INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 37 (2004) 6003-6025 PII: S0305-4470(04)73329-6

The statistical geometry of scale-free random trees

Luca Donetti and Claudio Destri

Dipartimento di Fisica G Occhialini, Universita di Milano-Bicocca and INFN,
Sezione di Milano, Piazza delle Scienze 3, I-20126 Milano, Italy

E-mail: Luca.Donetti@mib.infn.it and Claudio.Destri@mib.infn.it

Received 11 December 2003

Published 25 May 2004

Online at stacks.iop.org/JPhysA/37/6003
DOI: 10.1088/0305-4470/37/23/004

Abstract

The properties of random trees (Galton—Watson trees) with scale-free
(power-like) probability distribution of coordinations are investigated in the
thermodynamic limit. The scaling form of volume probability is found, and
the connectivity dimensions are determined and compared with other exponents
which describe the growth. The (local) spectral dimension is also determined
through the study of the massless limit of the Gaussian model on such trees.

PACS numbers: 02.50.—r, 05.40.—a, 46.65.+¢g

1. Introduction and summary

Graph theory and its applications play an important role in many areas of scientific research,
from pure mathematics, to physics, statistics, biology and social sciences. In particular random
graphs, that is graphs extracted with some probability from a suitable statistical ensemble, are
interesting as a means to implement the intrinsic complexity and/or chaotic nature of many
physical, biological and social systems [1].

Among graphs, trees (that is graphs without loops) play a distinguished role: they retain
a deep interest and wide applicability while still being amenable to detailed analytic studies.
Random trees appear in several distinct contexts, such as polymer physics, critical percolation
[2] and two-dimensional quantum gravity (branched polymers [3]).

Generically, in a random graph the local coordination is itself a random variable taking
values according to some probability distribution; while in the classical Erd6s—Rényi theory
of random graphs [4] this distribution is Poissonian, and in several examples of ‘experimental’
complex networks it turns out to be ‘scale-free’, that is with a long power-law tail [5].
This implies that on an infinite scale-free graph nodes with diverging coordination are rather
frequent, causing some subtleties in the application of the law of large numbers.

In this paper we concentrate our attention on homogeneous scale-free random trees subject
only to the physically natural constraint of being embeddable in a finite-dimensional Euclidean
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space. This class of random trees has been studied already in [6, 7], although from a viewpoint
different from ours: while in these works only some statistical averages relevant to characterize
the geometry of these trees were analysed, we study here in depth the probability distributions
of the basic observables which specify the intrinsic geometry. Our results apply therefore to
any single ‘generic’ (infinite) scale-free random tree and not just to their statistical ensemble.

The outline of this paper is as follows. First of all we recall some definitions of graph
theory and introduce the algorithm used to build homogeneous random trees, summarizing
known results. The local connectivity dimension is then obtained from the scaling properties of
the probability distributions for the volume and the surface of the spheres centred at the origin
of the tree-constructing algorithm. Details of the scaled probabilities are studied and their
asymptotic behaviour is determined. Then the probability distributions for the graph-averaged
volume and the surface are considered; the average connectivity dimension is extracted from
their scaling properties.

Our results for the growth properties of a random tree can be summarized in very concise
heuristic formulae as follows: consider a sphere (intrinsically defined in terms of the chemical
distance alone) of radius r centred on some node; for large r the volume v of the sphere and
the coordination fluctuation Az within the sphere are random variables simply related as

v~ (Az)*r2
This relation applies to all random trees with bounded growth rate (see below) regardless of
whether Az has a finite limit as v — oo or not. In the former case, as happens for instance
on trees with bounded coordination, one reads out immediately the connectivity dimension
d. = 2. In the latter case, one needs to estimate the asymptotic dependence of Az on v. For
scale-free trees with tail exponent 2 < 8 < 3 (see below for the proper definitions), one finds
Az ~ vB=A/B=D yielding the B-dependent connectivity dimension

G=E=1

p—2

Suppose instead that one is interested in the graph-averaged volume v obtained by averaging
over all locations of the centre of the sphere (for a finite tree with large volume V). The
random variable ¥ is related to the coordination fluctuation Az over the whole tree just as
before, that is

v~ (Zz)zrz.
Now the behaviour in r is always quadratic, regardless of the way the coordinations are
distributed. Of course, in the scale-free trees with 2 < B < 3 one has Az ~ VG=A/(B-1,
making it impossible to consider the standard thermodynamic limit V' — oo. Nonetheless, we
find that a well-defined limit exists for the ‘renormalized’ volume 7 V#=3/®=D  Therefore,
in all cases we conclude for the average connectivity dimension

d.=2.
Finally, in the last section, the analysis of the probability distribution for the effective squared
mass, defined through the Gaussian model on the tree, allows us to rigourously determine also
the local spectral dimension d. It fulfils the long-conjectured [8] relation dy = 2d./(d. + 1)
already verified in [7] through a general but completely different argument.

2. Random trees

2.1. Generalities about graphs

A graph G is defined by a set of nodes (finite or countable), pairwise connected by a set
of unordered links. If the set of nodes is finite, its cardinality will be denoted by |G|. The
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coordination number (or degree, or simply coordination) of a node x is the number of its
nearest neighbours and is denoted by z,. The intrinsic properties of the graph are determined
only by the connections between the nodes; the metric is given by the so-called chemical
distance: the distance d(x, y) is equal to the number of links of the shortest connected path
between x and y. This distance is used to define spheres; the ‘volume’ v, (x) is defined as the
number of nodes of the radius r sphere centred at node x and the ‘surface’ s, (x) is the number
of nodes of the corresponding spherical shell. Here we shall consider connected graphs in the
limit of infinitely many nodes.

Given a function F defined on the nodes, its average value F is defined as the infinite
radius limit of the average over spheres; if such a limit exists, it does not depend on the centre
of the spheres provided F is bounded from below and the graph has a bounded growth rate
[9], that is the surface vanishes with respect to the volume in the infinite size limit.

