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ABSTRACT: The theory of dense graph limits comes with a natural sampling process which yields
an inhomogeneous variant G(n, W) of the Erd6s—Rényi random graph. Here we study the clique
number of these random graphs. We establish the concentration of the clique number of G(n, W) for
each fixed n, and give examples of graphons for which G(n, W) exhibits wild long-term behavior.
Our main result is an asymptotic formula which gives the almost sure clique number of these random
graphs. We obtain a similar result for the bipartite version of the problem. We also make an observation
that might be of independent interest: Every graphon avoiding a fixed graph is countably-partite. ©
2017 The Authors Random Structures & Algorithms Published by Wiley Periodicals, Inc. Random Struct. Alg.,
00, 000-000, 2017

Keywords: random graphs, graph limits, clique number

1. INTRODUCTION

The Erd6s—Rényi random graph G(n,p) is a random graph with vertex set [n] =
{1,...,n}, where each edge is included independently with probability p. Since Gilbert, and
independently Erd6s and Rényi introduced the model in 1959, this has been arguably the
most studied random discrete structure. Here, we recall facts about cliques in G(n, p); these
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2 DOLEZAL, HLADKY, AND MATHE

were among the first properties studied in the model. The key question in the area concerns
the order of the largest clique. We write @ (G) for the order of the largest clique in a graph
G. Matula [21], and independently Grimmett and McDiarmid [11] have shown that when
p € (0,1) is fixed, and ¢ > 0 is arbitrary, we have

P[w(G(n,p» e }
logn log(1/p)
Here, as well as in the rest of the paper, we use log for the natural logarithm. The actual result
is stronger in two directions: firstly, it extends also to sequences of probabilities p, — 0,
and secondly, Matula, Grimmett and McDiarmid proved an asymptotic concentration of
w(G(n, p)) on two consecutive values for which they provided an explicit formula.

Our aim however was extending (1) in a different direction. That direction is motivated
by the theory of limits of dense graph sequences. Let us introduce the key concepts of the
theory; for a thorough treatise we refer to Lovasz’s book [18]. The key object of that theory
are graphons. A graphon is a symmetric measurable function W : Q2 — [0, 1], where Q
is a probability space. In their foundational work, Lovasz and Szegedy [19] proved that
each sequence of finite graphs contains a subsequence that converges — in the so-called
cut metric — to a graphon. This itself does not justify the graphons as limit objects; it still
could be that the space of graphons is unnecessarily big. In other words, one would like to
know that every graphon W is attained as a limit of finite graphs. To this end, Lovasz and
Szegedy introduced the random graph model G(n, W). The set of vertices of G ~ G(n, W)
is the set [n]. To sample G, first generate n independent elements xi, . . ., x, € 2 according
to the law of €2. Then, connect i and j by an edge with probability W (x;, x;) (independently
of other choices). Lovasz and Szegedy proved that with probability one, the sequence of
samples from G(n, W) converges to W.

The strength of the theory of graph limits is that convergence in the cut metric implies
convergence of many key statistics of graphs (or graphons). These include frequencies of
appearances of small subgraphs, and normalized MAX-CUT-like properties. An important
direction of research is to understand which other parameters are continuous with respect
to the cut metric; those parameters can then be defined even on graphons. In Example 1.1
below we show that the clique number can be very discontinuous with respect to the cut
metric. Not all is lost even in such a situation. One can still study discontinuous parameters
of a graphon W via the sampling procedure G(n, W). The random sampling will suppress
pathological counterexamples such as those in Example 1.1, and thus allow us to associate
limit information even to these limit parameters.

lim

n— 00

—1. (1

Example 1.1. Letf : N — N be a function that tends to infinity very slowly.

* Let us consider a sequence of n-vertex graphs consisting of a clique of order [n/f (n)]
and n — [n/f(n)] isolated vertices. This sequence converges to the 0-graphon, the
smallest graphon in the graphon space. Yet, the clique numbers are unusually high,
almost of order © (n).

* Let us consider a sequence of n-vertex f (n)-partite Turdn graphs. This sequence con-
verges to the 1-graphon, the largest graphon in the graphon space. Yet, the clique
numbers tend to infinity very slowly. .

By the previous example, we see that

* there are sequences of finite graphs with clique numbers growing much faster than
logarithmic with a limit graphon W = 0,

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 3

* while there are other sequences of finite graphs with clique numbers growing much
slower than logarithmic with a limit graphon W = 1.

So, suppose that we have suppressed these pathological examples by looking at “typical
graphs that are close to W” rather than “all graphs that are close to W”, and let us see
what value motivated by the clique number can be associated to W. To this end, suppose
that W: Q2 — [0, 1] is such a graphon that W(x,y) € [p;,p.] for every x,y € Q, where
0 < p; < p» < 1 are fixed. Then the edges of G(n, W) are stochastically between G(n, p;)
and G(n, p,). Thus, (1) tells us that the clique number w(G(n, W)) asymptotically almost
surely satisfies

2 Gn,w 2
(1= o(1)) < 2O 4oy —2— @
log(1/p1) logn log(1/p>)
Thus, it is actually plausible to believe that
o (G(n, W))
" logn ®
ogn

converges in probability. In this paper, we study this and related questions.

1.1. Related Literature on Inhomogenous Random Graphs

Inhomogeneous random graphs allow one to express different intensities of bonds between
the corresponding parts of the base space. This is obviously useful in modeling phenomena
in biology, sociology, computer science, physics, and other settings. The price one has to
pay for this flexibility of these models is in extra difficulties in mathematical analysis of their
properties. This is one of the reasons why literature on G(n, W) is fairly scarce, compared
to G(n, p); another reason apparently being that the inhomogeneous model is much more
recent. Actually, in the inhomogeneous model, most work was done in the sparse regime,
which we shall introduce now. To get a counterpart to sparse random graphs G(n, p,),
p. — 0, one introduces rescaling G(n, p,, - W). In this setting, W need not be bounded from
above anymore (even though the question of “how unbounded” W can be is rather subtle
and we neglect it here).

The most impressive example of work concerning sparse inhomogeneous random graphs
is [2] in which the existence and the size of the giant component in G(n, ﬁ - W) was
determined. This work has initiated a big amount of further work on G(n, % - W), such
as [26,27], as well as on related percolation models [1].

The threshold for connectivity of inhomogeneous random graphs was investigated in [6].
The diameter of inhomogeneous random graphs was studied in [9].

A particular subclass of the random graph models G(n, W) are the so-called stochastic
block models introduced already in 1980’s in the field of mathematical sociology [13]. They
are used extensively in many areas of mathematics, computer science, and physics. In our
language, (the dense version of) stochastic block models correspond to the case when W is
a step-function with finitely many or countably many steps. The stochastic block model is
mathematically much more tractable. For example, the study of criticality in stochastic block
models in [14] seems to be much more tractable than in the case of general inhomogeneous
random graphs.

Random Structures and Algorithms DOI 10.1002/rsa



4 DOLEZAL, HLADKY, AND MATHE
2. OUR CONTRIBUTION

In this section we present our main results. The notation in this section is standard. We refer
the reader to Section 3 for formal definitions.

We saw that for many natural graphons W, w(G(n, W)) grows logarithmically. It is easy
to construct a graphon for which @ (G(n, W)) grows for example as loglogn, or another
graphon for which w(G(n, W)) grows for example as n®*°. More surprisingly, our next
proposition shows that we can have an oscillation between these two regimes even for one
graphon.

Proposition 2.1. For an arbitrary function f : N — R, with lim,_, .. f (n) = +00 there
exists a graphon W and a sequence of integers 1 = £y < k; < £; < ky < €, < ... such
that asymptotically almost surely,

0 (Gki, W)) < f(k) , and )
(G, W)) > b )
v fe)

While Proposition 2.1 shows that the long-term behavior of w(G(n, W)) can be quite
wild, for a fixed (but large) n, the distribution of w (G(n, W)) is concentrated.

Theorem 2.2. For each graphon W and each n, we have that for each ¢ > 0,

) o (G(n, W)) _
}L‘&Pﬁm”\”}‘“'

The proofs of Proposition 2.1 and Theorem 2.2 are given in Section 4. In the proof of
Theorem 2.2, we need to consider the case of graphons W for which E[w(G(n, W))] is
bounded (as n — 00) separately. Investigation of such graphons led to a result that is of
independent interest. Let us give the details. Clearly, for each graphon W, and eachn € N,
w(G(n, W)) is stochastically dominated by w (G (n+1, W)). As a consequence, the sequence
Elo(GO,W)],Elo(GR2,W))], E[w(G(3,W))], ... is nondecreasing. We say that W has
a bounded clique number if lim,_, o, E[w(G(n, W))] < +o00. Note that one example of
graphons of bounded clique numbers are graphons W which have zero homomorphism
density of H (see (11) for the definition) for some finite graph H. A subclass of these are k-
partite graphons. These are graphons W : Q2 — [0, 1] for which there exists a measurable
partition 2 = QUQLU. .. UQ, such that foreach i € [k], W lo;xe;= 0 almost everywhere.
In the following example, we show that the structure of graphons with a bounded clique
number can be more complicated. We consider a sequence of triangle-free graphs G, G, . . .
whose chromatic numbers tend to infinity (it is a standard exercise that such graphs indeed
exist). Let W;, W,, ... be their graphon representations. We now glue these graphons into
one graphon W. Clearly, w (G (n, W)) < 2 with probability one, but W is not k-partite for
any k. Here, we show that the structure of graphons with a bounded clique number cannot
be much more complicated than in the example above. We call a graphon W : Q2 — [0, 1]
countably-partite, if there exists a measurable partition Q = ©,US,U . . . such that for each
ieN,W FQI.XQI: 0 almost everywhere.

Theorem 2.3. Every graphon with a bounded clique number is countably-partite.

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 5

The proof of Theorem 2.3 is given in Section 4.3.

Let us turn our attention to the main subject of the paper, that is, to the behavior of the
clique number in G(n, W) scaled as in (3). As a warm-up for studying (3), we first deal with
its bipartite counterpart. To this end, we shall work with bigraphons. Bigraphons, introduced
first in [20], arise as limits of balanced bipartite graphs. A bigraphon is a measurable
function U : 2, x @, — [0, 1]. Here, 2, and €2, are probability spaces which represent
the two partition classes, and the value U (x,y) represents the edge intensity between the
parts corresponding to x and y. This suggests the sampling procedure for generating the
inhomogeneous random bipartite graph B(n, U): we sample uniformly and independently
at random points xi, . .., x, from Q; and y,, ..., y, from ,. In the bipartite graph B(n, U)
with colour classes {a;}i_; and {b;}}_,, we connect a; with b; with probability U (x;, ;).
We define the natural bipartite counterpart to the clique number. Given a bipartite graph
G = (A,B;E), we define its biclique number as the largest £ such that there exist sets
X C A, Y C B, |X| = |Y| = ¢, that induce a complete bipartite graph. We denote the
biclique number of G by w,(G).

The main result concerning the biclique number is the following.

