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We develop a statistical mechanics approach for random networks with uncorrelated vertices. We
construct equilibrium statistical ensembles of such networks and obtain their partition functions and
main characteristics. We find simple dynamical construction procedures that produce equilibrium
uncorrelated random graphs with an arbitrary degree distribution. In particular, we show that in
equilibrium uncorrelated networks, fat-tailed degree distributions may exist only starting from some
critical average number of connections of a vertex, in a phase with a condensate of edges.
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I. INTRODUCTION

Quite recently, it has been realized that the study of the structure of networks, which was formerly “a private
domain” of mathematical graph theory [[JJ,[], is actually a field of statistical physics [[{H.8.A.Bp. Most achievements
of physicists in the field of random networks [@] (structural and topological aspects) are empirical findings and simple
ideas, which were demonstrated by using very particular models. One of main questions that arise is: What is the
nature of complex, non-Poisson degree distributions, which were observed in many real networks? (Degree of a vertex
is the total number of its connections.) However, few efforts were made to develop a general statistical theory of
networks (see Refs. ,@,E,@]). Without such a theory, the above question cannot be answered. Furthermore, the
structure of the statistical theory of random networks can be related to a zero-dimensional field theory and to a mean-
field description of simplicial gravity [@] A condensation phase transition, which occurs in equilibrium networks, is
close to that which occurs in branched polymers [E,

In this paper we focus on equilibrium network ensembles, which are less studied. We construct statistical ensembles
of random uncorrelated networks in a natural way and establish a one-to-one correspondence between them and
known construction procedures. One of conclusions is that, in equilibrium networks, fat-tailed degree distributions (in
particular, power-law ones) are possible only starting from some critical value of the average degree. Above this critical
point, a finite fraction of edges are in a “condensed state”, i.e. are attached to an infinitely small fraction of vertices.
This situation for equilibrium networks contrasts with that for growing ones, were fat-tailed degree distributions are
realized over a wide range of a control parameter without any condensate.

The keystone of network science are construction procedures. Erdos and Rényi constructed ensembles of random
graphs with a Poisson degree distribution by adding edges at random to a fixed number of vertices [m] When the
total number of edges L is fixed, this provides a canonical ensemble. When one fixes the probability that two vertices
are connected, the procedure produces a grand canonical ensemble.

To obtain equilibrium random graphs with an arbitrary degree distribution II (¢), a different statistical ensemble
was introduced [ff] (see also Ref. [[L]). Roughly speaking, these are graphs, maximally random under the restriction
that their degree distribution is equal to a given I (¢) (see below). Here we demonstrate that this “static” construction
produces a microcanonical ensemble, and construct equivalent (in the thermodynamic limit, i.e. N — oo) canonical
and grand canonical ensembles as limiting equilibrium states of simple dynamical processes.

In statistical mechanics, equilibrium ensembles arise as infinite-time limiting distributions of some ergodic dynamics.
Here we present naturally looking graph evolution models, using the generalization of the concept of “preferential
linking”, which was introduced in [H] We consider two kinds of a random network evolving under the mechanism
of preferential linking and displaying ergodic behavior. The latter means that an evolving ensemble finally becomes
equilibrium, and final statistical weights for the complete set of graphs of the ensemble are independent of time
and initial state. The specific rule of preferential linking that we use allows us to construct equilibrium statistical
ensembles with an arbitrary II ().

The paper is organized as follows. In Section @ we introduce the main notions of random graph theory. The next
Section [1I]] is a key one: we establish a connection between ergodic evolution and statistical ensembles for undirected
graphs. In Section E/I these results are generalized to the case of directed graphs. Section M is devoted to networks
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with a fat-tailed degree distribution, decaying slower than exponential. The results are discussed in the last Section
@. Technical details are described in three Appendices.

II. DEFINITIONS AND MAIN NOTIONS

A graph g is a set of N wertices connected by L edges, directed or undirected. It may be displayed as a set of points,
with some pairs connected by one or more lines, with or without arrows. For analytic purposes, a graph is represented
by an N x N adjacency matriz g, whose elements g;; are numbers of edges connecting vertices i and j.

An undirected graph (with undirected edges), is represented by a symmetric adjacency matrix, g;; = gj. In this
case it is convenient to set diagonal elements g;; to be equal to twice the number of unit-length loops. Then, the
adjacency matrix (1) of an undirected graph G, obtained from a directed graph G with an adjacency matrix § by
replacing all directed edges with undirected ones, is simply 91(31 ) = 9ij + Gji-

Mayer’s graphs are the ones without multiple connections and one-vertex loops. Their adjacency matrix elements
satisfy the conditions: g7; = gij, gii = 0.

