (0T,) and hy(u) = v, (0Ty).

By (6.11),

ho(u) = F(u,v)v(0Ty), ue {v}U(T\Ty)
1—hy(u) = F(u,v)v,(0T\0Ty), ueT,.

We set Fy,(u) = F(u,v) and write

ho(u) = ho(u™) = (1= hy(u™)) — (1 = hy(u))

whenever this is convenient, and analogously for h, . Then we get

ST(hw ) hzﬁ)
= Z a(u,u”) (F(u,v) — F(u™,v)) 1,(0Ty,) (F(u,v) — F(u™,v)) vy(9T,)
[u,u"|€EE(T)\E(Ty)
- Z a(u,u”) (F(u,v) — F(u™,v)) v,(8T \ 8Ty) (F(u,v) — F(u™,v)) 1,(0Ty)
[u,u~]€E(To)\E(Tw)
+ Z a(u,u”) (F(u,v) — F(u™,v)) v1,(0T \ 0Ty) (F(u,v) — F(u™,v)) v,(8T \ 0T)
[u,u~]€E(Tw)
=Er(Fy, Fu)vy(0Ty)vy(0Tw) — E1,(Fy , Fiuy)vy(0Tw) + En, (Fy , Fu) vy (0T \ 0T,,)

where of course &r, is the Dirichlet form of the random walk on the branch T, , as discussed
above, and analogously for &7, . Now F, = G, /G(v,v) by (6.7), whence (6.18) yields

Er(Fy Fy) = 5TC(T,C(T; j;“’) - m(”G)(Z 7(2’)’)“’) | (6.19)

Recall that for the random walk on T),, we have Fr, (u,v) = F(u,v) for every u € T,,. Also,
mr, (v) = m(v) — a(v,v”) = m(v) (1 - p(v,v7)).
We apply (6.19) to that random walk and obtain

m(v) (1 — p(v,v7)) Fv,w)

gT»U(F’U7F’LU) = GT (/U ’U)
Applying (6.8), (6.9) and
_ plv,u)
Pl = T )
for u € T, , we obtain
% = 1-—pv,v)— (1 — p(v,v*)) Ur, (v,v)

= 1—pv,v7)— Z p(v,u)F(u,v)
= 1-p(v,v7) = (U(v,v) = p(v,v”)F(v™,v))
1 Vv(aTv)

= m —p(v,v7) (1 — F(’U_,U)) = Gloo)
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where in the last step we have used Lemma 6.6. It follows that

m(v)F (v, w)

gTU(F’l}?F’LU) = G(’U ’U)

vy (0Ty).

In the same way, exchanging roles between T, and T, and using reversibility (6.13),

m(w)F(w,v)
G(w,w)

m(v)F (v, w)

gﬂu(Fvvo) = G(U ’U)

vy (0Ty) = vy (0Ty) =

vy (0T )

Putting things together, we get that

Er(hy  hy) = Er, (Fy , Fu)vo(OT \ T,) = G";i”i) Vo (9T )1 (DT \ OT),

as proposed.

Case 2. T,NT,=10.

In view of Lemma 6.5, both sides of the D-N-formula are independent of the root o. Thus
we may declare our root to be one of the neighbours of v that is not on 7(v,w). Also, let v be
the neighbour of v on m(w, v). Then, with our chosen new root, the complement of the “old” T,
is Ty, which contains Ty, (The latter remains the same with respect to the new root).

Thus, we can apply the result of case 1 to T; and T;,. This means that we have to replace
the functions ¢ and h, with 1 —¢ and 1 — h,, respectively, which just means that we change the
sign on both sides of the identity. We are re-conducted to Case 1 without further computations.

We deduce from what we have done so far, and from linearity of the Poisson transform as well
of bilinearity of the forms on both sides of the D-N-formula , that it holds for linear combinations
of indicator functions of sets 0T, . Those indicator functions are dense in the space C(97") with
respect to the max-norm. Thus, the D-N-formula holds for all continuous functions on 9T. The
extension to all of D(9T,P) is by standard approximation. m

7 The duality of random walks on trees and isotropic processes
on their boundaries

When looking at our isotropic processes and at the boundary process of Kigami [36], it is natural
to ask the following two questions.

Question I. Given a transient random walk on 7" associated with the Dirichlet form £ of
(6.14), does the boundary process on 0T induced by the form Exp of (6.16) coincide with an
isotropic process (1.8) on 9T with transition probabilities (6.6), induced by the measure p = v,
on 0T, some ultra-metric element ¢ on T and a suitable distance distribution function o on
[0, 00)?

Question II. Conversely, given data u, ¢ and o, is there a random walk on T with limit
distribution v, = p such that the isotropic process induced by p, ¢ and ¢ is the boundary
process with Dirichlet form Eyp?

Before answering both questions, we need to specify the assumptions more precisely. When
starting with (¢, u, o), we always assume as before that p is supported by the whole of 97T'.

Thus, on the side of the random walk, we also want that supp(v,) = dT. This is equivalent
with the requirement that v,(9T,) > 0 for every v € T". By (6.11) this is in turn equivalent with

F(v,v7) <1 foreveryveT)\{o}. (7.1)
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Indeed, we shall see that we need a bit more, namely that

lim G(v,0) =0, (7.2)
vV—00
that is, for every € > 0 there is a finite set A C T" such that G(v,0) < ¢ for all v € T'\ A. This
condition is necessary and sufficient for solvability of the Dirichlet problem: for any ¢ € C (0X),
its Poisson transform h, provides the unique continuous extension of ¢ to 7" which is harmonic
in T. See e.g. [63, Corollary 9.44].
We shall restrict attention to random walks with properties (7.1) and (7.2) on a rooted tree
with forward degrees > 2.

