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The Erdos—Rényi random graph conditioned on every

component being a clique
Martijn G6ésgens, Lukas Lichtrath, Elena Magnanini,

Marc Noy, Elie de Panafieu

Abstract

We consider an Erd8s-Rényi random graph conditioned on the rare event that all connected
components are fully connected. Such graphs can be considered as partitions of vertices into
cliques. Hence, this conditional distribution defines a distribution over partitions. Using tools from
analytic combinatorics, we prove limit theorems for several graph observables: the number of
cligues; the number of edges; and the degree distribution. We consider several regimes of the
connection probability p as the number of vertices n diverges. For p = 1/2, the conditioning
yields the uniform distribution over set partitions, which is well-studied, but has not been studied
as a graph distribution before. For p < 1/2, we show that the number of cliques is of the order
n/+/logn, while for p > 1/2, we prove that the graph consists of a single clique with high
probability. This shows that there is a phase transition at p = 1/2. We additionally study the

near-critical regime p,, — 1/2, as well as the sparse regime p,, — 0.
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1 Introduction

A cluster graph is a graph that is the disjoint union of complete graphs. Put differently, each connected
component or cluster of the graph forms a clique. In this paper, we consider the Erdés-Rényi (ER)
random graph on n vertices with connection probability p, conditioned on the rare event of being a
cluster graph. We refer to such a graph as a random cluster graph (RCG) throughout the manuscript.
To avoid confusion, we emphasise that the random cluster graph here is not the same object as the one
defined e.g. in [37], which is nowadays better known as the planted partition model or the stochastic
block model, cf. [21] and Section below. There are three main motivations for us to study this
object.

Firstly, the random cluster graph arises naturally in community detection, the task of partitioning net-
work nodes into groups that are better connected internally than externally [14]. One of the most pop-
ular ways to partition a network into communities is to maximise a quantity called modularity over the
set of partitions [28]. Modularity maximisation is known to be related to likelihood maximisation [27].
In Theorem|1.8] we relate modularity maximisation to Bayesian inference with the RCG distribution as
a prior distribution for the community partition. Therefore, understanding the RCG helps us to better
understand modularity maximisation.

Secondly, the RCG is an interesting object from a probabilistic viewpoint because it undergoes a
phase transition at p = 1/2: we prove in Theorem that for p > 1/2, the RCG consists of a single
clique with high probability, while for p < 1/2, it consists of O(n/+/logn) cliques. The ER random
graph (without conditioning) does not have this phase transition, since for each p € (0, 1), the graph
consists of a single connected component with high probability [41]. For p = 1/2, the RCG is a cluster
graph uniformly chosen among all cluster graphs. Varying the value of p then changes the probability
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Random cluster graph 3

Figure 1: Samples of three cluster graphs on 50 vertices. The one on the left is sampled with p = 0.25, the middle one
with p = 0.51 and the right one with p = 0.53, resulting in the complete graph.

of edges and makes the occurrence of certain cluster graphs more likely. In [24], the authors consider
the ER graph conditioned on the event of being a forest, where the connection probability p similarly
makes the occurrence of certain forests more likely. The pure uniform case of this is studied since
the early 2000’s [17]. The non-uniform case was recently further elaborated (in a much more general
setting) in [3] under the name arboreal gas where the authors use statistical mechanics tools to deduce
their results. It is an interesting direction for future work to study whether statistical mechanics tools are
applicable for the RCG as well. Indeed, the distribution of the RCG has the form of a Gibbs measure.
The sufficient statistic of this distribution is the number of edges. Therefore, the Maximum Entropy
Principle [22], implies that the RCG distribution maximises the Gibbs entropy among all cluster graph
distributions with a specified expected number of edges.

Thirdly, because of the one-to-one correspondence between cluster graphs and set partitions, the
RCG generalises the uniform set partitions that are studied in combinatorics [33}136]. Viewing the sets
as complete graphs allows us to weigh partitions with respect to their sizes, leading to a non-uniform
generalisation of the uniform set partitions.

The phase transition of the RCG at p = 1/2 translates to a divergence in the generating function of
cluster graphs. Because of this divergence, we are unable to apply standard tools from combinatorics
to study the supercritical regime (p > 1/2). Instead, we rely on recent techniques developed in [11].
In addition, the derivation of the limit laws in the critical (p = 1/2) and subcritical (p < 1/2) regimes
require delicate saddle point analyses. We first use these methods to study the regimes where the
edge probability p remains constant as n — 0o. We prove limit theorems for the number of cliques and
edges, as well as for the degree distribution in all three different regimes. We further study the near-
critical regime p,, | /2 and the sparse regime p,, J. 0. To this end, we apply our derived combinatorial
tools to some more probabilistic methods.

The article is structured as follows. In Section we present and discuss our main results. In Sec-
tion[1.2] we discuss the implications of these results for the task of community detection. In Section[2]
we derive the exact distributions of the objects of interest and briefly explain the main proof strategies.
The critical regime (p = 1/2) is studied in Section 4, the subcritical regime (p < 1/2) is studied in
Section [5, and the supercritical regime (p > 1/2) is studied in Section @ The near-critical regime is
studied in Section[7]and the sparse regime is studied in Section[8] Throughout this paper, we illustrate
some of our results through numerical experiments. The code for these experiments is available on
GitHutﬂ and we explain some implementation details in Appendix A list of notation can be found in

Appendix

'Seehttps://github.com/MartijnGosgens/RandomClusterGraphs,
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1.1 Main results

We let CG,, , denote a random cluster graph with parameters 7 and p. That is, an ER random graph
with n vertices and connection probability p, conditioned on the rare event that every connected com-
ponent is fully connected. All random variables associated with CG,, ,, are denoted in bold capitals
with indices n, p. Our main quantities of interest are the number of connected components (clusters)
in CG,, p, denoted by C,, ,,, the number of edges denoted by M,, ,,, and the degree D,, ,, of a ver-
tex chosen uniformly at random from the vertex set. We further let Sn,p = Dn,p + 1 denote the
size-biased cluster size. In terms of set partitions, C,, , then coincides with the number of sets (also
referred to as blocks) and M, ,, coincides with the number of intra-cluster pairs. Whenever convenient,
we drop the p in the subscripts from the notation. We consider all these random variables to be defined
on a common underlying probability space. We denote the corresponding probability measure by P
and the corresponding expectation operator by IE.

We further use the standard Landau notation and denote for positive functions f, g by f(z) ~ g(x)
the factthat f(x)/g(z) — 1asx — oo. Further, f = O(g) indicates that asymptotically f(z)/g(x)
is bounded from above, f = o(g) indicates f(z)/g(xz) — 0, f = Q(g) refersto g = O(f), and
finally f = ©(g) indicates f = O(g) as well as f = Q(f). We denote by K, the complete graph on
n vertices. A random variable distributed according to a standard Gaussian law is denoted by A/ (0, 1).

Number of clusters As already pointed out above, there is a phase transition at p = 1/2. This is
shown in our first three theorems, each devoted to one of the main quantities.

Theorem 1.1 (Number of clusters in the RCG). Consider the random cluster graph CG,, , onn € N
vertices and ER edge probability p € (0, 1) and the number of its clusters C,, ,.

(i) Ifp > 1/2, then
lim P(C,,, =1) = 1.

n—o0

Put differently, C,, ,, = K,, with high probability.
(i) If p =1/2, then C,, ,, obeys a central limit theorem, i.e.,

C,, — EC,,

— N(0,1),
Var(C,,,)

in distribution, as n — oo. Moreover,

n n
EC,, ~ — d Var(C,,) ~ ——.
Cnp logn an ax(Cnp) (logn)?

(iii) Ifp < 1/2, then C,, ,, obeys a central limit theorem, i.e.,

C,,—EC,,

— N(0,1),
Var(C,,,)

in distribution, as n — oo. Moreover,

log(1—p) —logp n B n
EC,, \/ 5 Toan and Var(C,,) =0 (ogn)i2 )
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Let us remark that Part (i) of Theorem[1.1]is a known result for uniform set partitions, cf. [18] and [36]
Theorem 4.1.1] that we only state in the theorem for completeness. Part (i) is a consequence of
Theorem and Part (iii) is proven with more precise asymptotics in Theorem We will see there
that the © notation in Var(C,, ,,) hides a bounded function oscillating with 2. However, the expressions
require additional notation that we postpone to keep the theorem concise. A classical question in
random graph theory is whether or not the graph contains a (unique) giant component. That is, there
exists a single macroscopic connected component (of size O(n)) and all other components are of
strictly smaller size with high probability. By Theorem|[1.1] (i), such a giant component always exists for
p > 1/2. Since the largest cluster in C,, 1 - is asymptotically of size ©(log n) [36} Eq. (4.5.9)], there is
no such component at criticality. Further, Part (i) of the theorem shows that the RCG is connected with
high probability if and only if p > 1/2. Hence, the critical threshold for the occurrence of a giant and
the critical threshold for connectivity coincide for the RCG and neither behaviour occurs at the critical
value 1/2. This is in contrast with the behaviour of the standard ER graph. Here, it is commonly known
that a giant occurs for all p > 1/n but connectivity requires p > logn/n [41]. From the latter, we
immediately see that the ER graph is connected for any fixed p < 1/2 while the RCG decomposes in
roughly n/+/log n components. This altogether shows the major impact of the conditioning.

Number of edges. The situation is similar for the number of edges in CG,, ;.. In the standard ER
graph, the number of edges is binomially distributed with parameters (72‘) and p, leading to a total of
@(nQ) many edges in the graph. From the previous theorem, we immediately infer that for p > 1/2 all
edges are present with high probability, leading to the same order. However, for p < 1/2 the number
of edges in CG,, ,, is drastically reduced, as shown by our next theorem. In summary, for any fixed
value of p, the ER graph is connected with high probability, and has a quadratic number of edges.
Since for p > 1/2 the probabilistic costs for adding an additional edge are smaller than removing
an edge, the cheapest way of becoming a cluster graph is then just to add all missing edges for the
complete graph. On the other hand, for p < 1/2 it becomes cheaper to remove a lot of edges, which
changes the structure drastically. This is in contrast to the ER graph conditioned on being a forest
that we mentioned previously. In the sparse regime p = A/n the ER graph is known to form tree-like
clusters [41], that are trees with only a few additional edges. Hence, conditioning on being a forest
leads to a distribution that is structurally closer to the original ER graph than the conditioning that we
consider here [3].

Theorem 1.2 (Number of edges in the RCG). Consider the random cluster graph CG,, , onn € N
vertices and ER edge probability p € (0, 1) and its number of edges M, .

lim P (an - (")) ~ 1.
n—00 ’ 2

(i) Ifp = 1/2, then M, ,, obeys a central limit theorem, i.e.,

(i) Ifp > 1/2, then

M,/ — EM,..,
Var(M,, 1/,)

— N(0,1)

in distribution as n — oo. Moreover,

EM,, 1, ~nlogn and Var(M,, 1) = O(nlog(n)?).

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024
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(iii) Ifp < 1/2, then M, , obeys a central limit theorem, i.e.,

M

n,p EMn
> Ly N(0,1)
Var(M,, ,)

in distribution as n — oo. Moreover,

logn
EM,,, ~n and Var(M,,,) = O (nlog(n)*?) .

Part (i) of the theorem is essentially the same result as Part (i) of Theorem We prove Part (ii) in
Theorem and Part (iii) in Theorem [5.4} in which we again derive precise asymptotics for expec-
tation and variance. Again, the © notations hide bounded functions oscillating with n, expressed in
those sections. To the best of our knowledge, the number of intra-cluster pairs of a random uniform set
partition has not been studied before. Deriving the limit law of Theorem|1.2(ii) came with an additional
obstacle: whereas most of the results of Theorem and are obtained by applying Lévy’s conti-
nuity theorem, this approach is impossible for M, 1/, as its moment generating function diverges for
every positive parameter value. This is a consequence of the phase transition in this model, resulting
from the graph structure (see Section [2). To overcome this technical difficulty, we derived the asymp-
totics of its characteristic function, which required us to perform the saddle point analysis from scratch
instead of straight-forwardly applying established techniques such as Hayman admissibility.

Degree distribution. To formulate the results for the degree distributions, we recall that the total
variation distance of two random variables Y and Z, defined on the same sample space, is defined as
drv (Y, Z) = sup |Py (E) — Pz(E)| where the supremum is taken over all events E and Py (resp.
P) denotes the distribution of Y (resp. Z).

Theorem 1.3 (Degree distribution of the RCG). Consider the random cluster graph CG,, , onn € N
vertices and ER edge probability p € (0, 1) and the degree D,, ,, of a uniformly chosen vertex.

(i) Ifp > 1/2, then
lim P(D,,=n—-1)=1
n— o0
(ii) If p = /2, then for a Poisson random variable X,, with parameter logn — loglogn + o(1), we
have

(a) forall z € C,
EzPnt2 ~ EzXn,

That is, the probability generating function of D, 1/, and the one of X, are asymptotically the
same.

(b) Additionally,
lim dTV<Dn,1/27 Xn) = 0.

n—oo

(iii) Ifp < 1/2, then ED,, , = O(y/log n). Moreover, for each A € [0, 1) there exists a subsequence
(ng)ken Such that

2logn 1
D, — {\/ & M 1 X,

log(1—p) —logp ~  log(l —p) —logp

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024
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in distribution as k — oo, where X, is defined by

(p )(d )\)/2

P(X, =d) = P
(d’ 2/2
Ywen (75)

foralld € 7.

The term subtracted from D,, , in Part (iii) is roughly the expected degree, though X, can have
a small but positive mean. Because of the special structure of a random cluster graph, the degree
distribution is essentially the size-biased cluster size distribution. This directly transfers to the (uniform)
set partition case. To the best of our knowledge, the size-biased cluster size of a uniform set partition
has not been studied before. As before, we observe much smaller degrees in the RCG for p < 1/2
as we would in the unconditioned ER graph. More precisely, we observe Poisson distributed degrees
with parameter ©(logn) at p = 1/2. That is, there is a strong concentration around the expected
cluster size (cf. Theorem [1.1). This concentration becomes even stronger in the subcritical regime,
where the variance remains bounded as n — oo. The parameter A appearing in Part (iii) is a result
of some periodicity in the asymptotics of the subcritical degree distribution. Therefore, in order to
formulate a limiting result without periodicity, we have to restrict ourselves to subsequences of n.
The limiting distribution given in resembles a normal distribution. Indeed, it corresponds to the
discrete Gaussian distribution as defined in [23], where it is additionally shown that this distribution
can be characterised as the maximum entropy distribution among discrete distributions with specified
mean and variance. We prove Part (ii) in Section and Part (iii) in Theorem An immediate
consequence of Theorem (i) is a CLT for the degree distribution at criticality.

Corollary 1.4. The degree distribution at criticality obeys a central limit theorem, i.e. as n — 00,

D, 1, — ED,, 1
val”(Dn’1/2)

— N(0,1), in distribution.

The near-critical regime. The results of this paragraph concern the near-critical regime above p =
1/2. It is easy to see (cf. Section [2) that the function p — P(C,,,, = 1) is strictly increasing and
continuous for each n. As a result, for each ¢ € (0, 1), there exists a corresponding edge probability
Pn(q) such that P(C,, ;. ;) = 1) = ¢. Our next result quantifies the asymptotics of such a critical
sequence.

Theorem 1.5 (Near-critical regime). Consider CG,,,,. Let ¢ € (0,1) and p,(q) be a sequence
satisfying P(C,,;,.(q) = 1) = ¢. Then

1 logn log logn
palq) = = + & +O(—g & )

2 2n n

We give the proof of Theorem [1.5]in Section [7] by proving asymptotic upper- and lower bounds with
the same asymptotics in Theorem [7.1]and Theorem|[7.2] Figure [2]shows the phase transition, together
with the critical sequence and the aforementioned bounds for n € [100, 500]. Further note that the
value ¢ does not appear in the main asymptotics of p,,(¢). Hence, the dependence on ¢ will only
appear in lower-order terms, which shows that this critical window is quite narrow.

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024
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—— Upper bound

0.512
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0.500
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n

Figure 2: We plot the critical sequence p,, (1/2) together with the upper and lower bounds from Lemmasand The
background's colour is based on P(C,, ,, = 1), underlining the narrowness of the critical window.

The sparse regime. We close this section with results about the sparse regime. Classically, a graph
is called sparse if the number of vertices and edges are of the same order of magnitude. For the stan-
dard ER graph this is the case for p ~ A/n, which is arguably the most studied regime. Theorem 1.2
already shows that for fixed p < 1/2 the number of edges in CG,, , is of much smaller order than in the
standard case. The following theorem shows that this is no longer true in the sparse regime, where (in
expectation) a linear proportion of edges exists in the graph, albeit with much smaller constant. More
precisely, we show that for CGn,A/n, only a vanishing fraction of vertices has a degree higher than
one, so that it almost exclusively consists of isolated vertices and isolated edges. Intuitively, adding an
additional edge connecting two isolated vertices comes at the probabilistic costs of 1. If an addi-
tional edge however joined a non-isolated vertex, this would require the addition of at least one more
edge to form a clique, leading to a total cost of at least n~2. Hence, to reduce the costs either no
edges or edges between isolated vertices are formed.

Theorem 1.6 (Degrees in the sparse regime). Let A > 0 and consider CG,, ,,, and its degrees D, ;,,
where the underlying edge probability is given by a sequence satisfying p,, ~ */n. Then

Var+1-1 Varx+1-1

Jim B(D, ,, =0) = Lo im B(D,,, = 1) = 1
In particular, for p,, ~ 1/n we have P(D,, = 0) — p~', where p = @ is the golden ratio.

Figure shows the distribution of S,, 1/, for n € {3,30}. Even for these small n, the convergence

P(S,,1/m = 1) — p~' is already evident in the plots. Let us give a more intuitive explanation for the

appearance of the golden ratio. We observe from our proof in Sectionforpn ~nt

Boi(e") n—1 By a(e")
B + - (1+0(1))_B—n(etn)’

14+0(1) =P(S,,, =1) +P(S,,, =2) =

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024
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n=30

Figure 3: For n € {3, 30}, we show the distribution of S,.,1/n to demonstrate the convergence proven in Theorem

p= 127\/5 is the golden ratio.

where B, (w) are generalised Bell-numbers introduced in Section[2.3} After multiplying with B, (e'"),
we infer
Bn(et”) ~ Bn_l(et“) -+ Bn_g(etn),

in which we recognise the recurrence relation of the Fibonacci sequence.