Vertex in-degree r; of a vertex ¢ in a directed graph is a number of incoming edges of the vertex i, r; = Zj Jij-
Similarly, out-degree s; is a number of edges, outgoing from the vertex i, s; = > ; 9ji- Vertex degree for undirected
graph is ¢; = >, gij = >, gji-

A statistical ensemble of graphs is defined by choosing of a set G of graphs and a rule that associates some statistical
weight (unnormalized measure) P(g) > 0 with any graph g € G. Then the ensemble average of any quantity A (g) that
depends on properties of a graph is (A) = Z~! >_gec A(9) P (g), where Z is a partition function, Z =37 - P (g).
For instance, let A (g) be the total number of vertices of in-degree r and out-degree s:

N

N(r,si9) =y 8[ri(g) —r]d[si(9) — 5] - (1)

i=1

Here N is the total number of vertices in the graph g (we consider only ensembles with a fixed number of vertices).
The probability that a randomly chosen vertex has in-degree r and out-degree s (a degree distribution) is

N
1, L]Q""’”—%<Zé[m<g>—r16[sz-<g>—s1>. )

For an undirected graph, one can define the number of vertices with a given degree ¢

N
N(q) 225[%— (9) — 4l (3)

and a degree distribution

N
(=T o <Za[qi (v —q1> . 0

In this paper we consider statistical ensembles with non-Mayer’s graphs allowed. The advantage of this assumption
is that one can associate a statistical weight with a graph by using the same rules, as for the contribution of the
corresponding Feynman diagram in an appropriately chosen zero-dimensional field theory (see [,])

Note that we consider labeled graphs. That is, two graphs, g and ¢’, which differ only by numeration of vertices,
are treated as different ones.

IITI. EVOLUTION OF GRAPHS AND STATISTICAL ENSEMBLES: UNDIRECTED GRAPHS

In this section we discuss how ensembles of undirected graphs arise as a result of the network evolution. For
simplicity, we restrict ourselves to undirected graphs—generalization to the case of directed ones is presented in the
next section. We define the statistical weights of the canonical and grand canonical ensembles of random networks as
a limiting equilibrium distribution of a process, during which one graph g € G of the ensemble transforms to another
graph ¢’ € G with probability W (¢’, g) dt. The statistical weights P (g,t) evolve according to the master equation



0P (9,0) =Y [W(g.9)P(g'st) =W (g',9) P(g,1)] . (5)

g’ €eG
An equilibrium ensemble is a stationary one. P(g,t) = P(g) is independent of ¢, where statistical weights are
determined by the detailed balance condition (absence of “currents”):

Wi(g.9")P(g") =Wl(g',9)P(g). (6)

This equilibrium ensemble exists if and only if the set of “hopping rates” W(g, ¢') satisfies two conditions: (i) For any
pair of graphs ¢,¢’ € G, there exists a sequence of graphs g1, gs, ...gn € G such that

W(g', gn)W (gns gn-1) - .- W(g2,91)W(g1,9) # 0. (7)
(ii) For any sequence of graphs ¢1, 92, ... g, € G, the equality:
W(g1,92)W(92,93) - - W(gn-1,9n)W(gn, 91) = W(g1, 9n)W (gns gn-1) - - - W(g3,92)W (92, 91) , (8)

is valid.

These conditions ensure that (a) ascribing an arbitrary statistical weight to some graph, one can obtain statistical
weights of all other graphs up to a constant multiple, and (b) this definition is unambiguous: the weights are indepen-
dent of the ways connecting initial graph with all the other ones. To satisfy condition (ii), it is sufficient to assume
the factorization:

W(g',9) = Vi(g)Vilg)- 9)

Our dynamical constructions, which are presented below, satisfy this condition. We use simple natural assumptions
about the evolution rates W (¢’, g), but our choice is not unique (e.g., see a “Metropolis algorithm” from Refs. [@,@])
We consider the following equilibrium statistical ensembles of graphs with a fized total number of vertices N. A
statistical ensemble is a set of graphs G plus rules that determine statistical weighs P (g) for all graphs g € G.
1. A microcanonical ensemble [B.

(set) Let N (g) be a sequence of non-negative integers such that 0 < > N (g) = N < oco. Guc is the set of all
graphs of size N, for which number of vertices of degree ¢ is equal to N (q).

(rule) To each graph g € G ascribe the weight

/1 o B 10
il | Gt (10)

N
Puc(9) =N""]]
i=1 D j<k=17J

This is a “static” construction. These statistical weights follow from pure combinatorics. They are just the number
of possible ways to obtain a given graph g € G¢ by connecting together N vertices with degrees ¢1,qa,...qn (see
proof in Appendix A). The multiple N~ is introduced to ensure the extensiveness of the “free energy”, In Zy;c. Eq.
(E) implies, that edges in the graph are distinguishable. Note that if only Mayer graphs are allowed, all graphs in
this ensemble have equal weights. In the thermodynamic limit @], the microcanonical ensemble is described by a
sequence of values {II (¢)} or, which is the same, {N (¢)} (in particular, this includes the mean degree § < 2L/N).

To construct canonical and grand canonical ensembles we use the processes of rewiring [@] or of deletion/creation
of edges [@], and the idea of preferential linking [@,,@] We assume that the probability that an edge becomes
attached to a vertex i depends only on the degree g; of this vertex. This probability is determined by some preference
function f (g).

2. A canonical ensemble.

(set) The set G consists of all graphs with N vertices and L edges.

