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Abstract We define generic ensembles of infinite trees. These are limits as N — oo of
ensembles of finite trees of fixed size N, defined in terms of a set of branching weights.
Among these ensembles are those supported on trees with vertices of a uniformly bounded
order. The associated probability measures are supported on trees with a single spine and
Hausdorff dimension dj, = 2. Our main result is that the spectral dimension of the ensemble
average is d; = 4/3, and that the critical exponent of the mass, defined as the exponential
decay rate of the two-point function along the spine, is 1/3.

1 Introduction

Diffusion on random geometric structures has received considerable attention in recent
years. The motivation comes from a wide range of different areas of physics such as: perco-
lation theory where the percolation clusters provide fluctuating geometries; the physics of
random media, where the effect of impurities is often modeled by a random geometry, see
e.g. [1]; and quantum gravity, where space-time itself is treated as a fluctuating manifold,
see e.g. [2]. In particular, the long time characteristics of diffusion have been studied for the
purpose of providing quantitative information on the mean large scale behavior of the geo-
metric objects in question. The spectral dimension is one of the simplest quantities which
provides such information.
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In this article the geometric structures under consideration are tree graphs with a distin-
guished vertex r, called the root. The spectral dimension d; is given by

p) ~t74/2 fort — oo, (n

where p(t) denotes the return probability for a simple random walk starting at r as a function
of (discrete) time ¢, averaged with respect to the given probability distribution of graphs. In
Sect. 4 below we calculate d; in terms of the singularities of the generating function for
the sequence p(t),t € N. In many random geometry applications it is in fact the generating
function which is the main interest since it is more closely related to the Laplacian.

There is another natural notion of dimension for random geometries, the Hausdorf{f di-
mension dj,, defined as

V(R) ~ R™, 2

where V (R) is the ensemble average of the volume of a ball of radius R. In general it is
easier to evaluate the Hausdorff dimension and we will see that it is 2 for all the ensembles
studied in this paper. For fixed graphs the spectral and Hausdorff dimensions are related by

2d),
dh = ds = s
1+d,

3

provided both exist [3]. This relation is also satisfied in some examples of random geome-
tries [4].

The exact value of d; is only known for a rather limited class of models. For bond per-
colation on a hypercubic lattice the value of d; for the incipient infinite cluster at criticality
is unknown, but it is conjectured to be 4/3 in sufficiently high dimensions [5].! For planar
random surfaces related to two-dimensional quantum gravity the spectral dimension is like-
wise unknown, but conjectured on the basis of numerical simulations and scaling relations to
be 2 [7-9]. In [10] it is shown that the spectral dimension of a limit of rooted planar graphs
with randomly chosen root cannot exceed 2 if the order of vertices is uniformly bounded.
For recent simulations investigating the spectral dimension in higher dimensional gravity,
see [11, 12].

In a preceding article [4] we developed techniques for analyzing a particular class of
random geometries, called random combs, which are special tree graphs composed of an
infinite linear chain, called the spine, to which a number of linear chains, called teeth, are
attached according to some probability distribution. In particular, we determined the spec-
tral dimension as well as other critical exponents for various random combs. The techniques
of [4], however, are not strong enough to deal with general models of random trees, not to
mention other models of random graphs. The main purpose of this article is to reinforce
these methods thus enabling us to determine the spectral dimension of a large class of ran-
dom tree models. This is the class of generic infinite tree ensembles which we define in the
next section. Among these ensembles are those supported on trees with vertices of a uni-
formly bounded order. Our main result is that the spectral dimension of generic infinite tree
ensembles is

d, = 4/3. @)

1 After the completion of this paper a proof appeared of the Alexander—Orbach conjecture for oriented perco-
lation in dimensions d > 6 [6].
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Included in this class are some models that have been considered previously, see [13—15].
Early results of Kesten [16] suggested the scaling (4). In a recent article [17] it is proven
for critical percolation on a Cayley tree that (1) holds almost surely for individual infinite
clusters (not only for the average which we consider) with d; = 4/3, up to logarithmic
factors. Adapting the techniques of [17], similar results should be obtainable for the models
considered here. The results of the present paper, dealing with averaged quantities, provide
a complementary perspective. We believe that our method of proof is conceptually very
simple, in addition to being applicable to a large class of random tree models.

This article is organized as follows. In Sect. 2 we define the models of trees that will be
considered and describe in some detail their probability distribution, which is supported on
trees with one infinite spine. In Sect. 3 we explain the connection between our ensembles of
trees and trees that are generated by a Galton—Watson process. This connection allows us to
use some well known results about such processes to analyze the trees. Section 4 contains a
proof of (4). In Sect. 5 we introduce the critical exponent of the mass and prove that it equals
1/3 for generic infinite trees. This means that diffusion along the spine of the generic infinite
trees is anomalous as is discussed in detail for random combs in [4]. Finally, Sect. 6 contains
a few concluding remarks on possible extensions and open problems. Some technical results
are relegated to two appendices.

2 Generic Ensembles of Infinite Trees

An ensemble of random graphs is a set of graphs equipped with a probability measure. In
this section we define the ensembles of trees to be investigated in this paper. We start by
defining a probability measure on finite trees and show that it yields a limiting measure on
infinite trees.