The properties of graphs can be described by various parameters; here we consider the
connectivity dimension [10] and the spectral dimension [11]. The connectivity dimension
describes how the volume of spheres scales with their radius r for r — o0; we can define a
local connectivity dimension d.. using the spheres centred on any given node x

v (x) ~ ré. (1)

It is not difficult to show that d. does not depend on x when the graph has a bounded growth
rate. We can define also an average dimension d. if the average volume is used (provided the
limit defining it exists finite)

o~ @)

These two connectivity dimensions usually coincide, but on strongly inhomogeneous graphs
they can be different [12].

The spectral dimension is related to long time properties of random walks on the graph,
as well as to many other physical properties such as the infrared behaviour of the Gaussian
model [13]. On a generic connected graph G this model is defined by assigning a real-valued
random variable ¢, to each node x € G with the Hamiltonian

1 1
H= 31 Xquﬁ +5D (=)’ 3)

(x,y)

where (x, y) denotes nearest neighbour pairs of nodes and o > 0 is a free parameter (the
squared mass in the field-theoretic sense). The spectral dimension is determined by the infrared
o — 0 singularity of the diagonal element of the covariance

Sing((¢?) ~ 15" “

where ((-)) denotes standard Gibbs expectation values weighted with exp(—7). One can show
that dy does not depend on the choice of the node x [13]. As for the connectivity dimension, it
is possible to split the spectral dimension into a local one and an average one. The definition
in equation (4) evidently corresponds to the local one; the average spectral dimension d
characterizes in the same way the singularity of the graph average of ((¢?)). Again, the two
dimensions usually coincide, but on strongly inhomogeneous graphs they can be different [12].

Suppose now that a certain statistical ensemble G of (infinite) graphs is given. As a
consequence, connectivity and spectral dimensions become in principle random variables
with probability distributions derived from the ‘microscopic’ one specifying G. Consider the
connectivity dimension: if the graphs of G are rooted, we can use the root, denoted by o, as
the centre of the spheres whose growth defines d.; then the corresponding volumes v, (o) are
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random variables distributed with some probability Pr[v,(0) = v]. If this probability has a
well-defined scaling behaviour for r — o0, that is

Prlv,(0) = v] =~ ridp<r%)

then the random variable v, (0)r~? has a well-defined probability distribution in the limit
r — oo and we may write again

v (0) ~ r?

as in equation (1), identifying d with a non-fluctuating local connectivity dimension d.. In
other words d, is a property of a ‘generic’ specimen of the ensemble, that is a property of G
itself. A similar argument applies to the average connectivity dimension d. and to the spectral
dimensions using the random variable ((2)) and its graph average.

An alternative approach is used in [6], where averages in the canonical or grand-canonical
ensembles of certain random trees (i.e. graphs without loops) are studied rather than a single
‘generic’ sample tree. Two parameters are introduced to describe the intrinsic geometry of
these trees, also called ‘branched polymers’: the Hausdorff dimensions dy and d;. The
former is related to how the average two-point distance on graphs with V nodes scales with the
size V:

(d(x,y))y ~ Vi, (5)

The latter (called local Hausdorff dimension in [6]) is related to the behaviour of the two-point
correlation function g§,2) (r) (proportional to the number of couples of nodes which are at
distance r) for distances which are large, but much smaller than y du,

gP () Rt L g VY, (©6)

Itis claimed in [6] that d; and d;, differ on a certain class of ‘exotic’ random trees characterized
by unbounded local coordinations.

Actually, it is not a priori obvious if and how parameters such as dy and d;, are connected
to the connectivity dimensions d, and d_, although it is common lore to identify the Hausdorff
dimension with the connectivity dimension when no distinction is made about local or average
dimensions. One of the aims of the present work is just to fully answer this question in the
case of homogeneous random trees, as we shall see below.

2.2. Generalities about random trees

Homogeneous random trees are built by the random independent extraction of every node’s
degree from a given distribution f.. This process can be formulated as a Galton—Watson
branching process [14]; in particular, since we are interested in trees with bounded growth
rate, we must consider the critical Galton—Watson case. The given coordination distribution
must be properly normalized

Do f=1 (7)

and the average coordination must be equal to 2 because of the condition of bounded growth
rate (see [9])

(@) =) af:=2 ®)

¥4
Clearly these sums have a finite number of addends if the coordination is bounded, while they
become a series if it is unbounded as in the scale-free case. The series, however, must be
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properly convergent in order for equations (7) and (8) to hold, so that f, must vanish faster
than z =2 for 7 — oo. Let us also introduce the probability generating function g (1),

g =Y AT = fid bt fi2 4 ©)
Z
which enjoys the properties

g(h) =1 g=1 (10)
easily derived from those of f.

A branching process effectively ends when a shell (that is a given generation of sibling
branches) is made only by nodes with coordination 1, so that the next shell is empty. The
trees produced in this way are all finite because the surviving probability after  generations
vanishes for » — oo in the critical Galton—Watson process [14]. Since we are interested in the
thermodynamic limit we have two possibilities [9]. The first one is an explicit preconditioning
on non-extinction: this means that modified branching probabilities are used to avoid finite
trees, while keeping unaltered the properties of the infinite trees [15]. This is achieved if the
root coordination is chosen with probability f, while on every successive shell the coordination
of the first node is extracted with a modified probability distribution f. = (z — 1) f.. The
other possibility consists in calculating probabilities conditioned on the number of nodes V
of the resulting trees, and then take the limit V' — oo. In this latter case the root coordination
must be extracted with the refined probability

- f 4 1 f 4

fe=M= NI—ZZ (11)
since the root has as many branches as its coordination while every other node has one branch
less than its coordination (see section 3.1 of [9] for details).

z

2.3. Trees with bounded coordination

In [9] and [16] the geometrical and spectral properties of bounded random trees were
determined using non-extinction preconditioning. The surface and volume probability, in
the large radius limit, are shown to be functions only of the scaled variables s/r and v/r?,
respectively. Moreover, after the discussion of the auto-averaging property, also average
surface and volume are fully analysed. These results allow the rigourous determination of the
connectivity dimension, both local and average: d. = d. = 2. The study of the Gaussian
model on such trees leads also to the determination of the spectral dimension d; = 4/3. Using
a simple scaling hypothesis it is shown that the relation dy = 2d./(d. + 1) should hold on a
wider class of random trees.