We finally consider more general ‘p = o(1)’-regimes. We have seen in Theorem that for fixed
p < 1/2 the degrees strongly concentrate around their expectations. This raises the question whether
it is possible to only observe clusters (resp. degrees) of a given size when choosing an appropriate
p = o(1). Since still p — 0 in this situation, we also refer to this as a sparse regime. Our last
theorem of this sections states the requirements for such sequences. Both, Theorem and the
following Theorem([1.7]are proven in Section [§

Theorem 1.7 (Fixed degrees in sparse regimes). Define for any d € N U {0} the sequence
pn = n-ﬁ‘i‘()(l)?
and consider the RCG CG,, ;,,, and its degrees D,, ,,, then

lim P(D, = d) = 1.

n—oo

Furthermore, for any d’ # d,
P(D, = d) = () o) @)

Let us further compare the ‘sparse cluster graph’ with the standard sparse Erdés-Rényi graph. For
pn = n~2@T0% and d > 1, the expected degree of an Erdés-Rényi graph grows to infinity, while it
converges to din CG,, ;,, by Theoremshowing that the conditioning reduces the number of edges
by an order of magnitude when n - p,, — 0.

For p,, = An~1, the degree distribution of an Erdés-Rényi graph converges to a Poisson distribution
with parameter A while it converges to a Bernoulli distribution by Theorem In particular, the ex-
pected degree in CG,, ,,, converges to P(D,,,,, = 1) < 1 for any fixed value of A. Thus, the number
of edges is of the same order as in an Erdés-Rényi graph, but the expected degree is smaller.

Let us additionally consider p,, = 2An~2. Here, the number of edges in an Erdés-Rényi graph con-
verges in probability to a Poisson distribution with parameter A. Moreover, the expected number of

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024



M. Gésgens, L. Liichtrath, E. Magnanini, M. Noy, E. Panafieu 10

wedges (connected subgraphs of size three that contain two edges) is given by 3(3)])%(1 —pn) =
O(n~1). Hence, the probability of the graph having any wedge vanishes for large n. However, a
graph that does not contain any wedge is a cluster graph. Thus, for p,, = @(n‘Z), also the classical
Erd6s-Rényi graph is a cluster graph with high probability. Hence, for this choice of p,, or even faster
decreasing sequences. the effect of the conditioning becomes insignificant.

Finally, let us consider the case when p,, = n~“ for a < 1 being small. Because the decay of p,,
is much slower than linear, one may expect CG,, ,,, to be similar to the constant p < 1/2 case. Let
us consider for illustration p, ~ 12/’ Then log(1-rn/p,) = 2log(n)/(d + 1)> + O(p,).
Treating this expression as being constant and substituting this into expression in Theorem [1.3] (iii)
yields E[D,, ,,, ] & d, which coincides with Theorem Here, to derive this approximation, we applied
results of Theorem[5.6]and Theorem 3.6

1.2 Application to community detection

Community detection [15] is the task of partitioning the nodes of a network into communities, which
are sets of vertices that are better connected with each other than with the remainder of the network.
One of the most popular approaches to community detection is to optimise a quantity known as modu-
larity over the set of partitions [28]. Modularity measures the excess of edges inside the communities
compared to the expected number of edges under a null model. A null model is a random graph
model without community structure. The most widely used null models are the Chung-Lu (CL) and the
Erdds-Rényi (ER) random graph model. Modularity comes with a resolution parameter that controls
the granularity of the obtained clustering [35, 139]. Let us denote the graph, whose communities are to
be detected, by (& and let us represent a partition into communities by a cluster graph G € CG,, on
the same vertex set. ER-modularity of the partition G € CG,, for the resolution parameter - is given
by .
ERM(G¢; G, 7) = (@) (m(GNGe) =~ -m(Ge)),

where m(G') denotes the number of edges in G, m(G ) denotes the number of edges in G¢ (the
number of intra-community pairs), and the number of intra-community edges is denoted by m(GNG¢)
(the intersection between the edge sets of G and G¢). ERM increases when either two sets of nodes
with edge density higher than v between them are merged, or when two sets of nodes with edge
density lower than v between them are seperated. For a particular value of this resolution parameter
(corresponding to y(pin,pout, 1/2) in (3)), maximising ER-modularity is equivalent to maximising the
likelihood for a Planted Partition Model (PPM) random graph [27]. Here, likelihood refers to the proba-
bility that the model with given parameters yields the observed graph. However, this equivalence only
provides an interpretation of ER-modularity for one particular value of the resolution parameter. In this
section, we show that maximising ER-modularity for any resolution parameter is equivalent to max-
imising the Bayesian posterior probability of a PPM for a prior distribution corresponding to CG,, ,,
for some value p. Importantly, we do not consider detecting communities in cluster graphs (which
would be extremely trivial), but instead, we use the distribution over cluster graphs as a prior for the
community structure. The network that we detect communities in can be any undirected simple graph.

Planted Partition Model. The Planted Partition Model (PPM) is the simplest random graph model
with community structure [21]. In the original model, two vertices are independently connected with
probability p;, if they belong to the same community and with probability p,, if they belong to different
communities.
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Random cluster graph 11

Theorem 1.8. For a Planted Partition Model with parameters p;,, pour € (0,1) and a community
partition drawn from CG.,, ,,, maximising the Bayesian posterior probability is equivalent to maximising
ER-modularity with resolution parameter

log (1 Pout 1—]7)
1-pn p
’7(pin>pouta p) =
log (pm 1 pout))
paul(1 Pln)

3)

Proof. Consider a graph GG with m((') edges and a cluster graph G ¢ with m(G¢) edges. Let m(G N
G¢) be the number of edges that are shared by G and G¢ (the intersection of their edges sets). We
assume the parameters pi,, Pout to be known. By [19], the likelihood of a partition G after observing
a graph G is given

Likelihood(Ge; G) = p(¢NGe) (1—p,,)m(Ge)=m(GnGe)yma=m(GNGe) (1, (5)=m(Ge)-me+m(GnGe)

in out
The prior probability of a cluster graph G is

L)m(GC)

Prior(G¢) = %,

where B,,(P/1-p) is a normalising constant that does not depend on G'¢- and is introduced in Section
and the Bayesian posterior probability is

BayesPosterior(G¢; G) = Likelihood(G¢; G) - Prior(G¢).

Since we can ommit all factors independent of GG when maximising BayesPosterior(G¢; ) over the
set of cluster graphs G for fixed GG, we infer

BayesPosterior(G¢; G) ( - —°”t) <—'”_) m(Ge)
1- Pin Pout 1 - Dout - p

To show the equivalence to maximising ER-modularity, we take the log of the right-hand-side and
divide it by the constant (w.r.t. G¢) mg log( pn_1 p"“‘) to obtain

1—pin  Pout
1 t + log - E—
ma 1Og pout(l Pm)
1 1 gll Dout 1— i—p
=— | m(GNGe) — % -m(Ge) | = ERM(G¢; G, 7).
Ma log p:m(l_;:]n)

O

Thus, when maximising ER-modularity, one is implicitly assuming a prior distribution over the partitions
into communities. In order to understand the resolution parameter value’s impact on the obtained
communities, we investigate the prior distribution. One nice property of this prior distribution is that
it belongs to the exponential family of probability distributions, so that it maximises entropy among
the partition distributions with expected number of edges (in the cluster graph) equal to ]E[Mmp}.
In a way, assuming this prior distribution is thus equivalent to imposing the soft constraint that the
expected number of intra-community pairs must be equal to some value. This motivates studying
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E[M,, ,]. In addition, it suggests that this community detection method should work well for values of
p for which E[M,, ,)] is close to the number of edges in the cluster graph corresponding to the planted
communities.

The choice p = 1/2 is equivalent to assuming a uniform prior, so that the method is equivalent to
likelihood maximisation. It is known that maximising this likelihood is biased towards detecting com-
munities of sizes roughly log n [43], which indeed corresponds to the typical clique size in CG, 12,
cf. Theorem [1.3| (ii). Therefore, whenever the communities are of sizes close to logn, the choice
p = % will probably lead to detecting communities of the desired granularity.

In the above, we assume that the parameters p;,, pout are known, which is common in the theoretical
analysis of such community detection methods [27,134]. The estimation of these parameters is beyond
the scope of this article.

Detecting small communities. However, if the communities are of significantly smaller size than
log n, then p < 1/2 will be a good choice to detect communities of the desired granularity. As indicated
by Theorem if the number of communities grows linearly with n, we will choose p,, = n*2/52+"(1),
where s is the size of a typical community. We illustrate how this choice of parameters helps to over-

come the resolution limit of modularity maximisation for small communities.

Consider the ring of cliques network that is often used to illustrate the resolution limit of modularity
maximisation [15]. This network consists of k cliques of size s each, arranged in a ring, with a single
edge connecting the i-th clique to the ¢ 4+ 1-th clique (modulo k). In this example, we let & — oo
for s constant. It is natural to consider each cligue as a community in this network. However, it can
be shown that for sufficiently large %k, maximising PPM likelihood (or equivalently, maximising ERM
with resolution 7 (pin, Pour, 1/2)) results in communities consisting of pairs of neighbouring cliques.
Note that the density between two neighbouring cliques is s~2 as there is only one edge among the
s? vertex-pairs. Therefore, if v < 572, then ERM increases by (wrongly) merging two neighbouring
cliques. In this example, it is natural to consider

k 2

Pout = (5)82 = (k _ 1)82’
(corresponding to the true edge density between the communities) and p;, = 1 — ¢ for some arbitrarily
small ¢ > 0 (because 7y (Pin, Dout, ) is only defined for p;, < 1). It can be shown for these pj,, Pou that
the resolution parameter (i, Pou, 1/2) yields asymptotically
—loge + O(k™! —loge 1
& (k) ~ 85 o< =

logk+ O(1) log k s?
Hence, for sufficiently large k, the communities detected by maximising ER-modularity with resolu-
tion (Pin, Pout, 1/2) consist of pairs of neighbouring cliques. In contrast, the resolution parameter
Y (P Pouts i) for pe = (k - 8)~2/5*t() as suggested by Theorem fulfills

( ) = O(1) = (=257 +o(1))logk 2 1
Y\ Pins Pouts Pk) = logk: + O(l) 82 82.

Therefore, this resolution parameter choice is able to correctly separate the cliques in this ring of
cliques network.

7(pinapout7 1/2) =

Note that the factor n=2/¢* from Theorem vanishes extremely slowly. To illustrate, s = 10 and
n = 10% results in n=2/** = 0.1. Hence, the n°Y) factor in p, = n~2/5"+°() s crucial for finite n.
Therefore, to find the p for which E[M,, ,] is equal to some value, it may be more useful to invert the
asymptotics given in Theorem [1.2] (iii).
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#Edges in detected partition graph

" / 7

0.5 . Py 0.51 0.5 P Py 0.51
p p

(a) The number of edges in the detected cluster graph. (b) The similarity between the detected planted partition.

Figure 4: We generate 20 PPMs with n = 1000 vertices divided into 5 communities of size 200 each. The parameters
Pin @nd poy are chosen such that each vertex has (in expectation) 10 neighbors inside its community and 10 neighbors
outside its community. We detect communities by maximizing ERM with resolution parameter ¥(pin, Dout, P) as given
in (3), for various values of p. Figure [#a] shows the number of edges in the detected cluster graph, while Figure [4b] shows
the correlation coefficient [16] between the detected and true partitions, which is a measure of similarity between these
partitions.

Detecting large communities. In many practical applications, the community sizes are typically
larger than log n. For example, if the number of communities remains bounded as n — oo, then
the number of edges in the cluster graph is @(nQ). The sharp phase transition that we describe in
Theorem suggests the choice p,, = % + 102% + (’)(logl%) for this setting. In the next experiment,
we demonstrate that this choice of p,, leads to significantly better community-detection performance
than p = % despite the fact that they only differ by a vanishingly small term.

In this experiment, we assess the performance of maximisation ERM with resolution parameter y(p;n, Pout, P)
as given in (3), for different values of p. The graphs on which we test these detection methods are gen-
erated from a PPM where the planted partition consists of five communities of 200 vertices each. We
choose the PPM parameters so that every vertex has in expectation 10 neighbours inside its commu-
nity and 10 neighbours outside its community. We maximise ERM using the Louvain algorithm [8], a
greedy algorithm to find a local maximum of ERM. We generate 20 PPM graphs and run the Louvain
algorithm on each of them for several values of p in the range [0.5,0.51]. In particular, we focus on
the critical window between our asymptotical lower bound pfooo and our asymptotical upper bound
pgfooo for the critical value, as given in (47). In Figure we assess the average performances of ERM
maximisation on this PPM model for different values of p. Figure |[4al shows the number of edges in
the detected community partition. We see that this (average) number of edges increases with p. For
p € [0.5,pfooo], this leads to a partition that is more fine-grained than the planted partition, while
p > p1Uooo leads to a partition that is too coarse-grained. In Figure we assess the performance of
the detection method by measuring the similarity between the detected and the planted partitions. We
quantify their similarity by the correlation coefficient between these partitions [16]. The values shown
are averaged over the 20 different graphs. We see again see that the best performance is found for
p inside the critical window. These results demonstrate that whenever communities are larger than
log n, the resolution parameter (i, Pout, Pn) fOr pp = % + 102% + (’)(logl%) may lead to signif-
icantly better performance than the resolution parameter (i, Pout, %) despite the fact that these
resolution parameter values are extremely close to each other.
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Other Bayesian approaches. In the previous paragraphs, we took an existing community detec-
tion heuristic and interpreted it in terms of Bayesian statistics. In other works [31], a more general
Bayesian framework for detecting stochastic block models has been developed using a different
prior distribution over the set of partitions. However, the disadvantage of such (more sophisticated)
Bayesian approaches, is that the maximisation of the corresponding Bayesian posterior is challenging
and one has to resort to Markov Chain Monte Carlo methods to find near-optimal partitions [30] [32].
The advantage of modularity is that the function that is to be optimised is quite simple and well-
studied [26], 8, [40]. There even exist exact optimisation algorithms [1]. Another disadvantage of the
more advanced Bayesian approaches is that they do not allow for the type of theoretical analysis
that we perform in this work, and that the only feasible way of studying them is through experiments
and simulations. However, we emphasise that the aim of this paper is not to advocate for modularity
maximisation, but to better understand it.

Degree-Corrected PPM and CL-modularity. For the most popular form of modularity, CL-modularity,
there is a similar equivalence [27] to the Degree-Corrected Planted Partition Model (DCPPM). How-
ever, a major caveat of this equivalence is that it only holds whenever each community has the same
total degree in expectation [29], which is a strong assumption that rarely holds in practice. If we com-
puted the Bayesian posterior probability for a DCPPM using the prior distribution that we study here,
we would not infer a function that is equivalent to CL-modularity. Instead, we would infer equivalence
with some linear combination of ER- and CL-modularity. For further information, we refer the reader
to [27,129].

2 Exact expressions for the statistics of random cluster graphs

We obtained the results listed in Section by applying techniques from analytic combinatorics [13],
which is an approach based on generating function manipulations. This section gives a brief overview
of this field, derives exact expressions for various statistics of random cluster graphs, and presents
techniques to extract limit laws from generating functions.

2.1 Generating functions

We consider graphs with labelled vertices and unlabelled undirected edges, where loops and multiple
edges are forbidden. The numbers of vertices and edges of a graph G are denoted by n(G) and
m(G). Consider a graph family A, with A,, ,,, denoting the number of graphs with n vertices and m
edges. We associate to A the generating function

(@) zn(G’) mzn

GeA n,m>0

Thus, the number of graphs with n vertices and m edges in A is obtained by extracting the coefficient
w™ 2" and multiplying by n!, which is denoted by

Ay =nlwm 2" A(w, z).

For example, the generating function of nonempty cliques (complete graphs) is

Cw,z) = z:w(g)i
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2.2 Symbolic method

The symbolic method is a dictionary that translates operations on combinatorial families into analytic
operations on their generating functions. It is exposed in detail in [6l [13]. We provide a brief overview
in this section.

Disjoint union. Consider two disjoint graph families .4 and B, with generating functions A(w, z)
and B(w, z). Then the disjoint union D = .4 W BB has generating function

n(G)
o m(Q) o
D(w,z) = E w™ )—n(G = A(w, 2) + B(w, z).

)l
GeAuB

That is, the disjoint union W of families translates into the sum of their generating functions.

Relabeled product. Given .4 and B as before, consider the family D of all pairs (G’ , G'5) obtained
by

B taking graphs GG 4 and G g respectively in A and B,
B choosing an arbitrary subset S4 of {1,...,n(G4) + n(Gp)} and its complement S,

B constructing a graph G/, (resp. G'z) from G 4 (resp. G ) by replacing the labels of the vertices
with S 4 (resp. Sg) while keeping their respective order.

This construction is called a relabeled product and it ensures that no two vertices in (G'y, G'5) share
the same label. Observe that each couple (G 4, G g) corresponds to exactly (n(Gzzgzch)) couples

(G'y, G") (number of ways to choose the labels S 4), so that the generating function of D reads

w. 2) — n(GA) +TL(GB) wm(GA)+m(GB) ~,n(Ga)+n(Gp)

GypeA
GReB

2(Ga) ,n(Gp)

n(Ga)! n(Gp)!

— Z w™Ga)ym(GB)

GypeA
GpeB

= A(w, 2)B(w, z).

Thus, the relabeled product of combinatorial families corresponds to the product of their generating
functions.

Sequence of length k. The previous operation extends to sequences of length k. Let D denote the
family of sequences of k graphs from A, relabeled as previously. Then by induction on £,

D(w, z) = A(w, 2)*.

Set of size k. Consider the family D obtained by taking an (unordered) set of k relabeled graphs
from A. Each such set corresponds to exactly k! sequences of length &, so

Aw, 2)*

k'D(w,z) = A(w,2)* and  D(w,z) = %
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Set of arbitrary size. Assume A does not contain the empty graph (whose generating function is
w0§ = 1), so A(w,0) = 0 and let us define D as the family of all finite subsets of relabeled graphs
from A. Then D is the disjoint union of the sets of size k from A, for all k. Hence,

k
Dl 2) = 3 AL _

k!
k>0

where the exponential is considered as a formal power series (we do not assume that the series has
a non-zero radius of convergence).