7.1 Answer to Question I

We start with a random walk that fulfills the above requirements. We know from §1 that each
(1, ¢, 0)-process arises as the standard process of Definition 2.9 with respect to the intrinsic
metric (cf. Theorem 2.10): given ¢ and o, the intrinsic metric is induced by the ultra-metric
element
$u(u) = —1/logo (¢(u)) . (7.3)
Thus, we can eliminate ¢ from our considerations by just looking for an ultra-metric element ¢
such that the boundary process is the standard process on 9T associated with (¢, vp).
Since the processes are determined by the Dirichlet forms, we infer from Theorems 3.12 and
6.4 that we are looking for ¢ such that J(z,y) = O,(x,y) for all z,y € 0T with = # y, where
J(x,y) is given by (3.11). Rewriting J(z,y) in terms of ¢, v, and the tree structure, this becomes

L 1/¢(zAy) dt B m(o)
¢®V+[w@ %<Bz&@>_(ﬂm®F@wAyﬂNxA%@‘ (7.4)

In our case, m(o) = 1, but we keep track of what happens when one changes the root or the
normalisation of m. First of all, since deg™ (o) > 2, there are x,y € 9T such that x Ay = 0. We
insert these two boundary points in (7.4). Since F(0,0) = 1, we see that we must have

¢(0) = G(0,0)/m(0).

Now take v € T'\ {o}. Since forward degrees are > 2, there are x,y,y’ € 9T such that xt Ay =v
and x Ay = v~. We write (7.4) first for (z,y’) and then for (z,y) and then take the difference,
leading to the equation

/1/¢(v) dt _ m(o) B m(o) (75)
1/6(w-) v, (Bf/t(x)) G(0,0)F(0,0)F(v,0)  G(0,0)F(0,v=)F(v™,0) :

¢
1/t

By (6.5), within the range of the last integral we must have B7, (v) = 0T, , whence that integral

reduces to

< 1 _ 1 ) 1
o(v)  ¢(v7)/) vo(0T)
We multiply equation (7.5) by v,(97T),) and simplify the resulting right hand side
m(o) m(o)
- o 8Tv
(GoaF o aTFes ~ o Fes) T
by use of the identities (6.7) — (6.10)) and the first of the two formulas of (6.11) (for v,). We

obtain that the ultra-metric element that we are looking for should satisfy

= mio) - m(o) or every v 0
o) (o) - Clv,0)  Glomyo) yveT\{o}. (7.6)
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This determines 1/¢(v) recursively, and with m(o) = 1, we obtain

o(v) = G(v,0).

Since by (6.7) and (6.10)
G(v,0) = F(v,v")G(v™ o),

the assumptions (7.1) and (7.2) yield that ¢ is an ultra-metric element. Reversing the last
computations, we see that with this choice of ¢, we have indeed that J(z,y) = O,(x,y) for all
x,y € JT with x # y. Hence, we have proved the following result.

Theorem 7.1 Let T be a locally finite, rooted tree with forward degrees > 2. Consider a tran-
sient nearest neighbour random walk on T that satisfies (6.7) and (6.10). Then the boundary
process on OT induced by the Dirichlet form (6.16) coincides with the standard process associated
with ultra-metric element ¢ = G(-,0) and the limit distribution v, of the random walk.

Let £ be the Laplacian associated with the boundary process of Theorem 7.1. L acts on
locally constant functions f by

Cf(x) = /a (@) = 1) Bl ) defo).

In view of the identification of balls in 0T with vertices of T\, the eigenfunctions of (3.6) now
become

197 lor _
v = L — L , T .
f Vo(aTv) Vo(aTv*) vs \{O}

In addition, we set f, = 1 and note that it is an eigenfunction of £ with eigenvalue 0. Applying

Theorem 3.8 we obtain the following.

Corollary 7.2 For v € T \ {o}, we have Lf, = G(v~,0)"'f, and the set of eigenfunctions
{fotver is complete. In particular, we have

spec L = {G(v,0)~ 1 :v e T} U{0}.

Remark 7.3 For any two vertices v and w in 7"\ {o} such that v~ = w™ = u the functions
fo and fy, are eigenfunctions of £ corresponding to the eigenvalue A = 1/G(u,0). Hence the
eigenspace H(u) corresponding to the vertex u is spanned by functions {f, : v~ = u}. Since the

rank of the system {f, : v~ = u} is deg™’ (u) — 1, where deg™ (u) > 2 is the forward degree of the
vertex u, we obtain

dim H (u) = deg™(u) — 1
(cf. (3.9)).

