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Abstract

We study an infinite system of independent symmetric random walks on a hierarchical
group, in particular, the c-random walks. Such walks are used, e.g., in population genetics.
The number variance problem consists in investigating if the variance of the number of
“particles” N, (L) lying in the ball of radius L at a given time n remains bounded, or
even better, converges to a finite limit, as L — oo. We give a necessary and sufficient
condition and discuss its relationship to transience/recurrence property of the walk. Next
we consider normalized fluctuations of N, (L) around the mean as n — oo and L is
increased in an appropriate way. We prove convergence of finite dimensional distributions
to a Gaussian process whose properties are discussed. As the c-random walks mimic
symmetric stable processes on R, we compare our results to those obtained by Hambly and
Jones (2007,2009), where the number variance problem for an infinite system of symmetric
stable processes on R was studied. Since the hierarchical group is an ultrametric space,
corresponding results for symmetric stable processes and hierarchical random walks may
be analogous or quite different, as has been observed in other contexts. An example of a
difference in the present context is that for the stable processes a fluctuation limit process
is a centered Gaussian process which is not Markovian and has long range dependent
stationary increments, but the counterpart for hierarchical random walks is Markovian,
and in a special case it has independent increments.
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1 Introduction

Random walks on hierarchical groups, called hierarchical random walks, have arisen in several
applications. The hierarchical random walks we will consider in this paper are of the type
introduced by Spitzer [21] (p.93) in a special case, and more generally by Sawyer and Felsenstein
[20] in the context of population genetics. We will focus on “number variance” properties and
related fluctuations for these random walks. This question has been investigated by Hambly
and Jones [13] [14] for a-stable processes on R.
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For an integer M > 2, the hierarchical group of order M is defined by
Qu ={x=(x1,29,...):2; €{0,1,.... M — 1}, ¥;x; < o0},

with addition componentwise mod M. It is a countable Abelian group which is also described as
the direct sum of a countable number of copies of the cyclic group of order M. The hierarchical
distance | - | on Qy is defined by

o — y| = 0 if r=uy,
= max{i:x; Ay} if x#vy.

It is translation-invariant, and satisfies the strong (non-Archimedean) triangle inequality
|z —y| < max{|x — z|,|z —y|} forany =x,y,z.

This means that (2, |- |) is an ultrametric space. In such a space two balls are either disjoint
or one is contained in the other. This property is the cause of significant differences from
mathematical models based on Euclidean spaces R? or Euclidean lattices Z%, and it is interesting
to study analogies and differences between “corresponding” models defined on ,; and on R?
or Z% specially because hierarchical models may reveal behaviors that are not observed in
Euclidean models. A picture of (Qy, | -|) is the set of leaves at the top of an infinite tree where
each inner node at each level j > 1 has one predecessor at level 7 4+ 1 and M successors at level
j — 1. The distance between two individuals (leaves) at level j = 0 is the depth in the tree to
their most recent common ancestor, and it measures the degree of relatedness between the two
individuals.

A random walk £ = (&,)n>0 on Q2 starting at 0 is defined by §o = 0,&, = p1+- - -+pp,n > 1,

where pq, pa, ... are independent copies of p, which is a random element of 2, with distribution
of the form .
(r=y) -1 Y70 (p=0)=0, (1.1)

where (7;)j=1,2.. is a probability law on {1,2,...}. That is, the jumps of £, are taken by first
choosing distance j with probability 7;, and then choosing a point with uniform probability
among those at distance j from the previous position of the walk (note that M7~1(M —1) is the
number of points at distance j from a given point of €j/). These random walks are the most
general symmetric random walks on Q,,. We assume that (r;) is not restricted to a bounded
set, so that the walk can reach arbitrarily large distances (by ultrametricity, it is not possible
to go far with small steps). We refer to a hierarchical random walk determined by (r;) as r;-rw.
A particular r;-rw is the c-rw, where ¢ is a constant such that 0 < ¢ < M, and

r=(1-5) (&)"‘1, ji=12..., (1.2)

The c-rw mimics the behavior of the standard a-stable process on R? in the sense that both have
analogous recurrence/transience behaviors. The analogies are given in terms of their degrees ~.
The Appendix contains information on . In particular, v < 0 corresponds to recurrence and
v > 0 to transience. The a-stable process on R? has degree

d

-2 _1 1.
v=o-1 (1.3)
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and the c-rw on ), has degree
log ¢

! log(M/e)

By relating the degrees (L3) and (4] we will compare our results with those of [13] [14]. Other
rj-tw’s we will consider are defined in the Appendix and used for examples.

Hierarchical structures are found in the physical, biological and social sciences due to the
multiscale organization of many natural objects (see e.g. [2,[19]). Some of the main applications
of hierarchical systems are found in statistical physics; a partial list of references is contained
in [7]. We have already mentioned [20] in population genetics. Some other references where
stochastic models based on hierarchical structures have been studied are [9, [10} 12} [17] (inter-
acting diffusions), [5, 8] (branching systems), [I] (contact processes), [3, 4, 18] (percolation),
[15], [16] (search algorithms).