Pointing. Consider the family D obtained from A by distinguishing a vertex in all possible ways in
each graph. Each graph G from A has then n(G) copies in D (each with a different distinguished

vertex), so
»(G)

w,z) = ()™ Z___ = 20 AW, z),
Dlw.2) = 3 @ Sy = 0. w2

where 0, denotes the derivative w.r.t. z.

By definition a cluster graph is a graph where each connected component is a cligue. We denote
the family of cliques by C, and we denote the family of cluster graphs by CG. Applying the symbolic
method, we deduce the following elementary lemma.

Lemma 2.1. Let ¢(GG) denote the number of components in the cluster graph GG, and define

»(G)
CG(w, z,u) u@ (@ ,
AT
then
CG(w, z,u) = “C@)
where

n
— Zw(2)z_
n!’

n>1

is the generating function of non-empty cliques.

Proof. A cluster graph is a set of cliques, with relabeled vertices. The generating function of cliques is

=D uw"e Zw" n

GeC n>1

2(G)

The result is obtained by marking each clique with the variable u, noticing that C'(w, z, u) = uC(w, z)
and applying the set construction from the symbolic method (see “set of arbitrary size"). O

For any nonnegative integer r, we define C..(w, z) as the generating function that results from apply-
ing 7 times the pointing operation to C. That is,

Cr(w, z) = (20,)" Zn wl

n>1

This allows us to construct the following generating function:
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Lemma 2.2. Consider the family CG* of cluster graphs G with a distinguished vertex, which’s degree
is denoted by d((), and define its generating function by

) 2
CG*(w, z,u) Z ul
GeCg*
then .
CG*(w, z,u) = —C4(w, u 2)e? @),
U
Proof. Using the pointing operation from the symbolic method, the generating function of cliques with

one distinguished vertex is
20.C(w, z) = C1(w, 2).

A cluster graph with a distinguished vertex has a unique decomposition as the relabelled product
of a clique with a distinguished vertex and a cluster graph containing the other cliques. If we add a
vertex u to mark the degree of the marked vertex, which is equal to the number of edges of the clique
containing it minus 1, we obtain W The result of the lemma follows from the symbolic method
(see “relabelled product").

O

The last two lemmas provide a description of the parameters of interest (number of cliques, degree
of a random vertex) that would be suitable if we were considering random cluster graphs with a given
number of vertices and edges. The next subsection builds a bridge for the analysis of random Erd0ds-
Rényi graphs conditioned to be cluster graphs.

2.3 Generating functions for random cluster graphs

The probability generating function PGF x (u) of a random variable X taking non-negative integer

values is defined as
PGFx (1) => P(X
k>0

In this section, we will derive the probability generating functions of the number of cliques C,, ,,, the
number of edges M, ,, and the degree of a uniformly chosen vertex D,, ,, of a random cluster graph
CG,, ;. First, we will use the methods from Section to derive the probability mass function of
CG,, ,. We denote by CG the family of cluster graphs and by CG,, the set of cluster graphs of size n.
In order to derive the desired probability generating functions, we rely crucially on the n-th coefficient
of the generating function e“(:2) We define the function

B (w) = nl[z"]e“ @), (4)

which will play the role of a normalising factor in the following probability distributions. For w = 1, the
functions reduces to B, (1) = |CG|, = B,, where B, is the n-th Bell number. The bell numbers
play a crucial role in the analysis of uniform set partitions. In this light, B, (w) can be seen as a
generalisation of the Bell numbers.

Lemma 2.3. Let G € CG,, be a cluster graph of size n and let CG,, ,, be an Erdés-Rényi graph onn
vertices with connection probability p, conditioned on being a cluster graph. Then
» >m(G)

P(CG,, = G) = %,
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where the partition function B,,(w) is given in (4).

Proof. Let ER,, , denote a random Erd8s-Rényi graph consisting of n vertices with edge probability
p. Its probability mass function is given by

n

P(ER,., = G) = (1 — p)(3)=m@pm(@) = (1 _ p)(3)ym(@),

for w = P/(1-p) and a graph G. The probability that ER, , is a cluster graph is hence given by
P(ER,, € CG,) = (1 —p) (3) Z w™E), (5)
GeCg
From Theorem we derive

Z w™ @ = pl[2"|CG(w, 2,1) = nle?™? = B, (w),
GeCG,

implying

n

P(ER,,, € CG,) = (1 — p)(&) B, (w).

Since the distribution of CG,, ,, is defined as the law of ER,, , conditioned on the event {ER,, , €
CG.,}, we conclude for G € CG,,

P(CG,, =G) = (6)

O

We now combine the last lemma with the Theorems [2.1]and [2.2]to describe the statistics of CGy, .

Proposition 2.4. LetM,, , and C,, ,, denote the number of edges and number of cliques of a random
cluster graph CG,, ,,, and let D,, ,, denote the degree of a uniformly chosen vertex in CG,, ,,. Recall
B, (w) from (@) and setw = r/(1—p). The probability generating functions of these random variables
are then

By,
PGFy, (1) = %, (7)
peg 6uC(w,Z)
PGFCn,p (U) - [[Z”]]GWJ (8)
n C(w,z)
PGFDHW(U) — [Z ]Ol('LU;uZ)e (9)

ulz"|C (w, z)eCw:2)

Proof. For the edges, we use Theorem [2.3]to write

PGFMn,p (u) — E[uMn,p] — Z ]P)(CGn,p — G)um(G) — Z _

GeCGn GeCG,

Similarly, using Theorem [2.1] we obtain

nl[z"]CG(w, z,u)  [z"]e"C)
Bow)  [)eCwa)

PGF¢, ,(u) = E[uC”’p] =
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Further we deduce from Theorem [2.2]
n
nl[z"]1Cy (w, uz)e®?) = Z Z w™ Dy H),
GeCg,, i=1
where d;(G) denotes the degree of node 7 in G. We use this to write

(2" 101 (w, uz)eC )

nB,(w)

PGFc,,(u) =EP7] =} P(CGy,=G) ) —u"® = n
GeCg, i=1

C(w,z

Finally, note that C (w, 2)e ) = 20,e°("?) | 50 that this generating function corresponds to the

family of cluster graphs with a distinguished vertex. Therefore, [2"]C (w, 2)e®®#) = n[z"]eCw).
We conclude
n![zn]%gl (w, Uz)ec(w’z) o ”![Zn]%cl(wa Uz)ec(w’z) _ [2"]C (w, uz)eo(w’z)
an(w) B TL'[Z”]OI (w, Z)eC(w,z) N u[zn]cl (U}7 Z>eC(w,z) ’
as claimed. -

Theorem provides an exact description of the laws of C,, ,, M,, ,,, and D,, ,, for any fixed number
n of vertices and value p € [0, 1]. We will use Theorem to derive an exact expression for the
degree distribution.

Corollary 2.5. The degree D,, ,, of a uniformly chosen vertex in CG,, ,, has distribution

P(D,, =d) = (n ; 1>w(d;1)%_;(;u), ford € {0,...,n—1}.

Proof. The probability mass function is obtained by extracting coefficients from the PGF. We have

[udzn]%C’l (w7 U Z)eC(w,z) B [ud+12n]01 <w7 u Z)eC(w,z)
[2"]Cy (w, 2)eC@) 2] Cy (w, 2)eC @)

P(D,,, = d) = [u"]PGFp, , (u) =

We now introduce the variable x = 1z to write

(w127 Cy (w, u 2)eC W) = [ Oy (w, 2)eC W) = (2" Cy (w, ) - ([z”’dfl]ec(“”z))
_ @+ Dwl) B, gaw)
d+1)! (n—d-1)

For the denominator, we write

[2"]Ch (w, 2)e“?) = [2"](20.)e“ ) = nB;!(w) _ (Sri“i;"

yielding the desired expression. O

Theorem allows us to find a recursion formula for B,,(w), which generalises a well-known recur-
sion formula of the Bell numbers (the case w = 1).

Corollary 2.6. The sequence B, (w) satisfies the following recursion formula:

B =3 ("7 )ulBew)

-1
s=1 s
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Proof. This follows directly from Theorem [2.5|and the law of total probability as
- - n—1 s\ B,,_ (UJ)
1=SN"PD,,=s—1) = (5) Zn=

> B, =51 =3 (17wl

Multiplying both sides by B,,(w) gives the desired result. O

2.4 From probability generating functions to limit laws

The moment generating function of the random variable X can be expressed in terms of its probability
generating function as

E(e'*) = PGFx(e").

Mean p and variance o? are recovered from the probability generating function or the moment gener-
ating function by the formulae

p = PCF (1) = 0—oE(e'),
0® = PGF% (1) + PGFy (1) — PGFx(1)* = 07— log (E(e")) .
To prove Gaussian limit laws, we will apply the following variant of Lévy’s continuity theorem.

Theorem 2.7 ([7], Section 30). Consider a sequence of real-valued random variables X,, and a real-
valued random variable Y . If the moment generating function ]E(etX") converges pointwise fort in a
neighborhood of 0 to E(e'), then X,, converges inlawtoY .

In particular, the following classic corollary is designed to prove a normal limit law.

Corollary 2.8. Consider a sequence of random variables X,, with probability generating functions
PGFy, (u). If there exists ., and o, such that, pointwise for s in a neighborhood of 0,

PGFX"(GS/U") ~ es,un/anes2/27

n—-+o00

Xn*llfn
g

n

then the renormalized random variable X = converges to the standard normal distribution.

Proof. The moment generating function of X is
E(esXﬁ) — E(ean/an)efs,un/on — PGFX (es/an)efs,un/gn ~ 682/2;
so by Lévy’s continuity Theorem, X ¥ converges to the standard normal distribution. O

The rest of the paper is devoted to the study of statistics of CG (7, p) random graphs in the limit when
the number of vertices n tends to infinity, for various values of p, or with p varying with n.

3 Asymptotics of the functions C(w, z)

The asymptotics of the RCG are largely determined by the functions C..(w, z). In particular, the series

n’"w(g)zn—T has zero radius of convergence precisely if [w| > 1 explaining the phase transition at
w =1 (i.e., p = 1/2). In this section, we derive technical properties of C..(w, z) needed in Sections
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and 5] For the critical regime, we consider w = €', for s € IR. For the subcritical regime, we consider
€ (0, 1). We can equivalently define C,.(w, z) as

Cr(w, z) = (20,)" Zn wl

n>1

where 0, denotes the partial derivative w.r.t. z

3.1 The critical case |w| = 1

In this section, we study C'(w, z) for w on the unit circle, i.e., for w = €' for s € R. These results
will be used to study the critical regime (p = 1/2) in Section {4l When s = 0, we have w = 1 and the
function reads

Clz)=3" O

Hence, for r € N, we also have C,(1,z) = (z0,)"e*. Section [4] will make use of the values of z
satisfying C'1(1, z) = n or equivalently ze* = n. Let W (n) denote the unique positive solution of
this equation. This W' (n) is known as the Lambert W -function, and sometimes also referred to as the
product logarithm. We define ¢, = C..(1, W (n)). For the asymptotics of c,, it is sufficient to focus on
asymptotics up to polynomial orders of 1V (n). To that end, we write f,, = O(g,,) whenever f, /g, is
bounded by a polynomial in W (n). For example, we may write n. = W (n)eV () = O(eW (™).

Lemma 3.1. The functions C,.(1, z) forr € N are of the form C,.(1, z) = P,(z)e?, where P,(z) are

r-th order polynomials with leading coefficient 1. That is, C,.(1,z) ~ z"e* as z — 0. In particular,
cr ~W(n) - e = O0eW™) forany r.

Proof. Recall C'(1,z) = ¢* — 1 and C,.(1, z) = (20,)"(e* — 1). We prove the claim by induction.
Forr = 1, we have (z0,)(e* — 1) = ze?, proving the claim with P;(z) = z. For the induction step,
we observe

Cri1(1,2) = (20,)Cr(1, 2) = (20.)Pr(2)e* = zP.(2)e* + z(0.P.(z))e*

and set P,,1(2) = zP.(2) + 20,P,(z). By the induction hypothesis, z0, P,(z) is a polynomial of
degree r, while z P.(z) is a polynomial of degree  + 1 with leading coefficient 1. This completes the
proof. O

Lemma 3.2. Let (; = W (n) - exp(ais + 2s%) with a;, as = O(1). Then

2 2

a2
. Craa — 26,43 + Crao 10
+ 5% (Ecrﬂ + 9 ez + A1 (Crys — Can) — — 8+ . ) "

£ O($V™)

Cr<ez57 Cs) =c +s- (alcr—i—l + SCry2 — _Cr—l—l)

In particular, C,.(¢"%, () ~ ¢, fors = O(e=V(M/2),

DOI 10.20347/WIAS.PREPRINT.3111 Berlin 2024



M. Gésgens, L. Liichtrath, E. Magnanini, M. Noy, E. Panafieu 22

Proof. Note that (wd,,)C;(w,z) = 3 (Crya(w, z) — Cryr(w, 2)). The derivative of (; is given by
0sCs = (ay + as8)Cs, while for w = €, we have O,w = iw. Hence,

d
r( 157 Cs) = ( o 1 (al + a25>28 ) ( st Cs)
ds Z. (11)
= 2 ( r+2( Cs) 7’+1( 187 CS)) + (al + a25) 7’+1( CS)
Abbreviating C..(¢*, ;) by C,., the second derivative is

d? -
eNES
— (—(w(“)w)2 + 2i(ay + az8)(wdy)(20,) + aszd, + (a1 + a25)2(zaz)2) C.

Crpa — 2C, 45+ C, .
_ G +3 2 4 2i(ay + a28)(Crps — Crin) 4 a2Cy i1 + (a1 + a25)°Cyypa.

4
Similarly, a crude bound on the third derivative follows from the previous lemma as ;3 ( is CS)
(9( W(”)). The desired result is then obtained by taking the Taylor expansion around s = 0 using
these derivatives. 0

Lemma 3.3. Let the approximate saddle point (s be given by

_— _g IURY B B )
ics cgs+<c5 C4+03+(63 ) Cg_(Cg c2)(cy 03)>%)

4y 4¢3 2¢2

Then Cy (€%, () —n = O(seV ™),
Proof. We apply Theoremwith r=1,a, = —%% and

y = G 2c4 + c3 N (c3 — c9)?cs (s —ca)(ca—c3)
2 4y 4¢3 2¢3

Note that ¢; = W(n)ew(”) = n. What remains to show is that the linear and quadratic terms in s
vanish. Indeed, we have

+ ! ! 0
aic —C3 — —Cy =
162+ 56— 502 )
and %en 1
. cs — 2¢C c
a9Co + CL%Cg -+ 2&12 (C4 — Cg) — % = 0,
as required. O

3.2 The subcritical case w < 1

Lemma3.4. Forw € (0,1),z > 0,0 € Randr € NU {0}, C,(w, ze®) is given by

T~T
_7_2/2 e T

Cr(w, xew) =w eiTeEwJ(T, 0),

2rT

where

wr 7_ (9 Z ’U}t /2 it t + t/7_>—7'—t+’f‘—1/2 (T + t)T+t€_T_t\/27T(T + t)

!
T+teN (T +1)!
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is a bounded function, and T is defined implicitly as the positive solution of
r(1fw) " =,

or explicitly,

W ( log%w) .ﬁL’)

T log(tjw)

Proof. This proof is inspired by the Laplace method for sums (see [13] page 761]). We first separate
in the summands the polynomial contribution in 72 from the exponential one. To do so, we multiply and
divide by the Stirling approximation, i.e.,

n ,ind n+r_,—n

i n\ T € n (& .
Cr(w,ze) =) nw(z) = > Te”‘"e¢(")
n>1 n>1

where )
é(n) = nlog(x/v/w) — nlog(n) +n — % log(1/w).

and n"*"e~" /n! grows only polynomially in . The dominant contribution to the sum comes from the
values n such that ¢(n) is close to its maximum. The derivative of ¢ is given by

¢'(n) = log(z/v/w) —log(n) — nlog(1/w),

and solving ¢'(7) = 0 yields

log x = log(7) + 7log(1/w) — %log(l/w). (13)

We exponentiate both sides and obtain

7'(1/11))771/2 = 7.

Note that ¢”(7) = —7~! — log(1/w) < 0 so that this 7 indeed corresponds to a maximum. After
multiplying by log(1/w)w "2, we obtain
log(1/w)

v = log(1/w)7(1/w)" = log(1/w)res/o,

o

so that indeed

W <log%w) {L‘>

log(1/w)

Instead of working with 7 as an implicit function of z, it is more convenient to think of = as an explicit
function of 7. After substituting log  from and the variable change t = n — 7, we have

) ) T+t T
Cr(w, T(l/w)T—l/Qew) _ w—72/2 Z (T+t)rez(7+t)9wt2/2 T _ w—72/2 €T 6”9Ew,r(77 9),
T+teEN (T T t)| 2rT
where
r_ith, £2/2 T2

Epp(m.0) =€ Y (1+1)e CE]

T+teN
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By multiplication and division by (1 + £)™+"2¢="~" we rewrite E,, (7, 6) to

Z wt/2ei0 ot 1+ ) —T—t+r—1/2 (T+t) e 7"\ /2m(T + 1)

’LU'T' 9 b
(7 (r + 1)

T+teN

so that the fraction on the right will be close to 1 due to the Stirling approximation. Let us now prove
that |E, (T, 0)| is a bounded function of 7 > 1 for any fixed w € (0, 1) and nonnegative integer .
We bound

Burrf)| < 3 el (14 ¢fry oy OO VR 2D,

(14 t)!