Remark 7.4 Given the random walk on T and the associated boundary process on 91, we
might want to realize the latter as the (v,, ¢, 0)-process for an ultra-metric element ¢ different
from G(-,0). This means that we have to look for a suitable distance distribution ¢ on [0, c0),
different from the inverse exponential distribution (2.16). In view of (7.3), we are looking for o
such that for our given generic ¢,

o ((v)) = e~ 1/Cw0),

For this it is necessary that ¢(u) = ¢(v) whenever G(u,0) = G(v,0): we need ¢ to be constant
on equipotential sets. In that case, the distribution function o(r) is determined by the above
equation for r in the value set Ay of the ultra-metric dy . Then that function can be extended
to [0, +00).
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7.2 Answer to Question II

Answering Question IT means that we start with ¢ and p and then look for a random walk
with limit distribution v, = p such that the standard (¢, u)-process is the boundary process
associated with the random walk. We know from Theorem 7.1 that in this case, we should have
¢(v) = G(v,0), whence in particular, ¢(0) > 1. Thus we cannot expect that every ¢ is suitable.
The most natural choice is to replace ¢ by C - ¢ for some constant C' > 0. For the standard
processes associated with ¢ and C' - ¢, respectively, this just gives rise of a linear time change:
if the old process is {X;}¢>0, then the new one is {X;/c}i>0 -

Theorem 7.5 Let T be a locally finite, rooted tree with forward degrees > 2. Consider an ultra-
metric element ¢ on T and a fully supported probability measure p on OT. Then there are a
unique constant C' > 0 and a unique transient nearest neighbour random walk on T that satisfies
(6.7) and (6.10) with the following properties:

1. uw=v, is the limit distribution of the random walk.

2. The associated boundary process coincides with the standard process on 0T induced by the
ultra-metric element C' - ¢ and the given measure p.

For the proof, we shall need three more formulas. The first two are taken from [63, Lemma
9.35], while the third is immediate from (6.11) and (6.10)

F(u,v)

G(u,u) p(u,v) = 1= Flu,0)F(0,0) ifu~wv, and (7.7)
F(u,v)F(v,u
Glu,u) =1+ Z;u — (F (u’)v)(F (v’)u) (7.8)

vo(0Ty)/F(o,v7)

B0 ) = T 0 0 + Flo,07) (0T [F (o 07)

(7.9)

Proof of Theorem 7.5. We proceed as follows: we start with ¢ and p and replace ¢ by a
new ultra-metric element C - ¢, with C' to be determined, and p being the candidate for the
limit distribution of the random walk that we are looking for.

Using the various formulas at our disposal, we first construct in the only possible way the
quantities F'(u,v), u,v, € T, in particular when v ~ v. In turn, they lead to the Green kernel
G(u,v). So far, these will be only “would-be” quantities whose feasibility will have to be verified.
Until that verification, we shall denote them F'(u,v) and G(u,v). Via (7.7), they will lead to
definitions of transition probabilities p(u,v). Stochasticity of the resulting transition matrix P
will also have to be verified. B

Only then, we will use a potential theoretic argument to show that G(u,v) really is the Green
kernel associated with P, so that the question mark that is implicit in the “~” symbol can be
removed.

First of all, in view of Theorem 7.1, we must have

C-¢(v) =G(v,0),
whence by (6.7) and (6.10)
F(v,v7) = ¢(v)/dp(v™) forve T\ {o}, (7.10)

and more generally B
F(v,u) = ¢(v)/¢p(u) whenu <wv.
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We note immediately that 0 < F(v,u) < 1 when u < v, and that F(u,u) = 1.
Next, we use (7.9) to construct recursively F(v™,v) and F(o,v). We start with F(o0,0) = 1.
If v # 0 and F(o,v™) is already given, with

w(0T,-) < Flo,u7) <1
(the lower bound is required by (6.11)), then we have to set

S w(dT,)/Fo,v7)

F(v,v) = = = = (7.11)
- F(Ua Uﬁ) + F(Uv vi) M(aTv)/F(O7 Uﬁ)
and B N B
F(o,v) = F(o,v" )F (v ,v).
Since N
F(o,v7) 2 p(0T,-) = p(0Ty),
we see that B
0< F(v,v) <L
We set — as imposed by (6.10) —
F(o,v) = F(o,v”)F(v™,v).
Formula (7.11) transforms into
W(OT) = Flo,v ) F(om ) ——— T Fpw <1, (7.12)

1— F(v,v")F(v—,v)

as needed for our recursive construction. At this point, we have all values of ﬁ(u, v), initially
for u ~ v, and consequently for all u,v by taking products along geodesic paths.
We now can compute the constant C: (7.8), combined with (7.10) and (7.12) for u ~ o forces

u)F(u, 0)
,u)F(u,0)

Colo) = oo—l—l-z o

U U~

B F(u,0)
- Z 1— F(u, O)M(aTU)

U U~

_ _ow)/¢o)
= 1 2 T e MO

U U~

Therefore, we have

ot Z ¢ / ) o1, (7.13)

u:u~o (u
We now construct G(u, u) via (7.8):
F
Glu,u) =1+ Z JE(v,u) (7.14)
v~y )F(v7 u)

For u = o, we know that this is compatible with our choice of C. At last, our only choice for
the Green kernel is

G(u,v) = F(u,v)G(v,v), u,veT.
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Now we finally arrive at the only way how to define the transition probabilities, via (7.7):

p(u,v) = = = = . (7.15)

Claim 1. P is stochastic.

Proof of Claim 1. Combining (7.15) with (7.14), we deduce that we have to verify that for every
ueT,

F(u,v) (1 . ﬁ(v,u))
1— F(u,v)F(v,u)

=1. (7.16)

v~ uU
If u = o, then by (7.12) this is just
Z /‘(8Tv) =1
viv~o

If u # o then, again by (7.12), the left hand side of (7.16) is

F(u,v) (1 — F(v, u)) F(u,u™) (1 - ﬁ(uﬂu))

VT =y 1= F(u,v)F(v,u) 1— F(u, Ui)ﬁ(uf, w)
— li(aTv) 1— ,lv_ﬁ(u_,v’u) _q
v:vz—::u F(O u) i 1- F(u,uf)F(u*/u)

This proves Claim 1.