Theorem 2.4. Let U : Q; x 2, — [0, 1] be a bigraphon whose essential supremum
p = esssup U is strictly between zero and one. Then we asymptotically almost surely have

0B, U)) = (1 £o0(1) - logn .

2
log 1/p

The proof of Theorem 2.4 is given in Section 5.

We turn to our main result which determines the quantity (3). Suppose that W is a graphon
with strictly positive essential infimum. Define

2|Al17
f(x,y)esz2 h(x)h(y) log (//wey) d(v?)

: his a nonnegative L'-function on

(6)

k(W) = sup

Here, we set § = 0 and & = 400 fora € R \ {0}.
‘We can now state our main result.

Theorem 2.5. Suppose that W is a graphon whose essential infimum is strictly positive.
Then

o ifk(W) < 400 then a.a.s. o(G(n, W)) = (1 + 0o(1)) - « (W) - logn, and
e if k(W) = 400 then a.a.s. o(G(n, W)) > logn.

Theorem 2.5 is consistent with (1). Indeed, suppose that W = p € (0,1) is a
constant graplzlon. Then for any % in (6) (which is not constant zero), we have that
2|kl 2
Jispyes? MORG) oo — el
cated graphons in Section 6. Unfortunately, we were unable to turn these relatively natural
heuristics into a rigorous proof. The actual proof of Theorem 2.5 is given in Section 8§,
building on tools from Section 7.

. We provide heuristics for Theorem 2.5 for more compli-

Random Structures and Algorithms DOI 10.1002/rsa



6 DOLEZAL, HLADKY, AND MATHE

There are several alternative ways of expressing «(W). For example, when we
heuristically derive Theorem 2.5, we make use of the following identity.

Fact 2.6. We have
k(W) = sup {|[f||1 : f is a nonnegative L' -function on Q, T (f, W) > O} , @)

where
1

L W) = / Foodw) + 3
xXeEQ

/ FOF ) log W(x, d(v?) - ®)
(ry)en?

(%) (%)
Other expressions of « (W) are given in Proposition 3.8.

Remark 2.7. While we formulate all the problems in terms of cliques, we could have
worked with the complementary notion of independent sets instead. Indeed, investigating
one of these notions with respect to G(n, W) is equivalent to investigating the other with
respect to G(n, 1 — W).

Using this observation, we get from Theorem 2.5 the following corollary for the size of
the maximum independent set a(G(n, W)).

Corollary 2.8. Suppose that W is a graphon whose essential supremum is strictly less
than 1. Then

e ifk(1 = W) < +oo then a.a.s. x(Gn,W)) = (1 +0(1)) - k(1 — W) - logn, and
e ifk(l = W) =+o0 then a.a.s. x(G(n, W)) > logn.

In our language, (the dense version of) stochastic block models correspond to the case
when W is a step-function with finitely many or countably many steps. There exists a
conceptually simpler proof of Theorem 2.5 when restricted to stochastic block models.
This simplification occurs both on the real-analytic side (i.e., general measurable functions
versus step-functions) and on the combinatorial side. See our remark in Section 6.3.

3. PRELIMINARIES

3.1. Notation

For n € N, we write [n] = {1,...,n}, and [n], = {0, 1,...,n}. As always, we denote by

n!

(Z) the binomial coefficient ——=. For the multinomial coefficients of higher orders, we

K=kl
employ the notation (k1 Ikankl) = W@—ZW (here we suppose ky +k, + ...+ k < n).
We omit rounding symbols where it does not affect correctness of the calculations.

We shall always assume that €2 is a standard Borel probability space without atoms. We
always write v for the probability measure associated with €2.

We shall sometimes make use of tools from real analysis which are available only for

R and R?. The Lebesgue measure will be denoted by A. It should be always clear from the

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 7

context whether we mean the one-dimensional Lebesgue measure on R, two dimensional
Lebesgue measure on R? or any higher dimensional Lebesgue measure.

We write || - ||; to denote the L'-norm of functions (or vectors in a finite-dimensional
space). Non-negative vectors, and non-negative L'-functions' are called histograms (see our
explanation at the end of Section 6.1). For a histogram f, we write Box(f) for all histograms
g for which g < f (pointwise). We say that a histogram is non-trivial if it is not almost
everywhere zero.

We recall the notions of essential supremum and essential infimum. Suppose that Q is a
space equipped with a measure v. For a measurable function f: X — R we define ess sup f
as the least number a such that v({x € 2 : f(x) > a}) = 0. The quantity ess inf f is defined
analogously.

3.2. Random Graphs H(n, W)

There is a natural intermediate step when obtaining the random graph G(n, W) from a
graphon W which is often denoted by H(n, W). To obtain H(n, W) we sample n random
independent points x, . . ., x, from the probability space underlying W. The random graph
has the vertex set [n]. The edge-set is an edge-set of a complete graph equipped with
edge-weights. The weight of the edge ij is W (x;, x;). Self-loops are not included.

3.3. Graphons

The above crash course in graph limits almost suffices for the purposes of this paper, and
we need only a handful of additional standard definitions. See [18] for further references.

All (non-discrete) probability spaces in this paper are standard Borel probability spaces
without atoms. Recall that the Isomorphism Theorem (see e.g. [15, Theorem 17.41]) tells
us that there is a measure-preserving isomorphism between each two such spaces (i.e. a
bijection between the spaces such that this function and its inverse are measurable and
preserve measures). In particular, suppose that W : Q2 — [0, 1] is a graphon defined on
a probability space €2, and let X be another probability space. Let us fix an isomorphism
¥ X — Q between X and 2. By a representation of W on X we mean the graphon
W' X? — [0,1], (x,y) = W(¥(x), ¥ (). Of course, the representation depends on the
actual choice of the isomorphism 1. Note however that the distribution of G(n, W) does
not depend on the choice of i as it is the same as the distribution of G(n, W). Note also
that from the Isomorphism Theorem above we get the following fact.

Fact 3.1. Each graphon can be represented on the open unit interval (0, 1).

We shall need to “zoom in” on a certain part of a graphon. The next definition is used to
this end.

Definition 3.2. Suppose that W : Q% — [0, 1] is a graphon on a probability space Q with
a measure v. By a subgraphon of W obtained by restricting to a set A C 2 of positive
measure we mean a function U : A> — [0, 1] which is simply the restriction W [4y4.
When working with this notion, we need to turn A to a probability space. That is, we view

I'The vector-/function-space will be clear from the context

Random Structures and Algorithms DOI 10.1002/rsa



8 DOLEZAL, HLADKY, AND MATHE

U as a graphon on the probability space A endowed with measure v, (B) := Eg;

measurable set B C A.

for every

Observe that in the above setting for every B C A of positive measure we have

1

v(B)? (x.y)eBxB

log(V/way)d(v?) = log(!/way)d(v}) . 9

V4 (B)? (x.y)eBxB

Note that a lower bound on w(G(n, W [ax4)) provides readily a lower bound on
o (G(n, W)). More precisely, suppose that we can show that asymptotically almost surely,
o(Gm,W [axa)) = clogn. Consider now sampling the random graph G(n, W). By
the Law of Large Numbers, out of the n sampled points xy,...,x, € 2, there will be
@A) —o())n > %U(A)n many of them contained in A. In other words, there is a cou-
pling of G = G(n, W) and G’ = G(%v(A)n, W [axa) such that with high probability, G’ is
contained in G as a subgraph. We conclude that

oG W) > o (GEVANW [11) = clog (2v(A)n) = (c —o(1))logn . (10)

The homomorphism density of a graph H = ({vy, ..., v}, E) in a graphon W is defined
by

1(H,W) = / [T weix) do. (11)
(X1 5eerxp) €QY

i<jvivi€E

Suppose that 2 is an atomless standard Borel probability space. Let Wy, W, : Q2 — [0, 1]
be two graphons. We then define the cut-norm distance of W, and W, by

do(W,, W) = sup

ST

/ (Wi (x,y) — Walx,y)) d(v?)],
(x,y)eSxT

where S and T range over all measurable subsets of 2. Strictly speaking, dg is only a
pseudometric since two graphons differing on a set of measure zero have zero distance.
Based on the cut-norm distance we can define the key notion of cut distance by

So(Wi, Wa) = inf dg(WY, W2) 12)
¢

where ¢ : Q@ — Q ranges through all measure preserving automorphisms of €2, and WY
stands for a graphon defined by WY (x,y) = W;(¢(x), ¢(»)). Then 85 is also a pseudometric.

Supposethat H = ({vy, ..., v}, E) isagraph (which is allowed to have self-loops), and let
2 be an arbitrary atomless standard Borel probability space. By a graphon representation
Wy of H we mean the following construction. We consider an arbitrary partition Q =
A1UAU .. UA, into sets of measure 1 each. We then define the graphon Wy as 1 or 0
on each square A; x A;, depending on whether v;v; forms an edge or not. Note that Wy is
not unique since it depends on the choice of the sets Ay, ...,A,. However, all the possible
graphons Wy are at zero distance in the §g-pseudometric. So, when writing Wy we refer to
any representative of the above class. With this in mind, we can also define the cut distance of
H and any graphon W: Q2 — [0, 1], denoted by 8o (H, W), as 8o (Wy, W). Also, all of this
extends in a straightforward way to weighted graphs with a weight functionw : E — [0, 1].

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 9

Remark 3.3. Suppose that A is a finite graph and [ is the unit interval (open or closed).
Then in the above construction we can take the sets A; C I to be intervals.

The key property of the sampling procedures described earlier (both G(n, W) and
H(n, W)) is that the samples are typically very close to the original graphon W in the
cut distance. Let us state this fact (for the sampling procedure H(rn, W)), proven first in [4],
formally.

Lemma 3.4 ([18, Lemma 10.16]). Let W be an arbitrary graphon. Then for each k € N

with probability at least 1 — exp(—ﬁgk), we have 5 (H(k, W), W) < \/210_]( .
og

In some situations, we shall consider a wider class of kernels, the so-called L*>°-graphons.
These are just symmetric L*®-functions W : Q> — R,. That is, we do not require
L*-graphons to be bounded by 1 but rather by an arbitrary constant. The random graph
H(n, W) makes sense even for L*-graphons.” By simple rescaling, we get the following
from Lemma 3.4.

Corollary 3.5. Let W an arbitrary L*-graphon. Then for each k € N with probability at

least 1 — exp(—zlé‘?), we have SD(H(]{, w), W) < 20”YVHC;<O'
A/ log

Let us note that the proof of Lemma 3.4 is quite involved.

3.4. Lebesgue Points and Approximate Continuity

Let : (0,1)> — R be an integrable function. Recall that (x,y) € (0,1)? is a called a
Lebesgue point of f if we have

1
lim ——
r—0+ )\(Mr(x’ y))) (s,1)EMy

where M, (x,y) = [x — r,x +r] x [y — r,y 4+ r]. Recall that (x,y) € R? is a point of density
ofasetA C R?if

I (s,1) = f(x, »IAG?) =0, 13)

AM,(x,y) \ A)
im ————————= =0
r=0+ A(M,(x,y)))
Recall also that a function f: (0,1)> — R is said to be approximately continuous at

(x,y) € (0,1)? if for every ¢ > 0, the point (x,y) is a point of density of the set
{(s.1) € (0, 1)%: |f(s,0) — f(x,y)| < &}.