T+teEN

The sum is decomposed into three parts, corresponding respectively to t > 0,t € (—7 1=e ,0) and

t € [—7,—7'"].Fort > 0,we have (141t/7)" 7"~ 1/2 < 1 so, applying Stirling bound,

t T+t —7—1 2 t
S w2t (14 1)ty D VETITED S w140y,
(14 1t)!
T+tEN T+LEN
>0 >0

which is a convergent sum since w < 1. Consider a positive small ¢, to be fixed later. For t &€
(—717¢,0),wehave 1 +t/7>1—17"5s0

(L4+t/7) "< (1+t/7)77 < e Tlosl4t/7),

We expand the logarithm up to an order K large enough to ensure K¢ > 1 and obtain

LU <1K5>)<exp(|t|2 o)

1 ke

< exp (]t\ Tk + O(TlKC)) < %0,
)

K-1

(1+ t/T)_T_t < exp (7‘
k

Il
[

o

Therefore, by applying Stirling bound again,

T+t —7—1
Z t 2/9 t(1+t/T) T—ttr—1/2 (T"‘t \/27T(7-+t> < Z wt2/260(t)7

T+teN (T +1)! a T+teN
te(—11-¢,0) te(—717¢,0)

which is a bounded sum. Finally, for ¢t € [—T, —7'1_6], we have

Z wt2/26t (1 + t/T)—T—t-‘rr—l/Z (7— + t)TtheiTit ‘271-(7- + t)

T+tEN (T +1)!
te[—7,—117€
—r—t /2 2—2¢
= Z wt2/26t7'7+t_7’+1/2(7 + t)r—e< - t)'ﬂ < exp (— log(1/w) +O(r log(T))) .
T !
T+teEN

te[—7,—717¢]

Choosing € < 1/2 ensures that this bound tends to 0. This concludes the proof that |E,, (T, 8)] is
bounded. O
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r2 5 5 r
7 Tt 133

OOI»—\M“_‘

r
_ 1 T
k=2 A -

ool

Table 1: The first ay, ¢ coefficients of Theorem

Most occurrences of the functions E,, , in this paper are with = 0. In these cases, we will simply
write Ey, . (T) := E,, (7, 0) to keep notation concise.

Lemma 3.5. The bounded functions Ew,r(T, 0) allow for the following asymptotic expansion in terms
of 771, valid for any K > 0:

Ey . (1,0) = Z ZCLH “ewe(T,0) +O(T™ )

kO

where the e,, ,(T, 0) are periodic functions defined by

ewZTQ Zt€ t/2zt0

t+7€EZ
which have Fourier series given by
2 2 o [ oms+o \
e . (27Ts+(~)) 3 .
Cw,e(T,0) = +1 ¢ Fhost/m ‘ S
log(1/w)~t | < — 233' log(1/w)

and ay, ¢(r) are computable coefficients. The first few coefficients are shown in Tab/e In particular,
the leading asymptotics of I, , and its derivatives do not depend onr. For = 0 andr € N,

2 N
By (7,0) ~ €y0(7,0) = m 142 Z e Toxti/ar®’ COS(27TST)] : (15)
s=1
d 27 > 2n? 2
EEWT(T, 0) ~ log(1/w)ey1(7,0) = 4w W Z s-e /0 gin(27sT),  (16)

2

d_TQEw’T(T’ 0) ~ 1Og(1/w)26w72(7', 0) — log(1/w)ey o(7,0)

(17)

9 2 i 9 _ ox2 $2
= —87 m Z s° - e /W) cos(2msT).
og(1/w) &

Proof. Removing the tails. Define
Uo7 (t) = w26t ot (1+t/7) rtar—1/2 (T + ) e T 27 (T 4 t)
- (1 +1)! ’
S0 By r(7,0) = > cn Qu,ro,r(t). Let us first prove that for any € € (0,1/2), there exists § > 0

such that S
Eup(1,0) = Y auros(t) +O(e).

T+teN
[t]<7e
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We have already seen at the end of the proof of Theorem that forany € € (0,1/2), we have

Z |G 0. (1)]

T+teN
te[—T,—'rlff]
is exponentially small. We now consider ¢ > 7¢, applying the Stirling bound and (14¢/7) """ ~1/2 <
1 yields
lawro-(t)] < e log(1/w)t?/2+t

The quadratic term in the exponent dominates the linear one. By comparison with the complementary

error function
o0
erfc(z \/_ / eV’ dy,

whose asymptotics is O(e~*"), we deduce that the sum

Z e log(1/w)t?/2+t

T+teEN
t>T1€

converges to 0 as O(e ™) for some & > 0. The last case to consider is ¢t € [—717¢, —7¢]. We
rewrite

2

log(|awro-(t)]) = — log(l/w)t +t+(r+t—r+1/2)log (ﬁ)

t? 1

< —log(l/w)=+T1log { ——— | .

< ~tog(1/w)’s + 71og (1577 )

Let us denote this expression as a function f(¢). Then f'(t) = — log(l/w)g - 1+t/’r and f"(t) =
—log(1/w) + %m With t € [—717¢, —7¢], we have t/7 tending to 0, so f”(t) converges,
as T tends to infinity, to the negative — log(1/w). It is thus negative for any large enough 7 and the
function f’(t) is decreasing on t € [—7!7¢, —7¢|. Its zero is located at —1/log(1/w) + O(171),
which is eventually greater than —7¢. This implies that f’(t) stays positive on the interval of interest,
so f(t) is increasing. Its maximum must be reached at t = —7¢ and

2e 1 2e
108 (|au,r0.- (1)) < —log(1/w) = + 7 log (1_—) = —log(1/w) "~ + 7+ o(1).

Again, by comparison with the complementary error function, we deduce that the sum

Z | Q0,7 ()]

T+teN
te[—7i¢,—7€]

is 0(6_75) for some d > 0. We conclude that the tails are negligible, and there exists & > 0 such that

UH"TQ Z awr@‘r +O< )

T+teN
t|<re

Asymptotic expansion in the central part. Consider the ring Q[¢][[7"]] of formal powers in 77!

with coefficients that are polynomials in ¢ over the rationals. If F'(z) denotes a formal power series with
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rational coefficients and G(t, 77') € Q[t][[7~']], then the composition F/(G(t,7')) also belongs

to Q[t][[7]]. Since
A Ht)T) T2 —exp (t — (Tt — 7+ 1/2)log(1 + /7))

= exp ( —(t—r+ 12t = (A E—r+ 12 %t’%k*l) ,

k>2

this series belongs to Q[¢][[7~!]]. For any K, its Taylor expansion of order K has error term O (t/ 7=£+1).
The Stirling approximation has an associated asymptotic expansion (see e.g. [25]), of the form

n!

nte="/2mn (n )

for some formal power series S(x) whose first few coefficients are

1 1 139
R O S A 4y
S(r) =1+ 5ot oeer” = s 06

We deduce that

(r+ t)T”iT:rtt)! e (r n t) (Z T 1tk>

k>0

belongs to Q[¢][[7]]. Its constant term is 1, so it has a formal multiplicative inverse, belonging to the
same ring. Again, the error term of the Taylor expansion is (’)(tKT’KH). This implies the existence
of polynomials P, . (t) = 32" az.¢(r)t’ such that

=

-1
= > Put)T "+ O (18)
0

: + ) e T 27 (T 4+ t)
H(] 4 /7)1 (7
e(1+1/7) ]

i

Multiplying by w'*/2¢%? and summing over ¢, we obtain, for some § > 0,

K-1
wT 7_ 0 ZT—k Z wt /2 zté)P ( +O< Z wt2/2|t|K+1T—K> —FO(e_Té)_
k=0

T+tEN THEL
[t|<7

The sum in the first error term is bounded, so this error term is simply O(7~%) and the second error
term is negligible in comparison.

Adding the tails. Finally, we observe as before that the tails are negligible, meaning that for each
k € [0, K — 1], there exists some § > 0 such that

S W PPt = 0T,
T4+tEN
[t]>7¢

so adding them introduces only a negligible error term, contained in O(T_K).
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First polynomials. The first three polynomials (P, x(t))o<k<2 are computed using the computer alge-
bra system Sage [38], and the corresponding coefficients ay, (1) are collected in Table We rewrite

K-1
Ey,(1,0) T~ Z w'’ /2einT,k(t) +O(175)
k=0 THLEZL
K-1
_ Tfk Z wt /2 MZCLM t[ + O( )
k=0 THLEZL
K-1
_ - kzaké Z wt /2 zt@tZ + O( )
k=0 THEZ
K-1 2k
=Y T apu(r)ews(r,0) + O(r7F).
k=0 =0

We now derive the Fourier series of e, ,(7,6). Firstly, note that the functions e, ((7, ) are indeed
1-periodic in T, because t + 7 € Z implies t + (7 + 1) € Z. We will write

Cuwe(T,0) = fou(0)e*™7,
SEZL
We will compute Fourier coefficients f ;(0) as
ff,s(e) _ / Cus Z(x 9 —2misT 1. / Z . I)Zw(kf:v)Q/2ei(kfr)€€727ris:vd‘r'
0 kez
Note that |, [k — 1, k] = R. We can thus combine this sum of integrals into one single integral:

o , , o log(1
fos(0) = / gl 20 e =2 g — / 2’ exp (—Mﬁ + i + 27r32':1:) dx

2
@rst0)? [ 1 2 7
— ¢ TR / ztexp [ —= [ 24/log(1/w) — j TtV dz.
oo 2 log(1/w)

We now perform the substitution y = x+/log(1/w) — i% with
og(1l/w

- 2ms+6
y Z\/log(l/w) d dx 1
= " " and — = — .
log(1/w) dy log(1/w)

We obtain
_ (2773(—!—3)2) 5 0 0
e 2log(1/w oo TS + 1 o
s —_ i | e2¥d
fealf) = log(1/w) % /—oo (y log(l/w)> Y
_ (2775(«1»«?)2) ¢ 2 9 l—k
e 2log(1/w ) TS + & _ 1,2
Sy (i) e
log(1/w) = “= log(1/w) —o0
We use

> 2k)! >
/ y2Re V' 2y = (2’%)' V27, and / y2RHle v 2y = ),

—00
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27s 2 /—29

or e seatifg A 29) (. 2ws+0 ’

fes(0) = ] z Z 2iql \* ’
og(1/w) log(1/w)z = log(1/w)

as claimed. Note that f; ;(6) is real for even ¢ and imaginary for odd ¢. In addition, f; _s(6) = fos(0)

to find

for even ¢ and f; _s(0) = — fu5(0) for odd £. Therefore, we can write
w20(T,0) = f20,0(0) + QZfzes cos(27msT),
seN
and

ew2041(T,0) = farr1,0(0) + 2 Z faes1,5(0) sin(27sT).

seN

which yield the asymptotics from (15)-(17). Finally, the derivatives follow from dd w Ewr (1,0) ~ jT—kkemo(T, 0),
Leyo(T,0) = log(1/w)ey (T, ()) and

ddTew 1(7,0) = log(1/w)ey2(7,0) — €y o(T,0).
O

The coefficients of the Fourier series in (15)-(17) decrease very rapidly due to the quadratic exponents
of exp (—%) = &. This ¢ tends to be quite small: for w = 1, we already have € ~ 4.3 - 101,
Therefore, these Fourier series can be well approximated by omitting higher powers of €. In particular:

ewo(T,0) & bg?ﬁ (1 + 2ecos(277))
9 32
w1 (T,0) ~ 2 (M) esin(277),
1 2T 872
ewa(T,0) ~ oa(1/w) \| Tog(1/a) [1 + (2 - m) 5COS<27TT)1 .

Finally, the following lemma gives the asymptotics of 7 from Theorem [3.4]:

Lemma 3.6. Let T be implicitly defined by Cy (w, 7(1/w)™~'/?) = ne=* for fixed s and w. Then T
has the asymptotics

2logn 1 (1og10gn) . (9)

log(1/w) ~ log(1/w) Viogn

Proof. We take the logarithm and rewrite it using Theorem|[3.4] as

log(1 By (7,0
logn — s =log C (w, T(l/w)T_l/z) = M +74+ = logT + log % (20)

Since the left-hand side goes to infinity, it must hold that 7 — oo. Therefore, the right-hand side is
dominated by the quadratic term. Hence, logn ~ 1 log(1/w)7?, so that

2logn
log(1/w)’
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This tells us that log 7 = O(loglog n), so that we can rewrite to

_ log(1/w) ,

0 5 T + 7 —logn + O(loglogn).

The positive solution of this quadratic formula is

o V14 2log(1/w)(logn + O(loglogn)) — 1
log(1/w)

\/QIOg(l/w) logn - (1 +0 (%)) -1
B log(1/w)

[ (1o ()
) M‘ wettr 0 (T )

as claimed. 0

4 The critical regime p = 1/2

We fix p = 1/2 during the whole section and set w = 7/(1-p) = 1. Hence, the distribution of CG, 1/,
is given by

1m(G) 1
P(CG,,1, =G) =

B,(1) B,

for any cluster graph G € CG,, where B,, = |CG,| is the n-th Bell number. The distribution of
CG,, 1/, therefore coincides with the uniform distribution over set partition of n elements.

The uniform distribution over set partitions has been studied since the 1960’s. Harper was the first
who showed that the number of blocks in a random uniform set partition of n points has a normal dis-
tribution, as n — oo, with expected value of order n/ log(n) [18]. The exact value of this expectation
can be expressed [36] in terms of the Bell numbers as

B,
E[C,,1.] = le —1.
The asymptotic growth of the Bell numbers is given by
B, el _
- (14 O(e 7)), (21)

b ()2 (r + Der

where 7, is defined implicitly as the positive solution of r,e™ = n + 1, or in terms of the Lambert
W -function, r,, = W (n + 1) [13, Proposition VII1.3].

While there are numerous articles studying the uniform distribution over partitions, there are (to the
best of our knowledge) none where this distribution is studied as a random graph distribution. This
change of perspective allows us to investigate the asymptotic behaviour of graph observables such as
the degree distribution or the number of edges by means of analytic combinatorics techniques. The
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core of this section is the proof of Theorem (ii) and Theorem (ii). We prove that for large n, the
degree Dn,1/2 of a random vertex in CGn71/2 is nearly indistinguishable from a Poisson distribution
with parameter W (n), where W denotes the Lambert W -function. For the random total number of
edges M,, 1 /2, we provide exact expressions for the mean and variance, as well as a Gaussian limit
law. First, we introduce some preliminary results that are preparatory to the main proofs.

4.1 Asymptotics of Bell numbers

First we derive the asymptotics of Bn,l/Bn and relate this to the expected number of edges in the
cluster graph. Denote by Cgf) the number of clusters of size j. Particularly, C%l) then denotes the
number of isolated vertices. Recall that the Lambert 1V -function is the unique positive solution of the

equation z = W (z)e"'® for x € [0, 00). Put differently, 1V is the inverse of the function 2 — xe?.

Lemma 4.1. Let W be the Lambert W -function. The edge-density of a uniform cluster graph is given

by
E [M, Bn.i W(n logn\ */?
[n’m]: L) g ( 8 ) . (22)
(5) By n n
B,_ (logn)5/°
(1) _ n—1 _

E[C!'] =n B, Wi(n)+ O <—n1/5 : (23)
Proof. We start by proving E[CS)] = nB” L. If we pick an arbitrary vertex, then each partition in
which this vertex is isolated corresponds to a partition of the remaining n — 1 vertices. Hence, there
are B,,_1 partitions in which this vertex is isolated, leading to a probablllty L of being isolated, and

Bn 1

an expected number of isolated vertices equal to ]E[C(l)] =n—7t

We prove that £ [Mnyl/g} = (2) ]’5’;—;1 by similar reasoning: for a given vertex-pair (4, j), each parti-
tion where 7 and j are in the same set, can be considered as a partition of ([n] \ {i,7}) U {(4,7)}.
That is, we consider the pair (7, j) as a single element, so that a partition where i and j are in the
same set corresponds to a partition of the . — 1 resulting elements. Hence, for each vertex-pair (i, j),

n—1

there are B,,_; cluster graphs where ¢ and j are connected, so that the connection probability is BB

Summing over all vertex-pairs yields |E [Mnyl/g] = (Z) Bg:, as required. Dividing by (g) yields the
first equality of (22).
We now derive the asymptotics of —=— Brot1 We write

an—l _ n—l/(n - 1)'
B, By, /n!

We rewrite to

Bu _ sra)roemnr)
n! ’

for r, = W(n + 1), where f is a continuously differentiable function defined as
1
f(r)y:==e"—1—(re" —1)logr — B log(27) + logr + log(r + 1) +r].
In the following, we will use whenever convenient the classic asymptotics W (n) = log(n)—loglog(n)+

1/5 1/5
o(1). Since, e7™/% = (%) ~ (@) , we write

ntl — o ra—D)=F(r) FO(W (/)% (24)
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By Taylor's Theorem with the Lagrange form of the remainder, for any n, there exists h € [n, n + 1]
such that

Win+1)=W(n)+W'(n)+ %(h)
where
T R . U4 LA IES S
W= Sy~ e WS ey e O )
Applying Taylor's Theorem again, there exists ¢ € [IW(n), W(n) + W'(n) + W”(h)/2] such that

W;(h) >

= V() + £V )W () + W7 (1)/2) + T 00+ w7 ()27
= FW ) + V)W ) + F OV m)O0™) + (000,

As 1 tends to infinity, we have

FW(n+ 1)) = F(W(n) + W (n) +

1

fi(r)y=¢€ —(e" +re)log(r) —(e"—1/r) — = E + 1

r+1

2
1+7r

+ 1] = —(1+r)e"log(r) + O(1)

£(r) = —€ log(r) — (1 +r)e log(r) -

SO

e+ O(1) ~ —re" log(r),

FW(n)Om2) = —(1+W(n)e" ™ log(W(n))On 2 +On 2 =0 (10g 10g(n)) |

F'(t)0n2) =0 (M) | n

FWEIW' () = =1+ W(m)e™™ 1og<w<n>>mv+v—(v7;)<m

—log(W(n)) + O(n™").

+0(n™)

Injecting those relations in the Taylor expansion of f(W (n + 1)) yields

POV + 1) = FOV(0) ~ (W () + O (PERE).