An important universality property is also found: all the average values and probability
distributions in the large radius limit depend on the f, distribution only through its second
moment or, equivalently, g”(1). This parameter quantifies the coordination fluctuations, since

g' ()= flz— ()P

and characterizes all asymptotic behaviour. Altogether, these results can be summarized as
v~ g (Dr? (12)
meaning that v/ [g”(l)rz], as r — 00, i1s a random variable with a well-defined universal
probability distribution.
The approach based on the grand-canonical ensemble of branched polymers yields the
result dy = d; = 2 when the coordination of each node is bounded. This corresponds to the
‘generic phase’ of random trees according to [6].
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2.4. Scale-free trees

In this paper we turn to scale-free trees, that is trees whose coordination distribution has a long
power-law tail:
fo~ Az7P for z — oo

where 8 > 2. When the coordination is unbounded, the function g(X) may have singularities;
in the scale-free case it becomes singular for A = 1. For any non-integer exponent', its
expansion contains a term proportional to (1 — 1)#~!, that is

g = ga(W) +c(1 — 1)F! (13)
where g, () is analyticin A = 1
g =1—=(0 =0+ (1 =22+ (1 =)+ (14)

and ¢, = AT'(1 — B). Therefore, if 2 < B < 3, ¢g"”(X) diverges for A — 1; since we
found g”(1) to be an important parameter in the bounded coordination case, we expect this
divergence to have many important consequences. As a first example it causes the divergence
of (v,(0)), the expected volume of the balls around the root of the branching process. This
can be intuitively explained, using non-extinction preconditioning, because on every shell the
coordination of one node is chosen with the probability distribution £, whose first moment
is infinite. If auto-averaging holds, then also v, would diverge on a single scale-free tree and
the definition (2) of average connectivity dimension appears troublesome for scale-free trees.
Thus, in order to deal with finite graph-averaged quantities, we will also use the finite volume
approach, considering the volume V as a regulator.

We may then find a heuristic argument based on equation (12) to determine the connectivity
dimensions d. and d. for scale-free random trees. First of all, if 8 > 3 nothing changes
because g” (1) is still finite, so that d. = d. = 2. In contrast, if 2 < 8 < 3, we have to face the
divergence of g”(1). But coordination fluctuations are finite for a finite number N of nodes,
and diverge with N in a way fixed by the long tail of f., since all coordination extractions are
independent. Let z,,x (V) be the largest coordination extracted, estimated from

= 1
Yo framd =5

Z=Zmax

then we may estimate fluctuations by

Zmax (V)

Z (z— <Z>)2fz ~ [Zmax(]v)]37/3 =N’
z=1

where we defined the exponent v as

v=0C3-=-p/B-D.

Thus for the local growth we have the consistency relation
v ~v'r?

which implies

-1
v~ P00 = L B-D/B-D g p-1
p—2
When the graph-averaged v, is considered for trees of V nodes, the coordination fluctuation

! For integer 8 the singularity has a different, logarithmic, form; however, since the final results will be analytic
in B, one is able to extend them also to integer values of .
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over the whole graph should be used instead:

U~ p2YBR/GD),
From this we read the scaling exponent 2 independently of V, but without the standard
thermodynamic limit. Of course this is not a real proof and a more rigorous approach
confirming these results is adopted in the following sections (see also appendix A); at any

rate, these exponents are the same as those calculated for scale-free branched polymers with
2 < B < 3 in the grand-canonical approach: dy = (8 — 1)/(B —2) [7] and d; = 2 [6].

3. Growth statistics

3.1. Scaling probabilities for local surface and volume

The probability Pr[s,(0) = s] (Pr[v,(0) = v]) for the surface (volume) of the radius r sphere
around the root of an infinite tree can be found, recursively on r, using the modified probabilities
given by explicit preconditioning (see [9], where a slightly different notation is used). The
corresponding generating functions

GI(\) =Y A Prls,(0) = 5]

GI() = A Prlv,(0) = v]

satisfy functional recursion rules easier to analyse, given by equations (15) and (16) in [9],
that is

Gy (W) = Agra1 (Mg (1)

Gl Jes,
Gronn 8 055
where
gr+1(A) = g(g- (1)) go(d) =4 (15)
hrsi (M) = Ag(h, (1)) ho(A) = A. (16)

These recursions involve only g(A) and g’()), which are finite for 0 < A < 1 for every value
of B > 2, and therefore can be solved numerically with high accuracy for any r (subject only
to computational limits), thus providing a solution of our problem from a practical point of
view. In figure 1 the r = 10 volume probability corresponding to a tree with § = 2.5 is
plotted against the ‘experimental’ frequency distribution; this is obtained by sampling, over
1000 different graphs of 8 x 10° nodes each, the volume of 2000 balls centred on randomly
chosen nodes. The agreement is good, and we notice the power-law tail with exponent that
can be estimated as >~ —1.5. In other cases (not shown) this is always equal to 1 — S.
Analytically, upon substitution of equations (13) and (14) for g(A), one can solve the
recursion rules (15), (16) for the first terms of the expansions of g,(}) and 4, (1) as A — 1:

gA) =1—->10—=A)+cr(1 —A)z +oot (1l — )“)5,1
he(G) = 1+r(1— 1)+ C3—2r3(1 At %rﬂ(l ! (17)

where only the leading order term in r is shown for every power of (1 — ). Similarly for
G’ (1) and G/ (A) one finds
G =1 =2cr(1 =)+ — (B —Dewr(1 —1)F2

18
G;)()\) ~1— c2r2(1 — A+ C*rﬂ71(1 _ )L)ﬂfz. (18)
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Figure 1. Numerically calculated volume distribution versus simulation histogram.

Through the rules of (inverse) discrete Laplace transform, the singular terms with noninteger
powers in 1 — A determine power-law tails in the probability distributions at fixed r:

A
B—1
in agreement with numerical data. The local connectivity dimension d, is determined if we
find scaling forms of these probabilities such that, as s — oo or v — oo and r — o0,

Prls, (0) = s] 2T Aps— D Pr[v,(0) = v] =< rP=ly=B=D

Pr{s, (0) = 5] ~ ,d371¢<,df—71) Pr{v, (0) = v] ~ FLC @(%) .