We will use the following classical result (see e.g. [23, Theorem 7.7]).

(14)

Theorem 3.6. Letf: (0,1)> — R be an integrable function. Then almost every point of
(0,1)? is a Lebesgue point of f. In particular, we have

. A
rlir& AM,(x,))) (s,r)eM,f(s’ AR =F x5

for almost every (x,y) € (0,1)% .

2But G (n, W) does not make sense.

Random Structures and Algorithms DOI 10.1002/rsa



10 DOLEZAL, HLADKY, AND MATHE
An easy consequence of the previous theorem is also the following classical result.

Theorem 3.7. Letf: (0,1)> — R be a measurable function. Then f is approximately
continuous at almost every point of (0, 1), .

3.5. Alternative Formulas for k(W)
First, let us prove Fact 2.6 which gives our first identity for « (W).

Proof of Fact 2.6. If there exists a nonzero histogram 4 such that f(w)egz h(u)h(v)
log W (u, v)d(v?) = 0 then clearly both suprema in (6) and (7) are +oo.

Let i be an arbitrary histogram in (6) and suppose that f(u,v)eﬂz h(w)h(v) log (Y/www)
d(v?) > 0. We take

_ 20 - b
Sumear PR log (/wan) d(v?) *

f

This way, the function f is a histogram on €2, and ||f||; equals to the term in the supremum
in (6). So, to justify that the right-hand side of (7) is at least as big as that of (6), we only
need to show that I'(f, W) > 0. Indeed,

L W) = 24 [ eodo)
Juwyeq2 Mwh) log(/Wawwndw?) — f

1 20l ’ >
+ 5 . <f(u,v)e§22 h ) log(JW G d(r2) : pec? h(x)h(y) log W (x, nd?)
=0.

On the other hand, let f be an arbitrary histogram appearing in (7) such that

/ F)f v)log (Ywww)d(w?) > 0.
(u,v)eQ2

For ¢ € R, let us denote by cf the c-multiple of the function f. Then the map ¢ +— I'(¢f, W)
is clearly a quadratic function with the limit —oo at +00. And since I'(f, W) > 0, there is
co = 1 such that I'(cof, W) = 0. Now if we define i = cqf then the corresponding term
in (6) equals to [|Ally = collfll = IIf Il .

In Fact 2.6 we gave an alternative formula for « (W). In Proposition 3.8 we give two
further expressions. These expressions require the graphon W to be changed on a nullset.
Note that we have the liberty of making such a change as the distribution of the model
G(n, W) remains unaltered.

Proposition 3.8. Suppose that W : (0, 1)> — [0, 1] is an arbitrary graphon. Then W can
be changed on a nullset in such a way that the following holds:
We have

) 2/(F2=IFI)
exp <—m) = rlij?o P. where P,=  sup ( l_[ W(x,y)) and

FEODIFI=r \, epoy

5)
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2 ) 1
= inf 3
k(W) A AMA? Jyen?

log (V/wey) d(A?) , (16)

where the infimum ranges over all measurable sets A C (0, 1) of positive measure.
Moreover,

k(W)= sup {ar(A) : I'(a-14, W) >0} . 17
acRL ACQ
More precisely, for each ¢ > 0 and each set A from (16) satisfying (1 + S)K(fm >
ﬁ f(x,y)EAz log(1/way)d(A2) we have that for the number a = (1 — ¢) f\((;‘/)) that T'(a -
1A7 W) 2 0

xK(W)
where & ranges over all indicator functions on (0, 1). Our proof of Proposition 3.8 could be
easily modified to show that in the infimum, we can range over all histograms /4 instead. Since
the Radon—-Nikodym theorem gives us a one-to-one correspondence between non-negative
L'-functions and absolutely continuous measures, we get that

Remark. We can rewrite (16) as —2- = inf, W f(xy)esﬂ log (1/wey) h(x)h(y)d(1?),
2 Ja,

= inf / (log Y/wey) d(r?) ,
k(W) T Jxye©.1)?

where the infimum ranges over all probability measures 7w on (0, 1) that are absolutely
continuous with respect to the Lebesgue measure. While we shall not need this identity
we remark that it can be used to derive a heuristic — slightly different from that given in
Section 6 — for Theorem 2.5.

Proof of Proposition 3.8. Let us replace the value of W at every point (x,y) € (0,1)?
that is not a point of approximate continuity by c¢. This is a change of measure zero by
Theorem 3.7.

Let us deal with the first part of the statement postponing (17) to later.

Claim 3.8.1. Foreachr € {2,3,...} we have log P, > —K(ZW).

Proof of Claim 3.8.1. Let h be an arbitrary function appearing in (6) (not constant zero).
Fix r € {2,3,...}, and let F € (0, 1) be a random set consisting of r independent points
sampled from (0, 1) according to the density function d = h/||k||;. Then by linearity of
expectation we have

EF [ﬁ Z lOg W(X’Y)i| = Ex,y~d [IOg W(x,y)]

x,yeF x<y

1
= oz [ hGORG) log W) dG) .
||h||1 ()c,y)EQ2

This shows that there exists a deterministic r-element set F' for which

S X oW = [ o) log Wik da)
ogW(x,y) > x)h(y) log W(x,y :
r(r—1) vyeFa<y [k (x.y)€(0.1)2
This concludes the proof of Claim 3.8.1. .
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12 DOLEZAL, HLADKY, AND MATHE

Let us denote the right-hand side of (16) as —P.

Claim 3.8.2. Foreachr € {2,3,...}, we have that P > % log P, + 'Of”.

Proof of Claim 3.8.2.  Suppose that r € {2,3,...} is given, and let F = {x; < x, <
. < x,} be an arbitrary set of points in (0, 1) as in (15). Let ¢ € (0,¢/2) be arbitrary. Let
= log ¢ — log(c — ¢). Firstly, note that the concavity of the logarithm gives that

log(a —¢) > loga — C (18)

for each a € [c, 00). Secondly, note that C N\ 0 as ¢ N\ 0.

Let us take § > 0 such that for each i € [r], we have that the sets S; = [x; — 8,x; + 6]
are pairwise disjoint, and such that the measure of each of the sets D; = {(x,y) € S; x §; :
W(x;,x;)) — & > W(x,y)} is at most £(28)*. The latter property can be achieved since each
point (x;, x;) is either a Lebesgue point of W, or it is a point attaining the infimum of W. Let
A =J._, S: Then,

f log W (x,y)d(:2)

(xy)eA?

A(A)?

1
= 282 Z Z / log W(x,y) d(A*) + f log W (x,y) d(A?)
i

() E(S; X S)\D; (y)eDy

1
> (28r)? Z Z / log(W (x;, x;) — &) d(A%) + / logc d(x%)
i

€S xS\Dj (xy)eD;;

Now, let us use (18) for the first term and the fact that A(D;;) < £(28)? for the second term.
Thus,

1
A (A)2 (x.y) eA?

1
Z ﬁZZlOgW(xi,xj) —C+eloge
i

log W (x, y)d(A%)

-1
> : ro r(r ”XK:] log W(xi, ;) + — Zlog W(x;,x;)) — C+elogce
r—1 2
2 , -r(r—l)i;;jlogw(xi’xj) —C+(8+%)10gc.
Letting & \( O (which means that also C N\ 0), we get the claim. .

By Claim 3.8.1, we have liminf,_ , logP, > (W) By Claim 3.8.2, we have P >
lim sup, , . log P,. Further, it is obvious that —ﬁ > P: Indeed, the supremum in (6)
ranges over all histograms, of which indicators of measurable sets are just a particular case.

The combination of the three above inequalities proves the fact.

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 13

So, it remains to deal with (17). Positive multiples of indicator functions are histograms,
so (7) tells us that k(W) > Sup,cg, acq {ar(A) : T'(a- 14, W) > 0}. It remains to deal
with the opposite inequality. We shall prove this in the “more precisely” form. Let ¢ > 0

be arbitrary and take A such that (1 4+ e)ﬁ > ﬁ Seewenz 1020 /W) d(2?). Set a =

(I—¢) ’;(X)) . We claim that the pair (a,A) is admissible for the supremum in (17). Indeed,

T(a- 1, W) 2 ar) — %azf —log W(x,y)d(A?)
(x,y)eA?

1
= (1 —&)(W) (1 ~-la- 8)K(W)W i log(l/w<x,y>)d(/\2))
(x,y)€A

2
K (W)

= (1 -k (W) (1 - %(1 —e)k(W)(1 +¢) > =e’(1—e(W)>0.

Since a - A(A) = (1 — &)k (W), and since ¢ > 0 was arbitrary, this finishes the proof. .

3.6. Exhaustion Principle

We recall the principle of exhaustion (see e.g. [8, Lemma 11.12] for a more general
statement).

Lemma 3.9. Let C be a collection of measurable subsets of (0, 1) with positive Lebesgue
measure. Suppose that for every A C (0, 1) with positive Lebesgue measure, there is C € C
suchthat C C A. Then there is an at most countable subcollection B of C of pairwise disjoint

sets such that > A(B) = 1. .
BeB

4. CONCENTRATION AND OSCILLATION: PROOFS OF PROPOSITION 2.1
AND THEOREM 2.2

4.1. Proof of Proposition 2.1

We shall need the following well-known crude bound on the minimum difference between
uniformly random points.

Fact 4.1. Suppose that the numbers x, . ..,x, are uniformly sampled from the interval

(0, 1). Then asymptotically almost surely, min,; |x; — x;| > n~>.

Consider a sequence of positive numbers 1 = a; > a, > a3 > ... > 0, with
lim,,_, o, @, = 0, to be determined later. Define a graphon W : (0, 1)*> — [0, 1] as

_ 0 ifay_y = |x —y| > ay,
Wiy = { U ifay > byl > .

Let us show how to achieve (4). Suppose that numbers ay, ..., a,;_; were already set. Fix
an arbitrary number n large enough such that 73 < ay;_; and f(n) > 1 + 1/ay;_;. Then,
set ay; := n~>. We claim that with high probability, there is no set of f(n) vertices in
G(n, W) forming a clique. Indeed, consider the representation of the vertices of G(n, W)
in the interval [0, 1]. By Fact 4.1 we can assume that the mutual distances between these
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14 DOLEZAL, HLADKY, AND MATHE

points are more than a,;. Consider an arbitrary set S C (0, 1) of these points of size f (n). By
the pigeonhole principle there are two points x,y € S with [x —y| < 1/(f(n) — 1) < azi_;.
On the other hand, |x — y| > a,;. We conclude that W (x, y) = 0, and thus S does not induce
a clique.

Next, let us show how to achieve (5). Suppose that numbers ay,...,a,; were already

set. Fix a large number 7. In particular, suppose that n=° < a,; and f(n) > % and let

a1 = n~>. Now, consider the process of generating vertices in G(n, W). By the Law of
Large Numbers, out of n vertices, with high probability, at least %azin vertices fall in the

interval (3 — %%, 1 + ). By Fact 4.1, with high probability, the differences of pairs of

272
these points are bigger than a,; ;. In particular, the said set of vertices forms a clique of
order at least %az,-n > ,%n) as needed for (5). .