Let I" be the set of all planar rooted trees, finite or infinite, such that the root, r, is of
order (or valency) 1 and all vertices have finite order. If 7 € I" is finite we let || denote its
size, i.e. the number of links in t, and the subset of I consisting of trees of fixed size N
will be called I'y. The subset consisting of the infinite trees will be denoted [,. Given a
tree T € I', the ball Bg(r) of radius R around the root is the subgraph of t spanned by the
vertices whose graph distance from r is less than or equal to R. Note that Bg(7) is again a
rooted tree. It is useful to define the distance dr(t, t’) between two trees 7, T’ as (R + 1)1,
where R is the radius of the largest ball around » common to t and t’. We shall view I" as
a metric space with metric d, see [18] for some of its properties. For 7 € I" we let 7 \ r
denote the set of all vertices in T except the root.

Given a set of non-negative branching weights w,, n € N, we define the finite volume

partition functions, Zy, by
ZN = Z 1_[ wol., (5)

telyiet\r

where N is a positive integer and o; denotes the order of vertex i. We assume w; > 0, since
Zy vanishes otherwise, and we also assume w,, > 0 for some n > 3 since otherwise only the
linear chain of length N would contribute to Zy. Under these assumptions the generating
function g for the branching weights,

g@) =Y w,"", ©)

n=1
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is strictly increasing and strictly convex on the interval [0, p), where p is the radius of
convergence for the series (6), which we assume is positive.

It is well known, see e.g. [2], that the generating function for the finite volume partition
functions,

zZ@)=Y_ zZn¢", @)
N=I
satisfies the equation
Z2(8) =¢8(Z(2)). ®)

The analytic function Z(¢) which vanishes at ¢ = 0 is uniquely determined by (8). Letting
Lo denote the radius of convergence of the series (7), the limit

Zo=1lim Z(¢) )
1%

is finite and < p. In the following we consider the case where
Zy < p. (10)

This is the condition on the branching weights which singles out the generic ensembles of
infinite trees to be defined below. In particular, all sets of branching weights with infinite p
define a generic ensemble.

Assuming (10) the value of Z is determined as the unique solution to the equation

Z08'(Zo) = g(Zo) an

and ¢ can then be found from (8). Taylor expanding g around Z; in (8) and using (11)
yields the well known singular behavior of Z at ¢,

2¢9(Z,
2@y =20 - | 2L ST+ 06 - ). (12)
508" (Zo)

‘We shall need the following result on the asymptotic behavior of Zy, the proof of which can
be found in [19], Sects. VI.5 and VII.2.

Lemma 1 Under the stated assumptions on the branching weights and assuming (10) the
asymptotic behavior of Zy is given by

_ [ 8Zo) 3w -1
zN-‘/Zﬂgﬁ(ZO)N G+ oW, (13)

provided the integers n for which w, ., # 0 have no common divisor > 1. Otherwise, ifd > 2
denotes their largest common divisor, we have

_ 8(Zo) 3. N -1
Zy=d /27Tg”(Z0)N 27N A+ O0(NTY), (14)

if N=1modd, and Zy = 0 otherwise.
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We define the probability distribution vy on I'y by

() =Zy' [] we 7€ TW, (15)

iet\r

provided Zy # 0. Using Lemma 1 the existence of a limiting probability measure v on I
can be established by a minor modification of the arguments in [18], where the existence
was proven for the uniform trees corresponding to the weight factors w, = 1 for all n. We
state the result in the following theorem, providing an outline of the proof in Appendix 1.

Theorem 1 Viewing vy as a probability measure on I we have, under the same assump-
tions as in Lemma 1, that

vy =V as N — oo, (16)

where v is a probability measure on I' concentrated on the subset I'y,.

Here the limit should be understood in the weak sense, meaning that

/fva—>/fdv (17)
r r

for all bounded functions f on I" which are continuous in the topology defined by the
metric d. Moreover, N is restricted to values such that Zy # 0. We call the ensembles
(I", v) generic ensembles of infinite trees, referring back to the genericity assumption (10).
The expectation w.r.t. v will be denoted (-}, .

There is a simple description of v which is analogous to the description provided in [18]
for the measure on uniform trees. Given an infinite tree t a spine is an infinite linear chain
(non-backtracking path) in t starting at the root. The result that v is concentrated on the
subset of trees with a single spine is of crucial importance; it enables us to assume that all
infinite trees have a unique spine. We denote the vertices on the spine by sy =r, 51, 52, . . .,
ordered by increasing distance from the root. To each s,,, n > 1, are attached a finite number
of branches, i.e. finite trees in I", by identifying their roots with s,,. If s, is of order ¢ there
are o —2 branches attached to the spine at s,,. Let 77, ..., T/ denote those to the left (relative
to the direction from r along the spine) and 7/', ..., T, those to the right, ordered clockwise
around s, see Fig. 1. It follows from (122) in Appendix 1 that the probability that s, has
k > 0 left branches and £ > 0 right branches is

ok, £) = Cowipes2 Ze T (18)

for all vertices s, on the spine. Note that this probability only depends on k + £ = o, — 2.
Finally, the individual branches at s,, are independently distributed, and for each of them the
probability that a particular finite tree 7 occurs is

w() =25 ¢ T we,- (19)

ieT\r

We note that p is the grand canonical distribution with fugacity ¢.
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Fig. 1 The first few vertices on
the spine of a tree and the finite
branches attached

3 Generic Trees and Galton—Watson Processes

The probabilities w(7) defined in (19) can be viewed as arising from a critical Galton—
Watson process as we show in Lemma 2 below. A Galton—Watson (GW) process is specified
by a sequence p,,n =0, 1,2,..., of non-negative numbers which are called offspring prob-
abilities and satisfy