This means that d. must be such that G*(exp(—u/r®~") and GV(exp(—&/r®%) have finite
non-trivial limits for r — oo. The right scaling exponent is found by examining
equation (18): if § > 3 the leading order term in (1 — A) is the linear one so that the finite
functions of © and & are obtained with

d.=2 for >3
while if 2 < B < 3 the most important term is the singular one so that the correct scaling is
given by
_B-1
=5
In appendix A we present all explicit calculations about the surface and volume probability
distributions, for the two cases 8 > 3 and B < 3, which confirm this simple scaling analysis.

d. for 2<pB <3. (19)

3.2. Fixed volume expectation values

In this section we study the local growth properties of scale-free random trees of finite
volume V. We shall reconstruct the dependence on V of the surface and volume probability
distributions from the expectation values of s,(0) and v, (o) and their powers. We are led
to consider expectation values over finite-size trees, regarding their volume V as a regulator,
because the power-law tails with exponent 1 — 8 found in the previous section for Pr[s, (0) = s]
and Pr[v, (0) = v] imply the divergence with V of high enough moments of s, (0) or v, (0).
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Let us observe that in this context the average is made over all possible rooted trees with
V nodes; this can also be seen as the graph average over all nodes of an unrooted tree, which
is then further averaged over all possible realizations of the unrooted tree, that is

(O)y = (O)y (20)
for every observable O. In particular
(s, ()" = (57 ),

with a similar relation for the volumes. No dependence on the root o survives and we shall
drop it from the expectation values.

Let us start by studying the probability P (V) that any rooted tree 7 with V nodes is
produced by the branching process without the non-extinction precondition

P(V) =Pi[|T| = V].

By the tree-producing algorithm, P (V) satisfies the identity

PV)=)"F. ) s V—1—2Vj [TPwvy
z \% j=1 j=1

oo Va

where P (V) = Pr[|B| = V] is the same probability relative to a branch B, that is a tree whose
root has an incoming link (and z — 1 branches) and whose coordination is extractqg with
probability f; it satisfies a similar equation with z — 1 instead of z and f; instead of f_:

PWV)=)f. Y 8 V—1—Zvj ]_[P(V,).

The generating functions G(A) = 3", P(V)AY and G(A) = Y, P(V)A" satisfy

G(1) =2rg(GA) G = 28(G() 2D
where g(}) is the usual probability generating function defined in equation (9), while

gO) =) A

Z

Normalization of ﬁ implies g(1) = 1 and from the definition it easily follows that g(A)
derivatives are proportional to those of g(A); more precisely we have

gW0)=Nig“ V).

Since we are interested in the V — oo limit, which corresponds to /\A—> 1, we can use
expansions (13) and (14) to obtain the asymptotic behaviour of G (1) and G ()). For different
values of B we have different situations depending on which term, the singular one or the
quadratic one, is of lower order.
For 8 > 3 we have
G ~1—¢ P —n?
G ~1—Nye; (1 —n)'?

so that, in the V — oo limit, the probability P (V) reads

N 1
P(V)~ Ny ———V 732,

2. /com
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For 2 < B < 3, instead, the singular term produces
Gy ~1-— C*I/(ﬂfl)(l _ )L)l/(ﬂfl)
G =1 — Ny E=D (1 — pyl/B=D,
Thus we have, for V — oo
_ VB

D ~ * =B/(B—1)
P(V) ~ NIF(_l/(ﬂ m— 1% . (22)

Let us now turn to the calculation of the expected size of a shell of radius r in trees with
volume V. First of all, let us introduce the joint probability P, (s, V) that the size of the tree
is V and the rth shell has s nodes:

P,(s,V) = Pils,(0) =, |T| = VI.

It is related to the same probability relative to branches P, (s, V) as

Pus.V)=) fo ). D> s|lv-1=->Vv;|¢ S—ZSJ l_[P, 1(sj, V))

V1 ..... V. Slyeeey Sz j:1

while P, (s, V) satisfies a similar recursion which is obtained from the previous one by
replacing z with z — 1 and f, with f,,

1

z—1 z—1
P(s,V) = Zfz Z Z 8 v-1—Zv, S—Zsj ]_[P,,l(sj,v,).
—1 j=1 j=1

..... V._151,.
(23)
Clearly the expectation value of s, (o) on trees with V nodes is now given by
50y — Y, sP.(s.V)  EV[s] @)

P(V)  P(V)
where Erv [s] is defined as the weighted sum in the first numerator. Analogously we can define
EY[s] as

E/[s]=Y sP(s, V)
and the two generating functions

Els1=) 1"E)[s] EMs] = Z,\VEV[s]
Vv

A recursion equation for the latter can be found using equation (23)

EM[s] —Z,\VZSP(S V)
z—1 z—1
=22 Z 2 (Z”‘)Hﬂfﬂwsﬁvn
k=1 j=1

WVl St Sz—1

= Z [z = DE}_ [51G()*

= 2g(G(\)E}_,[s]
and one for 75\;\ [s] is similarly obtained
E*s1 =28 (G))E*_[s] = NiAg(G(W)E>_[s].
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Since sp(0) =1, E(‘)/ [s]is equal to P(V), so that the initial condition reads
Ej[s]1 = G()).