The “number variance” problem studied [13],[14] for a-stable processes on R has a motivation
from physics related to so-called determinantal processes (see the Introduction of [13]). The
model is as follows in simplified form. An independent copy of the standard a-stable process,
representing the motion of a particle, starts at time 0 from each point u; = j —¢,j € Z, where
¢ is a uniformly distributed random variable on [0, 1] (the e-displacement provides spatial
homogeneity). Let N;[0, L] denote the number of particles that at time ¢ > 0 lie in the interval
[0, L], and consider its variance, VarN;[0, L]. The “number variance” problem refers to the
behavior of VarV,[0, L] for fixed ¢t as L — oo. It is shown that for o < 1 (transient case) the
variance tends to oo, and for 1 < o < 2 (recurrent case) it has a finite limit up to an additive
fluctuation bounded by 1. The latter behavior is called saturation. For a = 1 the process is
recurrent and the variance tends to infinity. The rescaled fluctuation process defined by

(1.4)

N[0, st¥/o] — EN,[0, stl/«
zu(s) = PO BN s (15)

is discussed, and a continuous interpolation of this process is shown to converge weakly on
a space of continuous functions, as t — 00, to a centered Gaussian process with stationary
increments, which is not Markovian and has long range dependence. Hence this process has a
resemblance to fractional Brownian motion.

The purpose of the present paper is to prove counterparts to the results of [13, [14] for a
system of independent hierarchical random walks starting from each point of €2,,. We will do
this for a general class of hierarchical random walks, and we will also consider a model where
at the initial time there is a Poisson number of particles at each site. As with other systems
of hierarchical random walks, one of our objectives is to exhibit analogies and differences with
the results for the Euclidean model.

Now we give a summary of our results.

We consider a system of independent r;-rw’s (particles) starting from each point of €2y,
and denote by N, (L) the number of particles that at step n lie in the ball {x € Q@ |z| < L},
L € Z, (in [13| 14] the interval [0, L] was considered, but essentially nothing changes if it is
replaced by [—L, L]). For general r; we give a necessary and sufficient condition for boundedness
of VarN,, (L) and for existence of its limit as L — oo. It turns out that

1
lim VarN, (L) = QnM lim M ry

L—o0 — 1 L



(Theorem 2.2). In particular, for the c-rw this limit exists, and it is finite if and only if
¢ < 1, i.e., if the walk is recurrent. For the non-critical cases, ¢ < 1 and ¢ > 1, this result
corresponds to the properties of the number variance for a-stable processes mentioned above,
but the correspondence breaks down for the critical case, ¢ = 1: the process is recurrent and
the variance has a finite limit. For general r;, boundedness of VarN, (L) and recurrence are
not equivalent (see Remark 2.4(c)). For the initial Poisson system the situation is simpler,
VarN,, (L) always tends to infinity. It can be shown that the same thing happens for the
a-stable process.

Next we investigate the fluctuations of N, (L) around the mean as n — oo, when L = L(n)
is increased in an appropriate way. Analogously as in (LH), where a “time” parameter s was
introduced, we introduce a “time” parameter ¢, taking L(n) + R(t), where R(t) is a suitable
non-decreasing function of ¢, and we consider a corresponding fluctuation process. We assume
that lim; oo 7;41/r; = @ > 0. It turns out that the cases @ < 1 and a = 1 are significantly
different (see Theorem 2.8). For a < 1, the most appropriate L(n) has logarithmic growth
and the norming is of the order nf/?, where 6 = log M/ log%. In general the fluctuation
processes may not converge, but convergent subsequences can be chosen (in the sense of finite
dimensional distributions), and a family of processes indexed by a parameter r € [1, %] is
obtained. These processes have stepwise trajectories, they are Gaussian with covariance of the
form f(sVt)gx(sAt), in particular they are Markov. If a = 1, the fluctuation process converges
to a Gaussian process with independent increments. In contrast, for the a-stable process on R
the fluctuation limit is a non-Markov process with stationary increments [13] [14].

We study some further properties of our limit processes and discuss a probabilistic inter-
pretation of the parameter 6, which is closely related to the degree ~.

Finally, for the Poisson model we show that with general r; the fluctuation limit exists and
it is, up to a constant, the same process as that obtained in the previous case for a = 1.

Due to the ultrametric structure of €2),, the calculations involved in the proofs are quite
different from those in [13], [14].

2 Results

Fix an integer M > 2 and let {2); be the corresponding hierarchical group as defined in Intro-
duction. We consider a system of independent r;-rw’s on €2, starting from each point u € ;.
Recall that N, (L) is the number of particles lying in the ball By = {z € Qy : |z| < L} at step
n, i.e.,

Nu(L) = ) g, (u+&Y), (2.1)

UEQ]\/[

where {{"},eq,, are independent copies of r;-rw’s starting at 0.
Proposition 2.1

(a) EN,(L)=M*" n, L=0,1,2,..., 2
(b) VarN, (L) ~2nM*P(|p| > L) as L — oo, (2.3)
(¢c) P(lp| < L™ 'nP(|p| > L)M* < VarN, (L) <2M*, n, L =0,1,2,..., 2

(~ means that the quotient of both sides tends to 1).
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The number variance problem is solved in the following theorem.

