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In this article we determine a formula for fractal and resistance dimensions of
two models of uniformly bounded random trees. The type (transient or recurrent)
of the random walk on such trees is ascribed, to some extent, to these dimensions.
The results presented in this article generalize some of the results of [6] and [7].

1. INTRODUCTION

The structure of a tree plays a considerable role in the context of probability on trees.
This role is essential, for instance, in determining the type of the random walk on a
tree, whether it is transient or recurrent, which is equivalent to deciding whether
the effective resistance is finite or infinite (if the tree is considered as an electric
network by assigning conductivities to its edges). See [2], [5], [8], or [9]. The
growth rate, GR(I'), of a tree I" is defined roughly as the nth root of the size of the
nth generation of the tree. As is seen from its definition, GR(I') barely takes into
account the process of branching of I'. As such, we cannot rely much on GR(I').
The branching number, BR(I'), is more reliable in describing the branching
process. BR(I') is, roughly, the mean number of branches emerging out from a
vertex of tree (outdegree). It is known that the random walk on a tree I' is transient
if BR(I') > 1 and could be of either type if BR(I') =1 see [12]. The energy as
well as the capacity of a flow are closely related to the type of the random walk. In
this article we study two exponent measures of the structure of the tree: the fractal
dimension and the resistance dimension. These dimensions are related to the ran-
dom walk dimension via the Einstein equation RWD = FD — RD + 2, where RWD,
FD, and RD stand respectively for the random walk dimension, the fractal dimen-
sion, and the resistance dimension. This relation holds true for sufficiently regular
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(dense and smooth) trees of polynomial growth. See [13] or [14]. It is shown for a
spherically symmetric tree SSRT (where the degree of a vertex depends only on its
distance from the root) of polynomial growth that FD = RD and, as such, RWD = 2.
This entails that the mean time that the random walk on SSRT, starting at the root
of T, takes to hit its nth level is n™ ; t, — 2.

2. BACKGROUND

To cast light on the connection between probability and electric networks, we con-
sider a finite connected graph G with edge set E, endowed with nonnegative
numbers {c,, = ¢y, xy € E} called conductivities, and the reciprocals {r,, = 1/cy,,
xy € E} are called resistances. The graph G associated with the assigned conduc-
tivities is called an electrical network and it is denoted by G. A real-valued function
v defined on the vertices of G is called harmonic at a vertex x if

3 S u) = o),
Cx

y

where ¢, = )" c,,. Two vertices a and z are respectively the source and the sink of the
network G*. According to the uniqueness theorem [2], the harmonic function v on the
nodes of G” is uniquely determined by its boundary values in the sense that if two
harmonic functions on G"\{a, z} have the same values on the boundary {a, z},
then they are equal. The voltage function v is harmonic on G"\{a, z}. See [2]. For
this reason, we call any harmonic function on G"\{a, z} a voltage if it has the
same boundary values of the voltage function v.

A flow 6 from a to z is a function on the oriented edges that is antisymmetric,
6, = —0,, and that obeys Kirchhof’s node law ) ,6,, = 0 for x &€ {a, z}. This is
the requirement “flow in equals flow out” for any vertex x & {a, z}.

The voltage difference between a and z induces current that flows into the
network. The current flow associated with the voltage v is defined for oriented
edges by Ohm’s law:

The strength of the current flowing into the circuit at vertex a is defined by
ia =Y iax.
X

If you increase the voltage difference v, — v, between a and z, the current i, will
increase such that the ratio (v, — v,)/i, remains constant. This constant is called the
effective resistance of the network G and is denoted by R(a < z); that is,

Vg — 0
Rla < 7) = u

la
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It is also shown that R(a < z) is the power (energy) dissipation of the unit current
flow; see [2] or [9]:

1
Ra ) =5 iyry.
Xy

A weighted (nearest-neighbor) random walk on G is a Markov chain X,, on the
vertex set of G with transition probabilities:

Cxy
Pxy :p(Xn+l = y|Xn =x)= =,
Cx
The probabilistic interpretation of the effective resistance is described as
follows: Let p(a — z) denote the escape probability of the random walk that
starts at a; that is

pla — z) = p.(X, hits z before returning to a).
It is shown in [2] that

1
c,Rla — z2)°

@)

pla—z)=

We now consider an infinite leafless tree I' for which the degree d(y), the number
of edges incident with y, of every vertex y satisfies d(y) > 2. If all of the vertices
of level n is shorted (soldered) in one vertex z, then Eq. (1) gives the
connection between the escape probability and the effective resistance of the
portion of the tree between the root and the level n. Taking the limit in Eq. (1) as
n — 00, we get

1

p(aew):m,

2

where R(a < 00) stands for the effective resistance of the whole infinite tree and p(a

— 00) is the probability that the random walk will escape its starting point a. This entails
that the random walk on I is transient if and only if R(a <+ 00) < co. This is the Nash—
Williams result. See [1] or [11]. This criterion holds true for any infinite connected graph.
Eventually, according to Thomson’s principle, the random walk on a denumerable graph
G is transient iff there is a unit flow on G having finite energy dissipation from some
(every) vertex to co.

Let I',, n > 0, denote the set of vertices of level n (having distance n from the
root) of I' and let |I',| denote its cardinality. Then |[I'o| = 1. Let B, =Y ;_o|I'4] be
the number of vertices in the first n levels. The geometric, resistance, and mean
hitting time exponents are involved respectively in the following definitions of
fractal, resistance, and random walk dimensions.
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Consider a general infinite connected graph G with a vertex r to be identified as a
reference vertex. The fractal dimension of G is defined to be
log B,

FD = lim sup , A3
n—00 ogn

where B,, is the number of vertices of a ball of radius n and centered at r.

If the set of all vertices of G having distance n from r is shorted in one vertex b
and R,, denotes the effective resistance between r and b, then the resistance dimension
of G, having effective resistance R, is defined as

log R, )
2 — lim sup o8 if Ry = o0
o n—0o0 ogn
RD=90 " " log®R—R) . @
2 —limsuyp——— if Ry = R < 00,
n—s00 logn :

The random walk dimension of G is defined to be

log E(T,
RWD = lim sup 2220

n—o0 logn

) ®)

where E(T,,) is the mean time that the random walk takes to exit a ball of radius n and
centered at r.

Note 1: We notice that if RD < 2, R, = o0 and the random walk on G is recurrent,
whereas if RD > 2, R, < o0 and the random walk on G is transient.

It is assumed in [13, 14] that the G is of polynomial growth and it is shown for
dense graphs that FD > RD and hence RWD > 2. For smooth graphs, the three
exponents dimensions are related by the Einstein equation: RWD = FD + 2 — RD.
It can easily be shown for the binary tree (every vertex has degree 3 except the
root has degree 2) that RWD = 1. This is due to the exponential growth of that
tree. One important remark is that the random walk on all integer cubical
lattices Z¢ has RWD = 2, whereas the random walk on 7% is transient if and only
ifd> 2.

3. AUXILIARY LEMMAS

The following three lemmas are presented in [6].

Lemma 1: Suppose that X,, n > 1, are independent random variables such that
0<X, <K for some constant K. Set S, =) j=1X;. If E(S,) — o as n— o,
then
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Lemma 2: Let {b,} be a sequence of real numbers such that lim,, nb,, exists.
(i) If b, > 0, then

n

> b

i=1

hm nb,, = lim

n logn
(it) If b, > —1 and b,, — O, then
> log (1 + by)
lim nb,, = lim "
n n logn

Lemma 3: Let {b,} be a positive sequence such that

l' log b, =L<o

logn

(i) If L > —1, then

log Zb

Jj=1

lim =L+ 1.
n  logn
(it) If L < —1, then
loga
lim— " =L +1.

n  logn

The following lemma is presented in [8]. We now need to introduce two models
of random trees. As mentioned in Section 1, a tree is called spherically symmetric if
the degree of any vertex depends only on its distance from the root and this type of
trees will be denoted by I'. Let d,, stand for the outdegree of any vertex of level n.
This sequence is called the degree sequence of I'. It will be assumed that d,,, n >
0, are independent random variables having a probability distribution that depends
on n. To introduce a tree that corresponds to a branching process in random environ-
ments, let us consider a doubly-indexed family of independent random variables {d,,
n >0, k > 1} such that for fixed n, they are identically distributed following the same
distribution of d,,. If we let d,,; denote the out degree of the kth vertex of level n, the
resulting tree is called branching process in random environments tree, which will be
abbreviated as BPRET and will be denoted by I'".