(rule) At each step of the evolution, one of the ends of a randomly chosen edge is rewired to a preferentially chosen
vertex k. Let the rate of this process be f (qx) [B4]. The limiting stationary statistical weights give Pg (g).
In the thermodynamic limit, the canonical ensemble is described by {f (¢)} and ¢ + 2L/N. Note that the
multiplication of f (¢) by a constant, f(¢) — Cf (q), is simply the rescaling of time, ¢ — ¢t/C. It does not
influence equilibrium properties.



3. A grand canonical ensemble.

(set) The set G consists of all graphs with any number of edges and a fixed number of vertices, N.

(rule) There are two parallel processes in this case: edges are deleted and emerge permanently. Randomly chosen edges
are deleted at a rate AN () is the inverse lifetime of an edge, A is fixed as N — oo, i.e., in the thermodynamic
limit). Edges between vertices ¢ and j emerge at a rate f(g;) f (¢;). To ensure the correspondence with the
canonical ensemble, let the deletion rate of tadpoles be 2AN.

In the thermodynamic limit, the grand canonical ensemble is described by {f (¢)} and A.
Let us obtain, for example, statistical weights for the canonical ensemble. Let an edge (i, j) of a graph g be rewired
to (i, k) in a graph g’. We have the following balance equation for the statistical weights of these two graphs:

9inS (4) Po (9") = 9ij f (ar) Pe (g) - (11)

Here quantities with a prime mark are referred to the graph ¢’, ¢} = ¢; — 1, g, = gir + 1 + dir. (adding a tadpole
increases g;; by two). The multiple g;; is present, because rewiring any of (i, j) edges gives the same result. One can
look for the solution in the form:

N N
Po(g)=N""]Ir@)xatg) T x (o), (12)
i=1 j<k=1

where p, x and x4 are some functions of an integer argument. Substituting Eq. @) into Eq. (@), we obtain at i # 7,

i#kplg+1)=fla)p(q), x(g+1) =x(g9)/(g+1). Setting i = j or i =k, we get: xa(g9+2)=xalg)/(g+2)
The constant multiple N~7 is introduced to ensure the “free energy” to be extensive variable, In Zc ~ N. Thus we

obtain:

q—1
) =][f() for ¢>0, p(0)=1,

1 1
X(Q)ZEaXd(g)ZE- (13)

Then we have

Comparing Eq. ([14) with Eq. ([L0), one can see that

N
Pe(9) = Puc (g Hp( (15)

Analogously, for the grand canonical ensemble we have

N

_ i 1 _

Pseo (g) = (AN)~F@ II u (_(_J,,) 11 — =A M9 Pe (g), (16)
o1 i ooy ik

where p (¢) is again given by Eq. ([[J). Here L(g) is the number of edges in a graph g.
One can present the statistical weights in a different form. For the canonical ensemble, one can write

H T — oxp [ZN (2,9)Inp (g )] : (17)
j<k= 1

Zl' q= 0

The corresponding form for the grand canonical ensemble includes the additional term —L (g) In (AN) in the expo-
nential:



Pcc(g):H 1 11 L,exp ~L(g)In(AN)+ Y N(q,9)Inp(q)] - (18)

—1 9k q=0

The above constructions are reasonable only if these ensembles are equivalent in the thermodynamic limit. Here
we show that this is the case. One can see from Eq. (E) that statistical weights of graphs with the same
sequences {N (¢,9),¢=0,1,2,...} are equal. Then the canonical ensemble is equivalent to the microcanonical
one with the same II(q) = (N (¢)) /N if fluctuations of N (¢q) are negligibly small in the thermodynamic limit:
[<N2 (q)) — (N (q)>2} /(N (q))> = 0 as N — oo. To study these fluctuations, one may use the following standard

relations:

o Z({p(@}) _

“ohplg V@)

*InZ({p(@)}) _ , /

Snp(g)olnp () ~ N @DN@) =N (@) (N(d)), (19)

which follows from Eq. ([[7) and the definition of the partition function. Equation ([[§) holds both for the canonical
and the grand canonical ensembles.

Notice that the transition from a microcanonical ensemble to canonical one is basically the Legendre transform [E],
where some thermodynamically conjugated fields are used. In our case, the microcanonical ensemble is characterized
by a sequence of {N (¢)}, and the conjugated fields are {lnp(¢)}. In the grand canonical ensemble, —In (AN) is
analogous to a standard chemical potential or, more precisely, to u/kT.

The partition function of the grand canonical ensemble is

Zao (N, A A{p (g Z/\ YZc (N.LAp (@)}) - (20)

Let us introduce a zero-dimensional theory of real scalar field z with the action [,]
A,
S(x) = 5 = »® (z) , (21)

where

:ZP(Q)

q

(22)

Then the generating functional of this theory can be expanded in the series of all possible Feynman diagrams, whose
contributions coincide with statistical weights:

N

+oo > P
Z (A p g f | drewsw =S S zee N @) (23)
N=0

Then we come to the expression

Zac (N, M {p(q \/7/%0 dz exp (——)\x > [@ ()" . (24)

From Eq. (0) it follows that

Ze (NLAp @) = § 55X Zoc (N.A) (25)

where the integration contour C' has no singularities outside of it. Substituting Eq. (P4) into Eq. (3), changing the
order of integration, and calculating the integral over A, we have