Theorem 2.2 For anyn =1,2,... limsup;_, . VarN,(L) < oo if and only if
limsup; ... M*r;, < oco. Moreover, limy_,o, VarN, (L) exzists (finite or not) if and only if
limy oo M7 exists, and in this case

: 1 : L
Lh_r)rolo VarN, (L) = 2nM lim M*ry,. (2.5)

— 1 Lo

This theorem applied to the examples mentioned in the Appendix gives the following results.

Example 2.3 (a) c-rw:

0 if c<1,
lim VarN,(L) =< 2n if c=1, (2.6)
L—oo .

oo if e¢>1.

(b) jP-rw:

. _J oo if B>0,
LIEEOVMN"@)_{ o if B=0.

(for =0 it is obviously a c-rw with ¢ = 1)
(c)rj=Dj=P 3>1:

lim VarN, (L) = oc.

L—o0
Remark 2.4 (a) Let us compare the result (2.0) for the c-rw with the solution of the number
variance problem obtained in [13,14] for the a-stable process. With ¢ < 1 (recurrent case) we
obtain “true” limits, whereas for the a-stable process with a > 1 the variances are bounded
but do not converge due to an oscillating term (see [14]). On the other hand, with ¢ < 1 the
limit is trivial (zero), whereas for the a-stable process with o > 1 the variances are bounded
away from 0. The only non-trivial limit for the c-rw is obtained in the critical case ¢ = 1, and
it has no counterpart for the a-stable process, since for o = 1 the variances tend to infinity.
(b) For the c-rw, finiteness of the variance limit is equivalent to recurrence, whereas for the
a-stable process this equivalence breaks down in the critical case o = 1.
(c) Example 2.3(b) shows that in general finiteness of the variance limit is not equivalent to
recurrence (see the Appendix).

We now give a result for the Poisson case.

Proposition 2.5 Assume that initially at each site there is a Poisson number of particles, and
these numbers are i.i.d. Then for any system of rj-rw’s, lim,_,o, VarN, (L) = co.

Remark 2.6 (a) It can be shown that an analogous result holds for a-stable processes.

(b) We will come back to the Poisson system later on. Poisson systems seem to be the most
natural as random initial configurations. However, it can be shown that for each initial config-
uration determined by i.i.d. random variables {v,}.cq,, (V. particles at site x) which are truly
random, i.e., with Var v, > 0, we have lim_,, VarN,, (L) = co.



So far we have considered N,(L) for n fixed. Now we will vary both n and L, more
precisely, we want to investigate the normalized fluctuations of N,,(L) as n — oo, simultaneously
increasing L in an appropriate way.

We make the following assumption on the random walk:

r;
rjiy1 < r; for j > some jp, and ]1520%1 =a>0. (2.7)
j

This assumption is satisfied for all our examples (see Example 2.3 and the Appendix).
By Proposition 2.1(c), it is natural to take

L(n) = sup {L €7, h(L) > %} | (2.8)

where

ML) = Pl > 1) = Y 1 (29)

j=L+1

so that, by ([24), VarN,(L(n)) has the same rate of increase as M. Hence v ML(™ is the
natural normalization for the fluctuations of N, (L(n)).
L(n) has the following properties.

Lemma 2.7 (a) if a <1, then

lim L(") - (2.10)
n—o00 loga =
(b) X
1 <nh(L(n)) and limsupnh(L(n)) < e (2.11)

As in [13,14], we want to investigate a fluctuation process introducing a new “time” pa-
rameter. In [13,14] this was done with a multiplicative parameter, but in our case an additive
parameter is more adequate. This is caused by the hierarchical structure of the state space,
which for a < 1 implies the logarithmic growth of the radius of the balls (Lemma 2.7(a)). Con-
sider any non-decreasing function R : R, — Z such that lim; ., R(t) = co. Forn = 1,2,...
we define the fluctuation process as

Nn((L(n) + R(t))") — ENo((L(n) + R(t))")

X, (t) = , 2.12
) _— (212

(see ([2.2)).

In what follows = ¢ denotes weak convergence of finite-dimensional distributions, and ||
is the integer part of x € R.
For a given by (2.1]), we denote

(2.13)



Theorem 2.8 Assume (2.7).
(a) Suppose a < 1. Let (n;); be any subsequence such that
lim n;h(L(n;)) = K (2.14)

1—00

for some k € [1,1]. Then X,, = X®ER where XWR) s q centered Gaussian process with

covariance

EX(H’R)(S)X(H’R) (t) — MR(S/\t)gR(S \V/ t)’ (215)

S\ 2
M =1 2 > e—nbaR(t)aJ
) = 1 (%) (2%‘fﬂ7—
‘]:

(M _ 1)3 [e’¢) 1 o] 6—HbaR(t)aj+k+1 o 6—HbaR(t)aj 2
M 2 Mi MF '