Then, for » > 0, the solutions read
E}ls] = GMIrE (GO
Els] = NiAG(M)(G O (GO

Now (s,)v can be easily found, but we have to consider the cases 8 > 3 and B < 3 separately.
For B > 3 the A — 1 asymptotic expansion of E*[s] reads

(25)

EMs] = Ni[1 — 2+ 26200 — 1)e;, (1 = 1)
which implies the large V' limit of (s, )y
(sp)y 22+ 2c,(r —1).
For 2 < B < 3 we have, instead,
EMs] 2 Ni[1 — (r — 1)(B — Dcl/ =D (1 — ) #=2/¢=1)
and
(sr)v ~ki(B)(r =DV (26)
where
=1/ -1)
(=B —-2)/(6-1)
In the first case the V — oo limit is finite, while in the second one we find a divergence,
as expected. To understand how equation (26) relates with the known d., we now calculate

higher moments of s,. First of all, we generalize the notation ﬁ,(O, V), E,V [O] and 'E\;\[O]
to every observable O

P.(0,V)=Pi[0,(x) = 0,|T| = V]
E'[01=)_0P,(0.V)

ki(B) = (B — D/ P70

o
El01=) A"E[0]
Vv

together with their branch counterparts P, (O, V), E rV [O]and E ;\[0]. Now it is easy to show
that the recurrence rule for £ rk [s2] reads

E}s?l =28 (GO E}_ [s]+ A8 "(G)) (B}, [51)".
Thus for 2 < B < 3 the second moment is found to read
(s7)y = ka(B)(r — VD

where k,(B) is some function of 8 only.

For all higher moments ’Iz:;\ [s"] we find, as a general rule, that the single E* | [s"] on the
right-hand side is multiplied by 1Z (G (1)) while the products of kE* | [-] are multiplied by
12 ®(G(A)). Moreover the equations for E} O] are the same as those for Ef[O] with g(-)
substituted by g(-). Therefore we obtain for all higher moments, up to the leading terms in
the A — 1 limit,

EMs") = A8 (GO EF_|[s"] +- --

27
EMs"] ~ ag (G E_,[s"] + hg™ (GO E*_,[s]" +---. @7
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4 B=8/3, d.=5/2, integrated probability: 10% 20% 40% 60% 80% 90%
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Figure 2. The symbols correspond to all possible combinations of » = 10, 20, 30, 40, 50 (using
the same symbol) and V = 1,2, 4, 8 x 10° (using different symbols as explained in the legend).

(This figure is in colour only in the electronic version)

This entails the final result
(Sf)v = kn(ﬂ)(r — 1)VV+(”71)/(,3*1)

which is compatible with a scaling form for the s, probability just given by a finite-size scaling
of the one found in section 3.1, that is

~ “
ﬁr(sw):P,(s, vy 1 < s r_)

P(V)  rd-t 1\ a1y

where d, is the already known local connectivity dimension
p—1
c = m

and the function ¢ (x, y) is such that
/an(x, ¥y dx ~ yB=2-m/ B,

Similarly it is possible to calculate the finite volume moments of the volume v, (0) which
read

(vn>v ~ Ly (92=B)/(B=1) (28)
The proper scaling compatible with this result is
vy~ Lp (2 (29)
r (v x~ T ¢,
ra P\ Ty

if the moments of the scaling function p(x, y) behave as

fxnp(% ¥y dx ~ yB=2-m/ =),

Scaling (29) agrees with numerical simulations as shown in figure 2. For several different
values of r and V, we built 720 trees and calculated the volume v of radius r balls around 1000
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(for each tree) randomly chosen nodes. Thus different ‘experimental’ probability distributions
are found; we considered the integrated probability Q, (v|V) =", < P, +(v|V) and plotted the
values of v corresponding to Q,(v|V) = 0.1, 0.2, 0.4, 0.6, 0.8, 0.9 (after the proper rescaling
by r%) versus r% / V. For every one of the six values of Q,(v|V), the points corresponding to
different values of r and V fall roughly on a curve, apart from statistical errors (fluctuations
are especially large for Q,(v|V) = 0.9, due to the long power-law tail of ﬁ, (v|V)), so that
the form (29) of the probability scaling is supported.

3.3. Probability of the average surface

In the bounded coordination case we were able to prove the auto-averaging property for every
local observable: the graph average O is non-fluctuating on infinite trees and coincides with
the expectation value (O) in the branching process around the origin [9, 16]. This implies
immediately that local and average connectivity dimensions coincide.

In the scale-free case the situation is more involved because many relevant expectation
values do not even exist on infinite trees, so that we cannot prove the auto-averaging property
in the same way. Thus, to determine the average connectivity dimension d, we will try to
directly investigate the probability distribution of the average surface 5, in the large r limit. In
particular, we look for a scaling form of the type

Pris — ¢l ~ 1 s
r[s,_s]_rjc_lf —ric—l .

A very close approach is possible also for the average volume v, but it is more involved and
will not be reported here.

The results of the previous section, together with equation (20), allow us to calculate only
the first moments of such a probability distribution. We now reconstruct it (at least its scaling
form) through the calculation of higher moments.

This can be done by introducing S,, defined as the sum of s, (x) over all nodes x of a tree:

S, = Zs,(x).

xeT

Then on a finite-sized tree, the average surface 5, is given by

_ S
S =—
1%
and its (finite-volume) moments are simply obtained,
s
Gy = e VZV.

The recursive nature of the trees allows us again to find the composition rule for S, in
terms of the values of S, ; and the local surface s; ; (with k < r) relative to the jth branch
around the root o. It reads

r—2
Sy = Z Spj+281,;+ Z Zsk,jsr—k—Z,j’ . (30)

j k=0 j'#j
The recursion rule for the joint probability of S, sy, ..., s,—; and V easily follows from (30)
and the recursion rules for s, and V. With calculations similar to those of the previous section
one obtains

r—2
EI[S1 =28 (GONENSI+ 228 (GO E!_ [s1+28"(G(1) Y E{SIE} ,[s]

k=0



6016 L Donetti and C Destri

and, as usual, the equation for E*[S] which is equal to this one with all g(-) substituted by
g(+). The expectation value

E[S]

Sr = ——=

(Sv VA

is then obtained by straightforward calculations in the V' — oo limit, and the result is equal
to the large V limit of (s, )y, as expected (recall equation (20)).

The differences of course emerge when higher moments are considered, since s/ # (5,)"
forn > 1. ((5,)?)y can be obtained using the equations (only the leading terms are displayed)

ENSY ~ 28 (GO ENSY +- -
EF[S*] ~ Ag (GOV)EFS™] +4g (GO EXIST’
r=2 r-=2
+18D(GON) Y Y ELSIERISIE!  HIS1E} o ,ls]+ -
k=0 k'=0
and turns out to read
() 2 +2c(r — 1))? for B>3
Sy ~{_
"k e - 1)2v for 2<p <3
where k, (8) does not depend on 7 or V.
Then all the following moments can be calculated through the equations
E}NS"1 =28 (GO)ES" +---

AP QNY ~ / ApQn " l n!
EF1S"] 2 3¢ (GO ELIS"] + 8" (G(A)3 ; =

i ErSTEN 8]

n!
P —j = !