Zo(N.L{p@h = NH L - D § 222 o (@) (26)



where the contour ¢ encircles the point & = 0. This derivation is rather formal, because convergence of the integrals
for the generating functional Z, Eq. (), and for the grand canonical partition functions, Eq. @, depends on the
properties of ® (x). These integrals are well defined and converge if the diagrammatic series for the corresponding
partition functions, or for the generating functional, converge. Note that the partition function of the grand canonical
ensemble does not exist if either In ® () is growing faster than 22 at # — oo, or ® (x) has singularities at the real
axis (series (PJ) has a finite radius of convergence). But for the canonical ensemble, the partition function does exist
for every @ (z), which is analytic at © = 0. Indeed, for the canonical ensemble, the partition function is a sum over a
finite set of graphs, while for the grand canonical ensemble, it is an infinite series, which may diverge. More detailed
derivation of Egs. (24) and (P) is presented in Appendix B. Note also that the expression (f) coincides with that
for the partition function of the backgammon (“balls in boxes”) model [[Lg].
As N — oo, one can use the saddle point expression:

Ze (N, L, (p(0)}) = ( 1 ) @ @)l (27)

ex?
where § = 2L /N is the average vertex degree and the saddle point xs is given by the equation

P’ (x)
o (555) '

q=2s (28)

We omitted a preexponential saddle-point multiple in Eq. (@) as insignificant in the thermodynamic limit. For grand
canonical ensemble we have:

Zoc (Vo @) =exp (- 2] [0 @] (29)
- P’ (555)
ALy = B (20) (30)

From the fact that the logarithm of the partition function of the canonical ensemble is extensive, In Zgc ~ N (see
Eqgs. ([[9) and (7)), it follows that (N (q) N (¢')) — (N (q)) (N (¢')) = O (N), so that the canonical ensemble is indeed
equivalent to the microcanonical one. Analogously, using the relations

Oln ZGC
T
2 n
(L) —(L)* = 7‘98(1111?)@20 = O(N), (31)

one finds that the fluctuations of the number of edges L in the grand canonical ensemble disappear in the thermo-
dynamic limit. This demonstrates the equivalence of the grand canonical and canonical ensembles, if f (g) grows
not very fast with ¢, which allows the existence of the grand canonical ensemble. Their parameters are related as:
A= La?/N = ga2.

From Egs. ([L9), (£F) and (£7)-(BJ), one sees that

_(N(@) _ plg)ad
N q'P (zs)

(32)

This is valid for both the canonical and grand canonical ensembles. Note that Eq. (@) may be also derived directly
from the evolution equation for the degree distribution (see Appendix C). Equations (P§) or (B0), and (B2) fix the
one-to-one correspondence between the degree distribution IT (¢), which determines the microcanonical ensemble, and
the set of parameters (g,{f (¢)}) or, equivalently, (7,{p(q)}) (see Eq. ([[J)). From Egs. ([[3) and (B), it follows
IM(g+1)/II(q) = f(q)xs/(g+1). Then one can correspond the microcanonical ensemble which is described by a
degree distribution IT (¢) with the canonical and grand canonical ensembles characterized by (i)

IM(g+1)

Mg (33)

fl@=(g+1)

(f (q) is defined up to an arbitrary multiple), and (i) by § = > il (¢) for the canonical ensemble, or A = ¢ for the
grand canonical one.



IV. GENERALIZATION TO THE CASE OF DIRECTED GRAPHS

A microcanonical ensemble of directed graphs is characterized by a distribution function II (r, s), which is the prob-
ability that a randomly chosen vertex has in-degree r and out-degree s. More precisely, one must define non-negative
integers Ny, (r, s) with the following properties: 0 < N, =3 Ny (r,s) < 00, N — 00 and Ny, (r, s) /Ny, — II(r, s) as
n — 00. For a directed graph, we also must require, that total in- and out-degrees are equal: Ens (r—8)Ny(r,s) =0.
Then for each n, we introduce the ensemble of directed graphs with N,, (r, s) vertices of in-degree r and out-degree s,
N, vertices in total, connected in all possible ways. To each this graph g, we ascribe for a statistical weight equal to
the number of possible ways to construct the graph g:

N N
PMC (g) = HT‘Z'!SZ'! H i . (34)
i=1

Py gjk!

The limit of such a sequence at n — oo would be the microcanonical ensemble with a given degree distribution IT (r, s).