Y =1 (20)

We say that the process is critical if the mean number of offspring is 1, i.e.,

]
> npa=1. 1)
n=1
A critical GW process gives rise to a probability distribution 7t on the subset of finite trees
T in I', see e.g. [20], by

()= [] po-1- (22)

ieT\r

Lemma 2 Suppose the branching weights w, correspond to a generic ensemble of infinite
trees. Consider the probability distribution p (19) on the set of finite trees in I'. Then
corresponds to a critical Galton—Watson process with offspring probabilities

Pn = ;Own+1Z(r)lil- (23)

Proof With p, given by (23) we get
an & an+1z =00Zy ' g(Zo) =1, (24)
n=0

where the last equality follows from (8). Furthermore, by (22),
aM) =g [] we 28 =25"5"" [ wor- (25)
ieT\r ieT\r
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since

> (o —2=-1, (26)

ieT\r

for a tree T with a root of order 1. This proves that 7 (7') = (7). Finally,

(o] o0
D npu=2to Y nwan Z§ =608 (Zo), 27)
n=1 n=1
which proves, in view of (8) and (11), that the process is critical. O

In the following we let f denote the generating function for the offspring probabilities
given by (23),

FR=) pad" =00y waZ{ 2" =002y 8(Zo2). (28)

n=0 n=1

Equations (20) and (21), or equivalently (8) for { = ¢y and (11), may then be written
f=1 and f'()=1, (29

respectively. Moreover, the genericity assumption (10) is equivalent to assuming f to be
analytic in a neighborhood of the unit disc.

If T is a finite tree, let 2(T') denote its height, i.e. the maximal distance from the root r
to a vertex in 7. As a consequence of Lemma 2 we note the following result.

Lemma 3 Let ju be the measure on finite trees given by (19) and let (-),, denote the expec-
tation w.r.t. . Then

n({T € I'h(T) > R}) = +O0(R™?) (30)

2
J"(HR
for R large. Moreover,

(IBrl)u =R. (31)

Proof Both properties are standard consequences of the fact that u is a critical GW process,
see e.g. [20], Sects. 1.5 and 1.10. O

For t € I' let Dg(7) denote the number of vertices in t at distance R from the root. The
relation between v and p described above gives rise to the following useful result.

Lemma 4 Let (I",v) be a generic ensemble of infinite trees with corresponding crit-
ical Galton—Watson measure (. For any bounded function u on I' such that u(t) =
u(Bgr(t)), T € I', i.e. u(tr) depends only on the part of T contained in the ball of radius
R around the root, we have

/u(‘r)dv(r):/u(T)DR(T)du(T). (32)
r r

@ Springer



1244 J Stat Phys (2007) 128: 1237-1260

Proof Lett € I" and let T denote the finite subtree of T consisting of the first R + 1 vertices
50, S1, 82, - - - , Sg on the spine together with all the branches attached to these vertices. Then
u(t) =u(T). Let I'(R) denote the set of all rooted finite planar trees with a marked vertex
s, of order one, at a distance R from the root. Then we can write the left hand side of (32)
as a sum over I"(R) by performing the integration over the branches attached to the vertex
sg on the spine including the infinite one containing the part of the spine beyond sg, which
is distributed according to v. The result is

Yo u® [T o (33)

Tel'(R) ieT\{r,sg}

On the other hand, the right hand side of (32) is a sum over finite rooted trees, where only
trees of height at least R contribute because of the factor Dg (7). This sum can be replaced
by a sum over finite rooted trees with one marked vertex at distance R from the root upon
deleting the factor Dg(T). Summing over the branches containing the descendants of the
marked vertex again yields the sum (33) thereby establishing the lemma. |

The integration formula (32) has the following application which will be needed in the
next section.

Lemma 5 Let (I, v) be a generic ensemble of infinite trees. Then there exists a constant
¢ > 0 such that

(IBrI™")y <cR7? (34
forall R > 1.
Proof Using the function
Dr(t)™" if Dr(z) #0,
= 35
u(@) {0 if Dp(7) =0, (35)
in Lemma 4 we get from (30) that
c/
DY, < — 36
(Dg')hv = R (36)
for R > 1, where ¢’ is a positive constant. From this we conclude
(IBr(D)| ")y = <;> < RY(DDy...Dp)" k)
v Dy+---+Dgf,” v
R | ]
<R'T(D7HF <RI (R)® <cR™. (37)
i=1
|
Remark Lemma 5 can easily be strengthened to
R < (IBrl™")y < 2R, (38)
where c¢; and ¢, are positive constants. Indeed, by Jensen’s inequality, we have
(IBrI™")y = (IBrI)W) ", (39)
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and from standard arguments using generating functions one has

1
(lBR|)v:§fH(1)R(R_1)+R. (40)

Equation (40) also shows that the Hausdorff dimension, see (2), of the ensemble (I, v) is 2.