Obviously for I', |, | = []/=od, and for I,
also straightforward that E|T,, ;| = E|T,., 1| = [[/~0Ed;.

The following lemma is extracted from [8].

Eold,;. 1t is
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Lemma 4: If the degree sequence {d,} of T is uniformly bounded, then

T,
E[L, |

— Wa.s.,

where W > 0 a.s.

The shorting principle decides that shorting together some nodes will not increase
the effective resistance of the network. Nevertheless, the effective resistance remains
unchanged if nodes of the same potential are shorted. For I"and I'", assign one unit resis-
tance to each edge. Let R, and R,, denote respectively the effective resistance between the
roots of I" and "™ and their respective nth levels, after being shorted in one vertex. The
following lemma is represented in [5] and follows from the shorting principle.

Lemma 50 For T, R, = Y%= (1/|T})), whereas for T, Ry, > S0y (1/]T; ).

The following result is presented in [4].

Lemma 6: For T and T, E(R,) > E(R,). However, no stochastic domination between
R, and R, exists.

4. FRACTAL DIMENSIONS

THEOREM 7: Consider a spherically symmetric tree with a degree sequence {d,,} such
that for n > 0,

1 with probability 1 — g, — gz — -+ - — Gk

2 with probability g,

3 with probability q,3

dy=4q - (6)

k  with probability q,

where for 2 <j <k, 0 <q,; <1, g, {0, and )_,q,; = . Then, FD = 1 + lim, nE
log d,,.

Proor: We can assume, without loss of generality, that kX = 3. Hence,

Elogd, = (log2)q,» + (log3)gu3
— ]Og (2‘];12)(3‘%3).
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Consequently,

-1
Elog|l',| = EZ logd; = Z log 297397
0 =0

n n—1

J

n—1

= log [ 223
j=0

It follows from Lemma 1 that

, log || { o
=—=—— —1 as.asn—
" Elog|T,| ’

from which we obtain

n—1 n—1
log || =1, ( qj2> log2 + 1, (Z qj2> log 3.
=0 =0

This implies, using Lemma 2(i), that

log T, . .
lim% = (log 2)(lim ngy») + (log 3)(lim ng,3).
n n n n

As such, Lemma 3(i) ensures that

log b,

FD = lim
n logn

= 14 (log2)(lim ng,>) + (log 3)(lim ng,s)
=1+ IlimnElogd,. |

It is shown in [6] for SSRT that FD = RD. As such, we have the following result.
THEOREM 8: For SSRT, defined by Eq. (6), RD = 1 4 lim,, nE log d,,.
THEOREM 9: The random walk on SSRT is transient if lim,, nE log d, > 1 and recur-

rent if lim,, nE log d, <1 and it could be of either type if lim, nE log d,, = 1.

Proor: The result follows from Theorem 8 and Note 1. Two examples are presented
in [3] showing that the random walk could be transient or recurrent at the critical
value. [ |

We now turn our attention to branching process in random environments tree.
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TueoreM 10: Consider a BPRET T with a degree sequence {d,;} such that for all n,
dy 2 d,; That is,

1 with probability 1 — g2 — @3 — -+ — Gk

2 with probability g,

3 with probability g3

dpi = - (7

k  with probability q,

wherek >2,i=1,2,..., F:—l ,and 0 < qnj < 1. In addition, letqnj i, Oasn — oo,
and Zn%j = oo for all j. Then FD = 1 + lim,, n(Ed,; — 1).

Proor: It follows from the definition of d,,; that

n—1 n—1
ET;| = EU,| = [[ By = [T (0 + qn + 2q53 + -+ + (k = Do)
j=0 j=0

and, hence,

n—1

log E[T;| = "log (1 + g + 253 + -+ + (k — D).
j=0

This entails, using Lemmas 4 and 2(i), that

. log|I™* i
l1mM = limn(gn + 2¢u3 + - - - + (k — D)qur)
n logn n
= limn(Ed,; — 1). ®
Hence, the result follows from Lemma 3(i). |

The following lemma is in [8].