Remark 4.2. It may seem that by replacing the values 0 and 1 by some constants 0 < p; <
p> < 1 in the construction in the proof of Proposition 2.1 we get an oscillation between
¢y logn and ¢, log n. Theorem 2.5 tells us however that this is not the case: the clique number
normalized by log n will converge in probability. .

4.2. Proof of Theorem 2.2

The proof of Theorem 2.2 was suggested to us by Lutz Warnke.
First, we handle the case when E[w (G (n, W))] is bounded.

Lemma 4.3. Let W be a graphon, and L = lim,,_, , E[w (G (n, W))]. Then L = sup{k €
N : t(Ky, W) > 0}. In addition, if L is finite then lim,_, o, Plo(G(n, W)) = L] = 1.

Proof. 'The statement follows from the following claim. Suppose that W is a graphon.
Then for each £ € N we have

lim Plo(G(n,W)) > £] € {0, 1} .

Indeed, suppose that for some £ and n we have that Plw(G(n,W)) > ¢] = § > 0.
Then, for each k, we have that Plw(G(kn, W)) > €] > 1 — (1 — §)*. Consequently,
lim,_, o, Plo(G(n,W)) > £] = 1. .

Suppose that W is represented on a probability space 2. By Lemma 4.3, we can assume
that E[w (G (n, W))] — oo.

To prove the concentration, we shall use Talagrand’s inequality. For this, we need to
represent G (n, W) on a suitable product space J. It turns out that the right product space
corresponds to “vertex-exposure” technique known in the theory of random graphs. Let
J = [, Ji, where J; = € x [0,1]"". This indeed is a “vertex-exposure model” of
G(n, W). To see this, consider an arbitrary element x € J. We can write

Pin
x = Cot, ()i, (Pr)iin (”13) A Y
P23
pnfl,n

wherex; € , and p;; € [0, 1]. In the instance of G(n, W) corresponding to x, vertices i and
Jj are connected if and only if W(x;,x;) > p;;. It is straightforward to check that this gives
the right distribution on G(n, W).
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Consider the clique number, this time on the domain J. That is, we have a function
W : J — R, where W (x) is the clique number of the graph corresponding to x. Then W is a
(discrete) 1-Lipschitz function. Thatis if x,y € J are such that they differ in one coordinate,
then |W(x) — W(y)| < 1.3 Further, W satisfies the so-called small certificates condition.
This means that whenever W (x) > £, there exists a set C of at most £ many coordinates
such that W(y) > ¢ for each y € J which agrees with x on each coordinate from C. (In
other words, the values of x on coordinates from C alone certify that W(x) > ¢£.) Indeed,
it is enough just to reveal the values at the indices of one maximum clique. Talagrand’s
inequality (see [22, Remark 2 following Talagrand’s Inequality II, p. 81])* then states that

3

there exists an absolute constant 8 > 0 such that for 7, = (E[w(G(n, W))])#, we have (for
every large enough n) that

2
P[lo(G(n, W) — E[0(G (1, W)]| > ,] < 2exp (‘W)

— 2exp (—ﬂ\/E[w(G(n, W))]) .

The conclusion immediately follows by letting n go to infinity. .

4.3. Graphons With a Bounded Clique Number

Lemma 4.3 provides some information about graphons with a bounded clique number. In
this section, we prove Theorem 2.3 which gives a much more explicit description.

Proof of Theorem 2.3. Let W: Q% — [0, 1] be a graphon with a bounded clique number.
By Lemma 4.3 we know that L = sup{k € N : #(K, W) > 0} is a finite (natural) number.
First of all, we will show that there is a set B C 2 of positive measure such that W [g,.z= 0
almost everywhere. We may assume that L > 2 (the case L = 1 is trivial). For every
(L — D-tuple x = (x1,...,x._;) € QL7!, let us denote Q, = {y € Q: ]_[iL;l] W(x;,y) > 0}.
It follows from the equality #(K..;, W) = O that for every (up to a set of measure zero)
x € Q7! such that [li; Wi, x) > 0, we have W [, o, = 0 almost everywhere. But
since t(K;, W) > 0, the set of all x € Q%! such that ]—[kj W(x;,x;) > 0and v(Q,) > 0,
has positive measure. So it suffices to set B = Q, for a suitable x € Q-

Next, observe that for every A € Q of positive measure, there is B € A of posi-
tive measure such that W [z,5= 0 almost everywhere. This follows by the previous
considerations applied on the subgraphon W* = W [,.4 (for which we still have that
sup{k € N : t(K;, W*) > 0} < 400).

Finally, let W’: (0, 1)> — [0,1] be a representation of the graphon W on (0, 1). Then
the statement follows by an application of Lemma 3.9. .

30ne could consider a stronger notion of 1-Lipschitzness, namely, to require that changing x on an E-coordinate
by & would change the value of our function by at most ¢. This clearly is not true for W. However, the weaker
version is sufficient for our purposes.

4 Actually, as was communicated to us by Lutz Warnke and Mike Molloy, there is a typo in [22]. The effect of this
typo, however, is only the value of the constant 8 below. Since we do not make S explicit, this typo is irrelevant.
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16 DOLEZAL, HLADKY, AND MATHE
5. BICLIQUE NUMBER

In this section, we prove Theorem 2.4. First, we introduce some additional notation. When
we refer to a bipartite graph H = (V, W; E) as a bigraph, we consider a distinguished order
of the colour classes V = {vi,...,v,} and W = {w,,...,w,}. In such a case we define the
bipartite density of H in a bigraphon U : ©Q; x €, — [0, 1] by

rmwn=/ f UGxyp) dod() . (19)
? o)) S 01yg)eRd H o N

SRS 1 R 2 ij: Viw;j ek
Note that for a bigraph H = (V, W; E) and its conjugate H' = (W, V; E) the quantities
tg(H,U) and tg(H', U) are not necessarily equal.

As we will see, the upper bound in Theorem 2.4 is trivial. For the lower bound, we need
to make a small detour to Sidorenko’s conjecture.

5.1. Sidorenko’s Conjecture

A famous conjecture of Simonovits and Sidorenko, “Sidorenko’s conjecture”, [24, 25]
asserts that among all graphs of a given (large) order n and fixed edge density d, the density
of a fixed bipartite graph is minimized for a typical sample from G(n, d). The conjecture
can be particularly neatly phrased in the language of graphons — as observed already by
Sidorenko a decade before the notion of graphons itself — in which case it asserts that

e(H)
mmw></ / Umwmmmm) , 20)
xeQ) JyeQ

for each bigraphon U : Q| x €2, — [0, 1] and each bigraph H. Despite recent results [5, 12,
16, 17], the conjecture is wide open. We shall need the solution of Sidorenko’s Conjecture
for H = K,,, which was observed already by Sidorenko. We give a short self-contained
and unoriginal proof here.

Proposition 5.1. Suppose that U : Q; x Q, — [0, 1] is an arbitrary bigraphon and
n,m € N are arbitrary. Then for the complete bigraph K,,, we have tg(K,,,U) =

(-fxeﬂl -/;*692 U(x’ y) d(VZ)d(Vl))

Proof. 'We have

mezf (/mew / /Humw
X seeeXn y

""" ym ie[nlje[m] ey i€[n] seeesX i€[n]

=) THewn) = ([ (foen))

ig[n]

>(K£Umwfﬂ

where both inequalities follow by applications of Holder’s inequality. .
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5.2. Bicliques in Almost Constant Bigraphons

As a preliminary step for our proof of Theorem 2.4, we study bicliques in random bipar-
tite graphs sampled from almost constant bigraphons. This condition is formalized by the
following definition.

Definition 5.2. A bigraphon U : Q; x Q, — [0,1] is (d,¢&)-constant if
f(x,y)texQz U(x,y)d(v; x v,) >dandesssupU < d +e.

Proposition 5.3. Let 0 < d| < dy < 1 be given. Then for every a € (0, 1) there exists
e € (0, 1) suchthat the following holds: Wheneverwe haved € (d,,d,) and a (d, £)-constant
bigraphon U : Q| x Q, — [0, 1] then for G ~ B(k, U) we have a.a.s. that

@ (G) =2 (1 —-a)-

logk .
logl/d %

Proof. Leta € (0, 1) be arbitrary. Suppose that ¢ > 0 is sufficiently small (we will make
this precise later), d € (dy,d>) and U : 2, x 2, — [0, 1]is (d, €)-constant. Suppose further
that k is large.

Let X; be the number of bicliques in B(k, U) whose two colour classes have size £ =
1—-a)- m+ﬁi - log k. Multiplicities caused by automorphisms of K, , are not counted. By
Proposition 5.1 we have

K\ K\ 2 (KN o (2
E[Xk]=<£) 'lB(Kz,z,U)><£)d ><Z) d =(€—2> . 21

Next, we are going to show by a second moment argument that X, ~ E[X,] a.a.s. For
p,q =0,1,...,¢, we define the bigraph K, ,; as a result of gluing two copies of K, ;, along
p vertices in the first colour class and g vertices in the second colour class. Alternatively,
K¢, can be obtained by erasing edges of two disjoint copies of the bigraph K;_, ;_, from
K2£7p,2£7q- We have

e(Kiepq) = 26> = pq . 22)

We have
¢

L
E[X;1=) Y ElY,,l. (23)
p=0 ¢

=0

where Y, , counts the number of bigraphs K, ,, which preserve the order of the colour
classes. We expand the second moment as

k k
Tl = (5 —plt—p |P> ' (ﬁ —qlt—q| q) e O @9

Claim 5.3.1. Forevery ¢ > 0 there exists ¢; > 0 such that the following holds: Whenever
d € (d,dy) and U : Q| x Q, — [0,1] is (d, &;)-constant then for each p,q € [{]o,
p+ g = clogk, we have

E[X,]* > log’k - E[Y,] .

Proof of Claim 5.3.1. Let ¢ > 0 be arbitrary. Suppose that ¢; > 0 is sufficiently small,
d € (d,d)and U : 2, x 2, — [0,1] is (d, &;)-constant. Let p,q € [£], be such that
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18 DOLEZAL, HLADKY, AND MATHE

p+q > clogk (and of course p+¢g < 2¢). Upper-bounding the terms in (24) (while bearing
in mind that £ = ®(logk)), we get

E[Y, ] < K*770(d + g) Eiera) 2 gH770(d 4 )2

p+q \ —(P+49)
AM-GM Ineq.,d + ¢ < 1 g (kz(d + 81)2)% (k(d + 81)%)
—(p+q)
p+qg<2landd+e <1 S (k2(d+5|)[)2£ (k(d—l—)ﬂ)%)
(25)
kd+ent s | < exp (45 logk (1 + (1 — a)lﬂ%g—m))) fcelogk
_ 14at log(d+ey) 2
= k* exp (4ﬁlogk(1 —a) (1 - %) — calog k)
&1 sufficiently small < k‘m[ eXp (-%CO{ 10g2 k)
It is now enough to compare this with (21). .