4 The Spectral Dimension

For T € I" let w be arandom walk on t starting at the root at time 0. Let w(¢) denote the ver-
tex where w is located after ¢ steps, ¢ < |w|. The generating function for return probabilities
of simple random walk on 7, Q. (x), is given by

lw]=1

0.0 = Y (-0 [Joz, 0<x<I, @1)

w:r—r =1

where the sum is over all walks in 7 starting and ending at the root r, including the trivial
walk consisting of r alone which contributes 1 to QO (x). The generating function for first
return probabilities P;(x) is given by (41) except that the sum excludes the trivial walk and
is restricted to walks that do not visit  in between the initial and final position. The functions
Q. (x) and P, (x) are related by the identity

1

0.(x)= m

(42)
This equation implies that P;(x) < 1. There is a more general recurrence relation which we
will use repeatedly in the rest of the paper. Let t € I" and v the vertex next to the root. Let
71, T2, ..., Tx € I' be the subtrees of T meeting the link (r, v) at v. By decomposing walks
from the root and back into a sequence of excursions into the different branches t; of the
tree T we find

1—x

PO = s Y P @)
For the ensemble (I, v) we set
Q(x) =(Q-(x))y (44)
and define the critical exponent « associated with Q(x) by
Q) ~x* (45)

as x — 0. By a(x) ~ x? for x — 0 we mean that for any € > 0 there are constants c; and
¢, which may depend on €, such that for x small enough

axP <a(x) < cxfe. (46)

This gives a precise meaning to the definition of the spectral dimension (1) and, assuming it
exists, d is related to o by

d,=2— 2. 47)
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Below we will prove a stronger result than (45) and show that there exist positive constants
¢ and ¢ such that for x small enough

ex P <o) <ex', (48)
The bounds (48) imply our main result:
Theorem 2 The spectral dimension of generic infinite tree ensembles equals 4/3.
In the remainder of this section we prove (48).
4.1 Lower bound on Q(x)
In order to establish the relevant lower bound we need two preliminary lemmas.
Lemma 6 For all finite trees T € I' and 0 < x <1 we have

Pr(x)>1—1T|x. (49)

Proof Let Ty, T», ..., T,_; be the trees attached to the vertex v of T next to the root. Then
from (43) we obtain

Pr(x) L (50)
TW) = ——= 7 -

n— Zi:l] P, (x)
The first return generating function for the tree consisting of a single link is 1 — x. The
lemma follows by induction on |T'|. O

Lemma 7 Let t € I' be a tree with one infinite spine. For all L > 1 and 0 < x < 1 we have

Pf<x)z1—%—Lx—ZL(1—PT<x)>, (51)

TCt

where Z;CI denotes the sum over all (finite) branches T of t attached to vertices on the
spine at distance < L from the root.

Proof We give an inductive argument proving the stronger inequality

Pf(x)z1—%—Lx—ZL(1—PT<x>), (52)

TCt

where PrL (x) denotes the contribution to P, (x) from walks w that do not visit the vertex
sz+1 on the spine, i.e. walks constrained to the first L vertices on the spine after the root and
the branches attached to them.

The inequality holds for L = 1, since the right hand side of (52) is non-positive in this
case. For L > 2 we have from (43)

1—x
n—PL1(x) = Y30 P ()

Pl(x) = (53)
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where n = oy, is the order in 7 of the vertex s and 71, ..., T,,_, denote the (finite) branches
attached to sy, while t; is the infinite branch attached to s, i.e. the subtree with root s; and
containing s, and all its descendants.

Using the induction hypothesis

Pl =1 - ﬁ —(L—Dx— ZH“ — Pr@®), oY
TCrt

we get from (53)

PL(x) = S
1T+ (1 = PE1(x) + 202 (1= Pr(x))
1—x

= T

I+ 25+ L= Dx+ Yhe (1= Pr(x))
- L—1 1—x
T L 14+ (L-Dx+Yr, (- Pr(x)

1
> (- —x)(l —L-x=Y - PT(x))>
TCt
zl—%—Lx—ZL(I—PT(x)). (55)
TCt

Here we have assumed for the last inequality that the final expression is positive. Otherwise,
the inequality (54) holds trivially. This proves the lemma. 0

We are now ready to establish the desired lower bound (48) on Q(x). The argument
combines Lemmas 3, 6 and 7 with Jensen’s inequality. Let s be any vertex on the spine
different from . Given that s has k left branches and ¢ right branches the probability that a
given branch has height >R is given by (30). Hence the conditional probability cg that at
least one of the k + ¢ branches has height > R fulfills

cr < (k+z)< + O(R—2)>. (56)

2
SR
According to (18) the v-probability gg that at least one branch at s has height >R then
fulfills

2 -2 _ E -2
qr < <—f”(1)R + O(R ))kgo(k+€)¢(k,ﬁ) =g T OR™). (67

By independence of the distribution of branches attached to different vertices on the spine
we conclude that the v-probability of the event A, that all branches attached to the first R
vertices sy, ..., Sg on the spine have height < R, satisfies

V(AR) = (1 —qr)" = exp(=2+ O(R™")). (58)

Denoting by (-) g the expectation w.r.t. v conditioned on the event Ag, we get by Lemmas 6
and 7 and Jensen’s inequality that

0(x) > e ORI — P(x) g
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_ 1 R -1
> 20D L R T
=¢ <<R * x—i—Z X7 R

TCt

_ 1 R -
> e 2ORD( 4 Ry > T . 59
ze (R X x< 7] . (59)

TCt

Let Bk (7) denote the subgraph of T which is spanned by all vertices whose distance from
the vertex s; is at most R and which lie in the branches rooted at s;. Using again that the
distributions of branches are identical at all vertices on the spine and given by (18) and (19),
we have

R
<ZR|T|> = <Z |B;;(r)|> < (1—qr) "' R(IBgl)y
R i=1 R

TcCt

Q)

R (60)
1 —gqgr

=1 —qp) 'R Y ok, Ok +0)(|Bxl), =

k>0

Inserting the last estimate into (59) and observing from (57) that gg — 0 as R — oo we
deduce

0(x) zd(% —l—Rx—i—f”(l)sz)l, (61)
where ¢’ is a positive constant, for R large enough. Finally, choosing R = [x~/?] yields
Q) = ex ' (62)
for a suitable constant ¢ > 0 and x small enough, as claimed.