Canonical and grand canonical ensembles may be introduced quite analogously to what it had been done for
undirected graphs. For example, the canonical ensemble may be introduced by using the process of rewiring one
end of an edge. There are two differences from the undirected graph constructions: (i) we introduce two generalized
preferential attachment functions, f; for rewiring the outgoing end of an edge, and f5 for rewiring the incoming end,
and (ii) in general, these function depend on both the in- and out-degrees of the destination vertex. Applying detailed
balance conditions for transitions between graphs g; and g (edge ¢ — j rewires to i« — k), and between graphs g3
and g4 (edge i + j rewires to ¢ < k), we obtain the relations:

o ( <2>,5§2>) Po(g2) = ol 1 (rk 7521))Pc (g1) ,

91(]2) = 91(]1) 1, g(z) (1) +1, T](-2) ](1) 1, 55.2) = sg.l) , r](f) = r](gl) +1, sgf) = sg) ; (35)
gkl)f ( )) P (1) = g\ f (Tl(c ; ())PC(93)7
=g 1 5 =D 1 00 "

One can look for the solution of the above equations in the form:

Hp (ri, s H X (gjr) - (37)

7,k=1

Then we have:

p(T—l—l,S) = fl (T,S)p(T,S) ) p(T,S+1) = f2 (T,S)p(T,S) ; (38)

_x(9)
X(g‘*‘l)—m- (39)

Applying subsequently Eqs. () in different order, we have:
p(T+ 155+1) = fl (T75+ 1)f2 (T,S)p(T,S) = f2 (T+ lvs)fl (T,S)p(T,S) .

This means that the preferential linking functions f; and fs cannot be chosen arbitrary but must satisfy the condition

fl(T,S)fg(T‘,S—l—l)Zfl(T—‘rl,S)fg(T‘,S), (40)

which is actually a consequence of the detailed balance condition ()

The solution of Egs. (BY) is constructed in the following way. Let us consider a 2D square lattice. We associate
f1 (r, s) with each horizontal bond connecting sites (r, s) and (r + 1, s), and associate f (r, s) with the vertical bond,
connecting sites (r,s) and (r,s 4+ 1). Let £ be some path connecting points (0,0) with (r, s). Then,

p(r,s) =p(0,0)Hféf (p,U) . (41)
L

Here (p, o) are coordinates of points along the path £, o = 1 (2) for the horizontal (vertical) direction, and d = +1 (—1)
if the bond is passed in its positive (negative) direction. The condition (@) ensures the independence of the product



in Eq. (@) of the path £. In fact, this is the condition of the potentiality (zero vorticity) of the vector field In f,
defined on the square lattice. Then lnp is a potential for this field, that is ln f, is a lattice gradient of Inp (see Eq.
(BY)). The arbitrary multiple p (0,0) may be set, e.g., to 1. Solution of Eq. (B9) is simple:

1

x(9) ==

T (42)

The grand canonical ensemble may be constructed quite analogously to what it had been done for undirected graphs.
Two opposite processes are introduced: one is of edge creation, at a rate fa (r;, s;) f1 (r}, s;) for the edge, going from
the vertex i to j, the other is of the edge removal, at a rate AN. Again, f; and fo must satisfy the condition @) to
ensure the equilibrium character of a stationary state. The statistical weight of a graph is given by the expression

N
1
PGC Hp TiySi H - (43)
7,k=1 gjk'

The derivation of the integral representation of the partition function is quite similar to that for undirected graphs,
but Feynman’s diagrams with directed lines now are generated by complex fields. We introduce a complex scalar field
z, and write the action:

S (z,2%) = —A|z]* — %® (2, 2%) , (44)
Z pr's ' *)S ’ (45)
r,5=0

Then the following generating functional of this field theory will produce all possible graphs with any number of
vertices as its Feynman diagrams. Their contributions are the same as statistical weights of graphs in the grand
canonical ensemble (i) with A = A/N, except the additional multiples (=) /N1. Therefore, one can write:
A * * > (_%)N
Z (6 A Ap (r,5)}) = — [ dada” exp S (z,27) = > N Zec (VAN Ap (r,5)}) (46)
N=0 )

where the integration is over the entire complex plane (compare with Eq. (@)) Therefore,
N * 2 *\1IV
Zac (NAAp (r9)}) = == [ deda* exp (=NA o) [@ (2,2 | (47)
T

In Eqgs. @), (@) one should treat x and z* as independent integration variables when actually calculating the
integrals. The partition function of the canonical ensemble is given by

Zo L AP N = 57 f 55§ g ) @l (18)

where the integration contours C} 2 encircle points x = 0, y = 0, respectively. The derivation of Eq. (@) is quite
similar to that of Eq. (R) for undirected graphs.

Again, in the thermodynamic limit, N — oo, L — oo, 2L/N — @, one can use a saddle point approximation, which
gives

q L
Ze (N, L {p (r,5)}) - ( ) @ (20" | (19)

€T sYs

where x4 and ys are defined from the stationary point equations:

Ol ® (zy,ys) y On® (x4, ys)

q = S - S 50
g=x O, n (50)

For the grand canonical ensemble, we have
Zao (N AP (r,5)}) = exp (=N Azeys) [@ (0, y5)] (51)

where the saddle point coordinates xs and ys are determined from the equations:



Oln® (zs,ys) Oln® (zs,ys)
s = 5 s = . 2
Ay oz, PV o (52)

The degree distribution both for the canonical and grand canonical ensembles is defined by

e

where the last relation is valid in the thermodynamic limit. Eqs. (53), (0) and ([l]) establish correspondence
between the microcanonical ensemble with the degree distribution II (r, s) and the canonical one, characterized by the
preferential linking functions f; 2 and the mean vertex degree ¢. The parameters of the canonical and grand canonical
ensembles with the same degree distribution are related as

qd=ATsys . (54)

This relation follows from Egs. (50) and (F3).