=0

where

(2.16)

k=0

_ : — (R) (R) 4 '
- n—r00 - n )
(b) If a = 1, then lim nh(L(n)) =1 and X,, = X", where X" is a centered Gaussian
process with covariance

EX® () XB)(t) = (1 — e 2)MEE, (2.17)

Remark 2.9 (a) Existence of a subsequence (n;); in part (a) follows immediately from Lemma
2.7(b). For example, for c-rw we have L(n) = [log,/,, +| and the condition (ZI4) is satisfied
for any subsequence (n;); such that log,. ni — [log./m nij converges (to log./,, +), and any
k € [1,21) can be obtained in this way.
(b) As it will be seen in the proof, part (b) of the theorem holds under the weaker (than
rj+1/r; — 1) assumption
. T+l

lim 2= = 0. 2.18

B RG) 219
(c) It is well known that Gaussian processes with covariances of the form (2.15]) have the Markov
property. This is in sharp contrast with the corresponding result in the Euclidean case [13,14].
(d) The limit process obtained in part (b) has independent increments.
(e) The function R(t) accounts for the time scaling of the limit process only. From the form of
the covariances it is seen that the most natural forms of R(t) are

1
R(t) = {loga ;J if a <1, (2.19)
R(t) = |logyt] ifa=1. (2.20)
We then have, for a < 1,
1! < MEO < M, (2.21)
where log M
h==5" (2.22)
log =
and
t < MEO < Mt if a=1. (2.23)
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It is also seen that the exponents in (2.16]) are “close” to %, namely

1
<af < —, (2.24)
at

~+ | =

In (221), (2:23) and (2.24), the left-hand inequalities are equalities for t = a™",n € Z.

Let us denote by X and X the limit processes corresponding to R given by ([2I9) and
(220), respectively. Observe that in spite of the fact that such R’s are not defined at ¢t = 0,
the processes X*) and X themselves are right continuous in L? at 0 with X*)(0) = 0 and
X (0) = 0. This follows from (2.21]), (2.23)), and since the function g, is bounded.

Remark 2.10 The process X has the representation
X, =V1—e2Wyn for M" <t < M"" neZ,

where W is a standard Brownian motion.
Properties of the process X ) are summarized in the next proposition.

Proposition 2.11 (a) X*) is determined by a Gaussian sequence of random variables (C,)nez,
Xt('{) =(, fora<t<a Y,

where the (, have the representation

) n M Mi-1
G = gula ).Z N gula) T gula DY’ (2.25)

1=—00

with (V4)iez 1.1.d. standard normal.
(b) X% has a long range dependence property with exponent 1 in the sense that

0 < limsup 7| E(X® () — X® () XE(t +7) — X" (s +7))| < o00. (2.26)

T—00
(c) For 0 >1 (ie., 1 >a> ), if we define
Y0 (t) = a2 XE) (g7mt) >0,
then
V" = C(k) ZY(a_")]l[afn,af(nH)) as m — 0o,

neL

/ 1 t
Y(t) = 9: /u"/Qqu, t>0.
0

where




Remark 2.12 (a) Part (c) corresponds to Proposition 4.16 in [13]. Note that in that paper
the limit process is a fractional Brownian motion, whereas in our case Y is a diffusion process
satisfying the equation

1
dY (1) = =Y (ydt + (VO + 21w,
Its covariance has the particularly simple form
EY(s)Y(t)= (s Ant)(svi) ™ (2.27)

(b) The condition # > 1 in part (c) is required only to ensure that the process Y is well defined
at 0. For <1 the assertion of part (c) remains true on [g,00), € > 0.

(c) We think that part (a) can be given a nicer form, analogous to that of the limit of Y, in
part (c), i.e., that the process X®) can be “interpolated” between the time points a™™ by a
Gaussian diffusion process. To derive such a representation it would suffice to prove that the
function g, defined by (2.I6), with af®) replaced by %, is decreasing in t. We have not been
able to prove it.

Remark 2.13 (a) Part (c) of Proposition 2.11 and Remark 2.12(b) show that the behavior
of X(")(t) as t — oo changes drastically depending on whether § > 1 or § < 1 (for § >
1, limy_,oc VarX®(t) = oo, and for 0 < 1,lim,_,., VarX*)(¢) = 0). In fact, the parameter  has
a deeper probabilistic interpretation which is related to the recurrence/transience properties of
the underlying random walk. These properties are in a sense characterized by the degree v of
a random walk (see the Appendix). From (A.2) it follows that § = v + 1. In particular, this
implies that for # > 1 the random walk is transient, and for § < 1 it is recurrent. In the critical
case 0 = 1 both situations can occur. Moreover, by Theorem 2.2 it is not hard to check that
if & > 1, then lim;_,,, VarN, (L) = oo, and if § < 1, then lim;_,, VarN, (L) = 0, while, as
it was seen in Example 2.3, if # = 1 the number variance can be finite or infinite. We recall,
however, that in general the condition limsup;_, . N, (L) < oo is not equivalent to recurrence
of the random walk.