4.2 Upper bound on Q(x)

We begin by establishing a monotonicity lemma which is a slight generalization of the cor-
responding result in [4].

Lemma 8 Let t be a rooted tree, w, the shortest path on t from r to the vertex v and let
vj be the jth vertex from r along w,, j =1,2,...,|w,|. Denote by t;1,7j2,..., TjK; the
subtrees of T attached to the vertex v; which do not contain any link in w, and such that
their roots v; have order 1. Then P is an increasing function of each Py, . In particular, if
©' is the tree obtained by removing one of the Tj; from t, then P (x) > P;(x).

Proof Let t; denote the rooted tree with root v; obtained from 7 by amputating all the
branches i, i =1,2,..., j, and the links (r, vy), (vi, v2), ..., (vj_1,v;). From (43) we
have the recursion

1—x
K\ 42— Py(x) = Y0, Py (%)

We see that P is an increasing function of Pr; and P, Py, . ..., Py . The lemma follows

by induction. 0

Pe(x) = (63)
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The upper bound will be obtained from the above lemma and some elementary estimates.
Let T € I'. Define p.(f; v) to be the probability that a random walk which starts at the root
at time 0 is at the vertex v € t after ¢ steps. That is,

t—1
pet;v)= " []oue (64)

w:rr—v s=I1

where the sum is over all walks of length ¢ from r to v. Define the corresponding generating
function

o0
O:(x;v) =) pe(t;0)(1 =0 0<x<L (65)
t=0
Note that O, (x) = Q. (x;r).
Summing (65) over a ball of radius R centred on the root gives

Y oY -0l (66)
veBg(1) =0

It follows that there is a vertex v € Bg(t) such that

0 (x;v) (67)

< —.
x|Bg(7)]
If v # r we can split the random walk representation of Q. (x) into two parts: walks that
do not reach the vertex v and walks that do. Let us denote the first contribution by Qg”(x)
and the second one by QP (x). Let L > 1 denote the distance of v from the root. Then by
Lemma 8 we have
1
W (y) <

00 = T
where Ry (x) is the generating function for first return to the root of walks on the integer
half line which are restricted not to move beyond the (L — 1)st vertex. This function can be
calculated explicitly, see [4] Appendix B, with the result

(1 +VD) = (1= D!

(68)

R == e —a =y ©
It is straightforward to show that
ﬁm <L (70)
for 0 < x < 1. Hence,
o) <L <R (71)

If v,v" are two different vertices in T we define G, (x; v,v’) by (41) with the walks
restricted to start at the vertex v, end at v’ and not visit v again. Any walk w that contributes
to Q@ (x) can be split uniquely into two parts, an arbitrary walk @, from the root to v and
a walk w, from v back to the root which does not revisit v. Hence,

0P (x)=0,"0.(x; 0)G(x; 0, 7). (72)
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Let v be any vertex in T € I" different from r. Let o, be the shortest path from r to v and

Vo =T1,01,...,, its vertices, n = |w,|. Then we have the representation
n—1
Go(x;v) =0, (1 —x) 2] [ Py (x) (73)
k=0

which is easily obtained by decomposing a walk @ from r to v into n walks wf, k =
0,1,...,n — 1, such that »* starts at v, and ends at vr+1 and avoids vy after leaving it,
see [4] Sect. 2.2 for details. In (73) the trees 7; are defined as in the proof of Lemma 8.
Applying (73), with the roles of r and v interchanged, and Lemma 8 we see that

G.(x;v,r) <Gz (x;v,r) 74)

for any vertex v € T where 7 is the chain of links forming the shortest path from v to r. It is
straightforward to compute Gz (x; v, r), see [4], with the result

G:(x;v,r) = 201 — 0" <1 (75)
N N O U L
We conclude from (67), (71) and (72) that
Qz(x)SR‘i‘m- (76)

Obviously, this inequality also holds if v = r. Taking the expectation of the above inequality
with respect to the measure v and using Lemma 5 yields

O(x) <R+ x% (77)

with ¢ a positive constant. This establishes the desired upper bound (48) on Q(x) by choos-
ing R = [x~'/3] and completes the proof of Theorem 1.

Remark I The results about the spectral dimension of generic trees generalize to the case
when the root r has a fixed order m > 1. Let '™ denote the set of planar trees with a
distinguished root link (r,r") where r has order m. We define the partition functions Z,(\',"),
N > m, by the right hand side of (5) with I'y replaced by F,&,’") ={rely:|t|=N}. The
corresponding generating function Z (¢) is then given by Z™ (¢) = Z(¢)™ where Z(¢)
is as in (7). This relation implies an immediate generalization of Lemma 1 and also the
existence of a probability measure v supported on the subset of "™ consisting of trees
with one infinite spine originating at r. This measure can be characterized in the same way
as v. In particular, the (finite) branches have the same probability distribution as in the m = 1
case and the m branches (including the infinite one) originating at r have equal probabilities
of being infinite. Using this observation the arguments of Sect. 4 can be carried through
with minor modifications to yield the same upper and lower bounds (48) for the generating
function Q" (x) for return probabilities to the root r. Similar remarks apply to the case
where the root is subject to the same degree distribution as the other vertices of the tree.
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5 The Mass Exponent of Generic Random Trees