This is injected in Equation (24)

6/5
"B;n—l ST (W (et )+ OV %) _ losW OO )y () 4O (W(?)S/ ) .
n n

Dividing by n gives (22). O

B

6/5
Lemmaalready tells us that "nl — 0 and that 22=2 B — B = 0 ((l%g) / ) However, we
need tighter bounds on these decrements, which are provided in the following lemma:

Lemma 4.2. Forw < 1, B, (w) is log-convex inn while B,,(w)/n! is log-concave in n.. Furthermore,
the following bounds hold for allw < 1 andn > 2:
B, s(w)  Bp_1(w) 1 B, i(w)

VS B ) Baw) Sn—1 Bw) (@3)
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Proof. We use the following result from [5]: Let x,, be a log-concave sequence and let a,,, p, be
sequences such that

E au’ = —Zu" = exp E I .
n! , j

Then a,, is a log-concave sequence while p,, is log-convex. For our generating function

s

> (2) s
€2 — oxp (Z v lz ,
s!

s=1
this gives
w(®)
e (s —1)!
We compute
2 s s s— | — |
S - w2(2)7( 2)-( 21)M | s _ w! S > 1,
Ts41Ts—1 (3 — 1)‘2 s—1 s_1°-

for w < 1, so that x, is indeed log-concave. This tells us that B,,(w) = n![2"]e“(***) is log-convex,

while B,,(w)/n!is log-concave. To prove the bounds, we follow an approach similar to [2] to prove

| < B (w) By _o(w) < "
- anl(w)2 “n-—1

The lower bound follows from the log-convexity of B,, (w) while the upper bound follows from the log-
concavity of B, (w)/n!. Subtracting 1 and multiplying the resulting inequalities by B,,_1(w)/ B, (w)
leads to the desired bounds. O

Corollary 4.3. Forw < 1, Lemmal4.3 implies

i () (7o)

Proof. Lemmal4.2)implies that

Bn_g(w) _ Bn—l (w)
B,_1(w) B, (w)

Repeating this relation several times, gives

Bgnjszgg’) - Bgnzg? (1+0(n™) = Bu-1(w) (1 +0 (f)) .

We use this to write
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Theorem[4.3] allows us to derive the expected number of cliques of a given size.

Corollary 4.4. The expected number of cliques of size s is given by

5 n n\ Bn,_s log(n)*

Proof. For each vertex, the probability that it is in a clique of size s, is equal to P(S,, = s). Therefore,
the expected number of vertices that reside in cliques of size s is given by n - P(S,, = s). Dividing
by s gives the expected number of cliques of that size. The asymptotics are obtained by applying

Corollary &3}
() % = oy () ot = g (5 o)) vty 50

s sl(n — s)! - sl(n—s)! n s!

where we have used Stirling’s approximation for deducing the last asymptotics. O

The asymptotics of Theorem [4.4] were already known in the literature: the asymptotics for fixed s
follows from [36], while the results in [33] imply the same asymptotics for s = W (n) — Q(W (n)/2).
To the best of our knowledge, the exact expressions in terms of Bell numbers were not stated before.
Theorem [4.2] additionally allows us to express and bound the variance of the number of edges:

Corollary 4.5. The variance of the number of edges M, 15 is given by

2
n Bn—l Bn—2 Bn—l n Bn—l Bn—Q
o = (0) 5 [ =50+ ()52 -5

and Var(M,, 1 2) = Q(nlogn).

Proof. Letus write M, 1,2 = ZKKK” I;; by means of the (random) adjacency matrix of the graph,
where I;; = 1if i and j are connected in CG,, 1 /2. Hence,

Var(Mn) = Z Z COV(Iilj1 s IZQJ2)

1<ii<ji1<n 1<ia<je<n

Note that the covariance Cov(1;, ,, I, ;,) only depends on the overlap between {1, 71} and {7z, j2}:
it [{d1, j1} 0 {2, j2} = 2, 1e., {ir, ju} = {i2, j2}, then

B,,_ B, _
COV(Iilijizjz) - Var(Im’l) = B : (1 - B 1) -

For the other cases, we write Cov(L;,;,, L, ;,) = E[Li,;, Li,;,]—E[L;, ;,|* and will argue that E[L;, ;, I, ,,] =
Bgf, whenever [{i1, j1} N {iz, j2 }| < 2.

B When the overlap is 1, then we can assume w.l.o.g. that j; = i5. Then I; ; I, ;, = 1 whenever
the vertex-triplet {i1, j1,j2} is in the same set (and, therefore, clique). Each partition of [n]
where the vertices 1, 1, j2 are in the same set, can equivalently be considered as a partition
of the set ([n] \ {71, j1,72}) U {(71, 1, j2) }, which has n — 2 elements.

B Similarly, when the overlap is 0, then I, ;, L;,;, = 1 whenever 7y, j; are in the same set and
19, J2 are in the same set. Each such partition can equivalently be considered as a partition of
the set ([n] \ {i1, 71, j1,92}) U{(i1, 71), (42, j2) }. Again, this set has n — 2 elements.
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Thus, by similar reasoning as in Theorem , both cases lead to a probability Bgn

n Bn—l Bn—l ? n ? n Bn—2 Bn—l 2
Var(M,,) = . — — _
ar(M,) (2) B, ( B, ) 1 2 B, B,
which can be rewritten to the desired expression. Using the lower bound from Theorem 4.2} we get
Var(M,) > (3) [ B2 — 222 ] ~ (3) 52 ~ Zlogn. 0

2 By By 2/ Bn

=2 We have obtained

)

Later, Theorem wiII provide the more precise asymptotics Var(M,,1/2) ~ 1nlog(n)?, but the
established lower bounds will show to be helpful in the proof.
4.2 Degree distribution

Corollaryallows us to prove several properties of the degree D,, ; /> of a random vertex. Note that
the degree of a randomly chosen vertex is equal to its clique size minus one.

Proof of Theorem|[1.3 (i), first statement. We start with proving the first statement in Part (i) and de-
rive the asymptotic equality of the PGF of S,, and the one of an appropriate Poisson random variable.
We derive for the PGF of S,,,

u " /n—1\ B,_s
PGFs, (2) = Z]P’(Sn =5)2" = Z (s B 1) B—ZS
s=1 n

s=1
1 & 1 nBn_1 \°
=_ - 1+ 0(s*/n
n;(s—l)!( B, Z) ( ( />)
n B "B e (26)
1 s (nBn_1 \° 1 s (nB,_1 \°
nés!( B, Z) (nQ;s!( B, Z))
J R s 1 < s° s
= E;;(HWZ) + 0O <ﬁ;§(ﬁnz) ) ,
where k,, = nBro1 \We now show that, by introducing a small correction, these sums can be extended

Bn
to infinity. Let us consider £;(r,,2)%, € {1, 3}, to include both terms in (26). We obtain

- %(f{nlzl)s = exp (—slogs + s+ O(log s) + s(log kn + log |2]))

S

y(’{nz)s

= exp (s(log k, + log |z| + 1 —log s) + O(log s)) .
Note that k,, = W (n) + o(1) so that for s > n, we have
log ki, +log |z] + 1 —log s < log(W(n) + o(1)) +log |z| + 1 —logn — —oc.

Thus, for any ¢ > 0, there is a N (¢) < oo such that for all s > n > N (e) we have

S’I‘

E(“nz)s

s

< €5,
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so that
—(kn2)?’| < e’ = =o(1)
| _
s=n+1 § s=n+1 1 <
This results in
n ST oo Sr
5 (hn2)" = > -7 (5n2)" + 0(1).
s=1 ’ s=1 ’

PGFg, (2) = % 3 2 (ka2) + O (iQ P (W)S> +o(1).

3
K
n _KnZz
p—rnz = O <—n26 n )

We now rewrite the error term

1 x
n2 T=Knz ﬁx(l + 3z + 132)6

1 = s s 1 .
321 (An2)” = 5 (a0,)%e
s=1 '

Lemmal[4.1]tells us that x,, = W (n) + o(1). We write

3 3 2 2W(n
K iz, W) ez — W(n)—W<n) M e = W(n)eF=2WM),

e e
n? n? n?

Thus, our error term is O (W(n)e(Z_Q)W(")). Similarly, we write

> 1
Z m (an)s = (m@x)ex‘x:,{nz = xex‘xmenz = Kpze™* ~ Zne(ZA)W(n)v

s=1

where we again used k, = W (n) + o(1). After dividing this by n, we get something of the order
O(e==DW M) which is of larger order than our error term O (W (n)e*=2W (™) Everything com-
bined, we thus conclude

PGFg, (2) ~ ze~DW®),

The result follows from the fact that Dy, 12 = Sy, 1/2 — 1, so that PGFp, (2) = PGFg, (2)/2. O

In order to prove the second statement in Part (ii) of the theorem, we first require the result of Corol-
lary [1.4] which we prove next.

Proof of Corollary[1.4 We have to show that

Dn71/2 — W(n)
W(n)

— N(0,1),

in distribution, as n — oco. We obtain the Moment Generating Function (MGF) of D,, by substituting
z = €% in the PGF. That is, MGFp, (o) = PGFp, (e¢%). To show that ! - (D,, — u,,) converges
in distribution to a standard Gaussian, we show that its MGF converges to the MGF of a standard
Gaussian. That is, we prove that

2

« _Qpn a”
MGFp,, <—) e o —ez,

n
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for every a.. We use the asymptotics from the first statement of Theorem (i) and get

(e _Spn
MGFp, (—) e o
o

a/NW(m)_1). _ aW(n)
-~ 6(8 v 1) W(n)6 AT (n)

= exp ((1 +aW(n)~ Y2 + %QW(n)l + O(W(n)™3/?) — 1) W(n) -« W(n)>

o?
2

= exp (O‘; + 0<W(n>1/2)) e,

as required. O

Proof of Theorem|[1.3 (ii), second statement. We now finish the proof of Part (ii) of Theorem Re-
call that the total variation (TV) distance is given by

dry (D, X,) ZHE” P(X, = d)|.
From Theorem it follows that %W — ./\/'(0, 1) in distribution, so that
D,-W
P (D, — W(n)| > W(n)**) =P (‘T(()n) > W(n)1/4> 0.
n

The same holds true for our Poisson random variable, i.e.
P(|X, — W (n)| > W(n)**) — 0.

Let us define the set A,,, given by

and define
d, = argmax |[P(D,, = d) — P(X,, = d)|.

deAn,

We can bound

1 o
dry(Dn, Xo) 5; ~P(X, = d)|
Z [P(D P(X, = )] + % (P(D, ¢ A,) +P(X, £ A,) @D
dEAn
< Bolpm, = 4 B, = a1+ L BDL 2 ) B £ A).

In the remainder of the proof, we prove that for d = O(logn),

P(D, = d) = P(X, = d) <1+(’) (bglﬂ)) .

logn
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We inspect the fraction:

n— e d—1 n—1)!"  Bj_q4—
PD, =d) PS,=d+1) ()25 lhm e
_ - _ - n)d n)d+1
P(X, =d) P(X, =d) o—W(n) Wfﬂ) %
d
—d—1 n! andfl —d—1 . anifl
Wy g g = e e - 055

We take d = O(logn) and use Lemmato write (n — 4)22==L = W(n —i) + O (loglﬂ>:

B logn
. log log(n—i
P(D, =d) d W(”_@)+O< lgf)g(gn(—z‘))> f[ 1+ 0 ‘ Lo loglogn
(Xn =d) Pl W(n) Pl nlogn (logn)?
log1 log1
_ 140 (doslosny ), (loglogn )
(logn)? logn

where we used d = O(log n) in the last step. Note that d,, < W (n) + W (n)3/* = O(logn), so
that the bound in (27) is

drv(D,, X,) < S B(D, = ) ~ B(X, = )| + 3 (B(D, & A,) + B(X, & A,)

=0 ((log n)3/4) -0 (%) +o(1) = o(1).

4.3 Number of edges

We now use the saddle point method to prove that the edges satisfy the Gaussian limit law that is
claimed in Theorem |1.2] (ii). Unfortunately, it is not possible to apply Theorem E to M, 1/, as its
MGF is given by B, (e )/Bn which diverges for every positive ¢. This is a consequence of the fact
that B, (w) = [2"]e®™), while C(w, ) diverges for all |w| > 1, reflecting the phase transition at
w = 1. To circumvent this divergence, we move along the imaginary axis and derive the characteristic
function of M, 1/,, which requires us to perform the saddle point analysis from scratch. Because we
are working with characteristic functions, we have to consider series with complex coefficients instead
of restricting to real coefficients.

Proposition 4.6. Let i, = EM,, 1,5 and 02 = Var(M,,1/2). The number of edges satisfies a
Gaussian limit law with 11, ~ nW (n) and o2 ~ inW(n)?. Thatis,

Mn,l/Q — %HW(’I’L)

TW(n)vn

— N(0,1),
in distribution, as n — 0.

Proof. To prove this result, it is sufficient to focus on asymptotics up to polynomial orders of W (n). To
that end, we write f,, = O(g,) whenever f, /g, is bounded by a polynomial in W (n ) For example,
we may write n = (9( W(")) To prove Theorem (4.6, we make use of Theorems to We
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use the saddle point method to prove that the characteristic function of this rescaled random variable
converges to the characteristic function of a Gaussian. That is, for all « € R, we prove

Mn - Mn Bn ia/a'n . un
o M) B
On B,

We are thus interested in deriving the asymptotics of

B,(e”) n![z”]ec(eis’z)
B,  nl[zn]ef(?)

E[eisMn] —

We use Cauchy’s integration formula to rewrite
eC(eiS,z) T eC(eiS,Ceig)

Cn eni@

) | |
s\ _ Clerz) _ _n
By () = nll2"]e 7 = o7 ol T on |

n! " C(e* ¢e?)—nif—nlog ¢

= — e ' 85d0,
2 ) .

where we substituted z = (e with dz = i(e™?df. We find a saddle point by substituting § = 0 and

taking the derivative of the log of the integrand w.r.t. :

I [C(e”,¢) —nlog(] = 9:C(e”,¢) — = = 0.

n
¢
Multiplying by ¢ we obtain A ‘

Co:C (e, () = C(e”,¢) =n. (29)

We do not aim to find the saddle point exactly. Instead, we derive an approximate saddle point (s as
an explicit function of W (n) and s. We only need asymptotics for s = O(o; ') = O(e”"/2),

since Theorem teIIs us that o2 = Q(nlog n). We use the saddle point from Theorem 3.3

a
(s = W(n)exp (a18 + 5252>

which tells us that the a;, as for which the linear and quadratic terms of Theorem[3.2]in s cancel, are

given by

) 1 /1
a; = —% (2—2’ — 1) , and ayp = a (Z(Cg) —cy+e3) — a%c;; — aqi(cy — 03)) ,

where ¢, = C,.(1,W(n)). Note that Re(a;) = 0 and Im(az) = 0, so that (| = W(n) - e =
W (n) + O(s*) and Arg((s) = Im(a;)s. We now split the integration of into three parts: Firstly,

2
there is the central part, consisting of # with |§] < & = ¢ 5" (™

by |0] € (g,9), for § = e~ (/5 And finally, the long tails are defined by

. Secondly, the short tails are defined
0| € (0, |. Thatis,

Bn(eis)

_ n!n |:/ €C(ei8,gsei9)m'ed9+/ eC(eiS,Csew)m‘Gde_i_/ eC(eiS,Csew)fmlHde
2w [ J)o)<e e<|0]<s s<|o|<n
(30)

We show that the contribution of the central part will give us the desired asymptotics, while the contri-
butions of the short and long tails will be negligible.
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The central part. To approximate the integral in the range |0| < ¢, we take the Taylor expansion of
C(e*, (,e) around § = 0. Recall that C,.(w, 2) = (20,)"C(w, z). We obtain

2 0 _ 2 ) )
Cle, ) = (e, ) +0iCh (%, 6) - T Cale, ) + [ E5hcute, ety
0

Note that the first term is constant w.r.t. #, so that it can be taken out of the integral. The part of the
exponent of that does depend on # is given by

2 0 Ay
QZOI (€i87 CS) —nif — %CQ(Gisv Cseig) + / (9 t)

Cy(e”, ¢oe™)dt
0 2

Notice that the linear term in 6 is O(s%"V (™) = O(e="(™/2) py our choice of ¢, from Theorem
and because s = O( Win )/2) To bound the remainder integral, we take its absolute value:

0 (n_ )2 ' , 161 —
/ (9 t) 03(6157 Cselt)dt‘ < / (||—t |C3 287 Cs | dt
0 0

2
(lo) 1 il
——F——C, s|)dt = Cs(1,|¢s —d
< [ R cichi = i) [ G

_ P
6

= Cs(1,1G]) ~ O@%e™™),

where in the last passage we used Lemma([3.1]and[3.2] Thus, for |6] < ¢, the integral is of the order

O(*eW ™) = O(eW™/%), being e = e 5" ™). Notice that this is of a higher order than the
(’)(e Win )/2) term from the linear term in 6. We have thus obtained

15 7 92 2
/| O Gee™)—mi g ’CS)/| exp (——02( ® )+ O(ew(n)/5)> dg.  (31)
|0|<e 0|<e

To deal with the error term in the exponent, we use exp < (e~ W ”)/5)> = 1+ O(e" /) 1o write

O(e !
2 ~
/ exp (—9—02@“, (o) + 0<e‘W<">/5>) df
10 <e 2

» ‘ ) (32)
— / e~ 72" qg 4 / e 7 G L O (e W M/%) g,
0]<e |0]<e
We bound the second integral by taking its absolute value
92 elis ~ 02 is ~
/ e~z Cs) - O(e” (n)/5)d9‘ < / e~z Re(C2(e",(s)) -O(e” /5)d9

10|<e |0|<e
We then perform the substitution z = 6/Re(Ca (e, ;)) to rewrite this to
O(e=Wm/5). 1 /Oo 5 de — e~ Ww)/5). 27? — O(e TV ),

\/RG(OQ(GiS,CS)) —0 Re(Cg(eZS,CS))
(33)
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since Cy(e®, CS) ~ ¢y ~ W(n)2e"W™ by Theorems 3.1/ and We will now inspect the main
contribution of (32) and show that it is of a higher order than O(e V(") s0 that this error term is
indeed negligible.

We use a similar substitution z = 6/ C5 (e, () to write
02(618748 2

_02 o (ets _22
e~z 20 gh = / 7dz.
/9|35 v Cale, () V/Cale Cs)
Again, Cy(e’,(,) ~ cy by Theorem so that by Theorem we have £/Cs(e?, () ~

W (n)eW /10 5 oo, Therefore,

CQ e“,CS
V/ Cole Cs cz(ew,cs C2
This is of the order O (e~ (")/2), 50 that is indeed negligible. In conclusion, going back to (31),

the first integral of (30) (central part) has asymptotics

/ GC(eis,Csew)—niGdQ ~ 2_7.(60(31.3143)‘
|0|<e

Ca
The tails. Now, for the short and long tails, we will show that the contribution is of a lower order than
€€ e 1/2 e rewrite the absolute value of the integrand:

C(e*® ¢se'?)—nif

= exp (Re(C(e"”, (e))) .

e
Thus it is sufficient to show that for all |#| > ¢, it holds that
Re(C(e”, (™)) — Re(C(e”, () + 3 log ey — —cc.