Lemma 11: The random walk on U is recurrent if and only if 3, (1/E|T,|) = oo.

The following lemma is straightforward.

Lemma 12: For a positive sequence {a,, n > 1} of real numbers, >, (1/][i=,a1) =
oo if and only if lim, n(a, — 1) < 1.

As a consequence of Lemmas 11 and 12, we have the following lemma.

Lemma 13: The random walk on T is recurrent if and only if lim, n(Ed,,; — 1) < 1.

https://doi.org/10.1017/50269964807000368 Published online by Cambridge University Press


https://doi.org/10.1017/S0269964807000368

FRACTAL AND RESISTANCE DIMENSIONS 631

THEOREM 14: Consider a tree T defined by Eq. (7). Then RD" < 1 + lim,, nE(d,; —
1) a.s. Moreover, if the random walk is recurrent, then E(RD") > 1 + lim, n(1 — E(1/
d,..)). The same last inequality holds true for transient random walk provided that

limn<1—EdL> > 1. )]

n nj

Proor: We first consider the case that the random walk on I'" is recurrent. Then from
Lemma 13,

lim n(Ed,; — 1) < 1. (10)

It follows from Eq. (8) and inequality (10) that
1

]Og m
m—— = —limn(Ed,; — 1) > —1. (€3]
n logn n

Then by applying Lemmas 5 and 3(i) we get

- log )
RD* = 2 — lim 2% < 2 — Jim—/=°
n logn n logn
— 2 — (1 — limn(Ed,; — 1))
— 14 limnEdy; — 1) as.

On the other hand,

log R
ERD*) =2 — E(hm o8 ">

n logn
>0 limE(lOg—R”)
n ogn
> 2 im 22 ERY)
n logn
log E(R
>0 — limL(") 12)
n  logn

where the last three inequalities follow respectively from Fatou’s lemma, Jensen’s
inequality, and Theorem 6. For SSRT,

- 1 2 1
E— — 1= (=g, +Zgn+--- 1—=Vgs ).
= I Gt S (1))

J=0
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It follows from Lemma 2(ii) that

n—1
10g{1 - <%%‘2 +igp+-+ (1 —%))%‘k}
log E(r) ; ‘
nlogn  n logn

lim ! +2 4+ (1 !

= - n\ =qn = 4n -7 n
. 242 36]3 X qnk
. 1

:—hmn(l—E—>. 13)
n nj

Since d,; + 1/d,; > 2 as., then E(d,;) + E(1/d,;) > 2. As such, 1 — E(1/d,;) <
Ed,; — 1. This implies, using inequality (10), that lim, n(1 — E(1/d,;)) < 1. Now,
Eq. (13) entails that

. logE(‘rl"‘)
lim——*

> —1.
n logn —

From Lemma 5, R, = > j=1(1/|I';|) a.s. Thus, Lemma 3(i) and Eq. (13) assure that

log > "E(1/|T)

. logER,) .. =1 . 1
im = lim =1—-lmn(1—-—E—|.
n logn n logn n dyj

This ensures that

1

logR
ERD*) =2 — E(lim g ")
n logn
>0 ﬁmw
n  logn

1
=1+ 1—-FE—|.
+1rllnn< d~>

nj
This completes the proof in the case that the random walk is recurrent.

We now consider the case where the random walk is transient. Hence, lim,, R;, =
R" < o0 and from Lemma 13,

limn(Ed,; — 1) > 1, (14)
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in which case,

log (R* — R})

RD* =2 — lim
n logn
tog 3 ()
<2~ lim—""
n logn

It follows from Eq.(8) and Lemma 3(ii) that

1
log 3 ()
lim—" =1 — limn(Edy; — 1).
n logn n

Hence, inequality (15) implies that

RD* <1+ limn(Ed, — 1) as.
On the other hand,

log (R* — R*
E(RD*) =2 — E(lim M)
n logn

log(R* — R;
>2 lim E(M)
n logn
S0 limlogE(R —-R))
n logn
n logn
log Z E(ﬁ)
— 9 _ lim k=n+1
n logn
logE(‘FIHO
=1-1
n logn

633

1s)

(16)

17)

where Eq. (16) follows from inequality (9) and Lemma 3(ii), whereas Eq. (17) follows

from Eq. (13).
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