Let us consider an infinite tree T with a single spine. We label the vertices on the spine as be-
fore s) =r, 51, 82, . ... For convenience let us introduce the notation Q. (x;s,) = Q.(x;n),
n € N. In the same way we write G(x; s, s,) = G(x; k,n) and G(x;s,) = G(x;r,5,) =
G (x; n). The purpose of this section is to determine the critical behavior of the mass m (x),
defined as the exponential decay rate of the two-point function Q(x; n), defined by

O(x;n) = (0. (x;n))y, (78)
as a function of n, i.e.,
m(x) = lim w (79)

We show below that the limit above exists and is positive for 0 < x < 1 and tends to zero as
x — 0. The critical exponent v of the mass is defined by

m(x) ~x" (80)

as x — 0, provided it exists. The methods of this paper do not suffice to show the existence
of v. We prove that if v exists then

v=a=1/3, (81)

where « is defined by (45).
First, let us establish existence of the mass.

Lemma 9 For a generic ensemble (I, v) of infinite trees the mass m(x) is well defined by
(79). It is a non-decreasing function of x and fulfills

x%ef’"(x)” <Q(x;n) < CC 1y~ lemn (82)

forn=>1,where C = f"(1)+2 and C = ) ;ﬁ’:nﬁ)z

Proof Note first that, if 7 is a rooted tree with a single spine, Q. (x; n) can be written as

O:(x;n) = Q0 (x)G(x;n). (83)
Similarly, fori > 1,

G (x;i) =R (x:1)GU(x; i), (84)
where G?(x; i) is defined by the same formula (41) as Q. (x) but with the walks @ going
from the root to s; and restricted to visit neither the root nor the endpoint s; except at their
start and end. The function R, (x; i) is defined by the same formula as Q. (x) except that the
walks w start and end at s; and avoid the root. In the definition of R, (x;i) we also include
an extra factor aslfl associated with the initial step. It is easy to see that

0.(x)<x™? and Ry(x;i) <oyx (85)

using Lemma 8. It follows that

G (x:i) < Qr(x:i) <x 2G,(x: 1), (86)
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and
GO(x;i) < Go(x11) < 0y x 2 G2(x3i). (87)
Taking averages w.r.t. v in the above inequalities yields
G(xii) < Q(xii) <x72G(x; i) (88)
and
G'(x:i) < Gxii) < Cx 2G (xs i), (89)
where G(x;i) and G°(x;i) denote (G,(x;i)), and (G?(x; i)), respectively, and the con-
stant C is given by
o0
C= ) (ntm+2pmm) =f"(1)+2. (90)
n,m=0

By similar arguments, decomposing walks and the tree 7 suitably, we have, for i, j > 1,
GO(x; )G (x: ) <0, GO(xsi + J) <0y x 2 GO(x: )G (x3 ), 1)

where 7; is defined as in the proof of Lemma 8 with w, the path along the spine from r to
s;. Averaging w.r.t. v then yields

CGOx; NG (x: j) < GOxsi + j) < x 2G(x: )GO(xs j), (92)

since G%(x; i) and G?[ (x; j) are independent random variables.

It follows that —10g(C‘G0(x; i)) and log(x’%GO(x; i)) are subadditive functions of i.
Hence,

. log G(x; i) log(CGO(x; i) . log(x’%GO(x; i)
— lim ————— = —sup - = —inf - .

i—>00 1 i>1 1 i>1 l

93)

In view of (88) and (89) this proves that the mass exists and fulfills (82). Since G°(x; i)
(as well as Q(x;i)) clearly is a decreasing function of x it follows that m(x) is non-
decreasing. O

Theorem 3 There exist positive constants ¢ and c, such that

Y173

1/3
617| logx [/ <m(x) <cx'’|logx]| 94)

for x sufficiently small.

Proof Let s, be a vertex on the spine. Then by (68), (72) and (75) we obtain

1 1 ]
Q) = {— iy o Qelim, (95)

with R, (x) as in (69). Taking the expectation value we get

Q) =n+ Q(x;n). (96)
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Now choose n = [|logx|m(x)~']+ 1 in (96). In view of (82) we then have
O(x;n) <CC™. (97)
Using (62) and (96) we find that as x — 0
cx 3 <|logxlm(x)™' +14+CC7, (98)

proving the claimed upper bound.
To obtain the lower bound we make use of the representation (73). By (87) it follows that

n—1
CG0in)y < (1 =) "2 [P )" = (1 = 1) (P, (1)), (99)
k=0

where we have used
(P (X)")y = (P (x)"), (100)

which is a consequence of the characterization of v given in Sect. 2.
By (42) and (76) we have

) -1
P(x)<1— (m + R) . (101)

Now, let the event C(X, R), where A > 0 and R > 1, be defined by
C(A,R)={t € I'||Bg(v)| = AR?}. (102)

It can be shown that
172

v(I'\ C(A, R)) <e (103)

for some constant ¢y > 0 and X in an interval (0, A¢). This is proven in a special case in [17]
Lemma 2.4, but the proof can be generalized in a straightforward manner to arbitrary generic
ensembles of infinite trees. For the sake of completeness details are provided in Appendix 2.