Note that log c; = W (n) + O(log W (n)) = O(1). In addition, Theorem teIIs us that

C(eis, Cs) =cy+s- ((1161 + %(02 — Cl)) + @(1)

Since Re(ay) = 0, this yields Re(C/(¢”%,(,)) = ¢y + O(1) = eV + O(1). In conclusion, it is
sufficient to prove that for all || > ¢, it holds that

Re(C(e, ¢e?)) — eV ™ 1 O(1) » —ox, (34)

where the divergence needs to be faster than any polynomial in W (n).

We take the expansion of C'(¢?*, (,¢%) w.r.t. s in the first argument and use the relation d,,— C'(w, z) =
ﬁ(OQ(w7 Z) - Ol(w7 Z)) = Z2€z

e (C(e”, e”)) =Re (0(17 Gse) + Z.—8(02(1, ¢se) = Ci(1,¢ee)) + (’5(52640)>

= e (¢ + o czee ) + 00,

(35)
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We compute the real parts of these terms:

Re (egsei") - ‘ecseie cos Arg (eCSew> — Re(6¢) o Im (¢se™)

= eldsleos®alot0) o5 (|, | sin(Argl, + 0)) .

We now get rid of |(;| and Arg,. We write cos( + Arg(s) = cos(6) cos Arg(s — sin(#) sin Arg
~ 2
and use || = W (n)e®s*/2 = W(n) + O(s2), and ArgC, = Im(ay)s = — £ E2W0) o4 oy

2 W(n)+1
cos Arg¢, = 14 O(s?) and sin Arg(, = 5% +O(s%).

This allows us to rewrite the exponent to
sW(n)®+ 2W(n)?

|Cs| COS(Q + Arng) = ( )COS@ + 5 W(n) +1

sinf + O(s?),

so that

W(n)? +2W(n)? . ~
e|Cs|cos(6’+ArgCS) — eW(n) cos @ <1 _|_§ (TIL/?/(:;) - 1(”) sin 9) + 0(1)

For the other factor, we write

cos(|Cs| sin(f + Arg(,)) = cos ((W(n) ( %) - (sm& — gW(I/Ii(;; imi(n) cosf + @(32)))

sW(n)®+2W(n)?

= cos (W(n) sinf) — o= OES R 9) + O(s?)

sW(n)®+2W(n)?
2 W(n)+1

= cos(W(n)sin @) + sin(W(n) sin ) cos ) + @(82)7

Combining these two terms and noting that cos(W (n) sin #) sin 0+-sin(W (n) sin 0) cos § = sin[0+
W (n) sin 6], we obtain for the first term of

sW(n)® + 2W(n)? sin[f + W (n) sin(@)]) +0(1).

Re(@csew) _ €W(n) cos(0) (COS(W(”) 31n(9)) + 5 W(n) +1

For the second term of (35), we write

Ro (4 ¢2et0ere” ) = =2 [2elél o0 440%) in [2ArgC, + 20 + |G| sin(0 + ArgC,)] + O(1)

_ _gW(n)2 <6W(n) cos(6) 4 @(s)) : (sin [20 + W (n)sin(0)] + @(8)) +0(1)

S

= W (0% sin[20 + W (n) sin(9)] + O(1).

Combining those two terms, we obtain for (35)

Re (C(eis, Csew))
= Vs oos(W (n) sin f) + O(1)
seW (n) cosd (W(n)3 + 2W (n)?
2 Win)+1

sin [0 + W (n) sin 0] — W (n)?sin [20 + W (n) sin 0]) .
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2
The short tail. We use (4.3) to show that holds for ¢ < |0] < & where ¢ = ¢ 5" and
5 = e W/5 We bound eV (M cos? < cW(n) gng

cos(W (n)sinf) < cos(W(n)sine) =1 — W (n)*” + O(e%).
Hence, the first term of is
e eost cos(W(n)sin ) < eV — LW (n)2e?e™ ™ + O3V ™),

What remains to show, is that the term linear in s is of a lower order than £2¢V'(") = O(V(")/5),
Recall that in the current regime 6 — 0. Hence, we have

sin[ + W (n)sin ] = sin[f + W(n)0 + O(6%)] = (W(n) +1)8 + O(6°).
And similarly, sin[26 + W (n) sin 6] = (W (n) + 2)0 + O(6?). Substituting this yields

W(n)3 + 2W(”>2 . 2 . .
Win) + 1 n (0 + Wi(n)sinf) — W(n)*sin (20 + W (n) sin 6)
= (W(n)3 + 2W(n)2) .0 — W(n)Q . (W(n) + 2) 0+ @(93)
= O(6%).

Therefore, the second term of (4.3) has contribution

§€W(n) . @(03) _ (5 (SeW(n)(')‘Z’») _ @(6(—%+1—3~%)W(n)) _ (5(6—11—0W(n))7

2

which is indeed negligible compared to O(eW™/5) I the first equality we used s = O (e~ ()/2)
and ] < 6 = O(e=/),

We conclude

Re (O<€is’€seie>) — W) — —lW(n)2 2,W(n) 4 (9( ) ~

5 —1W(n)%2e" ™ & oo,

2

as required.

1
The long tail. We now show that holds for § < || < 7, where § = ¢ 5" (™) Recall that
G| = W (n)e®s*/2 = W (n) + O(s?), so that (, = W (n); we simplify (@3) to

Re (C(e”, (")) = e0cs? (cos((o sin0) + @(s)) :
and use the bounds cos((ysin ) < 1 and cos < cos ¢ to write
; ' > W (n)(1- 2 1o A
Re (C(e”, (se™)) < Vmeoso (1 + (’)(s)) = V(=5 +00Y) (1 + O(S))
— WO (1= LW (m)e W5 0(6—4W<">/5)) (1+O(s))
_ 6W(n) . lW( ) 3W(n)/5 + O( /2)

so that Re (C(e%, (se?)) — eV (™ ~ —LW (n)e?W /5 — —oo as required.

We conclude that the contributions of the tails are negligible, and is thus dominated by the central
integral. This means, going back to (30), that

; ' s
Bu(e") ~ —me O,

V2ol
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Conclusion. Therefore, the asymptotics of the MGF are given by

I (2) e (e - et = (M) e e ) o)

E[eisMn] —

where we used (, = W(n), C(1,W(n)) = ¢p and n = ¢; in the last step. Next, we substitute
(s = W(n) exp(a1s + azs%/2) and use Theorem 3.2 to write the exponent as

2 2

a a? aqt ¢y — 2c3+ ¢
+82' (—2014‘—1024‘—1(03—62)—%) +0(1)

1 ) a? ait cy —2c3+c
= S - (_62__61) +52' (_1C2+_1(C3_C2)_¢) +0(1)

log]E[e”M"] = —a1015 — ayc15° /2 + 5 - <a101 + —co — —01)

8

In the linear term, we recognize the mean 11, = 1(ca — ¢1) = AW (n)2e"™ = In. W(n). The

quadratic term corresponds to the variance, which we derive as

2_04—203+02_ 9 B . o _C4—203—|—CQ (03—62)2_(03—02)2
Op =~ a1 — il (c3 — o) = 1 + 10 50,

CoCy — 20oC3 + €5 €3 — 20903+ €3 acy — C

462 402 402
Recall that ¢, = (20.)"C(1, 2)|.=w (n), which allows us to compute

caca—c: W (n)(W(n)+1) (W (n)+6W (n)3+7W (n)24W (n)) =W (n)2(W (n)2+3W (n)+1)? eW(”)
deo 4W (n)(W(n)+1) '

Note that the term of order W (n)% cancels, while the term of order W (n)® has coefficient 1. Hence,
the numerator is asymptotically equivalent to W(n)5 while the numerator is asymptotically equivalent
to W (n)2. This tells us that o2 ~ W (n)3e"'™ = LW (n)? . n. Finally, we complete the proof by
substituting s = o/, = O(e~V(™/2) and writing

M, — iy, 1,2
E {exp (ioz—'u )} ~ e 2 )
O-TL

which concludes the proof of the proposition, and thus of Theorem [1.2|(ii). O

5 The subcritical regime (p < 1/2)

This section investigates the statistical properties of CG,, ,, when pis fixed in (0, 1/2). The correspond-
ing value w = ﬁ then belongs to (0, 1). Section provides analytic properties of the generating
function C(w, z) of cliques and asymptotics for the generating function of cluster graphs of a given
size, that are applied in Section and Section to derive central limit laws for the number of
cliques and edges of the graph. We further investigate the degree distribution in Section 5.4
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5.1 Hayman admissibility
Hayman admissibility is a classical tool from analytic combinatorics [13| Section VIII. 5.1], [20, 42] to
extract asymptotics from generating functions. The next result is a small variant, tailored to our needs.

Lemma 5.1. Consider a series F'(z) with nonnegative coefficients and radius of convergence p (pos-
sibly infinite), and a series A(z) with complex coefficients and radius of convergence at least p. Define

a(z) = 20, log(F(2)), b(z) = (20.)*log(F(2)),

and assume

B Capture condition. lim,_,, a(z) = 400 andlim,_,, b(x) = +o0,
B Locality condition. There exists a function 0y(x) from (0, p) to (0, ) such that

A(Iew) -~ A(l‘), F(mie) -~ F($)eia(x)9—b(a:)92/2

T—p T—p
uniformly for || < 6y(z),
B Decay condition. Uniformly for 6y(x) < |0 < 7, we have

|A<:c>|F<x>> |

A(ze®)F(ze) = o < )

Let { = ((n) denote the unique solution in (0, p) of

CF'(C)
F(¢)

=n.

Then
A(G)  F(Q)

Proof. The coefficient extraction is represented by its Cauchy integral on a circle of radius (

[z"]A(2)F'(2) = L%A(Z>F<Z>Z(ji1 = % /_7r A(Ce™)F(¢e?)e ™0ds.

[2"JA(2) F(

- 2im
The integral is cut in three parts. The central part and the tail correspond respectively to

Y

(C@iG)F(CGiG)G_inedH.
2m 00(¢)

¢ (%O . o
]central - _/ A(CGZG)F<CBW)6 zn9d97 ]tail -
2 —00(¢)
The third part is the negative tail, which corresponds to the same integral on [—m, —6y(()]. We will
now extract the asymptotics of the central part, showing that it is equal to the asymptotics of the the-
orem, then prove that the tail is negligible. The proof that the negative tail is negligible being identical,
this will conclude the proof of the theorem.

zF'(x)
F(z)
tends to infinity as « tends to p. It is an increasing function (see [13]) because F'(z) has nonnegative

coefficients. Therefore, ( tends to p as n tends to infinity. The locality condition then yields

Central part. Since a(z) is defined as , we have a(() = n. The capture condition ensures a(x)

—-n  00(C) A '
Icentral ~ g A(C)F(C)eW(C)e—b(C)m/Qe—znGdQ‘

2m —60(¢)
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After injecting a(¢) = n and applying the change of variable © = /b(()0, the expression reads

00(C)
Toomeas ~ A(Q) )] / VO _dn_

The combination of the locality condition and the decay condition at § = () implies that 6y (¢)+/b(¢)
tends to infinity. Thus, the integral converges to the Gaussian integral and

LA FE)
centra. \/W(O Cn

Tail. Let us now prove that the positive tail is negligible compared to the central part. The same result
holds for the negative tail. The decay condition implies

Tiai < /9 A(¢e®)F(¢e®)e ™|df = o (?%Fc(n)>

and the tail is hence negligible compared to the central part. O

The following result is an application of Theorem[5.7]and is our main tool for extracting asymptotics in
the subcritical regime p < 1/2. Recall the definition

S IEE
n>1 n

and C(w, z) = Cy(w, 2).

Lemma 5.2. Consider real values w € (0, 1) and s in a neighborhood of 0, a complex value v in
small neighborhood of 1, and nonnegative integers r, k. Then the following asymptotics hold as n
tends to infinity

: log(*/w) K
n k e’Clw,z) ¥ s RA
[2"]Cr(w,vz)%e D C, (w,ve")" exp (e°C(w, e”) — ny)

where vy = 7(s) is defined implicitly by C(w, €7) = ne™* and goes to infinity with n.

Proof. We will prove that the conditions of Theorem [5.1| are satisfied for A(2) = C,(w,vz)* and
F(2) = e“(®?) _In the notations of the lemma, we have

a(z) = e’Ch(w, 2),
b(z) = e’Cy(w, 2),
e’Ci(w, ) = n,

and hence ( = €”. In order to apply Theorem we introduce the positive value 7, characterised by

()= = (.

Taking the logarithm, we have in particular

v ~ 7log(Yw).
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Theorem 3.4]then implies
e’ Cy(w, ) ~ e*1C (w, () = nT ~ ny/log(Yw).

Injecting this and ( = €7, we obtain

Nk
[2")C(w, vz2)kes Cw2) Cr (w;ve') exp (e°C(w, e”) —nvy) .

V2 [ Tog(a)
We now check that the conditions of Theorem are satisfied.

Capture condition. The radius of convergence p of C'(w, z) is infinite since w € (0, 1). For any
k > 0, the function C'x(w, x) tends to infinity with z, implying that a(x) and b(x) both tend to infinity.

Locality condition. Set
c(2) = (20.)° log(F (2)) = €*Cs(w, 2).
A rule of thumb from [13, Section VIII. 5.1] is to choose 6y (¢) such that

b(()0o(C)* = +o00  and  c(¢)Bo(¢)* — 0.

Given the asymptotics from Theorem 3.4] given by
Ck(w7 C) - w_72/26®(7)7

we choose 0y (¢) = w™/°.

We now check that the first equation of the locality condition is satisfied, namely that
Cr(w, v¢e”)* ~ C,(w, v()* (36)

holds uniformly for |6 < 6,(¢) = w™ /5. Taylor's Theorem is applied at # = 0 with a remainder
denoted by Ry(6) }

C(w,v¢e?) = Cp(w,v¢) + Ro(6),
where

0
|Ro(6)] = / at@(w,vce%dt\éqmw, [0]¢)w™/?
0

for any |0] < w™ /5. Theoremyields, for v in a small enough vicinity of 1,

Cry1(w, [v]|€) ~ |Cryr(w, vQ)| ~ 7|Cr(w, vC)|

where
log(1/w
W (222 lc)
log(*/w)
The Lambert function 1 () is characterised, for z > 0, by W (z)e"' @) = 2, s0 W (x)+log(W (z)) =
log(z) and we deduce W (z) < log(x). This inequality is applied to

7=

T <

log(¢) log(7)
Tog (/0] +O() <7+ s (/o) +O(1).

We deduce
[ Ro(0)]

L S B 7~_w72/5 0 Tw” 2/5 o o
Crw 0] = (L+o(1)) < (1+0(1)) = o(1),
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proving (36).

We follow the same approach for the second equation of the locality condition, namely

eeSC(w,Cew) ~ eeSC(w,C)eieSCl(w,C)G—eSCQ(w,C)92/2 (37)

uniformly for |§| < w™/3. Taylor's Theorem is applied to C'(w, (™) at = 0 with a remainder
denoted by Ry(#) to obtain

Clw. ) = Clw,€) + BpaClw, G0 + Ty Clw, C) 2 + Raf6)
92

= C(w,¢) +ia(C)0 — b(¢) 5 + Ra(0).

This remainder is expressed in its integral form and bounded in the case |0| < 6y(() by

’ 3 it (9—t)2 723/5
|Ro(6)| = / 0;C(w, Ce )Tdt < sup |Cs(w, z)|w™ /",
0

|z[=¢

Since Cs(w, z) is a series with nonnegative coefficients, we have

sup |03(wa Z)| S 03(w7 C) = w_TQ/Qee(T)a
|z|=¢

so the remainder tends to 0 and is satisfied.

Decay condition. In order to prove that

; koe*C(w,C)
Cy (w, v(e) e O™ — <Cr<w, uQ)kerClw )

CZ (wv C)
uniformly for w™ /5 < |7| < m, it suffices to prove (looking at the logarithm)

0
Culmscetl)

S ( 1
. (Re(C(IU,Ce 9)) _ C(’LU, C)) + 5 log(OQ(UJ,O) + klog ( ’Cr(lU,UO’

By Theorem the third summand is bounded and the second summand tends to infinity polynomi-
ally fast in 7. Thus, it is sufficient to prove that Re(C'(w, () — C(w, ) tends to —oco exponentially
fastin 7.

Recall 0y(¢) = w™/5. Let us assume 0 € [0,(C), 7], the case 0 € [—m, —0,()] being symmetrical.
We claim that there exists a real value ¢ € [—1, 2] such that 7 + ¢ is an integer and (7 + ¢)6 is not in
[—00(C), 00(¢)] modulo 27. If |7 is notin [—6y((), 8p(C)] modulo 27, we take ¢ = | 7| — 7, which
belongs to [—1, 0]. Otherwise,

W if0 € [200(C), | then (| 7] +1)8 is not in [—0((),b(¢)] modulo 27, and we choose
c=|1]—7+1,

W if0 € [0(C),20(C)], then (| 7] 4+ 2) 0 is notin [—0y((), 8p(¢)] modulo 27, and we choose
c=|1|—-17+2.
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Neglecting the negative terms corresponding to né € [—6y(¢), 0o(¢)] modulo 27, we have

Re(C/(w, Ce™)) — Clw, ¢) = 3 (cos(nf) — 1)w(3>%
< (cos(6o(¢)) = 1) 3 w(’;)%
n8¢1—60(0), 9a(C)] mod 2
QO(C)Q 9 e CT+C
< -0 (14 0(0(¢)?) )(HC)!.

We replace ¢ with 7(1/w)7~'/2 and apply Stirling’s formula to obtain

Re(Clw.¢e)) = Clu ) < =255 (14 o) ) UL TED o)
< —00(2—021002/21072/2\/%(1 +0(1)).
We replace 6, (() with its expression w™/% and conclude
Re(Cw,6e) — Clw,©) <~ a2 E_(1 4 of1)
2 V2rr
which tends to —oo exponentially fast in 7. O

5.2 Number of cliques

In this section, we study C,, ,,, the number of cliques of CG,, ,. We denote respectively by i, , :=
E(Cy,p) and 0., := Var(C,,) the mean and the variance of this random observable throughout
this section. The aim of this section is to derive a central limit theorem for C,, ,, in the subcritical regime
p <'/2orw = {2 < 1and thus prove Theorem(iii).