Claim 5.3.2. There exist numbers C,e, > 0 such that the following holds: Whenever
d € (d,d)) and U : Q| x Q, — [0,1] is (d, &;)-constant then for each p,q € [£],,
1 < p+qg < Clogk, we have

E[Yo0] > k2E[Y,,] .

Proof of Claim 5.3.2. Suppose that &, > 0 is sufficiently small, d € (d;,d,) and
U: Q) x Q2 — [0,1] is (d, &;)-constant. Let us compare the combinatorial coefficients
corresponding to E[Y] and E[Y),,] in (24). We have

(1)’
(l—PIIZ—pIP) ) (é—qllz—q\q)

where o(1) — 0 as k — oo uniformly for any choice of p and q.

= g+t (26)

It remains to compare the terms t5 (K{¢0,0), U) and t5 (K¢ p 41, U).
First, we claim that for each i,j, 7 € N we have

13 (Kip, O)1g(Kjp, U) < t(Kigjn, U) . 27

Indeed, by Holder’s inequality, we have

i

i i+i\
tg(Kip, U) = / ([deg(x, T)) < (/ (/deg(x, T)) ) ,
T X T x
J i+j IJT/
w0 0) = [ ( / deg(x,n) < ( / ( / deg(x,n) ) ,
T X T X

where the integrations are over T = (¢,...,1;,) € ()", and x € Q,, and deg(x,T) =

]_[i’:1 U(x,t.). Thus
i+j
18 (Kin, U)tg (Kjp, U) < / (/deg(x, T)) = ts(Kiyjn, U)

T

as we wanted.
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t—p P l—p

T oSO >

S > X —
{—q q {—q

Fig. 1. The p¢ + g¢ — 2pq edges of K|, corresponding to factors bounded from above by d + &,
in (19).

A double application of (27) followed by an application of Proposition 5.1 gives

tg(Ke, U) 2 tg(Ky—p o, Dtg(Kp 0, U) 2 t5(Ky—po—g, UNtg (Ky—p g, U)tg(Kp 0, U) (28)
>

ty(Ky—pi—g, U)d?" 14"

In the defining formula (19) for #5 (K[ .41, U) we show that d + &, are upper bounds on some
factors in [ [ U(x;, y;), as in Fig. 1. Observe that after removal of the pf + g€ — 2pq edges
indicated in Fig. 1, the graph K|, , decomposes into a disjoint union of Ky, and K,_, ;.
Note that for a disjoint union H; & H, of two bigraphs H, and H, we have tg(H, ® H,,U) =
tg(Hy, U)tg(Hy, U). Thus,

18 (Kiepqrs U) < (d + &2)" P15 (K g, Uit (Ko—pp—gs U).- (29)

Therefore,

15 (Kie00, U) = tB(KKZ»U)tB(KlK’U) = tB(Ku,U)fB(Kz gy U)APAP

pltqt 2\ P4
d+ &)
2 15 (Kiepg1, U) <d+8 ) (
2

01gl +q)- 214
AMLGM 1 - (d+e))? < >t ( ) 1 & rltq (d + 82)2 (p+a)- =
- neq., & such that ——=— < B Ii 0,p.q)> L
) a = [€.p.q] d & d

pl+qt
&) Clogk
> t5(Kiepg, U) [ 1 — dwrer .
= B( [¢.p.q] )< d+82>

(30)

Substituting (26) and (30) into (24) we get

ptq
E[YOO] k1+0(]) <1 _ & )ldCIzgk
[ q] d + &

2¢ 2 logk \ T4
for[e((),%)wehavel—{>exp(—2[) 2 <k1+0(1)exp <—(l —a)d+2£ . log l/d -logk>dc4g )
2
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2ep 2 cloga \'1?
_ <k1+0(1) O T Toed L

1 1
> 2P+ > k2

>

for C = 1/log(1/d;), and &, < %dl log(1/d,). .

Let C > 0 and &, > 0 be given by Claim 5.3.2. Let ¢; > 0 be given by Claim 5.3.1
for c = C. Now if ¢ < min (g, &), we are ready provide upper bounds on the summands
in (23). Note that we have @(log2 k) many of these summands. We get

EXZ|=ElYool+ Y. ElYJ+ Y. EY,)

P.q€llly p.g€llly
1<p+g<Clogk p+g=Clogk

1
< E[Yo0] + ©(log® K)E[Yyolk™2 + O(log” k)E[X,;]* log > k

El¥ool = 1 +oEE | = (14 o(1)E[X, ]

Therefore we have E[sz] = (1 + o(1))E[X,]?, and it follows by Chebyshev’s inequality
that P[X;, > 0] =1 — o(1). .

5.3. Proof of Theorem 2.4

The upper bound is easy, since it claims that w,(B(n, U)) is typically not bigger than the
biclique number in the balanced bipartite Erd6s—Rényi random graph B(n, p) (which clearly
stochastically dominates B(n, U)). For completeness, we include the calculations. We write
Y (B(n, U)) for the number of complete balanced bipartite graphs on k + k vertices inside

B(n, U). Fork = (1 +¢) - ﬁ -logn, we have,

E[Y,] < (’;) : (Z) <R = (P 31

The statement now follows from Markov’s Inequality, provided that we can show that

n’p* — 0. Indeed,
2k 2 2logn  2elogn 2elogn
n-p" = n-pleglirplogl/p = plogl/p — 0.

We now turn to the lower bound. Let @ € (0, 1) be arbitrary and let ¢y > 0 be given
by Proposition 5.3 for d; = § and d, = p. Let ¢ < min (so, "—2’) be arbitrary. We denote by
v; the measure given on €2;, i = 1,2. The definition of the essential supremum, together
with Theorem 3.6, gives that there exist two measurable sets A € ©; and B C 2, such that
v1(A), v,(B) > 0 and

/ U, y)d(vi x v2) 2 (p — e)vi(A)na(B) .
(x,y)eR xQ2)

We put 6 = min (v;(A), v,(B)). By rescaling the measures v, v,, we get probability mea-
sures v} on A and v; on B. Then we can view U [4p as a bigraphon, which we denote by
U*. Note that U* is (p — ¢, ¢)-constant (and thus also (p — &, &g)-constant as &€ < &).
Consider now the sampling process to generate B ~ B(n, U) as described above. A stan-
dard concentration argument gives that with high probability, at least ‘37” points x; sampled in
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2, liein the set A, and at least %” points y; sampled in £2; lie in the set B. In other words, with
high probability we can find a copy of IBS(%, U*) inside B(n, U). Looking at the biclique
number, we get that for £ = (1 — «) - m -log(én/2), we have

Plw,(B(n, U)) > €] > P[wx(B(%,U") > €] —o(1) > 1 —o(1),

where the last inequality follows from Proposition 5.3. Since log(én/2) = (1 +o(1)) logn,
and since o € (0, 1) and & < min (80, g) were arbitrary, the claim follows. "

6. FORMULA FOR GRAPHS WITH LOGARITHMIC CLIQUE NUMBER

In this section we try to informally justify Theorem 2.5. While we believe that the derivation
here captures the essence of the problem, the actual proof, presented in Section 8, is quite
different. At the end of this section we comment on what fails in turning the heuristics into
a rigorous argument.

6.1. First Moment for a 2-Step Graphon

Let us try to gain some intuition on Theorem 2.5 by looking at one of the simplest non-
constant graphons. Let W : Q% — [0, 1] be represented on the unit interval  (c.f. Fact 3.1)
and defined by

pn ifx,y e @y,
W(x,y) = {pr ifx,y € Q,,and (32)
p12  otherwise.

Here, p11, pxn,p12 € (0, 1) are arbitrary, and €2 is partitioned arbitrarily into two measurable
sets €21 and €2, of positive measures 8, and S;.

Our aim is to determine for which numbers ¢ € R™ there typically exists a clique of order
clogn in G ~ G(n, W), and for which c’s there is typically none. So let us fix c € R and
let X, count the number of cliques of order clognin G ~ G(n, W). By Markov’s Inequality,
w(G) will be typically smaller than clogn in the regime when E[X,,] — 0. On the other
hand, it is plausible that a second moment argument will give that typically w(G) > clogn
when E[X,] — +o00. With this belief — which is supported by the success of a second-
moment argument in the proof of Theorem 2.4 — let us estimate E[X,,]. Actually, we rather
look at a refined quantity Y,'"*“>(G) which is defined as the number of cliques in G that
consist of oy log n vertices whose representation on 2 lies in €2, and «, log n vertices that
are represented in €2,. We have

clogn
E[Xn] = Z E [Y:’“Ogn»c—m/logn] .

m=0

We expect the quantities Y, 2 to be either super-polynomially small or super-polynomially
large. Since the sum above has only ® (log n)-many summands, we expect that

E[X,] = +oo ifandonlyif 3Jo;,e; > 0suchthato;+o, =cand E[Y;1*?] - 400.
(33)
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For a clique that contributes to ¥, “*(G) to be present, (“! 12"3 ") edges in the (€2 x ;)-part
of W, (“25%") edges in the (2, x ,)-part, and o, log” n edges in the (€2, x £2,)-part must
be present in the specific locations of perspective cliques or complete bipartite graphs. By
the Law of Large Numbers, approximately 8;n points in the sampling process for G(n, W)

end up in 2, and approximately B, points end up in €2,. We get

ﬁ n ﬂ n ay logn ay logn g2n
E[Yn““‘“]%< 1 N p )l e

oy logn) \a, logn

o? o?
= exp ((1 + o(1)) logzn <a1 +ay + L logpi + -2 logpy + oo, logp12>> .

2 2
(34)
Thus, whether E[Y,"“?] — 0 or E[Y,/"*?] — 400 depends on whether
1
o]+ o+ 5 (Ol% logpi + a% log pyy + oz log pio + iz 10gp12) (35)

——
(%) (sox)

is negative or positive, respectively. It is straightforward to generalize this formula to
graphons with more steps. Observe also that the values of 8; and 8, get lost in the transition
between the first and the second line of (34), and are immaterial in (35) consequently (pro-
vided that they are positive). In particular, the step sizes B; could have been “infinitesimally
small”. Thus, we can see a direct correspondence between (x) and (k) in (8) and (35),
where the integration corresponds to passing to infinitesimal steps. In view of this, we will
denote the term in (35) by I' (e, W), where o = (ay, ). The optimization over «; and «,
in (33) corresponds to taking the supremum in (7).

This is why we call the functions f in (7) (or vectors, in case of step-graphons) histograms:
they specify the densities of the vertices of the anticipated cliques over the space 2. Also,
motivated by (7) and its interpretation above, we say that a histogram f is admissible for a
graphon W if I'(f, W) > 0.

Last, let us note that a physicist might refer to (x) as the “entropy contribution”, as it
comes from the choice of the vertices of a clique, while (x%) could be referred to as the
“energy” needed to include all required edges of that clique.