Claim 2. For any ug € T, the function g,,(u) = G(u,up) satisfies Pgu, = Gug — Lug -
Proof of Claim 2. First, we combine (7.14) with (7.15) to get

Piug(uo) = > pluo, v)F(v,u0)Glug,ug) = Y 1 f ;g?u:)f) (;E:oio) — Guo(ug) — 1,

V:VNUQY V:V~NUQY

and Claim 2 is true at u = ug. Second, for u # ug, let w be the neighbour of u on 7(u,ugp).
Then

Pgy,(u) = Z p(u, v)F(0,u)G(u, uo) + plu, w)G(w,ug)
VIU~UVFEW
ﬁ(u,v)ﬁ(v,u) é(u,uo) B ~ ~ ~
Z 1_ ﬁ(u,v)ﬁ v,u) é(u,u) p(uaw)F(w?u)G(ua'U'O) +p(u7w)G(w7u0)

v~ u

~~

G(uyu)—1

1 ~ 1 .
= G(u,up) (1 — é(u,u) — p(u, w)F(w,u) + p(u, w) ﬁ(u,w)) = Gu, (u)

since _ B _
p(u7 w)/F(u7 U)) - p(ua w)F(w, 'LL) = 1/G(’U,, U)
by (7.15). This completes the proof of Claim 2.

Now we can conclude: the function g,, is non-constant, positive and superharmonic. There-
fore the random walk with transition matrix P given by (7.15) is transient and does posses a
Green function G(u,v). Furthermore, by the Riesz decomposition theorem, we have

gUOZGf+h7
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where h is a non-negative harmonic function and the charge f of the potential
Gf(u) =Y G(u,v)f(v)
v

iS f = guo - Pguo = ]‘UO . That iS7

G(u,up) = G(u,up) + h(x) for allu e T.
Now let € 9T and v = ug A z. If u € T,, then by our construction

G(u,u) = G(u, 0)%

o(u) -0 asu—x.

Therefore G (-, up) vanishes at infinity, and the same must hold for h. By the Maximum Principle,
h=0.

_ We conclude that é(u,v) = G(u,v) for all u,v € T. But then, by our construction, also
F(u,v) = F(u,v). Comparing (7.12) with (6.11), we see that ; = v, . This completes the proof.
|

7.3 The non-compact case

The approach of the present work is not restricted to compact spaces. In case of a non-compact,
locally compact ultra-metric space without isolated points, one constructs the tree in the same
way: the vertex set corresponds to the collection of all closed balls, and neighbourhood in the
resulting tree is defined as above: if a vertex v corresponds to a ball B, then the predecessor
v~ is the vertex corresponding to the ball B’ (see Definition 3.6), and there is the edge [v™,v].
Now every vertex has a predecessor (while in the compact case, the root vertex has none), and
the tree has its root at infinity, i.e., the ultra-metric space becomes 0*T = 9T \ {w}, where w
is a fixed reference end of T'. See Figure 5 below.

We now start with this situation: given a tree T" and a reference end w € 9T, the predecessor
v~ = vz of a vertex v with respect to w is the neighbour of v on the geodesic 7(v,w). Given
two elements w, z € T\ {w}, their confluent w A z with respect to w is again defined as the last
common element on the geodesics 7(w, w) and 7(w, z), a vertex, unless v = w € 9*T (Figure 5).
Again, it is natural to assume that each vertex has at least two forward neighbours.

In this situation, for the Definition 6.1 of an ultra-metric element ¢ : T — (0, 00), we need
besides monotonicity [¢(v) < ¢(v™)] that ¢ tends to oo along (o, @), while it has to tend to 0
along any geodesic going to 0*T. The associated ultra-metric on 0*T is then given in the same
way as before:

0, ifr=y,

Pz Ly), fx#y.

Let us note here that also when ¢ does not tend to co along 7(z,w), this does define an ultra-
metric, but then (0*T,dy) will not be complete. Also, if the inequality ¢(v) < ¢(v™) is not
strict, one gets an ultra-metric, but then the above construction of the tree of closed balls does
not recover the original tree from (0*T), dy). Finally, if ¢ does not tend to 0 along some geodesic
m(o,x), x € 0*T, then x will be an isolated point in (0*T,dg4). (The last two observations are
also true in the compact case, for a tree with a root vertex.)

dd)(l‘vy) = {

Returning to our setting, the reference measure p of a (¢, u, o)-process may have infinite
mass: a Radon measure supported on the whole of 0*T. Again, we know that it is sufficient
to study the standard (¢, u)-process. We give a brief outline of the duality of such processes
with random walks on 7T". This should be compared with the final part of Kigami’s second paper
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[37] (whose preprint became available when the largest part of this work had been done, and in
particular, the preliminary version [64], containing Sections 6 — 7 of the present work, had been
circulated).

With respect to w, the branch of T rooted at u € T is now

Ty=Tou={veT :uen(v,w)}

Then 0T, is a compact subset of 0*T, a ball with dy-diameter ¢(u). Here, it will be good to
write T, , for the branch with respect to a root vertex o € T, as defined in (6.2). We note that
Tow = Tou iff u ¢ w(o,w). In addition to the reference end w, we choose such a root o and
write oy, for its n-th predecessor, that is, the vertex on 7 (0, w) at graph distance n from o.