Again, as it was for undirected graphs, the canonical ensemble does exist for every p(r,s), provided that power
series (@) has finite radii of convergence on both z and y. Conditions for the existence of the grand canonical ensemble
are essentially more strict: the integral in Eq. @) must be well defined and convergent.

V. FAT-TAILED DEGREE DISTRIBUTIONS

In this section we shall consider in detail properties of the canonical ensembles of graphs, which arise if a preference
function f(gq) grows rapidly enough.

For brevity, we focus on the undirected graphs. The generalization to the ensembles of directed graphs is straight-
forward.

As one can see from Eq. (@), the grand canonical ensemble does not exist in two cases. In the first case the
integral, representing the partition function, diverges, since the function ® (z) grows fast enough at x — +oo. In the
second case, the integral is not determined, because ® (x) has a singularity on the real axis. In both the situations
we have degree distributions, which decay relatively slowly as ¢ — co. Let us begin with the case, when ® (x) has no
singularities, but In ® (z) grows faster than 22 as |z| — oc.

Using Egs. (29) and (ﬁ), one can write the following relation:

D (z) = \?
=3 1II = 55
® (z,) Z (9) (Is> ) (55)
q=0
that is @ () is expressed in terms of the Z-transform of IT (¢). Using the formula for the inverse of Z-transform, we
obtain
B dx (xs\9 D (x)
o) = ‘7{ 2mix (?) O (z5) (56)

For finding the relation between the asymptotic behaviours of ® (z) and II (g), let us use a saddle point approximation
in Eq. (Bd). It is convenient to set ® (z) = exp ¢ (). The equation for the saddle point z, is ¢ = ¢’ (z,). Then the
asymptotic expression for II (¢) is

Ls

11(q) = {2z ot (20) — o' ()} (22

La

) exp 6 (2) — 6 (x2)] (57)

The integral for the grand canonical partition function in Eq. @) is divergent, if ¢ (z) grows as 22 or faster at

x — oo. Assume that ¢ () — Az* as © — oco. Then the saddle point equation is ¢ = Auz*, and z, — (q/Au)l/“.
Omitting irrelevant multiples, we have from Eq. (E?I):
—1/2 (4 alk -1/
(o) ~ (ra) 2 (1) ~ Gl (58)

Thus, if the degree distribution II(g) decays slower than [I° (q)]fl/2 as ¢ — oo, then the partition function of the
corresponding grand canonical ensemble diverges.



The reason for this divergence is that we have admitted the existence of non-Mayer’s graphs. Indeed, let us choose
some pair of vertices in a graph. Let us add more and more edges connecting this pair. The statistical weight of the
graph with v edges between this pair contains multiple p (¢;) p (¢;) /vi;!, where ¢; = v;; + const, ¢; = v;; + const. One
can easily conclude that the statistical weights approach 0 as v — oo only if p? (q) /¢! — 0, or \/q'TI(q¢) — 0. The
same result may be attained if we consider a sequence of graphs obtained by subsequent addition of closed loops to a
chosen vertex. This result may also be presented in the different way: if the preference function f (¢) =p(¢+1) /p(q)
grows faster than /g at large g, then the partition function of the grand canonical ensemble diverges.

The radius of convergence of the series expansion (@) is

R, — fm Ot DP@) gt (59)

gm0 pg+1) g flq)

If f(q) grows as ¢ — oo slower than a linear function, then R. = oco. In this case ® () has no singularities at all.
This means that (i) the partition function of the canonical ensemble may be expressed in the form (R§), and (ii) in
the thermodynamic limit, one can use for this function its saddle point expression, Egs. (@) and (@) If f(q) grows
faster than a linear function, then R. = 0. This means that although the canonical ensemble exists (the canonical
ensemble always exists, because it is represented by a finite set of graphs at any finite N and L), its partition function
can not be written in the form of the integral representation (@) Actually, this means the absence of any meaningful
thermodynamic limit.

The interesting case is 0 < R. < co. In this case, the partition function of the canonical ensemble can be expressed
as an integral, but the saddle point expression for this integral may not be longer valid. The saddle point expression
is not valid at a large enough number of edges in the network, when the saddle point approaches the position of
singularity. We show that in this situation, “fat-tailed” degree distributions, i.e. ones decreasing slower than an
exponent, may arise.

Without any lack of generality, one can set R. = 1 in this case. This is equivalent to f (¢) = ¢+ o(q) as ¢ — oo.
In Eq. (@) its right hand side is a monotonously increasing function of z;. This means that as § = 2L/N grows,
Zs grows too. As xs, < R. = 1, the degree distribution contains exponentially decaying multiple z. There are two
possibilities depending on the character of the singularity of ® (z) at = 1: either ® (z;) — oo, or it approaches
some finite value as x5 — 0o. In the former case, again there are two possibilities: either lim,_,; ® (x) is finite, or this
limit is infinite. If ® (1) is finite (but @’ (1) is infinite), then the degree distribution approaches some limiting form as
G — o0, and the first moment of this limiting distribution diverges. This means that such a degree distribution can
not be realized in any canonical ensemble with a finite number of edges per vertex. To construct networks with such
a distribution, one has to change the conditions of the thermodynamic limit transition in the canonical ensemble,
assuming N — oo, L — o0 and § = 2L/N — oo, instead of keeping g fixed. Another way is to use a microcanonical
ensemble. If ® (1) is infinite, no normalizable degree distribution without an exponential cut-off is possible.