(b) The equality # = v + 1 implies that for c-rw’s the parameter 6 corresponds to é for the
symmetric a-stable process in R (see (I3)), and (A.2) in the Appendix). Hence for c-rw’s the
rate of the norming v ML (~ n%?2) corresponds exactly to '/2%, which is the norming in the
fluctuation theorem in [13] (see (LH)).

Finally, we give the result for the Poisson system.

Theorem 2.14 Under the assumptions of Proposition 2.5, for any r;-rw, any functions L :
Zy — Zy and R : Ry — Z, non-decreasing with lim,,_,., L(n) = oo and lim;_,., R(t) = oo, if
X, is defined by (212), then X, = CX®B where XB) is given in Theorem 2.8(b) and C' is

a constant.

Remark 2.15 From the proof of this theorem it will be seen that the same result is true if
the initial number of particles at site u € Q2 is n*, where (n")ueq,, are i.i.d. random variables
with E(n")?T < oo for some § > 0, and En* = Var n".



3 Proofs

Let us denote

Br(u) = {z€Qy:|z—u| <L}, Bp=B.0),
SL(U) = {ZL’GQM |:)3—u| L}, SL—SL( ),
pu(L) = Pu+é&, € Byr).

We write |A| for the number of points in a bounded subset A of {2, (no confusion arises with
the hierarchical distance). Note that

[Br(u)] = M*,|Sp(u)] = (M — 1)M*".

Observe that by ultrametricity of 2y, if u € By, then u + &, € By, if and only if ¢, € Br. On
the other hand, if |u| = L+ k, k= 1,2,..., then By, C Spyx(u), hence

B

Skl

pu(L) = Pu+ & € BL 0 Spaw(u)) = P(|6n] = L + k)

Thus we have

P(|¢,| < L) if ue By,

)= Ple =L+ k) if Ju/=L+k k=12 (3.1)

(‘gn‘ + )(M_1>Mk_1 1 ‘u‘ + ’ ) Sy

Proof of Proposition 2.1 By (21 and (31,
= > L)+ > ph(L) =Bil
uEB], u¢ By,
This proves (a) (this formula is surely known, but we have not found a reference ).
In order to investigate VarN, (L) we study the tail of &,. We have
Pl > L) < Y P&l <L,....|&] < L,|&| > L)

= Y _P(pl < L)*'P(lp| > L), (3.2)

k=1

by ultrametricity. Again by ultrametricity, the event that in the first n steps there is just one
farthest jump whose length is j and it occurs at step k£ has the form

Ay =& <Js s [&k=1] <4, 1&k] =7, &1 € Bimi(&k), -, & € Bj—1(&k) }

hence

Pled>1) > 33 P =33 Pllol < iy Pllol = 1)

k=1 j=L+1 k=1 j=L+1

> nP(lpl < L)"'P(lp| > L). (3.3)
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Formulas (8.2) and (B.3) imply that
P(|¢.| > L) ~nP(|p| > L) as L — oo. (3.4)

Using (2.1) and (B1)) we have
VarN (L) = I(L) + I(L),
where

I(L) = M"P(&| < L)P(1&| > L),

I(L) = M"Y P(&|=L+k) (1— !

ar— e Plel =L+ k:)) .

Hence (b) follows immediately from (3.4)).
The upper estimate in (c) is clear from the previous calculations. The lower bound is an
easy consequence of

VarN,(L) > I(L) > M*P(|&:] > L)(1 = P(|éa| > L))
and (3.2), 33). O

Proof of Theorem 2.2 All the statements follow from (2.3]) and the trivial formulas

M"P(|p| > L) = M"rpoi + M"P(|p| > L+1), M"P(lp| > L) =)

J=1

j+L
’f’j+LM]
Mo

O

Proof of Proposition 2.5 If the number of particles at each site is Poisson with parameter
A, then
VarN, (L) = A Y phi(L) = AEN,(L) = AM",

ueQ s

by (Z2]), hence the assertion follows. O

Proof of Lemma 2.7 (a) By (27) and (2.9)) it is easy to see that for any 0 < e <a A (1 — a)
there exist positive constants C, Cs such that for sufficiently large n,

Ci(a—e)" < h(n) < Cyla+e)". (3.5)
Then, for large n,

1

1 1
h ({logaﬁ - +log,. . @J + 1) < Cy(a + £)8are) 1/nCa — -

which implies that
1 1
L(n) < 10ga+a E + 1Oga+a 52 + 1a
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hence
L(n) loga

lim su .
i log, + ~ log(a +¢)

Analogously, using the left-hand side of (8.5) we obtain

L
lim inf (n) > loga
n—00 loga - log(a — 5)

Hence (2.10) follows
(b) The lower bound in (ZI1]) is obvious by (2.8)). The assumption (2.7)) clearly implies

lim 2 =gk k=12, (3.6)

n—o00 Tn

hence for a < 1 we have

<Z(a+a)j> < lim i ;:(L;; < limsup "+1 (Zaj>

J=0

forany 0 < e < 1—aand k = 1,2,.... The right-hand side inequality also holds for a = 1.
Therefore, for all 0 < a <1,

. T'n+1 - _
nh_)nolo hn) =1-—a. (3.7)

By 2.8) and 2.9),

nh(L(n)) < 1+ nrim)1,
so (2.10)) follows easily from (B.1). O

Proof of Theorem 2.8 (a) We will prove

lim Cov(X,,,(s), Xp,(t)) = MEN g (s v 1) (3.8)
and
1 . . e
i et 3 B U 0 )~ Pl < (00 + 1) =0, 550

uEQ s

(3.9)
Then by (2.1)), (2.12)) and independence of random walks the result follows from the central
limit theorem in the Lyapunov version.