Figure 5

Now let P = (p(u, U))u,ve
walk on T. We assume once more that (7.1) holds: F(v,v™) < 1 for every v € T, but now
predecessors refer to w. (Indeed, this implies (7.1) with respect to any choice of the root
vertex.) We now consider the Dirichlet form &yp and look at the formula of Theorem 6.4.
We would like to move o to w in that formula. We know from Lemma 6.5 that the measures
Oo, (z,y) dv,, (z) dv,, (y) are the same for all n. However, the measures v,, restricted to 0*T
will typically converge vaguely to 0. Thus, we normalise by defining

1
Vo, (0T5)

For the following, recall that T, = T,5 ,,, and note that u A o = o}, for some £ > 0.

o be the transition matrix of a transient nearest neighbour random

Mn = Vo and Jn(-r:y) = @On($7y) (Von (aTO))2 .

n

Lemma 7.6 Let A C 0*T be compact, so that there is a vertex u such that A C 9T, . If
u A o= o then for all n > k and for all x,y € 0T,, ,

pn(A) = pu(A) = p(A),  and Jn(z,y) = Je(z,y) = J(2,y).

We have

2 v,V
Jayy) =i hy) with i) = —— Gw)

where
9= m(0)v,(0T,)

G(o,0) '’

is the Martin kernel at w.
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Proof. Since 0Ty, contains both 07T, and A, we have for n > k

Vo, (A) F(0n; 01)V0, (A)

Hn(A) = Vor (OT5) — Flon, 0p)vor (0T0) i (A)-

Analogously, Let x,y € 0T, and x Ay = v, an element of T, . We use the identity m(v)G(v, w) =
m(w)G(w,v), which implies m(o,)F(0n,0) = m(0,)G(0n,0)/G(0,0) = m(0)G(o,0,)/G(0,0),
and compute for n > k

Vo, (0T,)? m(oy,) m(0,)%F (0p, 0)?
F(op,v)G(v,0n) m(op)F(0n, v)G (v, 0p)
vo(0T,)*m(0)? G(0,0,)? G(v,v)

G(0,0)2  G(v,0,)? m(v) ’

Jn(z,y) = V0(8T0)2

which yields the proposed formula, since G(o,0,) = F(0,0 A v)G(0 A v,0,) and G(v,0,) =
F(v,0 Av)G(0o Av,0,). B
Now its is not hard to deduce the following.

Theorem 7.7 LetT and its reference end w be as outlined above. Consider a nearest neighbour
random walk on T that satisfies F(v,v™) < 1 for every v € T. Let u and J be as in Lemma 7.6.
Then for all compactly supported continuous functions ¢, on 0*T, the Dirichlet form (6.16)
can be written as

Exp( ) = Ex(p.) +0-vo({w)) / (@) du(z), where

o*T

&) = 5 [ | (@)= o) (6(0) = 00) o) dita) ().

When the random walk is regular, that is, v,({w}) = 0, the form £; = Exp induces the standard
(1, @)-process, where the ultra-metric element ¢ with respect to w is given by

6(0) = 5 K(v,),

and ¥ and the Martin kernel K(v,w) are as defined in Lemma 7.6.
In particular, the (u, ¢)-process is the boundary process with a time-change.

Proof. There is k such that the compact supports of ¢ and v are contained in 9Ty, . Let n > k.
Using lemmas 6.5 and 7.6,

Eunlo) = 3 [ [ (ol) = o) (o0) = (0) Jule0) dini) dinl)
= 5, 6 ) (o) = pla) T(a0) ) i

+ /aTon @(:EW(:L’)/aT\aTon Tn(2,y) dpn(y) dp(z)

::fn($)
As n — oo,

31, [ )=o) (900) = o) TCo ) d(a) ) = (5.0
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Let us look at the second term. We have
@) = [ 0 (0.) v, (OT,) d (1),
OT\OT,,,

For x € 0T, and y € 9T \ 9T, , their confluent with respect to o, is oy, itself. Therefore, using
(6.17) and (6.11)

m(op )G (0p, 0)
G(on,0n)G(0,0)

Oo, (2, y) vo, (IT,) = %F(on,o)%(GTo):

__m(0)G(o,0n) ~ m(o) B
- G(on,0n)G(0,0) VO(aTO) - Vo(aTo) F(o0,0,) = 19F(07 On) -

Vo (0Tp)

Now note that for y € 9T \ 9Ty, , we have F(o,0,) dv,, (y) = dvy(y). Therefore

fa(z) =1 F(0,0n) dv,, (y) =V - v,(0T \ 91,,) — ¥ - vo({w}),
OT\OT,,

and as n — 0o, we can use dominated convergence to get that
[ oe@u@ [ nepdn@die) = [ e @ i)
T, OT\OT,,, o*T

— vl [ @i ),
as proposed. To prove the formula for the associated ultra-metric element, we proceed as in the
proof of Theorem 7.1, see (7.4) and the subsequent lines. We find that the ultra-metric element

must satisfy
1 1

ov)  d(v7)
The right hand side of this equation can be computed: we have v~ A o = o} for some k > 0, and
combining the arguments after (7.4) with those of the proof of Lemma 7.6,

m(o) m(ox)
<F (o8, 0)G(v, 08)  Flog,v7)G(v™, ow) Vou (0T oy (9T)
m(

< m(ok) _Ok) >F(ok,o) Vo(0T,)

= (i(v) —i(v7)) (OTy).