Proposition 5.3 (CLT for the number of cliques). Letp < /2. Then

Enp e, nr(o,1),

On,p

in distribution as n — oo, where

N Rl =)
log(n) 2

9 n <1Og(ﬁ>>3/2 €w,o(T)ewa(T) — €w1(T)?

Tnp ™ log(n)®/> . 2 wo(T)?

Hnp ~

Y

and the functions e, ;(T), j = 0, 1, 2, are the periodic bounded functions, given in Theorem|3.5
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Proof. We prove the claim by showing that the moment generating function of the normalised number
of cliques converges appropriately in a neighbourhood of zero. By Theorem[2.4]the moment generating
function of C,, ,, is given by

[Zn] 6350(11),2)

PGFCn,p (65) — W) S 6 R

To obtain its main asymptotics, we apply Theorem for v = k = 0 and consider ~y(s) implicitly
defined via O} (w, €?*)) = ne~*. Thus, by Theorem 5.2

PGFc, ,(e*) ~ exp (esC(w, 67(8)) — C(w, 67(0)) —n(y(s) — 7(0)))

Let us define the function H(s) = e*C(w, e’®)) — nvy(s). We obtain from Taylor expansion with
Lagrange remainder

PGFg, ,(€°) ~ exp (H'(0)s + H”(O)% + H”'(t)%), forsome t € (—s,s). (38)

Using 20.C,(w, z) = Cyy1(w, 2) and C; (w, €7*)) = ne™*, we obtain the following derivatives:
H'(s) = e*Cl(w, "),
H"(s) = e*C(w, ") +ny/(s), and (39)
H"(s) = e’C(w, ™)) +ny/(s) + ny"(s)

From differentiating both sides of the equation C} (w, €?*)) = ne~*, we infer

’ . Cl(w, e’Y(S))
v (s) = —W and .
Cg(w,e’Y(s)) B C’l(wjev(s)) B Cl(wje'y(s)>03(w7e,y(s)) (40)

CZ(w> 67(8)) N CQ(U), 67(5)) C’2<w7 @7(5))2

7'(s) = —7'(s) +7'(s)

Further, we define 7(s) via the equation €”®) = 7(s)(1/w)™®~1/2 and write 7 = 7(0). Hence, we
can imply Theorem 3.4]and obtain

Ey . (7)

C, 7(0)y — C, y(0)y__Zwr\T )
(U), € ) +1 (wv € )TEw,'r-i—l(T) )

where we recall E,, (1) = E,(7,0). By Theorem we infer E,, (7)) ~ Ey,4+1(7). Moreover,
Theoremimplies T ~ +/2log(n)/log(1/w). We thus infer,

Ci(w, e NE,o(t) n log 1/w
o~ H'(0)=C 70y — 21\ w, ~ o~
ping ~ H(0) = Clw, ) 7By (7) 7"\ 2logn’

NEwQ(T) _ nCl(w,eV(O)) . E Ew’()(T) _ Ew71(7'))
TEy1(T) Co(w, () B Eu1(t)  Eyalr)”

Similarly,

on, ~H"(0) =

To derive the order of the difference on the right-hand side, we apply Theorem [3.5|and infer for » € N

Eup(1) = Buo(7) + D75 (are(r) — are(0))ew () + O(). (41)
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Using the coefficients given in Table[l] we obtain

ao,0(r) — aop(0) =0,

a1 o(r) —aio(0) =0, a11(r) —a11(0) =7, a;2(r) — a12(0) =0,

a,0(1) — az0(0) =0, ag1(r) — az1(0) = 5, az2(r) — az2(0) = § — 7, az3(r) — az3(0) = —1L,
(r) 0)=0

Using this, it is straightforward to deduce

Euwo(T)Ewa(T) — Eyi(7)? B T2 (ew,g(T)Ewp(T) — 63;,1) s
Bor(DEualr)  Ewmmpioiry O

| __sCwo(T)ewa(T) — ewa(7)? _3
-7 ewo(T)2+ O(171) +0(m™),

from which we immediately infer

N 261070(7')61072(7') — ewa(7)?
T3 ewo(T)?

05~ H'(0)

Finally, we consider the third derivative. It is straightforward to deduce from and that

m : it yo Ca(w, W) Byo(r(t)) By (1(1))Ews(T(t))
H"(t) =e'C(w,e ( )) +ny (15)—02(11}7 ) =e nTEw,l(T(t)) -n Fua(r(1))

= O(n),

forany t € (—s, s). Consider now the sequence s,, = s/, ,. Lett,, € (—s,, S,) be the argument
of the third derivative in the Lagrange remainder of the Taylor expansion of H (s,) at zero (for a fixed
n). Then t,, = O(s,,), implying

H"(t,)t2 = O(n - o) = o(1),
as 7 only grows logarithmically in 7. Combining the above with (38), we obtain

. — 2
lim e " PGFg, (™) = e* /2,
n—oo

concluding the proof. O

5.3 Number of edges

In this section, we derive a central limit theorem for the number of edges in a subcritical cluster graph
following the same strategy used in the previous section. The following proposition is the main result
of this section and proves Theorem (iii). Recall that the umber of edges is denoted by M,, ,,.
We further adapt the previously used notation and write EM.,,,, = fin, and Var(M,,,) = o7,
throughout this section.

Proposition 5.4 (CLT for the number of edges). Letp < 1/2. Then

Mn - Hn
i SR u’pHN(O,l),

On,p
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in distribution as n — oo, where

log(n)
n d
He ™~ M D log () "
) VIgn'  ewo(T)ewa(r) = eun(r)?

~

Tn.p 3
V2+/1og 1w €w,0(T)

where the periodic, bounded functions €., ; (1),j =0,1,2, are given in Theorem

Y

Proof. We follow the same approach as in the previous proof of Theorem By Theorem the
moment generating function of M, , is

n![zn]ec’(esw,z)

POFM,, () = et

;s <logl/w.

Note that the restriction s < log 1/w guarantees e*w < 1 so that Theorem can still be applied
when w is replaced by e*w (where we additionally chose k& = 0,v = 1 and also consider ¢’ = 1 in
the exponential). Hence, by Theorem

PGP, (¢*) ~ (822 ) M exp (H(s) — H(0)).

log 1/w—s
where now H(s) = C(e*w, ") — ny(s) and v(s) is defined implicitly via C; (e*w, e?®)) = n.

Using Taylor expansion with Lagrange remainder, we obtain

PGFM. (%) ~ (oete 1/4exp H'(0)s + H"(0)S + H"()Y), forsome t € (—s,s).
n,p 2 6

log 1/w—s

Writing now 0, for the partial derivative with respect to the first and O; for the derivative with respect
to the second argument, we have for all » € N

010, (w,2) = 2w ™ (Cria(w, 2) — Crpr(w,2) and 2050, (w,2) = Cryi(w, 2).

2
This yields for the derivatives of H
H,(S) —= %(02 esw e’Y 5) Ol(esw 67(5)))7
H"(s) = L(Cy(ePw, 7)) — 2C5(e*w, 7)) + Cy(e*w, 1))
+279/(s )(C’g(e w, e’®) — Cy(ew, 67(8)))

as well as
H"(s) = 5(Cs(e*w, 7)) — 3C5(e*w, ")) + 30y (e*w, ') — Cy(e*w, 7))
Wlis (Cs(e*w, e) — 2Cy(e*w, 7)) + Cy(e*w, ™))
+ 4 (f (Cule’w, @)y — 03(6510767(5)))
+12 (C’4(e w, 7)) — Cy(e’w, 67(5))).

We infer from differentiating C' (e*w, €?(*)) = n with respect to s that

+(s) = _C’g(esw, 7)) — Cy(efw, 7)) N _T(s)
20, (esw, e7(9)) 27
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where we applied again Theorem|[3.4/and 7 (s) is the solution of €?(®) = 7(s)(1/w)™/2.

Cu(e*w, ) Cs(ew, 7)) — Cs(etw, e7)2 + 29/ (5)Cs(e*w, e7(9))?
20 (esw, e7(9))?
Cs(e*w, 7)) — Cy(e*w, 7)) + 29/ (5)Cy(e*w, 7))
205 (esw, e7(9))

29"(s) =

=O(7(s)*).

Performing similar calculations as above in (41), we obtain, writing v = ~(0) and 7 = 7(0), and
using Theorem [3.4]and Theorem [3.6]

H'(0) Co(w,e7) = Ci(w,e’)  n (TEwQ(T) 1) nr logn
n ~Y —_= = - — ~ — ~ N _—
Hnp 2 2\ By, (1) 2 21og

as well as

o2~ H(0) = Co(w, e7)Cy(w, e?) — Cs(w, e7)? _ N7’ Euya(T)Eup(T) — Bup(1)?
P 4C(w, e7) 4 Ey (1)
Viogn’ €uwo(T)ewa(T) — w1 (T)?

nﬁ\/log 1/w3 €w,0(T)

Further, by a similar calculation for any ¢ € (—s, s)

H"(t) = O(n7(t)°).
Combining the above and writing s,, = s/o,,, yields
—Mn,pSn Sn log 1/w 1/4 2 $2
e Hmrin PGFy, , (€°7) ~ (—logliwcsn) exp (5 + (’)(7’3/2/711/2)) ~ e* /2

and thus concludes the proof. O

5.4 Degree distribution

In this section, we derive the limit of the degree of a randomly chosen vertex D,, , for p < 1/2. The
main result of this section is a refinement of Theorem [1.3 (iii), which is stated in Theorem For its
proof, we rely on the following lemma in order to deal with the periodicity of the functions e, (T, 0).

Lemma 5.5. Let 7(n) be defined implicitly by
Ci(w, 7(n) - (1/w) ™72 = p,
Then, for every X € [0, 1), there exists a subsequence (7’(’/1](:\))) ke, such that
() = [7(ng))] LA

Proof. From Theorem we obtain

B 2logn B 1 o
") =\ og(1/w) " Tog(i/w) TN
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from which we infer 7(n + 1) — 7(n) — 0. Consider A € [0, 1) fixed. We show that there exists

a subsequence (n,(f))keN such that the fractional part of T(n,(j)) converges to \ from above. Fix a

sequence € | 0 with g < 1 — X and assume that the first values (ngk))
chosen. There exists NV > n,(i)l large enough such that |[7(n+1) —7(n)| < €4 holds foralln > N.

if 7(N) — [7(N)] € (A, A+ &), we set ngj) = N. Otherwise, we choose n,(f) > N to be the
smallest integer such that

¢<k have already been

(M) > [7(N)] + 14 A,

which always exist as 7(n) increases to infinity. We deduce from T(TLE:\) —1) < |7(N)]+1+Xand
I7(n™M) — 7(nY — 1)] < & that

(M) € [[7(N)] + 14X, [T(N)] + 1+ A +ex].

Since A + ¢, < 1, this implies LT(n,(j))j = |7(N)|+ 1and T(TLE:\)) - LT(TL](:\))J € [AM, A +ek). As
ex 1 0, we obtain 7(n\V) — [7(nM)] | A. O

Recall that the degree of a uniformly chosen vertex in CG,, , is denoted by D,, ,,.

Proposition 5.6 (Asymptotic degree distribution). Let p < 1/2 and w = p/1—p. Define T := 7(n)
implicitly by Cy (w, 7(1/w)™~"?) = n. Then, asn — oo,

ED,,]=7—1+ Zzzg 8; +o(1),
w2 (7,0) ew1 (7,0) 2
Var(Day) = 2550y ~ (ew,o G o>> +ol)

Moreover, for A € [0, 1) and the subsequence ngj) as given in Theorem we have as k — oo,

D
Do, Ir(nM) — 1] 25 X,

where X, is as random variable with distribution given by

w(@=N2/2

]P(X)\:d):m, ford € 7.

In particular, all central moments of D,, ,, are bounded.
Proof. We obtain from (9) that the PGF of D,, ,, is given by

[2"]C1 (w, u 2)eC )
ulz"]Cy (w, z)eCw2)

PGFDnyp (U) =

We use Theorem[B.1lto write

log(1
R G e
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where ~ is defined implicitly by C (w, ¢”) = n. Hence, the asymptotics of the PGF are

1 Cy(w,ue)
PCFp., (W) ~ & wreny

After substituting u = ¢, and applying

, , Eya(T,s)
C w, eI tisy — w—T2/26(1+ZS)T p= w,1\ " :
1 ) VT Vo
from Theorem where 7 = 7(s) is related to y by €7 = 7 - (1/w)™~"/?, we obtain
1) Euwi(T, ) (1) Ewo(T, S)
CF ~ pilr—1) W, ) ~ plr—1) ZW, o/ 42
Do, (&)~ TR0 T eno(m0) 42)

To compute the mean and variance of D,, ,,, note that the characteristic function of D,, , — (7 — 1) is
asymptotically equivalent to

ew,o(T, s)

ewo(T,0)

The central moments of D,, ,, are equal to the central moments of D,,, — (7 — 1). The regular
moments of the latter are given by

d” ewo(T,s)

Cw 1"(7 ) O)
‘) 1 - ’
i - ds” €w70(7 s 0) ( )

E[(DMP - (T - 1))T] = » ewO(T 0)

+ o(1),

where we used e, (7, 5) = i - €yr41(T, 5). In particular, these moments are bounded for all 7, so
ds "W, T+

that the central moments of D,, ,, — (7 — 1) (and hence D,, ;) are bounded as well. We use the first

two moments of D,, , — (7 — 1) to calculate the mean and variance of D,, ,, and derive

ew,1 (T, 0)

1
6w70(7—70 +O( )7

ED,,=(r—-1)+ED,,—(r—-1)]=(—-1)+

and

Var(D,,,) = Var(D,., — (r — 1)) = ZZZE: 8; - (ZZ;E: 85) +o(1).

In order to prove the desired convergence in distribution, consider A € [0, 1) and let T(?”L)\)) be a
) . Then,

subsequence for which 7(n;") — Lr(n,(g’\))J — A holds (which exists due to Theorem
using (42), we obtain for the characteristic function of D, ) — LT(n?)) -1,
ko

/261 § —X\)?/2 ids
girs ew,0(A, s) _ S iren W /2 gi(A+1) _ S en w(d=N)?/2 pid
ewo(A,0) ew,0(A, 0) wo(X,0)

— E [eiX)\S} .

P, ()01

This concludes the proof. O
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6 The supercritical regime (p > 1/2)

In this section, we consider CG,, ,, for p > 1/2 fixed. Our main result, Theorem [6.2] shows that with

high probability, the graph contains only one clique, i.e., C,, ,, E> 1. This proves Theorem (i),
Theorem [1.2] (i) and Theorem [1.3](i). In addition, Theorem provides an asymptotic expansion of
the probability P(C,, , = K,).

The choice p > 1/2 implies that w = ﬁ is greater than 1, so that the series
()7
C(w, z) = Zw v

has a zero radius of convergence. In this context, tools based on complex analysis are difficult to apply
(though not impossible, as illustrated by [12]). We will instead rely on tools dedicated to divergent se-
ries. We state a theorem derived by Dovgal and Nurligareev [11]. For general asymptotical techniques
for extracting coefficients from divergent series, we refer to [4]. Techniques for factorially diverging
series can be found in [9].

Theorem 6.1 (Dovgal and Nurligareev [11] proof of Proposition 3.4 p.17]). Consider a series A(z)
and assume that there exist cv, 3 and coefficients (ay, ;)m,¢ such that for any n and R, there exists
M (R) satisfying the expansion

N M(R)-1
nl[z"A(z) = aﬂ(z) < Z o~ Z nn—1)---(n—L0+1)a,, ,+O (a—RnnM(R)) )
m=0 =0

Consider a function (=) analytic at 0, then there exists a sequence (15, ,)m.¢ and a function My(R)
such that for any n and R, the following expansion holds,

R-1 Mo(R)—1
nl[2"F(A(2)) = of(3) ( Zzoamn ; n(n—1)--(n— €+ 15, + O (o FrpM@) > _

Moreover, the coefficients (nﬁm 2)m.¢ are equal to

l
J— k O
e =Y G)a o [FF(A(2).
k=0

Proposition 6.2. Consider a fixed p € (1/2,1) andw = 1. Forany { > 0, let P;(y) denote the
polynomial

Piy) = [+ (1 3wyl — 1)y -+ Dl 1>[z’“160“”’2)> |

m>1

For any R € N, the probability of CG,, ,, being the complete graph is
R—1
P(CG,, =K, =1+ Z WP, (n) + O (w—RnnR> ‘
m=1

The first values of the polynomials P,, are

P = —wn,
Py =2 (w? +w)n+ (2 —w — w?)n?).
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Note that P; is negative, so that the expansion of the probability does not exceed 1.