Denote
L(i,t) = (L(n;) + R(t))". (3.10)
Fix s < t. By (1)) and independence of random walks,
Cov(Xn, (), X, () = M7HCD Y= i ( (1= p (L(i,1)))
uEQ s
= MM(1+1), (3.11)
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where I =37 cppiny---and I =32 opiiy) .- Wehave

I = Y .+

u€B(L(%,s)) u€B(L(4,t))\B(L(%,s))
MEI P&y, | < L(i, ) P(|€n,| > L(i, 1))
L(i,t)

D S S UM LN P N))

j=L(i,s)+1uES; | |

= M"IP(|&,] < L, 1)) P(1€] > L(i, 1)), (3.12)

by B1). Similarly

(o]
r=> >
J=1 u€SL(i,t)+j

= MHS T P(6n] = LG 1) +J) (1 — P(l&u| = L(i.1) *ﬁm) (3.13)

By (B.10)-BI3), for sufficiently large i, we obtain

Cov(Xi(s), X, () = M [P(Ifn-l > L(i,1)) (1 + P(Ign,] < L(3,1)))

1 P& = L(i,t) + 7)1
T z; Vs (3.14)
=
It is known ([20], see also [7]) that
P(¢ :u):—f—k+ —l)f:—jn if |ul=k>0
" M* M’ )
Jj=k+1
where
fo=1—h(k—1)— —* (3.15)
k M — 1. .
Hence

P(l&|l=k) = %(—f}:ﬂM—q ](4—+]’“>

7j=1

M—1C ;L+k+1_ gn+k

= — > ViR (3.16)
j=0
This implies that

M—-1 1 .

P(lgn] > L) = —— > 71— fiyu)- (3.17)
7=0

13



By @.14), B.6), B.7) and B.I0) we have

lim n; ( W(L(i, ) + 5 — 1) + 2EOH) g RO+I—1, (3.18)
i—00 M -1
where b is defined by (2.I3]). Hence
. n; _ —kbaR®)+i-1
Im Ll =€ ) (3.19)

by BI3).
Combining (3.I6)-(3.19) and (B.I4) (it is clear that we can pass to the limits under the

sums) we arrive at

lim Cov(X,,(s), Xy, (1))

1—»00

M—1K 1 — erba®al M —1 & emrbatal
_ R
_MKMZ M A TP D Te

7=0 7=0

T 35yl DY i

. . 2
[e%9) [e's) _ R(t) ,i+1+k _ R(t) od
(M o 1)3 1 e Kkba a —e Kkba a
k
=0 k=0

= M™g,(t) (3.20)

(see (ZI6). This proves (B.3).

It is easy to see that the expression under the limit on the left hand side of (3.9]) is estimated
from above by

C C

u +\ L(n)+R(t)*
VLT Z pp((L(n) + R(t))7) = WM( (RO
u€E s
by (2.:2), hence (2.I0) follows.
The proof of part (a) is complete.
(b) The fact that
nh_>r20 n(h(L(n)) =1 (3.21)
follows immediately from (2.I1)). This and (3.7) imply that
lim n ( h((L(n) + R(£))* +j — 1) + “LOFRO=) (3.22)
(cf. (B.18)), hence
Y Sy rapees =€
for j =0,1,2,.... Therefore, a counterpart of (B.20) is
lim Cov(X,(s), X, (1)) = (1 — e 2) MEEN, (3.23)

n—oo

Now, the = convergence (the Lyapunov condition (8.9)) is obtained in the same way as before.
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Observe that ([B.21)), (3.:22), and hence [3.23) as well, follow from (B.7) in this case. (Recall
that (B.7) with a = 1 implies (2.I1]), see the end of the proof of Lemma 2.7(b).) Therefore, as
stated in Remark 2.9 (b), assumption (2.7)) can be replaced by (2.I8]). O

Proof of Proposition 2.11 (a) From positive-definiteness of the covariance function (215 it
is easy to see that M?/g,(a™") is increasing in 7, moreover, by ([ZI8]), lim; , o, M?/g.(a™") = 0.
Hence the result is obtained by a direct computation.

(b) By ([213), for s <t < s+ 7 <t+ 7 we have

E(X®(#) = X () (XD (t+7) = X (s + 7))
(MO — MO (g (14 7) = gils + 7)),
hence it suffices to investigate the second factor. Obviously, for large 7, the time points s+7,t+7
belong either to the same interval of the form [a*, a~**+1)), or to two neighboring such intervals.
Since, by (2.19) and (2.16), g, is constant on such intervals, it is enough to consider a sequence

of the form
Tm=0a"—dp, s<d,<t, m=12....