((v) —i(v™)) u(0Ts)

G(v,0r)  G(v—,0x)
_ (G(Oa op)  G(o,08) > m(0)v,(9T,) _ 9 9
G(v,0r)  G(v—, o) G(o,0) K(v,@w) K@, o)

We infer that 1/¢(-) — 9¥/K(-,ww) must be constant. By the regularity of the random walk,
K(v,w) — oo as v — w. On the other hand, also ¢(0,) must tend to infinity. Thus, the
constant is 0, and ¢ has the proposed form. m

Lemma 7.6 and Theorem 7.7 lead to clearer insight and simpler proofs concerning the material
on random walks in [37, §10 — §11], in particular [37, Theorem 11.3]. Namely, our limit measure
w coincides with the v, of [37]. Note, that there are examples where p(9*T) = oo, as well as
examples where 1(0*T') < 0o, even though the ultra-metric space is non-compact.

Remark 7.8 In Sections 6 — 7, we have always assumed that the ultra-metric space has no
isolated points, which for the tree means that deg™ > 2. Theme of [7] is the opposite situation,
where all points are isolated, i.e., the space is discrete. In that case the ultra-metric space is
also the boundary of a tree, which does not consist of ends, but of terminal vertices, that is,
vertices with only one neighbour.
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From the point of view of the present section, the mixed situation works equally well. If we
start with a locally compact ultra-metric space having both isolated and non-isolated points, we
can construct the tree in the same way. The vertex set is the collection of all closed balls. The
isolated points will then become terminal vertices of the tree, which have no neighbour besides
the predecessor, as for example the vertices z and y in Figure 6. All interior (non terminal)
vertices will have forward degree > 2.

Figure 6

In the compact case, the boundary 0T of that tree consists of the terminal vertices together
with the space of ends. In the non-compact case, we will again have a reference end w as
above, and 0*T consists of all ends except w, plus the terminal vertices. The definition of an
ultra-metric element remains the same, but we only need to define it on interior vertices. In this
general setting, the construction of (¢, i, o)-processes remains unchanged.

Even in presence of isolated points, the duality between (¢, i, o)-processes and random walks
on the associated tree remains as explained here. The random walk should then be such that the
terminal vertices are absorbing, and that the Green kernel tends to 0 at infinity. The Doob-Naim
formula extends readily to that setting.

Remark 7.9 Let us again consider the general situation when we start with a transient random
walk on a locally finite, rooted tree T

The limit distribution v, will in general not be supported by the whole of 0T'. The boundary
process can of course still be constructed, see [36], but will evolve naturally on supp(v,) only.
Thus, we can consider our ultra-metric space to be just supp(v,). The tree associated with this
ultra-metric space will in general not be the tree we started with, nor its transient skeleton as
defined in [63, (9.27)] (the subtree induced by o and all v € T\ {0} with F(v,v™) < 1, where
v =wv,).

The reasons are twofold. First, the construction of the tree associated with supp(v,) will
never give back vertices with forward degree 1. Second, some end contained in supp(v,) may
be isolated within that set, while not being isolated in 9T. But then this element will become
a terminal vertex in the tree associated with the ultra-metric (sub)space supp(7,). This occurs
precisely when the transient skeleton has isolated ends.

Thus, one should work with a modified “reduced” tree plus random walk in order to maintain
the duality between random walks and isotropic jump processes. The same observations apply
to the non-compact case, with a reference end in the place of the root and the measure pu of
Lemma 7.6 in the place of v, .
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Remark 7.10 Given a transient random walk on the rooted tree T, [36] also recovers an in-
trinsic metric of the boundary process on 97 (compact case !) in terms of what is called an
ultra-metric element in the present paper. This is of course ¢(x) = G(x,0), denoted D, in [36],
where it is shown that for v,-almost every £ € 9T, D, — 0 along the geodesic ray 7(o,&). This
has the following potential theoretic interpretation.

A point x € 9T is called regular for the Dirichlet problem, if for every ¢ € C(9T), its Poisson
transform h, satisfies

lim hy(v) = ().

vV—T

It is known from Cartwright, Soardi and Woess [14, Remark 2] that z is regular if and only
if lim,—,, G(u,0) = 0 (as long as T has at least 2 ends), see also [63, Theorem 9.43]. By the
latter theorem, the set of regular points has v,-measure 1. That is, the Green kernel vanishes
at v,-almost every boundary point.

Remark 7.11 In the proof of Theorem 7.5, we have reconstructed random walk transition
probabilities from C' - ¢p(u) = G(u,0) and p = v,.

A similar (a bit simpler) question was addressed by Vondracek [60]: how to reconstruct the
transition probabilities from all limit distributions v, , u € T, on the boundary. The method of
[60] as well as our method basically come from (6.11) and (7.7)-(7.8), which can be traced back
to Cartier [12].

8 Random walk associated with p-adic fractional derivative

In this section we consider a two-fold specific example which unites the approaches of Section 5
and Sections 6—7. We start with the compact case.
8.1 The p-adic fractional derivative on Z,

Let Z, C Q, be the group of p-adic integers. As a counterpart of the operator ®* we introduce
the operator D¢ of fractional derivative on Z, . We show that it is the Laplacian of an appropriate
isotropic Markov semigroup. Then we construct a random walk associated with D% in the sense
of Sections 6-7.

Since Z, is a compact Abelian group, its dual Z; is a discrete Abelian group. It is known

that the group Z; can be identified with the group
Z(p>®)={p™"m:0<m<p"n=12.}

equipped with addition of numbers mod 1 as the group operation. As sets (but not as groups)
Z(p™) C Qp, whence the function § — |||, is well-defined on the group Z(p).