Now, let us consider the case ®' (1) < oo. The degree distribution becomes “fat-tailed” when x5 = 1, which takes
place when § = g. = ® (1) /® (1). If § > ¢., the saddle point equation (@) has no solution 0 < x5 < 1. In this case,
in the thermodynamic limit, the partition function remains the same up to a preexponential factor as for § = ¢..
Indeed, let us rewrite Eq. (Rg) as

dx

2mix

Ze(N.L {p(@) = NE L= D § 7 o0 ()] . (60)
C

To calculate a large N asymptotics one has to deform the integration contour into the steepest descent one, intercepting
the real axis at the point, where z~9® (z) is minimal within the interval (0, 1), and going along the line of the constant
(i.e. zero) imaginary part. If § < ¢., this is a usual saddle-point contour, crossing the real axis perpendicularly at
some point zg < 1. If § > ¢., this contour consists of two complex conjugate parts meeting always at x = 1.
As ¢ grows, the point, where the integrand is maximal, s = 1, does not move. The only change is that the two
branches of the contour become closer and closer to the real axis in the vicinity of z = 1 at > 1. But it is x;
and @ (x5) that determine the value of the main (extensive) contribution to the logarithm of the partition function:
InZe = —LIn(gzs) + NIn® (z5) + o(N). The extensive part of the “free energy” —InZ does not depend on ¢ as
G > ge. So, the degree distribution N=161In Z/6Inp (q) (see Egs. ([f) and (1d)) remains equal to its critical point
value I, (¢). Consequently, the finite fraction of edges, §/d. — 1, is attached to an infinitely small fraction of vertices,
forming a “condensate”, quite analogous to the one in the backgammon model @,@]

A specific form of the degree distribution at the critical point depends on the behaviour of this difference f (¢) —q =
0(q) as ¢ = co. For example, for the so called “scale-free” distributions, I1(g) & ¢~7 as ¢ — oo (v > 2), we obtain
from Eq. (B3):

fl@)=q+1-7y+0(q) (61)
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at the critical point. For the same f (g) but for lower average degrees ¢ < ., we have I1(q) x z;9¢~7 at large gq.
So, the state with a power-law degree distribution is marginal for the phase without the condensate of edges [ﬁ
(A “scale-free” state as a line between “generic” and “crumpled” phases on the phase diagram of trees was found
in Ref. [@], see also the condensation transition in the backgammon model . Our analysis has shown that the
condensation takes place above . | @] Furthermore, the fat-tailed degree distribution is present also in the condensed
phase. The problem of the condensed phase is more complex for the ensembles of Mayer’s graphs, that is the ones
without tadpoles and melons. The nature of condensation transition in such ensembles will be discussed elsewhere.

VI. CONCLUSIONS

Thus, we have developed the consistent description of random networks in the framework of classical statistical
mechanics. Using the traditional formalism of statistical mechanics, we have constructed a set of equilibrium statistical
ensembles of uncorrelated random networks and have found their partition functions and main characteristics. We
have proposed a set of natural dynamical procedures, which generate equilibrium networks as a limiting state of the
evolution, and have established a one-to-one correspondence between rules of these ergodic procedures and equilibrium
ensembles of networks. This program has been realized both for directed and undirected networks.

We have shown that a “scale-free” state (and fat-tailed degree distributions) in equilibrium uncorrelated networks
without condensation of edges on vertices may exist only in a single marginal point. So, it is rather an exception
[@] This differs crucially from the situation for growing networks. The latter, while growing, may self-organize into
scale-free structures in a wide range of parameters without any condensation. In summary, we have developed a
statistical physics approach to equilibrium random networks.

S.N.D. thanks PRAXIS XXI (Portugal) for a research grant PRAXIS XXI/BCC/16418/98. S.N.D. and J.F.F.M.
were partially supported by the project POCTI/99/FIS/33141. A.N.S. acknowledges the NATO program OUT-
REACH for support. We also thank V.V. Bryksin, A.V. Goltsev, A. Krzywicki, and F. Slanina for useful discussions.

APPENDIX A: STATISTICAL WEIGHTS FOR THE MICROCANONICAL ENSEMBLE

Initially, we have N vertices (“hedgehogs”) with ¢; edges (“halves” of edges, speaking more precisely) protruding
from an i-th one. Here we count the number of ways of connecting them in pairs to obtain a given graph with a given
number of edges g;; between vertices ¢ and j. For vertices with unit-length loops (“tadpoles”) we set g;; to be equal
to twice the number of such loops. The number of ways to choose g;1, gi2, - . . gin edges from ¢; = g;1 + gio + - - + gin
ones, attached to the i-th vertex is

¢! (Al)
ginlgia! - gin!’