Then, for large m we have
Tin(gn(Tn + 1) = 9(Tm + 5)) = Tma™a™" (ge(a™) — Gu(a™ 1)),

where §,(r) is obtained from (2.I6) by putting r instead of a*). The mean value theorem
implies that 2(g,(r) — gx(£)) has a finite positive limit as r — 0. This proves (2:20)).
(c) Since the processes Y,
ances. By (2.19) and (2.22),

R(a™t) = m+R(t), m=12,..., (3.24)

M™ = o™,
This, (2.15) and (2.I9) imply that for s <,
Cov(Y, ™) (s), YW (1)) = MBS a=mg, (a™™1).

are centered Gaussian, it suffices to prove convergence of covari-

By ([3:24) we also have

1— e—nbaR(aimt) a’

lim = kba" W7,
m—00 a™

Hence, using the form of g, given by ([B.20), and by (2I3)), it is easy to see that

lim Cov(Y,"(s), V(1)) = 2 MR 5 < ¢,

m
m—0o0

Hence (c) follows (cf (2.27)). O

Proof of Theorem 2.14 Let n* be the number of particles at site w at time 0. The r.v.’s
(N"“)ueq,, are i.id. Let (€“*),cq,, ren be independent copies of rj-rw. Then

-
Na(L)= Y D Lpienvep,y

uepr k=1
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and for s < t, denoting L(n,t) = (L(n) + R(t))",

1
Cov(Xu(s), Xu(t)) = 7775 > [En"Plu+& € Brns)

uEQ s

+ (Varn" — En")P(u+ &, € Brm,s)P(u+&, € BL(n,t))]

EUO L(n,s)
- ML(n) M ’

by (22]). Hence
lim Cov(X,(s), Xn(t) = En° MR,

n—o0

Next, using the inequality (a; +. ..+ a,,)*t <m0 (a2 + ... +a2), a; > 0, we easily obtain

" 245
. 1 G u,k
,}Lﬂgo N (1+3/2)L(n) Z K (Z LM (O 3 )> =0.

uEQ s k=1

Convergence of finite-dimensional distributions now follows from the central limit theorem
(Lyapunov criterion). O

Appendix

The development and applications of hierarchical random walks are outlined in [7], and their
recurrence/transience and some other properties are studied in [6] (and references therein).

In order to deal with the standard a-stable process on R? and discrete time hierarchical
random walks in a unified way, the continuous time version of a walk with unit rate holding
time was taken in [6]. Its transition probability from 0 to y in time ¢ > 0 is given by

pe(0,y) =€ ]

n=0

™ (0,y),

where p™(0,y) is the transition probability from 0 to % in n steps. Generally, for a Lévy
process on a Polish space S (with additive group structure in the cases considered in [6]) with
semigroup 7;, the degree of the process is defined by

y=sup{¢ > —1:GMp <o forall ¢eBf(9)},

where B () is the space of bounded non-negative measurable functions with bounded support
on S, and

1 o0
G* :—/ M Tpdt, ¢ >0,
2 F(C) . tp ¢

is the fractional power of the potential (or Green) operator of the process. For ( = v it may
happen that G7"lp < oo or G711y = 0o, p # 0. Recurrence corresponds to v € (—1,0) and
transience corresponds to vy € (0, 00]. The value v = 0 is special since both cases G < oo and
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Gp = 00, ¢ # 0, can happen. v = 0o occurs, for example, for a simple asymmetric random
walk on Z. For v > 0, ~ is also given by

v=sup{¢ >0: EL%R<OO for all R > 0},

where Lp, is the last exit time of the process (starting at 0) from an open ball Bg of radius R
centered at 0. For a discrete time random walk on a discrete space, instead of G¢¢ it is natural
to consider

1 o0
— S0, 0), Al
0 ; (0,0) (A1)
but since
> ~T(n+¢+1)
| n0.0ay = > A E Do,
0 n=0 ’
and

% —1 as n — oo,
the degree of the random walk is the same in discrete and continuous time.

For the standard a-stable process on R? ~ is given by (I3), and the range of possible
values of ~ for those processes is restricted to the interval [—3,00). For the c-rw defined
by (LI),([T2), ~ is given by (I4), and the range of possible values of v is (—1,00). Hence
this class of hierarchical random walks is richer than the class of standard a-stable processes
and corresponding symmetric random walks on Z¢. The ¢-rw’s mimic the behavior of a-stable
processes in the sense that they have the same recurrence/transience properties for equal values
of their degrees; in particular, for v = 0, Gy = oo holds for both of them. The correspondence
of degrees allows to choose ¢ in order to study “caricatures” of a-stable processes by means of
c-rw’s, including non-integer values of the dimension d (which is one of the reasons for using
hierarchical random walks in statistical physics, see 7, [§] and references therein). But there
are also differences, for example, the distance from 0 of the c-rw has a different behavior from
the a-stable Bessel process (see [6], Remark 3.5.7). The correspondence between the degrees of
the a-stable process and the c-rw also serves to compare our results with those of the a-stable
process and exhibit analogies and differences.