Definition 8.1 The operator (D%, V,), o > 0, is defined via the Fourier transform on the
compact Abelian group Z, by

Def(&) = €l f(8), § € Z(p™),
where V, is the space of locally constant functions on Z,, .

Compare with the Definition 5.1 of the operator .
An immediate consequence is that the operator D® is a non-negative definite self-adjoint
operator whose spectrum coincides with the range of the function

§ €Ml Z(™) — Ry,
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that is,
spec D = {0, p%, p*“, ...}.

The eigenspace H(\) of the operator D® corresponding to the eigenvalue A = pF®, k > 1, is
spanned by the function

1 1

fk =————1ky ———— 11
Hp(pkzp) P2y Iup(pk 1Zp) pF—1Zy

and its shifts fi(- + a) with any a € Z,/p*Z,.
Indeed, computing the Fourier transform of the function f,

~

T5(8) = Lyjei, <oty — Ll <o) = Lelel,=p)-
we obtain - R ~
Do fi(€) = €N Fu(€) = P fr(€)-

The maximal number of linearly independent functions in the set {fx(- + a) : a € Z,/p*Z,} is
pF~1( p — 1), whence
dimH(\) = p*(p —1).

All the above shows that D® coincides with the Laplacian of some isotropic Markov semigroup
(P)¢~0 on the ultra-metric measure space (Zy,d,, j1,). In particular, using the complete de-
scription of spec D* we compute the intrinsic distance, call it d, o(x,y),

() = (M>

p

It is now straightforward to compute the spectral distribution function N, (z,7) = N, (7) and
then the jump-kernel J,(z,y) = Jo(z — y) of the operator D*. We claim that

Jawy) = 2= <p_ap_a_1+ ! ) (8.1)

N Y e

Recall for comparison that according to (5.5) the jump-kernel J,(x,y) of the operator © is
given by

o —1 1
Ja(z,y) = — o
L=p=Hz —y|,*
To prove (8.1), we compute Jo(2). Let |[2]|, = p~!, then dp (0, 2) = p~ (Do and
1/dp.(0,2) pUH+Da
Ja(z) = / Ny (7)dr = / Nq(7)dT.
0 0

The function N, (7) is a non-decreasing, left-continuous staircase function having jumps at the

points 7, = pF*, k = 1,2, ..., and taking values at these points N, (1) = p*~!, whence

Jo(2) = 1-p%+pp™ —p®) + 2 (0% — p*) + ... + pl (pHHe — plo)

_ 1-p! P =1 et
1— pfafl 1— pfafl

_ pa -1 pfoz _pfafl N 1
L—pomt U 1=p= |z,

p
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as desired. Next, we apply Theorem 3.12 and obtain

D (x) = /Z (@) — F) Tala — ) diip(w). (8.2)

P

The equations (8.1)—(8.2) and (5.1) now yield the following result.

Corollary 8.2 For any function f defined on Z,, C Q, we set f: f on Z, and 0, otherwise.
Then _
fedom(D¥) = f € dom(DY),

D*f() = D°f(x) and (D°f.f)=(9°F,F) (8.3)
whenever x € Zy, f € dom(D*) and (1, f) = 0.

8.2 Nearest neighbour random walk on the rooted tree T

As an illustration of Theorem 7.5 we construct a random walk on the rooted tree associated with
Z,, whose boundary process coincides with the isotropic process driven by the operator C - D,
where C' =p~ (1 —p™@).

The Abelian group Zj, can be identified with the boundary of the tree T, with root o where
every vertex v has p forward neighbours. In our identification, this is the tree of balls of the
ultra-metric space (Zp,d,) with root o corresponding to the whole of Z, and the ultra-metric
dp(z,y) = |lz — yl,, - See Figure 4 above, where p = 2. We fix a constant ¢ € (0,1) and consider
the nearest neighbour random walk on T} with

1/p ifv- =0

¢/p otherwise (8.4)

plv,v7)=1—c and p(v_,v) :{

Using [63, Thm. 1.38 and Prop. 9.3 ] one can compute precisely the Green function G(v,0), the
hitting probability F'(v,0) and other quantities associated with our random walk. In particular,
choosing ¢ = (1 +p~%)~!, we obtain

pfa‘vl

F(v,0)=p "l and G(v,0) = =t

(8.5)
where |v| is the graph distance from v to 0. We see that the Green function vanishes at infinity,
whence the random walk is Dirichlet regular.

The transition probabilities are invariant with respect to all automorphisms of the tree. Every
such automorphism must fix o and every level of the tree. Let v = v, be the limit distribution on
OT} of the random walk starting at o. Then also v is invariant under the automorphism group
of the tree (whose action extends to the boundary). In particular it is invariant under the action
of Zy. Thus, under the identification of 9T} with Z,, we have that v = p,, , the normalized Haar
measure of Zj .

We now look at the boundary process induced by our random walk as a jump process on Z,, .
By Theorem 7.1, the boundary process arises as an isotropic jump process with the reference
measure ji,. Let £ be its Laplacian. By Corollary 7.2, the set spec £ coincides with the range of
the function v — 1/G(v,0), v € Ty, together with {0}. In view of the above formula for G(v,0)
this means that

spec L ={0,(1 —p “),p*(1 —pfa),pm(l —p M),... L

Remember that o

DY = {0,p%, p**,...} =
spec {0,p%,p™, ... } e

spec L.
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Since both D and £ have the same orthonormal basis of eigenfunctions, we conclude that they

are proportional, that is,
pa
g

Thus, finally we come to the following conclusion

D (8.6)

Proposition 8.3 The boundary process {X;}i~0 associated with the random walk defined in
(8.4) with parameter ¢ = (1 + p~®)~! and the isotropic jump process {X}i~o driven by the
operator D* are related by the linear time change X;/c = Xi*, where C' = p~*(1 — p~Y).