6.2. Introducing the Second Moment to the Example

So far, our prediction was based on a first moment argument. Combined with Markov’s
Inequality this gives readily an upper bound on the typical clique number of G(n, W). We
now want to complement the upper bound with a lower bound based on a second moment
argument. Let us first recall the situation in the setting of the Erd6s—Rényi random graphs
G(n, p). There, a straightforward calculation for the random variable X,, counting cliques
of order clogn (where ¢ > 0 is fixed) gives that E[X,]* = (1 4+ o(1))E[X?] if and only if
E[X,] — 4o0. Thus, the first and the second moment start working together at the same
time.

The situation is more complicated in the model G(n, W). We will illustrate this on the
graphon W from (32). Suppose that «r;, o, > 0 are such that (35) is positive, and we ask in
hope whether

E[Y?2) = (1 + o(1)E[(Y{12)7] (36)
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In (34), we provided asymptotics for E[¥,"*?]. Thus, to understand whether we have (36),
we need to calculate E[(Y,;"*?)?]. We have

2
E[(Y®12)}] = E (Z lmducesacnque) = > P[K and L induce cliques], ~ (37)
K

K.L

where K and L range over all sets of vertices with o logn vertices represented in 2, and
o, log n vertices represented in €2,. Let K| be the vertices of K represented in €2, and let K,
Ly, and L, be defined analogously. Itis clear that |K,\L,| = |L;\ K| and |K)\ Ly| = |L,\K>|.
So for fixed sets K and L, we have

|K{ULy | 2 (IKULy| 2
. . —|K1\Ly| —|Ko\Lp| . —
P[K and L induce cliques] :pl(1 2 1)K ~p§2 27K\ .p'l’glu“' Kol =2 B IR\ 2]

Thus, grouping (37) depending on the values of m; = |K; N L;| and m, = |K, N L,| we get

aylogn oy logn

Bin
E[(Y*1*2 2 ~
(¥, 2)7] Z Z<m1|a110gn—m1|05110gn_m1>

my=0 my=0
Bon
x (38)
my | aplogn —my | oy logn — my
(2m1 logzn—ml)_(al logn—ml)z (2a2 ]O%n_mz)—(az logn—n12)2
P P

(2a logn—my)-(2ap logn—my)—2(cry logn—my)(ap logn—my)
12

b

where the approximate equality represents the fact that we assumed on the right-hand side
that exactly B;n vertices are represented in €2;. Let us write y; = m;/logn, and let us write
Z2"""? for the individual summands on the right-hand side of (38). Routine manipulations
give that

IOg Z;:l»)’z

—— 2+t —y)+ 2 —y)
log™n
+ (af — 3yD) logpii + (05 — 1y3) 1ogpa + Qe — y172) logpro -
Thus, if we want the second moment (36) to work then comparing the calculations above
with (34), we must have for each y; € [0,«,] and y, € [0, ;] that

o? a?

2 <051 +ax + 71 logpii + ?2 log pa + oy 10gP12>

ZN+1+20 — )+ 2w — )+ (@] — dyDlogpi + (@ — 1y7) logpx
+ Cajaz — 1y2) logpra

which rewrites as I'(y, W) Z 0. To summarize, to justify (7) (at least for step-functions), it
would suffice to have the following.

Dream Lemma. If W is a step-graphon with k steps and a € [0, +-00)* is a vector with
I'(a, W) > 0, then for all y € Box(a) we have I'(y, W) > 0.
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This, however, does not hold in general. Indeed, take for example

pn=¢ pp=pn=€¢, a=la=1 y=13»=0

Wehave (o, W) = é >0butI'(y, W) = —% < 0.Itis worth explaining what is happening
in the example in words. The parameters p;; and o, are set so that asymptotically almost
surely, G(5,p11) contains no cliques of order «; logn. However, in the rare cases when
G(g, p11) (viewed as a subgraph of G(n, W)) does contain such a clique, there are typically
many ways of extending it on the €2,-part by o, logn additional vertices, thus inflating
E[Y,"*?] substantially.

The above suggests a correction for (7) in that we should range only over those histograms
f for which I'(g, W) > 0 for all histograms g € Box(f). Note also that the necessity of
testing the admissibility condition over all sub-histograms of f has a clear combinatorial
interpretation: If cliques with a given histogram typically appear, then for each given sub-
histogram cliques with that sub-histogram must appear (just because a subset of a clique
again induces a clique).

Now, after all the arguing why (7) should seem wrong, let us explain why it is actually
all right. We show in Lemma 7.2 that for any histogram f attaining the supremum in (7)
we automatically have that all sub-histograms are admissible (recall that a histogram 4 is
admissible for a graphon W if I'(h, W) > 0). If the supremum is not attained then for each
histogram f almost attaining the supremum, we have I'(g, W) Z 0 for all sub-histograms
g, which is sufficient for the argument.

6.3. Failure of Turning the Above Heuristics into a Rigorous Argument

There are two types of errors that we introduced in the above argument. Firstly, the “little
imprecisions” when we replaced a sum by its maximal term (such as in (33)) or when we

used the <-symbol. Each such step introduces an error of o(1) to the quantities f)i—f: and
.00
%. That means, that actually we can only conclude that

E[Y*1*2]* = exp (o(log’ n)) E[(Y21*2)*] ,

which is too crude for the second moment argument to work.

Secondly, the notion of a “set of vertices following a certain histogram” makes sense only
in the stochastic block model, but not when we have a finite set of vertices in an uncountable
probability space. Let us jump ahead and note that in the rigorous proof in Section 8 we, in
a sense, are able to make use of histograms in the continuous setting. Namely, Lemma 3.4
allows us to discretize a given graphon in an appropriate sense, after which it does make
sense to talk about histograms.

Let us remark that for the stochastic block model the first issue (which is the only in
that case) can be dealt with by pedestrian calculations, thus yielding a routine proof of
Theorem 2.5 for the special class of stochastic block models.

7. TOOLS FOR THE PROOF OF THEOREM 2.5

In this section we prepare tools for the lower bound in Theorem 2.5. In Section 7.1 we state
and prove Lemma 7.2 which asserts that if f* is a histogram almost attaining the supremum
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in (7) then I' (f, W) is almost positive for all subhistograms f < f*. The need for this lemma
was motivated in Section 6.2. In Section 7.2 we introduce a new graphon parameter &(W).
This parameter is motivated by controlling the second moment of the number of cliques
of a given size. All the work in Section 7 steers towards deriving the two main results of
this section, Lemma 7.7 and Lemma 7.9. The former lemma asserts that each graphon W
contains a subgraphon U with £(U) = ﬁ The latter asserts that w (G (n, U)) % % -logn.
These two lemmas combine easily to give the proof of the lower bound in Theorem 2.5 (as
is shown in Section 8).

7.1. Subhistograms of Optimal Histograms are Admissible

The main result of this section, Lemma 7.2, tells us that if f* is a histogram almost attaining
the supremum in (7) then I'(f, W) is almost positive for all subhistograms f < f*. We
showed that this particular case of the (false, in general) Dream Lemma is needed for the
second moment to work. The proof of Lemma 7.2 is technical, building on Lemma 7.1.
It turns out that in those situations when the supremum in (7) is attained, Lemma 7.2 has
a much shorter (but conceptually the same) proof. We offer this simplified statement in
Lemma A.1 in the Appendix.

Lemma 7.1. Suppose that W is an arbitrary graphon with 0 < essinf W < esssup W <
1. Then there is a constant K > 0 depending only on the graphon W such that the following
holds: Let g be an arbitrary histogram admissible for W and let § € (0,1). Suppose
that a € (0,1) and that g = g’ + g" for some non-trivial histograms g' and g" such that
lg'lli < llglli—3§. Then either T'(g") > —a, or there exists a histogram g* which is admissible
for W and for which we have

* 5
gl = lglh +K8%a> . (39)

Proof.  Since we shall work exclusively with the graphon W, we write I'(-) as a shortcut
for I'(-, W). Let us write m~ = essinf W and m™ = esssup W.

Let us fix numbers a,8 € (0, 1) and a decomposition g = g’ + g” of g into non-trivial
histograms g’, g” such that ||g’|l; < |lglli — 8. For &; € (0,1) and &, > 0, let us write
g (e,e) =0 —¢e)g + (1 +e&)g". Let us also write

A=gl,
B=|¢g"lli,
1
C=-3 f L§@E M) logW(x,y) d0v?) ,
1 (x,y)eQ (40)
D=-3 / g'(0g" () log W(x,y) d(v*),
(xy)eR?

E= —/ g @)g"(y)log W(x,y) d(v?) ,
(x.y)eQ?

and note that A,B,C,D,E > 0. WehaveI'(¢) =A—CandI'(g) =A+B—-C—-D—E.
There is nothing to prove when I'(g") > —a. Thus, assume otherwise. Then

A<C-a. (41)
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Upper-bounding C by %||g/||% log(1/m™) and using that C > a, we get

, 2a
llg ||1>‘/W~ (42)

For each ¢, € (0, 1) and &, > 0, the difference I"'(g* (e, &,)) — I'(g) can be expressed as
(1—e)A+(1+&)B—(1—¢6)*C—(1+)D—(1—&)(1+&)E—(A+B—C—D—E)

=& (=A+2C+E)+&(B—-2D—E)—¢elC—eD+egkE.

In particular, if &, = (1 + ﬁ)%& (where ¢; € (0,1) and 8 > 0 will be determined later)
then we have

T (g"(e1, (14 B)3e)) — T'(g)

bepa 22
2 2 2
26 (20+E =32 — ) ey o (C+ 4R + 258D+ 5 D) 1 B + ) .
—_——
T1 T2 T3

(43)

Let us expand the term T1.

2AD AE @) 2AD AE
2C+E— ——— >2A— —— — +2a
B B B B

A
>2§(B—D—E)+2a

A
>2§(B—D—E+(A—C))+2a
—ZAF( ) +2
= 3 g a
> 2a.

Now, set &, = f;‘min( L 2A2D) and 8 = min(1, &= 4AD, 2AE) Routine calculations give that

each of the terms T2 and T3 is smaller than a. Plugging the bounds above in (43), we get
T ("1 (1+B)gen) =T = 0. (44)
We have
1 / / 2 1 2
C=3 g gy log (Ywey) d(v7) < 5 g(x)g(y) log (I/m=) d(v)
2 (r.y)eQ? 2 (x.y)eQ?
1 ) 1
< sk (W)'log—
2 m-
and similarly D < 1k (W)?log (//m~) and E < k(W)? log (!/m). We also have

B_lg—glh 38 _ 8 .8
A gl = lglh =8~ kW) =8~ k(W)

Random Structures and Algorithms DOI 10.1002/rsa



CLIQUES IN DENSE INHOMOGENEOUS RANDOM GRAPHS 27

Therefore
aB* &’B B>  a&*B B
€18 = min ,
4C’ 842D’ 16ACD’ 32A%D?’ 8ACE’ 16A3DE
1 B? B B? B B?
> a® min ,
4C° 842D’ 16ACD’ 32A3D?’ 8ACE’ 16A3DE
) 1 . (log (/m=) 8%*log (1/m™) ) 53 1) 83
>a 5 min , 5 5 5 5
log” (1/m™) 2k (W)?2 (W) dic(W)S Bk(W)T dic(W)3 ™ 8k (W)?
he3 1 . (log (Ym=) log (Y/m™) 1 1 1 1
a8’ ————— min , , , , ,
log™ (1/m~) 2k(W)2 7 dic(W)* " 4 (W) 8k (W) dic (W) 8k (W)’
45)

It follows that

lig* (er,e2) Il = (1 —eDA+ (1 + (14 B)se)B = ligl + Beillg' Il

(42) 45) 3 log ({/m=) log (1/m~) 1 1 1 1
lglly +a38° min , ; , ; :
2k(W)2 7 de(W)* “ 4 (W) 8k (W) dic (W) 8k (W)7
2
log® (1/m)
This finishes the proof. .