Setting R = [x~!/3| logxlg] and A = 0(2)/4| log x|* we get for T € C(A, R) and small x,

C”.xl/3
where ¢” is a positive constant. Furthermore,
v(I'\ C(x, R)) < x2. (105)
Using (99), (104) and (105) we obtain
N C//X 1/3 n
CG’x:n) <l —x)*"/2<<1 - W) +x2). (106)
ogx
Inserting n = [2(c”)~'x~1/3|log x|3/?] into this inequality yields
CGO(x; [2(¢") ' x ™3| log x|7?]) < 3x? (107)
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for x sufficiently small. Finally, combining (107) with (93), it follows that
e <3¢ (108)

implying the lower bound in (94) for x small enough. O

6 Discussion

It is clear from the arguments in this paper that the existence of a unique spine played a
fundamental role. This allowed us to decompose the trees into an infinite line with identically
distributed random outgrowths. We believe that our methods will allow one to calculate the
spectral dimension of any random tree ensemble with this property. However, nongeneric
trees (sometimes called exotic trees) are not expected to have a unique spine in general and
it would be interesting to generalize the results of this paper for such trees. For results in this
direction, see [15, 21].

Our results are all about ensemble averages. Working slightly harder and using the tech-
niques of [17] we believe that one can obtain estimates of the spectral dimension of generic
trees valid with probability one.

In the case of combs [4] we saw that mean field theory holds in the sense that the sin-
gularity of the ensemble average of the generating function for first return probabilities was
given by that of Q(x), i.e., Q(x) ~ (1 — P(x))~'. Whether this holds for trees remains to
be seen.

Clearly an outstanding problem is to discover the relevance of loops for the spectral
dimension of random graphs. We only expect loops to play a role in determining the spectral
dimension if they in a suitable sense bound a large part of the graph. It remains to turn
this intuition into a precise statement. Any graph can of course be made a connected tree
by removing links and it is not hard to see that cutting links cannot increase the spectral
dimension but may decrease it. The role of loops in determining the spectral dimension
seems to be the crucial feature that one must understand in order to get a grip on the spectral
dimension of planar graphs (see [10] for some relevant results) and higher dimensional
random triangulations of interest in quantum gravity.

Acknowledgements This work is supported in part by MaPhySto funded by the Danish National Research
Foundation, Marie Curie grant MRTN-CT-2004-005616, the Icelandic Science Fund and UK PPARC grant
PP/D00036X/1.

Appendix 1

In this appendix we provide details of the proof of Theorem 2. It is implicitly assumed below
that Zy # 0 for all N, but the reader can easily verify that this is not an essential limitation
of the arguments.

As explained in [18] it is sufficient to prove, for arbitrary fixed value of R > 1, that

vw({rterl:|Br(t)|]>K})—>0 as K —> o0 (109)
uniformly in N, and that the sequence

(ww({t € I' : Br(t) = w0}))ven (110)
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is convergent for each finite tree tp € I".

We prove (109) by induction on R, the case R = 1 being trivial. Consider first the case
R = 2. If the volume of B,(t) = k + 1 then the order of the vertex s; next to the root is
k + 1. Letting N;, i = 1,2, ..., k, denote the volumes of the various subtrees attached to s,
we have the following estimate,

k
wrer:B@I=k+1)=Zywen Y. []2w

Ni+-+Ng=N—1i=1

Zn & 1
< k&owyy Z ~ ! ?V l_[(ZNf C(j\]l)
Nj+-+Ng=N-1 N i
Ni=(N-1D/k
< CKPwin 2™ (111)

for k > 1, where we have used (13), and C > 0 is a constant independent of £ and N. Since
Zy < p the last expression tends to 0 as k — oo, proving (109) for R = 2. Note that this
inequality holds also for k = 0 if k%2 is replaced by (k + 1)/2.

Assume (109) holds for some R > 2. Since the set of different balls Bz (t) of volume at
most K is finite for each fixed K > 0, it suffices to show that

vw({t :|Br+1(7)| > K, Br(t) =1}) >0 as K — oo (112)
uniformly in N for every finite tree 7y of height R. Define
AL(N, 1) =vn({T : [Br41(7)| = L, Br(r) = 10}). (113)

Let M be the number of vertices in 7 at distance R from the root and let their orders be
ki, ks, ..., ky. Now we decompose any tree T with Bg(t) = 1) into 7y and subtrees whose
root is at distance R — 1 from the root in 7. Note that the root link of these subtrees overlaps
with 19, see Fig. 2. Then we have the following formula

M
AL(N, ) = Zy! > (]_[ z}éf) [T wo (114)

i€BR—_1(10)\r

ky+-+ky=L—|19] i=1

Ni++Ny=N+M—|z|

Fig. 2 The tree 7 in the case
R =4. The circles denote finite
(possibly empty) trees that are
attached to the vertices at
distance R
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where Zz(\];) is the contribution to Zy from trees whose vertex next to the root has order k + 1,
that is

78 = Zyoy ({71 | Bo(0)| =k + 1)), (115)
Denoting the last product in (114) by W () and using (111) and (115) we get

M
AL(N, ) S W) Y (HC(ki+1)5/2wk,+lz’(;f‘)

ky+-tky \i=1
=L—I7ol

M
x> (ZNIHZNi). (116)
j=1

Ny+-+Ny
=N+M—|7g|

The last sum can be estimated as in (111) with the result

AL(N, 1) < W(r))CM T M2z !