+Ag”/(G(k))% > E}S/E}S/1E} "]

7J'
+ 428" (G EXST
+2g® (G Y EpISIER ols] - ELISIEF , ols]+- . 31)
ki oo K
From the leading singularity in 1 — A, we read their asymptotic behaviour for large V:
- 2+ 2c(r — )" for >3
((Sr) )V =3- (32)
kn(B)(r — )"V for 2<pB<3.

For B > 3, since all moments are powers of the same finite quantity, the probability
distribution for §, must be a delta function in the V — o0 limit

Pr[s, =s] =68(s — 2+ 2c2(r — 1)) =68(s — (s,)).
Thus in the thermodynamic limit the average does not fluctuate and coincides with the

expectation value for the surface around the root of the tree and the auto-averaging property is
verified for the observable s,. In particular we can extract the average connectivity dimension

de=d. =2.
Similarly the auto-averaging property can be verified for the volume; we expect it to hold in
general for every observable with a finite expectation value.
When 2 < 8 < 3 instead, from equation (32) we can read the following scaling form for
the average surface probability:

~ 1 s
PrGIV) =~ rVﬁ(,{v,U)- (33)
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This shows that for every V there exists a scaling form of the probability distribution of 5 for
all scale-free trees of size V, but it does not have a non-trivial standard thermodynamic limit.
Although 5, diverges on infinite trees and the standard definition of average connectivity
dimension cannot be applied, we see that a V-independent probability exists for the
‘renormalized’ average surface s V =" and that this scales according to the average connectivity
dimension d, = 2.

For finite trees a comparison can be made with the definition of d;, (equation (6)): since
the average surface differs from the two-point function only through a normalization factor

P () o (s,)y ocr

our calculation not only confirms the value d; = 2; it also shows that this is not a property of
the first moment only, but it holds ‘in probability’, that is for every ‘generic’ scale-free random
tree.

4. Spectral dimension

In order to find the (local) spectral dimension of scale-free trees, we may repeat the approach
of [16] substituting fixed radius averages with fixed volume averages. The quantity ((¢Z))
is given by a normalized Gaussian integral over all variables ¢,, y € G; if we perform all
integrations except the one over ¢,, we are left with a last integral which is also Gaussian and
normalized, thanks to the self-reproducing property of Gaussian integrals. Therefore we can
define the effective squared mass w(x) from the width of this last integral:

N /@/ 2 —uwe2 L
(<¢X>> - 27 do. dy e " - Z;L(x).

On a tree produced by a branching process the rules of Gaussian integration allow us to express
the effective squared mass of the root as a function of those of the branches [16]:

n(y)
- d o 34
M(X) " +ybranches T+ /J/(Y) ( )
of x

Similarly the effective squared mass of a branch can be expressed as a function of those of its
sub-branches, in a recursive way. Since the recursion rule for ¢ (x) is highly nontrivial we are
not able to find directly its probability distribution or its moments; instead we expand . (x) in
powers of 1o and consider the coefficients V,,
o0
p@) =y (=1 0ug.
n=1

Substituting this expansion in equation (34), recursion rules for the coefficients are obtained:

Vi) =1+ Y Vi(y)

y branches
of x

Vi) = Y [Va() + V()]

y branches
of x

and, in general

Va(x) = 81 + Z V() + Fa(Vi(y), V2(0), - - o, Va1 (9))]

y branches
of x
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where F, is explicitly given in appendix B. The important feature which allows the calculation
of V,, moments is that the expression of V,,(x) is linear in the V,(y).
Clearly Vj is just the volume V so that

(Viyy =V and (vi), =v".

Now we need the averages (V,)y for n > 2. We use the same notation as in the previous
sections (ﬁ ), EV[-], /E\’\[~], P(-),...) with the only difference that now observables do not
depend on r.

Let us start with the expectation value of V,; equations for E’\[Vz] and E*[V,] can be
easily obtained in the same way as before,

EMVal = A (GO [E* Va1 + EX[VE]]
E*[Val = Ag' (GW)[E*[Val + EM[VE]]
=[1 = 28" (GON"2g" (GO E*[VE]. (35)

This is valid for any f; distribution, but now the 2 < 8 < 3 and 8 > 3 cases must be examined
separately.

When 2 < B < 3 we can read the asymptotic behaviour of (V,) from the leading 1 — X
singularity in equation (35):

EV[V.
Vol ep-ar-1

= —= V — oo.
(Va)v )
In a similar way it can be proved that (see appendix B for details)
EVV,
Va)y = ﬁ<[V)] N VIRITIEEEE Y e, (36)
We can then write
(v 2= poV Fi(uoV #F=2/070), (37)

The existence of the thermodynamic limit [13] requires that Fi(t) ~ t~B=D/CE=3) fort — oo
so that the powers of V cancel out and a finite limit is obtained. After the V — oo limit, for
1o — 0 we have (see section 5 of [16] for a discussion on the order of the limits)
(W)oo = lim (u)y oc p 2/ po —> 0.
V—o00
Equation (B3) in appendix B can be used to show that the higher moments of 1« follow similar
scaling laws:

(W")y = ub V" Fy(ugV @P=3/6-1)

so that

n(f—2)/(2—-3)
0

(") oo ~ 1 o — 0.

Since all moments are proportional to powers of the same quantity, we can say that there exists

a limit probability distribution for the scaled variable /1, (P=2/CF=3 6 that the local spectral

dimension reads
B—1
26 —3
When g > 3 equation (35) allows us to write
(Va)y = EVal s
P(V)

dy =2 for 2 <pB <3.