Lemma 7.2. Suppose that W is an arbitrary graphon with 0 < essinf W < esssup W <
1. Then there exists a number yy > 0and a functionq : (0, yp) — Ry withlim,\oq(y) =0
such that the following holds. Let f* be an admissible histogram for W and let y € (0, yp).
Suppose that ||[f*||, = k(W) — y. Then for every f € Box(f*) we have I'(f, W) > —q(y).

Proof. Let K be the constant from Lemma 7.1. Set y, so that ¥, < K2. Suppose that
y € (0, yp) and f* is an admissible histogram with [[f*|; > « (W) —

We write I'(-) as a shortcut for I'(-, W).

Letf € Box(f*) be non-trivial. Suppose first that |[f[|; > [|f*|l; — /¥. Using (8) we get

1
L) = / F00 o) + 5 f FEF) log Wixy) d0v?)
(/\y)EQ

/ £ dw) — 9y +2 / FOrr o log Wy do?y ‘9

(ye?
Suppose next that ||f{|, < [[f*|l, — /¥. We apply Lemma 7.1 to

5
g=f" &=f & =1"~f 6=Y7, a=§.
5

Then there is no histogram g* adrnissible for W such that ||g*|l; = |If*|l: + K833 as the
right hand side equals |[f*||; + ¥ 8 > IF*Ili + ¥ = «(W). So the lemma tells us that

L) = (47)

ﬁl%

Random Structures and Algorithms DOI 10.1002/rsa



28 DOLEZAL, HLADKY, AND MATHE

Combining (46) with (47), it suffices to define the function g by

qly) = max(f,\/_>, qg>0,

since then it is clear that lim,\ o g(y) = 0. .

7.2. The Graphon Parameter £(-)

In Section 6.2 we outlined why the second moment argument for counting cliques should
go through. (Recall that the second moment argument is needed to prove the lower bound
in Theorem 2.5, which is the more difficult half of the statement.) For the actual execution
of this step, however, we need to introduce a new graphon parameter. This parameter is a
version of the cut norm with an exotic scaling. Given an arbitrary graphon W represented
on a probability space Q2 we define

EW)= sup log(Y/wexy) d(vz) . (48)

Bcw(B)>0 2V(B) (x,y)eBxB

The key feature of £(W), which we prove in Lemma 7.9, is that the second moment argu-
ment for counting cliques of order almost m log n works. More precisely, in the proof
of Lemma 7.9, we set up a random variable Y which essentially counts the number of
individually-weighted cliques of the said order.> We show that E[Y?] ~ E?[Y]. This allows
us to conclude that there must be at least one clique of such an order.

Of course, Lemma 7.9 itself is not enough to establish the lower bound in Theorem 2.5:
we need to connect the new quantity £(W) to the original quantity x (W). Given Lemma 7.9
described above, we would hope that x (W) = Unfortunately, in general, we only have

1
kW) =2 a5
W contains a subgraphon U for which —

EW) (W)
see Fact 7.3. Not all is lost though. In Lemma 7.7 we prove that every graphon

E(U) > k(W) — & (here, ¢ > 0 is arbitrarily small).
After picking a subgraphon U for which — ) (U) ~ k(W) we continue with the proof of the
lower bound in Theorem 2.5 as follows. We prove in Lemma 7.9 that asymptotically almost
surely w(G(n, U)) £ E(I—U) log n. As described in (10), the above combination of Lemma 7.7

and Lemma 7.9 will conclude the desired proof of the lower bound in Theorem 2.5.

Now, let us state and prove the already advertised Fact 7.3. This fact will not be needed
in our proof of Theorem 2.5. However, since it is so basic we record it here.

Fact7.3. Let W be an arbitrary graphon on a probability space 2, and let U = W [4.4 be

a subgraphon obtained by restricting W to a set A of positive measure. Then —— E(U) < k(W).
Proof. By considering the set B = A in (48) we see that
1 ol 1 , 1o 1
EWU) = —f log(Y/wey) d(v}) = / log(t/wey) d(v?) =2 ——— .
2 (x,y)eA2 ’ K 2 (A)? (x.y)€A? ’ k(W)

5The weighting of the particular cliques is a technical but important subtlety, see (58) below.
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Lemma 7.4

Lemma 7.5 Lemma 7.9 Lemma 7.2 Lemma 7.7

Fact 7.6
Fact 7.8

Fig. 2. The scheme of the proofs of Lemmas 7.9 and 7.7. [color figure can be viewed at
wileyonlinelibrary.com]

In the rest of this section we prove Lemmas 7.9 and 7.7. The paths towards these lemmas
are shown in Fig. 2.

For the next lemma, note that if G is a finite graph then the value of £(Wg) does not
depend on the particular representation W of G.

Lemma 7.4. Suppose that ¢ € (0,1]. Let W be a graphon with essinf W > ¢ and G an
edge-weighted complete graph with all edge-weights w(i,j) in the interval [c, 1]. Consider
the “negative logarithms of W and G”, that is, an L*°-graphon W' (x,y) := log({/w«.») and
a weighted graph G' with V(G') = V(G) and weight function w'(i,j) = log(!/wi,). Then
for an arbitrary y € (0, 1] we have

[£W) = §Wo)| < max (% log L, Loo(W'.0)) .

Proof.  'We shall prove the upper bound only for £&(W) — &(W;). The upper bound on
E(Wg) — £(W) is done completely analogously. Suppose that W is represented on a
probability space 2. Looking at definition (48), we need to provide an upper bound

1

— log (V/wey) d(v?) — E(We) (49
U(A) (X,_V)EAZ,X<}‘
———
S1 S2

for each set A C € of positive measure. If v(A) < y then the integral is over a set of
measure at most %UZ(A) < %v(A). Thus, the term S1 can be bounded from above by
—Zlog(essinf W) < Llog 1, as needed.

Suppose next that v(A) > y. Suppose first that §g(W’, G’) = 0. Using the invertible
measure preserving maps from (12), we know that for each ¢ > 0 there exists a graphon
representation Ws of G’ on 2 such that do(W', Wg) < ev(A). Then

: log (fwas) d(v) = —— Wo (x.3) d(v)
U(A) (x,y)EAz,x<y U(A) (x,y)eAz,x<y

—_— 1 / 2
T 20(A) < /(m)eAz (W'(x,y) — Wg(x,y)) d(v ))

1
g_'d W,’W’ g >
oA o( ) <€

as was needed.
Suppose next that §o(W’,G") > 0. Using the invertible measure preserving maps
from (12), we know that for each ¢ > 0O there exists a graphon representation Wy of
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G’ on 2 such that dg(W’, Wg) < (1 4 €)6g(W’', W), We shall fix such a representation
We for e = % — 1. Then (49) can be bounded from above by

1 1
log - d(v?) — — We (x,y) d(v?)
V(A) (x,y)€A2 X<y W) V(A) (x,y) €A2,x<y ¢

—_— 1 / 2
T 2u(A) < /(meAz (W (x,y) — Wer(x,y)) d(v ))

oW, We) ,

1
< —— - do(W, Wg) <
@A) o( ')

R | =

as was needed. .

Lemma 7.5. Suppose that ¢ € (0,1]. Let W be a graphon with essinf W > c. Suppose
that a sequence of integers (k,)2°, has the property that \/logn < k, < J/n. Suppose that
e > 0 is arbitrary.

In the weighted random graph G ~ H(n, W) consider the family H of all sets X C V(G)
of size k, which have the property that |§(W) — &(Wgxy)| = €. Then asymptotically almost
surely (as n — +00) we have that |H| < 8(12,)'

Actually, the assertion of Lemma 7.5 is violated only with probability at most
exp(—3p-—), as can be seen from the proof of Lemma 7.5. We shall not need this refinement,
though. For the proof of Lemma 7.5 we shall need the following well-known fact which we

include here for the reader’s convenience.

Fact 7.6. Let us place m balls independently at random into one of n bins. If n > m?> then
with probability at least 1 — 2n~'/3 each bin contains at most one ball.

Proof. Let us first bound the probability that one distinguished ball is placed into a bin
which contains some other balls. Recall that for each n > 2,

1— % > exp(—%) . (50)

The mentioned probability is exactly

(59
L= (1= H" <1 —exp(—22=2) <1 —exp(—2) <1 —exp(—2n~"7) <2n77° .

The claim then follows by summing this error probability over all m < n'/? balls. .

Proof of Lemma 7.5. Let €2 be the probability space underlying W. Let W’ = log !//w be
the negative logarithm of W. Note that W’ is bounded from above by log !/c. Sampling
the random graph G ~ H(n, W) can be naturally coupled with sampling a random graph
G’ ~ H(n, W’). So, for the first part of the argument, we shall analyze the graph G'.
Suppose first that n is fixed. Corollary 3.5 implies that with probability at least 1 —

n

exp(—mgn) = 1 —o0(1) we have 6o(G’, W) < %. We shall prove the statement for

each weighted graph G’ satisfying this property (provided that n is sufficiently large). That
means that we assume that G’ is fixed, and G is its exponentiated version. In particular, all
the probabilistic calculations below are only with respect to later randomized steps. Let /C
be the family of all subsets X of V(G") = V(G) of size k, for which 65(G’, G'[X]) > %i_llf.
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Consider the graphon representation Wy of G’ represented on a partition
AUAU .. U4, = Q. Sample the graph H ~ H(k,, W ). If we condition on the event
£ that the k, representatives of the vertices of H in the sampling procedure were selected
from pairwise distinct “bins” AUALU .. UA, then H is a uniformly random subgraph of
G’ of order k,. Fact 7.6 gives that P[£] > 1 — 2n~'/3. Thus,

K
P [SD(H, We) > —201_122 ” [35(1{ Wer) 2°l_l"glkff | 5} P[E] > |( )|(1 —2n7'7%) .
n kn

20/_11(;11,{/:] exp(—3 log kn )-
Thus, we get (for n sufficiently large) that || < s(k’:). So, the lemma will follow provided
that we prove that H C K, which we prove next.

Indeed, let X ¢ K be an arbitrary vertex set of size k,. Then §g(G'[X], W) <

So(G'[X],G) + dog(Wg, W) < 2011‘;\/2_1](/“ + % < %. Then Lemma 7.4 tells us

Another application of Corollary 3.5 gives that P[g(H, Wg) >

that for each y € (0, 1),

1 40log /e
EOW) — E(Wop)| < max [ Zlog Ve, ~ . 200087}
14 log k,

We take y = 1/%/10¢k,, and see that the right-hand side is, for large enough n, smaller than
¢. This proves that X ¢ H and consequently concludes the lemma. .