The assumption rj1/r; = a as j — 00,0 < a < 1, implies that the degree of the r;-rw is

given by

—1 for a<l y=o00 for a=1. (A.2)

This is obtained from [6] (Proposition 3.2.7). Hence

1
<0, < 57, recurrent
ve =0, if ad = %,
1 .
> 0, > 47, transient.

The parameter § = v+ 1 (see (2.22))) therefore has a meaning in terms of recurrence/transience.
Examples:

17



1. corw: 0 <c< M,

(VY s et g b
Vi M M 7] » = ) M? f}/ log(M/C)?

recurrent for ¢ < 1, transient for ¢ > 1.

2. jP-rw:B >0,
i’
Tj:DW, j:1,2,...,
where D is a normalizing constant,
1
a=— =0
M’ fy Y

recurrent for § < 1, transient for 8 > 1 (follows from the recurrence criterion in [11], see
also Example 3.2.6 in [6], which is slightly different) .

ri=Dj " j=12...,

where > 1 and D is a normalizing constant,

a=1, ~=o00, transient.

Remark. In [6] r; is written in the form

_ G -
Tj_DNj/u’ g=12...,

where p is a positive constant, (¢;) is a sequence of positive numbers, and D is a normalizing
constant. The parameter p is useful for some applications (see also [7, [§]).

References

[1] S.R. Athreya, J.M. Swart, Survival of contact processes on the hierarchical group, Probab.
Theory Related Fields 147 (2010), 529-563.

[2] A.L. Barabdsi, E. Ravaz, Hierarchical organization in complex networks, Phys. Rev. E. 67
(2003), 026112.

[3] D.A. Dawson, L.G. Gorostiza, Percolation in a hierarchical random graph, Communica-
tions Stochastic Analysis 1 (2007), 29-47.

[4] D.A. Dawson, L.G. Gorostiza, Percolation in an ultrametric space, on ArXiv:PR 1006.4400.

[5] D.A. Dawson, L.G. Gorostiza, A. Wakolbinger, Occupation time fluctuations in branching
systems, J. Theor. Probab. 14 (2001), 729-796.

18



[6]

[7]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

D.A. Dawson, L.G. Gorostiza, A. Wakolbinger, Degrees of transience and recurrence and
hierarchical random walks, Potential Analysis 22 (2005), 305-350.

D.A. Dawson, L.G. Gorostiza, A. Wakolbinger, Hierarchical random walks, in “Asymptotic
Methods in Stochastic”, Fields Institute Communications and Monograph Series 44 (2004),
173-193, Amer. Math. Soc.

D.A. Dawson, L.G. Gorostiza, A. Wakolbinger, Hierarchical equilibria in branching popu-
lations, Elect. J. Probab. 9 (2004), 316-381.

D.A. Dawson, A. Greven, Hierarchical models of interacting diffusions: multiple time scale
phenomena, phase transition and pattern of cluster formation, Probab. Theory Related
Fields 96 (1993), 435-473.

D.A. Dawson, A. Greven, F. den Hollander, R. Sun, J.M. Swart, The renormalization
transformation for two-type branching models, Ann. Inst. Henri Poincaré Probab. Stat. 44
(2008), 1038-1077.

L. Flatto, J. Pitt, Recurrence criteria for random walks on countable Abelian groups,
[linois J. Math. 18 (1974), 1-19.

K. Fleischmann, A. Greven, Diffusive clustering in an infinite system of hierarchically
interacting diffusions, Probab. Theory Related Fields 98 (1994), 517-566.

B. Hambly, L. Jones, Number variance from a probabilistic perspective: infinite systems
of independent Brownian motion and symmetric a-stable processes, Elect. J. Probab. 12
(2007), 862-887.

B. Hambly, L. Jones, Erratum: Number variance from a probabilistic perspective: infi-
nite systems of independent Brownian motion and symmetric a-stable processes, Elect. J.
Probab. 14 (2009), 1074-1079.

J. Kleinberg, Small-world phenomena and the dynamics of information, in “Advances in
Neural Information Processing Systems (NIPS)” 14 (2001), 431-438.

J. Kleinberg, Complex networks and decentralized search algorithms, Proc. ICM 3 (2006),
1019-1044, European Mathematical Society, Zurich.

A. Klenke, Different clustering regimes in systems of hierarchically interacting diffusions,
Ann. Probab. 24 (1996), 660-697.

S. Koval, R. Meester, P. Trapman, Long range percolation on a hierarchical lattice,
ArXiv:PR 1004-1251.

R. Rammal, G. Toulouse, M.A. Virasoro, Ultrametricity for physicits, Rev. Mod. Phys. 58
(1986), 765-788.

S. Sawyer, J. Felsenstein, Isolation by distance in a hierarchically structured population,
J. Appl. Probab. 20 (1983), 1-10.

F. Spitzer, Principles of Random Walk, Second Edition, Springer, 1976.

19



	1 Introduction
	2 Results
	3 Proofs