M
< Yy [k + D7Pwizg ™ (117)

ky4-+ky=L—|tg| i=1

provided N is large enough. Summing over L from K + 1 to co we obtain

vy ({|Br+1(7)| > K, Br(7) = 10})

M
< W) "' M2z > [ [tk + 1wy, 2
kyt--+ky>K—|t0] i=1
00 M—1
k=1
X ( > kS/Zwkz(’;*l). (118)

k>(K—Irol)/M

We have generic trees so the sum Y ;o k¥/?w; Z§ " converges and (112) follows from (118)
since the last term in (118) tends to 0 as K — oo.
It remains to verify (110). Summing over L in (114) we get

M
v ({Br (D) = 0}) = W (1) Zy,' > [z
kiyeens ky >0 i=1
Ny+-+Ny=N+M—|5|
M
= W (1) Zy" > [2n.- (119)

Ni+-+Ny=N+M—|rg| i=1

Now choose a constant A. By arguments identical to those of [18] p. 4804 one shows that
the contribution to the sum in (119) from terms where N; > (N +M — |t|)/M and N; > A
for some pair of indices i # j can be estimated from above by constant - A~'/? uniformly
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in N. Note that the condition on N; is always satisfied for at least one i. The remaining
contribution is, for sufficiently large N,

M
W(t) ) > zy' [ 12w, (120)

i=1 Ny+-+Ny=N+M—|g| i=1
Nj<A,j#i

Letting N — oo with fixed A, the last expression converges to

A M-1
MW(fo)(Z ZN;ON> g™, (121)

N=1

by Lemma 1. Letting A — oo we conclude that
v (Br(1) = 0)) —— MW () Z5'~ 5™, (122)

which proves (110).

Note that the above estimates show that for any constant A, all the N;’s except one are
bounded by A, with a probability which tends to 1 as A — oo, while one of them gets very
large when N gets very large. A slight generalization of the arguments leading to (122) (see
[18]) shows that v is concentrated on the set of infinite trees with a single spine and that v
can be characterized as explained in Sect. 2.

Appendix 2
In this appendix we establish the inequality (103), that is
v({T: |Br(D)| < AR} <e " for R>0and 0 < A < Ao, (123)

where ¢y and A are positive constants.

Given t € I' with one infinite spine, let Bj'g(f) denote the intersection of the ball of
radius R, centered at the ith spine vertex s;, with the finite branches attached to the spine at
s;. Since

Blrys(®) U---U B3] () S Br(), (124)

it is sufficient to prove

v({T 1Byl + -+ [BE| < AR <m0, (125)
Let us fix i € N and set |B§§| = Yg. Then
Yr=X;+---+ Xg, (126)

where X, () is the number of vertices in B,"l(r) at distance n from s;.
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From the properties of v given in Sect. 2 and the discussion of Sect. 3 it follows that the
generating functions

ha(2) =Y vt : X, (x) = ah)z,
0 (127)
kn(@) =Y u((T : Dy(T) = b},
b=0
with D, as in Sect. 3, are related by
ha(2) = f'(kn(2)).- (128)

Since v({X,, > 0}) =1 — h,(0) and u({D,, > 0}) = 1 — k,,(0) it follows from (30) that
v({X, >0} = % +0@n™?). (129)

Similarly, the generating functions

gr(@) =) v({t:Ye=aDz’,
- (130)
fr@ =) u(T :|Br(T)| =b)2"
b=1
are related by
gr(@) = f'(fr(2)). (131)
Here f is determined by the recursion relation
Jr1(2) = 2f (fr(2)), fi@) =z (132)

Differentiating and evaluating at z = 1, one easily deduces from these two relations that

(IBxl), = R, (133)
(Yr), = (DR, (134)

2 1 " 3 2
(1Bel’)u = 3 /" (DR* + O(R?), (135)
(Ya), = %f”(l)zR’ + O(R). (136)

Using (129), (134) and (136) we now prove, following [17], that

V({¥ez (R = . (137)
for suitable positive constants ¢’, ¢”. For this purpose let A, = {7 : X[,/2; > 0}. Then, by
(129),

4 )
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Since Y, = Y},,/2; on the complement of A, we have by (134),
"M —=m2h= [ Y= Yumdv < / Y,dv, (139)
AVI n

and therefore

f'MWn_ f'(On?
Tl = 5025 =

where (-|.4,), denotes the expectation w.r.t. v conditioned on .4,,. We also have

+0(n) = e, (140)

Y?), 1
(24, < ke L

=) " 12f"(l)zn4 +0@*) < et (141)

by (136) and (138). Combining the last two inequalities with the reversed Chebyshev in-
equality for the conditional expectation (-|.4,),,

DA (Y 2 S (Fal Ao} 1 Ay = Tl (142)
n — 2 n nlv n -_ 4(Y}12|An)v’
see e.g. [22] p. 152, we obtain
2 7"
v({n > lcanD > v({n > lclnz} rw) > Lyay=S,  (143)
2 2 4dcy n

which proves (137).
Finally, (125) can be obtained from (137) as follows. Given A € (0,¢") let n =
[(A/c")'/?R]. Then n < R and

{IBRl+ -+ BRI <AR*) C{IB} +---+|BF| <AR?)
C{IB!+---+|BX| <c'n?)

C{|Bl|<cn?i=1,....R)}. (144)
Hence, using (137) and noting that |B,il|,i =1,..., R, are independent random variables,
we obtain
| R R " R N2 12 R
v({|Bgl+ -+ BRI AR} < 1—; < I—T . (145)
This proves (125) with ¢y = ¢’'/?>¢” and Ay = ¢'.
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