Proof. From Theorem we obtain

( n,p -Kn) n![Zn]GC(w’Z). (43)
To estimate the denominator, Theorem [6.1]is applied with

A(z) =1+ C(w, 2),

T &
oO=w=—-"-,
I-p
=1,
) {1 itm = ¢ =0,
amﬁz .
’ 0 otherwise,
F(z)=e""

Hence, there exists My (R) such that for all n and R,

R—1 M()(R)*l
n![z"]e¢?) = w(®) Z w " Z nn—1)---(n—L+1)n,,,+0 (w Moty |
m=0 =0
with .
o wl™ )[zm]ec(“’”‘) if ¢ =m,
.t 0 otherwise.
We choose My(R) = Rasforallm < R —1andall ¢ > R, we have 7;, , = 0, and obtain
R-1 »
nl[z"]eC ) = w(?) ( Z w™nn—1)---(n—m+ 1)w< 2 >[zm]ec(w’z) + 0O (w " n') ) .
m=0

(44)
This expansion is injected in Equation (43)

B(CCnp = ) = (i W n(n—1) - (n—m+ (") [0 L0 (w k) )

Let P(y) denote the polynomial of degree ¢ defined in the theorem. Observe that the term corre-
sponding to . = 0 is 1, so that the inverse is well defined from a formal power perspective. Then

R-1
P(CG,, =K,) = Z w Py (n) + O (w ') .
m=0

In particular, we have Py(y) = 1, so this probability tends to 1 for any w > 1 and hence particularly
for any fixed p € (1/2,1). O

Theorem|[6.2tells us that P(CG,,, = K,,) = 1 — nw' ™™ + O(n*w~"). At first glance, one might
hope to use this result to locate the phase transition more precisely by solving nw' =" = 1/2. However,

. 1/(1— . _ .
the resulting w, = (5-) /07" yields an error of the order n?w;2" = O(1), so that Theoremls
not strong enough to tell us whether this sequence is subcritical or supercritical. In the next section,

we provide tools to better locate the phase transition.
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7 The near-critical regime (p | 1/2)

The goal of this section is to identify the critical window around the established phase transition at
p = /2 and to study the near-critical behaviour from above and ultimately prove Theorem For
some ¢ € (0,1), let p,(q) be the sequence that satisfies P(C,, ;) = 1) = ¢. Recall that the
function p — P(C,,,, = 1) is continuous and increasing in p for each fixed n, which guarantees the
existence of such a sequence. Further, for each ¢ and p < 1/2 there exists ny with P(C,,,, = 1) < ¢
for all n > ny by Theorem (i) and (iii). On the contrary, for all p > 1/2 and large enough n, we
have P(C,,, = 1) > ¢ by Theorem[1.1](i). Our goal is to derive the leading order term of p,,(¢q) — /.
Further, we investigate the structure of CG,, ;,, () when it is not the complete graph.

Let us write ¢ = log p — log(1 — p) in the following. Further, we denote by p(t) = (1 + e~%)~! the
inverse of this relation, which plays an important role to describe the bounds on p,,(¢q). We consider
tn == logpn(q) — log(1 — pn(q)) and derive a lower and an upper bound for it in order to prove
Theorem[1.5] These bounds are given in Theorem|[7.1]and Theorem[7.2]

Lemma 7.1. The sequencet,, = log p,(q) — log(1 — p,(q)) satisfies the lower bound:
log B, +logq 210gn —loglogn — 1+ o(1)

B n

Proof. Since t,, > 0 and B, (e') is monotonously increasing, we have B, (e*) > B,(1) = B,
implying

e(g)t" e(@t"

<
B,(et") = By,

q= EI>(Cn,pn(q) = 1) =

Rearranging terms yields
fs log B, + logq

-0
and we infer the asymptotic order by substituting
log B,
n

= logn —loglogn — 1+ o(1),
as proven in [10Q]. O

Proving an upper bound for the critical sequence is considerably more challenging. Note that fort < 0,
we have B,,(e") < nl, while for constant ¢ > 0, we have B,,(e")/n! — oo. We show in the following
lemma that the sequence ', defined by B3,,(e'») = n! provides the desired upper bound.

Lemma 7.2. Lett! be the sequence defined by Bn(et'n) = n! for every n. Then asn — oo, we have
Cn,p(t%) E) 1 and

v o< logn! _ 21ogn— 1 Lo <logn> .

n — n 2
(5) n n

Proof. Note that the event {C,,, = 1} is equivalent to {S,,, = n}. The bound ¢/, < logn!/(})
follows immediately from
Bt ()t

b2 B =) = gy =
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The asymptotics are obtained by the Stirling approximation logn! = nlogn — n + O(logn)
In the remainder, we will prove

n—1

]P)(Sn,p(t;l) 7'é TL) = ZP(STL’ZJ(%) = S) — 0.

s=1

We split this sum into three parts and prove that each of them vanishes. Let e € (0, 1)

Case s > Hen Let us write s = n — r. Our aim is to make use of the bound

B n "
B(S, 0y =1 — 7 <_T(—n) | s)
( (L) ) ! n!("*r)/(z)

To derive this bound, we note that S,, ,; y = 1 + D, (11 ), s0 that by Theorem[2.5] we have

n—1\ B,(e') , (n—r
P(Smp(tﬁl) =n-—- 7’) = P(Dn,p(t;) =Nn-—-—7r— 1) = < . > B (6%)6%( 2 )

Since (”;1) <n"/r!,and
)= 3 @ < g, - ehld) = B, - (i),
GeCg,
as well as B, (e'") = n!, we find

(77 1) B ) < e (e

r n) rin!

To obtain (@), we substitute t, < %™ and infer

(3)
B (N < B (@) 2 BB n )
rin/ - 7l rl =0 el \ )/ (5)
n! \2 '
We use this upper bound by noting that n — r > =n > £=£(n — 1), so that
n _.n
=: 2,
nl=n/(5) T gl
Note that n!'/™ ~ n/e and hence z, ~ e'T*n~° — (. Combined, we infer
Z P(Spp)y=n—1) < Z z’”<Z—z =" -1 —0,
1—¢ 175 :

as n — oo, where we uses the fact that the exponential generating function of the Bell sequence
equals

> x

D Bis=

r=0
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Case s < logn. For the following two cases, we use the different bound

P(Sypier) = §) < ————.

(46)

In order to prove this bound, we use the that ¢/, is a decreasing sequence while B,,(-) is monotonously
increasing, implying B,,_s(e'n) < B, _,(en—s) = (n — s)!. This yields

n— 1) B,_(et) () < n—1!" (n-— s)!e(;)t/n _ 1 o)

IEDS” ry = = — 2 < -
(Snpi) = 9) (5—1 Ba(et) n—9)l(s— 1 nl n(s—1)!

We again obtain by substituting ¢/, < logn!/(%). Furthermore, for s < logn, this bound is
O(n~'), and therefore

fm o} P(Supi =) =0,
1<s<logn

Case logn < s < <n. We further bound (@8) by using (5) < s?/2, n! < n™and s! > (s/e)*
and derive

s n 52

nlG)/G) sy g logn , S on(s)

<2 = —exp s —slogs | =1 —e\.
n(s—=1! “n (s/e)*  n n—1 "

We now inspect the function ¢,,(s). We show that for n > €€, it is first decreasing and then increasing

on the interval s € (logn, 1%n) We compute the derivative to find the stationary points

1
qu—logs:() - =

log s 210gn
n-— s n—1

P (5) = 25

Note that 1"% is monotonously decreasing for s > e, sothat n > e® and s > log n imply that there is
at most one stationary point of ¢,,(s) in this interval. Hence, ¢,,(s) is either first decreasing and then
increasing or monotone and it is therefore bounded by the maximum of the two endpoints. Plugging
the two endpoints in, we obtain

1 3
on(logn) = ( ognl) — lognloglogn + logn ~ —lognloglogn,
as well as
5 1+¢ 14+¢e\*n2logn 14—51 1+¢ +1+5 1—521
n n|= — nlo n ne~ — nlogn
2 2 ) m—1 2 "%\ T2 2 T

both implying e?»(5) = n~?(loglogn) e therefore finally infer

S PGy =)< Y. 2em Smax{etilomm (T N2

log n<s< lgsn logn<s<%n 1ogn<s<1—§8n

S
< Z n1+Q(loglogn) 0.

log n<s<%n

This concludes the proof. O
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Proof of Theorem[1.5 Define

logn — loglogn — 1 logn — 1
ph=p (2 cen T e 08 ) , and pl=p (2—Ogn ) (47)
n n

Since p,,(q) = p(t,), we have by p~ < p,(q) < pY by applying the Lemmas|7.1]and 7.2 and the
fact that p(¢) is a monotone function. The proof finishes with the observation that both bounds are of
the desired order. 0

The structure of CGmpn(q). We now turn to the the graph’s structure whenever it is not the complete
graph (which happens with probability 1 — ¢). One may wonder at first whether there exists a clique
of size n — 1 and a single isolated vertex as the first error term in Theorem which is of order
ne~ (=1t corresponds to the n different ways of isolating a single vertex. We show however in the
our next result that this is not the case.

Proposition 7.3. For any sequence p,, € [0, 1], we have

lim P(S,,, =n—1)=0.

n—oo

Proof. We prove the claim by contradiction and suppose there exists a sequence p,, andan e € (0, 1)
such that

limsupP(S,,,, =n—1) > ¢. (48)
n—oo
Then there must exists a subsequence n; — 0o with ]P’(Sm,pnj = n; — 1) > ¢ for all j. Let

t; = log pn, —log (1 — py;) as before. We then have

P(Snj’pnj = nj)
P(Sn;p0; = 1) = P(Snp, =15 = 1) P(S —n; —1)
njvpnj - )

P(S 1) Sk
= nipn, — 14 — : e
7Png ’ (nj — 1)@( % 1)t1
e(nj 1)tj
=PSup, =1~ 1
J

Using the bound P(S,,, . = n;) < 1—P(S,,,, =n; — 1), we get

1-— P(Sn].,pn_ =n; — 1) e(mi—1)t;
S >
P(Snjmnj =N — 1) I 1

1 - ]P)(Snjapnj = n] - 1)
P(Snj7p7Lj = n] - 1) .

1
— ;< — . <10g(nj — 1)+ log

T

By our assumption (48), we have P(Snj,pnj =n; — 1) > ¢ for all j and therefore

1—¢ logn; 1
t; < - (log(nj—1)+log . > = n—j—i—(’)(nj ).

Now recall log B,, ~ nlogn. Hence, we infer for all sufficiently large n;

. (n—l)tn _ . B
P(Snp, =n—1) = - Bl)(et ; < nB Ll < nB—leénlog”w(") <e,
n\€™ n "
contradicting and thus concluding the proof. 0
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Figure 5: For n € {100, 500}, we show the expected number of cliques of each size at criticality (p = p,,(1/2)).

The previous theorem states that {S,,, = n — 1} does not occur with high probability in any
regime and therefore particularly does not occur with high probability inside critical window. In order
to illustrate the structure of CG,, ,,(4), We compute the expected number of cliques of each size via

the formula ()
n\ (s\; Bn_s(e
E [C’(S) } = nP(S =5) = ()t Zn=s€ )

n,p(t) ( n,p(t) ) s Bn(et)
The results for n = 100 and n = 500 for p,,(1/2) are shown in Figure [5a]and Figure 50| respectively.
We see that the size distribution of the cliques is bimodal, with one mode at nn and the other one close
to zero. Despite the fact that P(C,, = 1) = 3, the expected number of cliques E[C,,] still appears to
grow with . We only proved the absence of a cluster of size n — 1 with high probability, however we
believe that this is true for all linear sized components other then K.

8 The sparse regime (p | 0)

In this section, we investigate the structure of CG,, ;,, when p,, | 0, where we focus on the case
Pn = n=oto() for some o > 0. While classically the choice of p, = A/n refers to the sparse
regime of the underlying Erdds-Rényi graph, we refer to each such choice of p,, to a sparse regime
for simplicity. The main goal of this section is to prove Theorem[1.6/and Theorem [1.7} To this end, we
rely on the following two lemmas.

Lemma 8.1. Letp, = (1 + e )"t witht, ~ —alogn fora > 0, then S,,,, < 8/a + 1 with high
probability. That is,

lim P(Sy,, <2+1)=1.

n—oo

Proof. We have for any x > 2

n

P(Sip, >2) =Y (Z:De A(5) B setn" Zns ote3) < Z”s Lt s

S=T

Now note that for all s satisfying
s> (14 1)ler 4

—tn
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we have s + (3)t,/logn < —L1. Further, since logn/(—t,) < 2/a, this inequality is particularly
satisfied by all s > 8/a + 1. Hence,

concluding the proof. O

Lemma 8.2. Letp, = (1 + e )" witht,, ~ —alogn fora > 0. Forany two s, s' € N, we have

P(S,,, = s) < plo T to]s1ma(s)+o),

Proof. We use the asymptotics of ¢,, together with Theorem [4.3]to obtain

n—1 s\ B,,_ /(et") I _ s B _1(€t") s
P(S. . =)= tn(3) Prn=s\E") _ s'—14o(1)~(ato(1)(}) [ Pn
( n,Pn S ) <S/ _ 1) em"\2 Bn(etn> n 2 Bn(etn)

= K}s’n—l—a(z’)—i-o(l) S 17

n
. _ anl(et") . .
where we have written k,, = N=h(em) - This yields

1 s'—1
Kk <n¥tez o0 ve e N

Hence, for d € N,

]P)(Snp = S) f—y Hsn—l—a(§)+0(1) < n[aS/Q_l—i_i}S_l_a(;)—’—o(l)

n — Y

as desired. O

Proof of Theorem[1.ZZ We prove the equivalent statement for S,, ,, = D,, ,,. + 1. We set

o 2+0(1)

_2+0(1)
1—p,  (d+1)2

(d+1)2

t, = log logn + O(p,) = logn

and apply the Lemmasandfor a=2(d+1)"2Fors =d+1, Lemmayields

s— smd—1)2
P(S,,, = s) < nl@m @)= _ ~(GE5) oo,

Substituting D, ,,, = S,,,, — 1 and d’ = s — 1 already proves (2). To finish the proof, we infer from
Lemma[8.1]and the previous step that

|4(d+1)%41]
1+ 0(1) =P(Sup, = 8) =P(Sup, <4d+1)2+1) = Y P(S,,, =s)
s=1

=P(Spp, =d+ 1)+ (|4(d+1)* + 1] — 1)o(1),

yielding the desired result. O
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n =200 n=2000
0.5
w
]
)
58
0.0 -

1 2 3 4 5
S S

Figure 6: Demonstration of Theoremfor d =2andn € {200,2000}. We take p,, = n~2/?, resulting in pagp ~ 0.31
and pagoo ~ 0.18. We show the distribution of S, , ..

We demonstrate Theoremin Figure|§|for d =2andn € {200,2000}. As predicted by the propo-
sition, the distribution of S,, appears to concentrate around S,, = 3. However, the rate of convergence
is quite slow, as can be seen from the fact that (S, ,,, = 2) = n~1/°() according to Theorem

We now turn to the classical sparse regime p,, = A/n and prove Theorem Note that Theorem
cannot be applied directly as we require d to be an integer. However, we can still apply the previously
derived lemmas. This leads to the interesting behaviour that the graph mainly consists of isolated
vertices and single edges.

Proof of Theorem[1.8. Set t, = log A — logn + o(1) ~ —logn. Applying Lemma 8.2/ for « = 1
and with s’ = 1 yields

B(Suy, = n) = o1V _ p=(F)rot)

n,pn

We immediately derive that this probability vanishes for all s > 3. Furthermore, by Lemma
14+0(1) =P(S,,, <8) =P(S,,, =1)+P(S,,, =2)+o(1).

We finally derive the exact limits of these two probabilities. We have

Bn—l (et")

14+0(l) = ——F—= — 1)et =z, + (A +0(1))z
rolt) = Bl 4 e Bt s ko,
for z, = Bg(l—e(tn)), and using %(e" =22(1+0(n™1)) by Corollary Solving the quadratic

equation (A + 0(1))22 + 2z, — (1 + o(1)) = 0 yields the unique positive solution

—(140(1)) £ /4X+ 14 0(1)
2X +o(1)

Zn =

Hence,
VA +1-1
— —2/\ .

To show the relation to the golden ratio p, simply observe that @ -p=1.
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A Numerics

In this section, we explain how we numerically evaluate B,,(?/1-p), how we use this to sample CG,, ,,,
and we show how to approximate the critical sequence.

Computing B, (w). To compute B,,(w) for w > 0, we make use of Theorem together with
By(w) = 1. This allows one to compute B,,(w) for any n and w, and to generate Figures [2 [5] [6]
and[3

Sampling CG,, ,. To sample a cluster graph, as we have done in Figure we use Theorem with
S,p, =1+ D, , to sample the size of the clique that the vertex with index n belongs to. Conditioned
on this value of S,, ,, the remainder of the cluster graph has the same distribution as CGn_snﬁp,p.
This allows us to again sample Sn_sn%p =1+ D,_s,,p using Theorem to recursively sample
a cluster graph.

Approximating the critical sequence. For Figures |2/ and [5] we need to compute the value p for
which P(C,,, = 1) = 1/2. We do this using Newton-Raphson iteration. Let p(t) = (1 —e")~!, then

P(Cn,p(t) =1) =
Thus, we want to find the fixed point of

log P(Cnyp(t) =1)—logl/2a = <Z>t — log Bn(et) +log2 =: f(t),
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where t = log(?/1-p). We take the derivative w.r.t. ¢ and obtain

fl(t) = (Z) — %log Z etm@) = (Z) — E[M,, )]

To compute m,,(t) := E[M,, )], we substitute w = e’ into the recursion formula of Theorem
and take the derivative w.r.t. ¢:

" /n—1 s S
n(t Bn H= t(Q) : n—s(t Bn—s !
@8 =32 (1)) ((5) #mans®) Bt
Dividing by B, (e") yields the following recursion for the expected number of edges:
" n—1\ sy Bu_s(et) s
n(t) = tG)L : n—s(t) |,
=3 (01) OG5 () + e
and my(t) = 0. After each step, we use the following update rule to improve our estimate:
t
by — 1y — )
(5) = ma(t)

We initialize with
_ log B, (1) — log 2

G

eto(g) 1

to

which is the solution of

B,(1) 2
Although we have not proven the convergence of the above Newton-Raphson procedure, it converged
in all cases needed to generate Figures[2/and 5]

B Nomenclature

For all random variables, we write X, ,, to describe its dependency on CG,, ,, and we omit the p if it
is clear from the context.

B §, set of simple graphs on n vertices
Cg set of all cluster graphs
CG,, set of all cluster graphs of n vertices

C'(w, z) generating function of cliques

Coefficient extraction [2"] f(z)

|

|

|

B C(w,z) =(20,)C(w,2)
|

B p connection probability of the Erdés-Rényi random graph
|

w = p/(1 - p)
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t:=logw

p(t) = (1+e)!

Bu(w) = gecq, w™ %) partition function, with B,,(1) = B,,

W (n) Lambert W-function satisfying W (n)eV ™ = n

CG,, , random cluster graph. p can be omitted if it is clear from the context
S,. , random variable denoting the clique size of a randomly chosen vertex in CG,, ,,.
D, , =S, , — 1 degree of a random vertex

M, , random variable denoting the number of edges in CG,, ,,

C.,.,, number of cliques/components/blocks

Cff,;; number of cliques/components/blocks of size s

PGF x probability generating function of a random variable X .

MGF x moment generating function of a random variable X .

CF x characteristic function of a random variable X.
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