The equation (8.6) implies that the jump kernel J,(z,y) of operator D* and the Doob-Naim
kernel ©,(z,y) of operator L are related by

(87

Jolz,y) = Oo(z,y). (8.7)

1—p @
We now show how to compute the Doob-Naim kernel

1
G(0,0)F(0,v)F(v,0)’

Oo(x,y) =

where v =2 Ay,

directly, using the data of (8.5). We do not yet have F(o,v). We shall compute

1

N = 5o (,0)

Since it depends only on the level k of v, we consider an arbitrary geodesic ray [o = vg,v1,...]
and set up a linear recursion for N(vg). Denoting by w; an arbitrary neighbour of o different
from v; and applying [63, Prop. 9.3(b)] and (8.5), we obtain

1 p-1 I (p—1)p°

F(o,v1) = -+ —F(wy,0)F(o,v1) = — + F(o,v1),
( )p ) (w1, 0) F( )p , (0,v1)

whence

(07

p

F =——
(07 Ul) pa+1 _p + 1

Thus, we get the initial values
N(vo) =1 and N(v;)=p*™ —p+1.

Next, for k > 1, we let wgy1 be a forward neighbour of vy, different from v, 1. Applying once
again [63, Prop. 9.3(b)] and (8.5), we obtain

p* (p—1)p*
F(vg, vk41 F(wgq1,vk) F(vg, kg1
1
+pa n 1F(Uk—1,vk)F(Uk,Uk+1)-

We insert the value F(wgy1,v) = p~ @ and divide by

F(0,v41) = F(0,v,)F (v, vgg1) = F(0, vp—1) F(vg—1, ) F (U, Ugg1)-
Then we get

1 U L1 1
F(o,v5)  p(p*+1) Flo,vk41)  p(p*+1) Fo,vk)  p* +1F(0,vp-1)
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Now we multiply both sides with 1/F (vg,0) = p®* and get

N(o) = 2 N(ogp) + 2L N (o) + -2
v = - v _— v
M e+ ) Y T e ) T g

This is a homogeneous second order linear recursion with constant coefficients. Its characteristic
polynomial has roots 1 and p®*!. Therefore

N(v) = A+ Bpletbk,
Inserting the initial values we easily find the values of A and B. In order to get the Naim kernel,
we have to multiply by 1/G(0,0) =1 — p~®. Thus, we get

L-p -1 { 0" =) i L-p°
pa+1 -1 pa+1 -1 p - pe

N(’Uk_l).

@0(377:’/) = Ja(xay)a

as desired.

8.3 The random walk corresponding to ©“ on Q,

Now we construct the random walk corresponding to the fractional derivative on the whole of
Qp using Lemma 7.6 and Theorem 7.7 concerning the duality between isotropic processes and
random walks in the non-compact case.

The tree associated with Q) is the homogenous tree 7' = T, with degree p + 1. We have to
choose a reference end w. Then we can identify its lower boundary 0*T),, with the field of p-adic
numbers. With respect to w, every vertex v has its predecessor v~ and p successors. Every
subtree T, = T ,, is isomorphic with the rooted tree ’]I‘g considered above in the compact case of
the p-adic integers. In particular, we choose the root vertex o such that 90T, = Z, . See Figure 5
above, where p = 2.

We now define the random walk on T), as in (8.4), but with predecessors referring to w:

p(v,v7)=1—c¢ and p(v",v)=c/p, where ¢=(1+p ¥ (8.8)
For the following quantities, see e.g. [62, pp. 423-424]. For all v € T,

—Q —Q
= —11_—;){1_1 and 1,(0T,) = —11_ pl_)a_l.
This yields that the reference measure p of the boundary process with respect to w, as given by
Lemma 7.6, is the standard Haar measure of Q,, .

We compute ¥ = (1 —p~®)/(1+p~®). Furthermore, let us set h(v) = d(v,v A 0) —d(o,v A 0)
(where d is the graph metric). This is the horocycle number of v. That is, the vertices with
h(v) = k, k € Z, are the elements in the k-th generation Hy of the tree (see Figure 5), and 97,
corresponds to a ball with radius p~* in the standard ultra-metric of Qp . Then

K(v,w)=p*" and m(v) = pla- D),

Fv,o7)=p *, F(v ,v) =p !, G(v,v)

Putting things together, we get

_ —)2
b(v) = SEP " ) 1-pr) RESIO)
1—pe 1 +p= )1 —p=t)
Retranslating this into p-adic notation, we conclude that the intrinsic metric and jump kernel
of the boundary process with respect to w are given by
1- p a
dp(x,y) = Trp—= |z —yll, and
(1—p=)? 1 1—p°
J x, = = J, z, )
R [ s T

where J,, is the jump kernel associated with ®*. So at last, we get the following.

and j(v) =

—Q
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Proposition 8.4 The boundary process { X}~ with respect to the reference end w associated
with the random walk (8.8) on Ty, and the isotropic jump process { X }1~o driven by the operator
D% on Qp are related by the linear time change X, o« = X, where C* = (1 —p~®)/(p® + 1).
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