V — o0o.
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All other moments are calculated in appendix B and, following the same steps as before, we
can write

3
(oo ~ g/ 1o — 0
so that

dS:% for >3

as in the bounded coordination case [16].
Finally, we note that in both cases the relation

de
d.+1
between the connectivity and the spectral dimension is fulfilled.

dy =2

Appendix A. Details on probability distributions

In order to find the probability distributions for surface and volume we can follow the same
steps of [9]. If the proper scaling forms of the surface and volume generating functions
are substituted in their recursion rules, differential equations are obtained by consistency
requirements. The solutions are the Laplace transform of the scaled surface and volume
probability distributions. For 8 > 3 both Laplace transforms can be calculated, while for
2 < B < 3 only the surface probability Laplace transform and the asymptotic behaviour of
the volume can be obtained.

Al p>3

When g > 3, d. is equal to 2 and we can write g, (1) as

g,.(e*”/’)z l_a_u)+.”+a*(u) (A1)
r rf-2
with the condition
a(0)=0 a0) =1 (A2)
which follows from g, (1) = g.(1) = 1 and
a,(u) ~ c,ul! for u—0 (A3)
derived from equation (17). This expansion implies those of G (1) and Pr[s, (0) = s]:
Gy =dw+ - — a*ﬂ(_b? +...
" (A4)
1 s 1 s
Pils,(0) = s] = —¢ (-) bt =4, (-) +oe
ro\r rf- r

where ¢ (x) and ¢, (x) are the inverse Laplace transforms of a’ (1) and . (u), respectively. The
analytic term ¢ (x) is the same as in the bounded case; the singular term ¢, (x), even if it is
suppressed by powers of r, is essential in order to reproduce the power-law tail. The functions
a(u) and a, (1) are determined by inserting equation (A1) in the recurrence (15), and equating
the coefficients of the corresponding powers of ». Thus two coupled differential equations are
obtained (see [9] for details on the method in the case of bounded trees, when only a(u) is
required):

ud' (u) = a(u) — cra(u)?

ud, () = (B — 2)a.(u) — 2c2a(w)a,(u) + cea(@)?~".
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The solution of the former, obtained with the use of the initial condition (A2), reads

u
a(u) =

1 +cou

while the general solution of the latter reads

) = Cy p-2 k 1
= =" [(1 Tow? +c2u>ﬂ—2]‘

The value of & is found by comparison with condition (A3) and turns out to be k = 1. The
inverse Laplace transforms ¢ (x) of a’(u) is

X .
P(x) =— e /e
)

while only the asymptotic x — oo behaviour of ¢, (x) can be explicitly calculated:
¢ (x) >~ Ax~ 8D,

Therefore, even if the contribution of ¢, (x) in equation (A4) is suppressed by powers of r, it is
the most important one for large x because of its power-law tail compared with the exponential
one of ¢ (x). Moreover, if 8 > 4 there are other lower order corrections before the singular
one; however, since their contribution in the Laplace transform G (exp(u/r)) is analytic for
u — 0, they are exponentially vanishing for large s/r. The large s tail is therefore due to the
singular term.

Similar calculations can also be done for the volume probability. The first step consists
in writing the expansion of 4, (1) with the proper scaling:

B () = 1 _@J,...J,brfz) i (AS)
with the condition

b(0) =0 b0)=1 (A6)
which comes from £, (1) = 1 and 2.(1) = r and

ZOES U (A7)

derived from equation (17). Inserting equation (AS5) in the recurrence for 4, (1) (equation (16))
and equating the coefficients of corresponding powers of r, we obtain

260/ (8) = b(§) — c2b(E)* +&
26bL(E) = (B — )by (&) — 202b(E)b.(£) + c.b(£)P .

Their solutions, imposing conditions (A6) and (A7), can be found to read

b(E) = \/g tanh /c,&

B
_ . . ,
b*(s>=3( étanh,/—c2§> [1_ B —2,F (1, B/2: 1+ B/2; (tanh \/c2£) )}

28 1) B (cosh \/c:€)?
where , F (a, b; c; z) is the hyper-geometric function; in our case it can also be written as

o0
b
Fi(l,b;1+b;z) = a A8
2 Fi( +b;z2) n§=0b+nz (A8)
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The volume probability Pr[v,.(0) = v] and its generating function G (1) now can be
written as

e L&)
Gl (e )_z<s)(1+.--—rﬁ_3+...>

p o 1<I> v 1 ® v
o) = vl = S0 (5) + ot e (5) +

where ®(x) and &, (x) are the inverse Laplace transforms of /(£) and [(§)/,(€), respectively.
Probability normalization requires /(0) = 1 and /,(0) = 0; the functions /(§) and [, (§) are
related to (&) and b, (§) by the differential equations:

EI'(E) = —cob(&) (u)
261 (&) = (B — (&) — 202b,(8) + (B — 1)b(E)F 2.

The solution of the former is found in [9] and reads

1
1) = (cosh 4/c2& )2

while for the latter we obtain

(B-3)/2 _ _
1.(8) = %(;) [t's”zﬂ(l, u; ﬁ+l-t2)+tﬁ”u2F1(1, B+1 ﬁ+3;t2>

5 2 2 B+1 2 7 2

—tﬂ”%zﬂ (1, g; 1+ g; t2)i|

where t = tanh\/cp§. The solution /,(§) can also be written as a power series using
equation (AS),

e (€ (B-3)/2 (B—1+2n tAH120 (2 4 2)
Mé)—a(a) ('8_1)2’1:,3—1+2n+2,,:(,3+2n)(ﬁ+1+2n)

from which we can extract the asymptotic behaviour for vanishing &

L (§) = c,&P72.

These results imply @ (x) has an exponentially vanishing x — oo tail (see [9])

2
D (x) ~ X e~/ (4e)
A
while @, (x) has a power-law one

@, (x) ~ Ax~ D,

Therefore we may repeat the same consideration as in the surface probability calculation: even
if @, (x) is suppressed by powers of r, it is the most important term for large v/r>.