Then we have to connect in pairs g;; dangling edges, attached to the i-th vertex, and g;; = ¢;; edges attached to
the j # ¢ vertex. This can be done by g;;! different ways. Also, the number of ways to join g;; dangling edges in
pairs to form g;;/2 closed loops is (gi; — 1) (g — 3) - - -1 = (g — 1)!!. Finally, combining together N multiples (@)
for each vertex, N (N — 1) /2 multiples g;;! for each pair of vertices, multiples (g;; — 1)!! for each vertex, containing
unit-length loops, and taking into account that (gi;; — 1)!!/gi! = 1/gi!!, we arrive at Eq. ([L0).

APPENDIX B: INTEGRAL REPRESENTATION OF THE PARTITION FUNCTION FOR CANONICAL
ENSEMBLE

The partition function of the canonical ensemble is

N
Ze(N,L)=N"" Y Hp ll;[lﬁ, (B1)

geQ(N,L) i=1 gii!

where the set Q (IV, L) is a set of N2 non-negative integers g;; > 0 with the following properties: (i) gi; are even, (ii)
9i5 = Gji, and (lll)
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| X N N
DI S B DPAE3 o
ij=1 i=1 i>j=1
So, N (N + 1) /2 variables g,;, i > j, are subjected to the restriction (BJ). Introducing

O (z) = -~ 2(@) x? (B3)
q=0

one can write Eq. (Bl as

Zc (N, L)

. NG g2 [ 2\ LT
vt TT[(%) e (8_) [T ) g Lo

{gyeQ(N,L) =1 i j<k=1 iz =0
L [N N by
(2N)~ 2 02
= —5 +2 o
o\ 2a2 P2 2 gnar | 2@
=1 1>7=1 =1
r1=-=xn=0
B N 2L N
(2N)~* B}
= 7 > oz, | ] XED) , (B4)
i=1 =1
r1=--=xNn=0
where the relation (B2) was used. If we pass from z1,...,zy to a new set of variables: x = (1 + -+ + zn) /N, and
difference variables y; = x; — x;41, 1 =1,..., N — 1, we have
9 gm0
8(17 B = 8$ 8$Z o = 8171 '
Then
(2N) " ot N
Zo(N,1) = Sh— (0 (2)] ()
x=0
Finally, one can write
2N) " d
20,1 = B0 iy f 2L ) (B6)
! o 2mi

which is exactly Eq. (Pf). The contour ¢ encircles the point z = 0.

APPENDIX C: EVOLUTION EQUATION FOR THE DEGREE DISTRIBUTION

Here we present a simplified derivation of the evolution equation for the degree distribution II(g,t). For example,
we consider a network with the rewiring of edges according to the rules formulated in Section for the canonical
ensemble (for the grand canonical ensemble, the procedure is essentially the same). The total number of vertices, N,
and of edges, L, are fixed. With some probability n per unit time, a randomly chosen end of a randomly chosen edge
is rewired to some vertex of the graph. This vertex is chosen from vertices of the graph with probability proportional
to a given function f (g;) of the degree ¢; of the vertex.

Then, the probability that a vertex i receives a new edge per time dt is

flg)ndt  nf(q)

_>

> (@) Nf(g)

(C1)



In Eq. () its left-hand side may be replaced with the right-hand side in the thermodynamic limit N — oo (self-
averaging) if the fluctuations of N (¢) can be neglected. This is true for the equilibrium state (see Eq. ([L9)), and so
here we restrict ourselves to the nonequilibrium states that fulfill this condition. Then, the infinitesimal change of the
degree distribution due to the rewiring of edges to a chosen vertex is

=NJ?Tq)[f(q—1>n<q—1,t>—f<q>n<q,t>]dt. (C2)

Also, we must take into account that the vertex may loose one of its ¢; edges, which will be rewired to another
vertex. The probability ng;dt/L that one of these edges is chosen for rewiring per time d¢, must be multiplied by 1/2.
This is the probability that of the two ends of the edge, the one attached to the i-th vertex, is chosen. Thus, the
change of the degree distribution due to rewiring of edges from a vertex is

[dIT (g, t)]

n
[dH (qv t)]from = N_ﬁ [(q + 1) IT (q + 15 t) - qH (qv t)] ) (03)
where § = 2L/N is the average vertex degree. Combining Eqgs. (@) and (@) we arrive at the evolution equation
N OII (g, t 1 1
Nolllgs) _ 1 [fl@—1)I(g—1,8) = f(@) (g, )] + = [(¢ + 1)1 (¢ + 1,%) — qIL(g,?)] . (C4)
no ot f(q) q

Looking for the stationary solution of Eq. (@), one can easily find its first integral:

1
iﬂ (¢g+1)— &H (¢) = const . (C5)
q f(a)
One must set const = 0 in Eq. ([C), because II (g) = 0 at ¢ < 0. Then we have
_f
Mg +1) =2, ~=T(a) (C6)

where we have introduced x5 = ¢/ f (¢). The solution of Eq. ([Cf) is
II(q) = O%xq . (C7)

Here C and zs must be determined from the normalization condition and from the equality of the mean degree to a
given value § = 2L/N:

dI(g)=1,) qll(q) =q. (C8)
q=0 q=0
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