A2.2<B <3

In this case the expansion of g, (1) reads

gr(exp(_rl/(uw>)=l—%+... (A9)

with the conditions

a(0) =0 and a0) =1. (A10)
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The surface probability distribution and its generating function G (A) can then be written as
functions of scaled variables as

1
Prls, (0) = 5] = rdc——1¢ (rds——l) "
Gi(exp(—u/r* ") =da'(u)+---

where ¢ (x) is the inverse Laplace transform of a’(x). As before, by substituting equation (A9)
in the recurrence equation for g,(A) and by equating the numerators of the subleading terms,
we obtain the differential equation

ua'(u) = a(u) — co(B — 2)a()? .

The solution, using conditions (A10), reads

u
a(u) = 7. (F w753 (A11)
Now, from the asymptotic behaviour of a’ (i)
1 —co(B— Duf™2 for u—0

/ _ _ B=21-(B—D/(B=2) ~
a'(w) =[1+c.(B—2)u"""] x> {[c*(ﬂ o) BB B for u— o0

we can determine that of the scaling function ¢ (x)
x~B-D for x - o0

P00~ {xﬂ_z for x — 0

which has the expected power-law behaviour.
Let us now turn to the volume probability. The conditions 4, (1) = 1 and #'(r) = r lead
to the expansion

b
hy(exp(=&r~*)) =1 — rf_)l e

with
b0) =0 b (0) =1. (A12)

The differential equation for (&) is found by substituting this expansion in the recurrence
(16); it reads

(B— DED (&) = b(&) — cu(B — b + (B — 2)&. (A13)

By direct substitution one can easily verify that

b(E) = (§/c)V/P~V

is a solution, but does not satisfy the second condition of equation (A12). However, we obtain
a separable differential equation if we let b(£) = £1/F=Dp(&),

b'(€) = %(1 — e bE)FHE

The solution is now implicitly given by
- 1 - -
bk (1 P ) = eF
B—1 Bg—1
> 1 B2

k7, 14+k(B—1) __ —
S S—T — £,
~ Tk -1 ;

k
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This allows us to determine the asymptotic behaviour of the solution b(&)

£~ (cu/BYEP! for & —0
o6) ~ {él/(ﬂ_l) for & — oo.

The volume probability and its scaled generating function can now be written as
Gy (exp(=§/r®)) = 1) +- -
1 v
PI'[l)r(O):U]z7 ( )+
e

yde

where [(£) is the Laplace transform of @ (x). As before /(0) = 1 by normalization and /(§) is
obtained from the differential equation

EI'E) = —cu(B = DIE)DE) . (Al4)

The small and large & asymptotic behaviour of /(&) can be obtained from that of b(&),
and read

1 —c £P72 for &€ —>0

Al
exp(—cy (B — 1)EB-2/(B=D) for & — oo. (ALS)

(&) = {

Therefore the asymptotic behaviour of @ (x) reads

o) x~B=D for x — oo
* x P2 exp(—kx*>#) for x -0
with
k=cllp—2)F2

The probability distribution is exponentially vanishing for small volumes and it has a power-
law tail with exponent 1 — S, as expected.

Appendix B. V;, moments

First of all, let us write the explicit form of F,(Vy, Va, ..., V,—1),
n n—l1 n—1 k k
FaVi Voo Vaey =Y > o) s [ n=> i | ] Va-
k=2 n =1 ny=1 j=1 Jj=1

Now we can write an expression for £V [V, ] and its generating function E*[V,] involving only
Vi, Vo, .o, Vi

EVIVil=) fy s[vi—1=>"v,
J

b4 {Vi.j}

X Y Vi + FaVigs Voo Vi M T PAViD
J J

=Zf125 Vl_l_zvl,j

z Vi J

< Y AEMIV I+ EVF, (Vi Vo, Ve DI [ POV

J J#J
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EMVal =2 fiz = DIEMV, ]+ EMNF(Vi, Va, o, Ve DG )T

=2 (GO E V] + EMF,(Vi, Va, ..., Vi D]}
=[1 =2 (GO "AZ (GO EMF(Vi, Vo, ..., Vo]

This shows that E*[V,] is more singular than E*[F,(V}, V>, ..., V,_1)], which has now
to be calculated. To do this we need an expression for the generic multiple moment
E )‘[Vlk‘ V2k o Vrf‘] First of all, note that powers of V| can be extracted, that is

EV[Vlk' VZIQ o Vnk"] _ VklEV[Vzkz . ‘/nk]

The recurrence rule for E*[V,? - - - V] reads

EMVE - VE] = 1= 28/ (GO Y ag (GO Y EM Ve o kv T F vl

j=2
+2g (G)) Y EMVy VI EM V2 v
kj1.kj2
N
+ig™@Ga) > []E WY v (B1)
kj.l....,kij =1

where N = 3 k;, the sums over k; ; are such that } }, k;; = k;, and only most singular terms
are kept. Equation (B1) can be recursively used; the moments on the right-hand side involve
either products with fewer terms or lower j V; so that we end with moments of V;, which are
trivial.

The general expression of £ )\[Vzk2 -+ Vk] forboth2 < B < 3 and B > 3 cases

a- A)[I*Z,'kj((2ﬂ*3)j*/3+2)]/(ﬁ*1) 2<B<3
a- )L)%—%ij/(-?j—l) g >3

can now be proved by induction. Substituting equation (B2) on the right-hand side of
equation (B1), we see that all terms have the same singular behaviour when 2 < 8 < 3,
while the g'(G (1)) and g”(G (1)) terms are the leading order ones for 8 > 3.

The branch probability moments just calculated are related to the tree probability ones by

EMV,] = A8 (GOE MV, ]+ E*F,(Vi, Va, ..., Vi D]
=28 (GO)EMV, ]+

EMVive . k] ~ (B2)

and
EMVS - VR = A8 (GO EM VS - V] + -
Therefore ’E\*[Vlkl -++V&] has the same asymptotic behaviour (equation (B2)) as
E*[V{" ... V&]. This implies the following asymptotic behaviour of EV [V, V,? .. V]
R V[Zj kj((2B=3)j—p+2)—B1/(B—1) 2 <« B < 3
EV[Vive ... vh] ~ {

n

V%Z,k;’@j*l)*% :3 >3
and finally

(Vlkl Vzk2 e Vnk")v =

VI, ki(@B=3)j=p+2)/(B=1) 2<p<3
{ (B3)

V2 kG- B> 3.
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