Our next two lemmas are crucial in proving the lower bound in Theorem 2.5. The first
lemma, Lemma 7 7, tells us that in every graphon W there exists a subgraphon U of W for

which we have W 2 k(W). The second lemma Lemma 7.9, then tells us that in G(n, U)

we can typically find cliques of order almost log n.

Lemma 7.7. Suppose that W : Q> — [0,1] is a graphon with 0 < essinf W <
esssup W < 1. Then for every ¢ > 0 there exists a set A C Q of positive measure such that
for the subgraphon U = W [, 4 we have —— E(U) > k(W) —e.
Proof. Let us write m = log (!/essinfw). Consider the number y, > 0 and the function
q : (0,y9) — R, given by Lemma 7.2 for the graphon W.

Let 5§ > 0 be fixed such that 6« (W) < yy. We use (16) to find a set A of positive measure
such that

A+8) > — log(/wiey) d(v?) (51)
— og(Y/waxy) d(v7) .
W)~ V@ e '

Consider now the subgraphon U = W [4,,4 on the probability space A endowed with the
measure Vy.

We now turn to obtaining the bound on & (U). To this end we want to control each term
in (48).

Claim 7.7.1. Suppose that B C A is an arbitrary set of positive measure. We have

1 1 5 2 g8k (W))
155 0@ Juge E NV S Sy P oo
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Proof of Claim 7.7.1. In the following, we abbreviate g = g(5« (W)). Suppose first that

q
B =T ean
: log(1/wey) d(v}) < va(B)m < ,/—q -m,
Va(B) Jxyen? (1 =8 (W)
as needed.

So, it remains to consider the case

/ q
va(B) > m . (53)

Let ¢ > 0 be maximum such that I'(c-1,, W) > 0. Thatis, we have I'(c- 14, W) = 0 which
can be rewritten using (8) as 0 = cv(A) + ¢*1 f(x,y)eA2 log W (x,y) d(v?). Thus,

Then

20(A)

- : 54
f()f,y)eA2 log(l/w(%)‘)) d(\}z) ( )

c

Now the assumption of Proposition 3.8 is satisfied by (51) (after a change of W on a null
set).® The “more precisely” part of this proposition tells us that

k(W)

c>(1—3)v(A).

(55)

Consider now the function f = ¢ - 14. We have ||f||; = (1 — §)x(W). Thus Lemma 7.2
tells us that I'(g, W) > —g for each subhistogram g of f. Let us apply this to the function
g :=c- 1. Then

1, 2
P'(g, W) =cv(B) - 5c / log(Y/wey) d(v7) 2 —q.,

(x.y)eB
yielding

Jiapyese 102w d(v?)
f(x,y)eAz log({/wey) d(v?) ¢

1
v(B) > ~c / log(Ywe) dv?) — L E v
2 Juyen ¢

SProposition 3.8 was formulated only for graphons represented on the unit interval. However, we can use Fact 3.1
to represent W on the unit interval, and then we can apply Proposition 3.8.
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This can be rewritten as
I 1
Wy N> — YWy 2
@) Sy log(!/wexy) d(v7) 0B S log(1/wey) d(v?)
q Jyyyenr 102/ W) d(v?)
cv(A)v(B)
A)
> log (/W 2y gm(
0B Sy O D )
¢l gmv(A)
Z — log(1/wiey 2y
B Jnyere og(/wwy) d(v7) T 5B
Eg. log(!/wen)d(v?)
=z og(Y/way)a(v
U(B) (x.y)eB? 5 (e
_ \/I - oA
(1 =8 (W)
(56)
Thus,

2 6y o1 1
>

> log(Yweey) d(v?
W)~ T8 vAR Jyyen BT 00D
6o 1 1

=

— ——— 2 —_— 1 q .
1+ 8 vAWB) Joyer log(t/wen) A = =5 T 5 ey ™

© 1 1 ) q

> s B oyt log(Y/wexy) d(vy) — /—(1 5w -m,

48k (W))
The term TSP

as required.

| |
in (52) does not depend on the choice of the set A. Thus, it tends
to zero as we let § N\, 0. We conclude that for 6 > O sufficiently small, if we select A as
in (51), we have

1

o148 146 [ q@ew)
202B) Sy NN S Sy T A= ™

for each B C A of positive measure. By (48), we have

1+6 1496 Sk (W
£(U) < + [_a@kW)
K (W) 2 (I =8 (W)
If § > 0 is sufficiently small then the right hand side (which tends to

1 .
s 6 N\ 0)is
smaller than —L— and so
W)=

1
%21((“/)—8,

as was needed. .
We shall need the following observation.
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Fact 7.8. Let G be a finite edge-weighted complete graph with vertex set [n] whose
symmetric weight function w : V(G)?> — [0, 1] puts weight 1 on all self-loops. Then for
every C C [n] and for the graphon representation Wg of G we have

[ [wG.i) = exp(=E(We)niC)) .

i‘jec

t<J
Proof. Suppose that W is a representation of G on the unit interval /. Suppose further
that each vertex i € [n] is represented by an interval D; C I (c.f. Remark 3.3), and that
for each 1 < i < j < n the interval D; lies to the left of the interval D;. Of course, such a
change of representation of W does not change & (W).

The case C = ¢ is trivial, so assume C # ¢. Consider the set X = |J,.oD:.

Definition (48) gives that

1
EWg) 2 — log(!/wg ) d()xz).
)"(X) (x,y)EXz,x<y ¢
Let us split the integration above according to the partition (D; x D;);je(,). We can neglect
the terms for which i = j since then the integrand is log(!/1) = 0. So, suppose that
i < j. Then for each x € D;, y € D; we have Ws(x,y) = w(,j). Thus, in this case
f(xy),)EDixDijy log(!/wgen) d(A%) = = log('/wii)). We conclude that

n 1
EWg) 2 TaRe Z log(!/wiin)
| | n i,jelC?<C

i<j

The lemma follows after exponentiation. .

Lemma7.9. Suppose that W is a graphon with essinf W > 0. Suppose thata < 1/£(W).
Then asymptotically almost surely, G(n, W) contains a clique of order a log n.

Proof. Choose § > 0 such that «(§(W) + &) < 1 and let us write
y=1—a(EW)+)9). 57)

Let H ~ H(n, W). Set k := a logn. Let A be be the family of all sets A C V(H) of size
k for which [§ (W) —&(Wga))| < 6. Lemma 7.5 tells us that with high probability, the graph
H has the property that | A] > (1 — §) (Z) Condition on this event, and fix a realization of
the weighted graph H with a weight function w : (V(ZH)) — [0, 1] having the above property.

We shall now obtain from H an unweighted graph G by including each edge ij with
probability w(i, j). It is our task to show that with high probability, G contains a clique of
order k. (Recall that this probability is only with respect to obtaining G from H.)

For each A € A set up the indicator X, of the event that G[A] is a clique. Define

X4
YA =
E[X4]

(58)

(note that the denominator is not zero because essinf W > 0). Let Y = } ,_, Y,. To
conclude the proof, we want to prove that for each ¢ > 0 (which we now consider fixed),
we have

Y > 0 with probability at least 1 — ¢, (59)
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provided that »n is sufficiently large.

We have E[Y,] = 1 for each A € A, and consequently E[Y] = |A|, which tends to
infinity with n — +o00. Below we shall prove that E[Y?] < (1 + ¢)E?[Y], which will
establish (59) via the usual second-moment argument.

Claim 7.9.1. We have E[Y?] < (1 + ¢)E*[Y].
Proof of Claim 7.9.1. For £ =0,1,...,k, let us write

M;= > ElY)Ys].
A.Be A
|ANB|=t
Then we have E[Y?] = ZLO M,. So, it is our goal to bound each of the numbers M,. We

have
2\ 2
M, < (k) . (60)

For £ > 0 we have’

E[XiXs]
> EMYsl= > Z FIXEI]

|2h81§£e ce("?) Qm%“é
Given two sets A, B € A, it is easy to see that
E[X,]E[X
O
HUE(AEIB) w(i, )

Thus,

2 2 IIwan

ce("?) s 1<(5)

Fact 7.8 applied on the graph H[A] and subset C S Z Z exXp ((E (W) + 5)/(()

V(G)y A,B
ce( y )) AnBe:é

(61)

n
S (e [k —¢ |k_g) exp (E(W) + 8)ke)

_ onln—k)P k"?
T (m=2k+ 0?2 Lk — )2

2
: <Z) exp ((E(W) + 6)kb)

2 14 2
n is sufficiently large < (—) . k% . <Z> exp ((g(W) + 8)]{6)

n

_ (2/«2 exp (E(W) + 6)1«))‘ . <n>2

n k

7 n\?
< (2[k22 exp (—y{log n)) . (k)

Tthe calculations below are also valid in the case £ = 0, but we shall not use them in that case
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2
wsk | < exp (—@) . (Z) )

Recall that E[Y] = |A| > (1 — 8)(}). Thus,

E[Y] Y M
E’[Y] E[Y]
g) 1 - S M, i
=8 (1-82()

(©1) 1 1

k
S (1-26)? + (1—26)2 Zexp (_@)

Z yllogn
)2

Note that the last expression is a geometric series, and its quotient exp (—% 10g”) tends to 0

as n — 00. Therefore the sum of the series tends to 1. Thus for sufficiently large n and for
E[rY]

P < 1 + &, as was needed. .

sufficiently small 6 > 0 we get

Claim 7.9.1 tells us that Var[Y] < ¢E?[Y]. Therefore, (59) follows from Chebyshev’s
Inequality. .

8. PROOF OF THEOREM 2.5

Let ¢ = essinf W. Suppose that W is represented on the unit interval I = (0, 1) equipped
with the Lebesgue measure A. Let us replace the value of W in every point (x, y) € (0, 1)? that
is not a point of approximate continuity by c. This is a change of measure zero by Fact 3.7.
In particular, k (W) does not change, nor does the distribution of the model G(n, W).

8.1. Upper Bound

Lete € (0,x(W)/4) be arbitrary. Let n be sufficiently large. We want to show that a.a.s. G ~
G(n, W) contains no clique of order k = (k (W) + ¢) logn. Let X,,(G) count such cliques.
We have

BIX,(G)1 = [ S T W) o .

n Py . .
(X% X ) €L AE([Z]) ijeA,i<j

This summation has (}) < n* = exp ((k(W) + &) log’ n) terms. By (15), each of these
k(k—1)
terms is bounded by P, > where lim P, = exp ( (W)> So if n is sufficiently large then

k—o00

(-2, M0 )
exp N 5 el .
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Thus,

E[X,(G)] < (( W)+ £) loghn — —2— M+>
g <exp| (k g)log”n o 2 &

_ &2 5 €
= exp <<—e — K(W))log n+ (1 + m) logn+8> -0,

as n goes to infinity. Markov’s inequality concludes the proof.

8.2. Lower Bound

We shall assume that ess sup W < 1. Let us justify this step. Suppose that W is an arbitrary
graphon. We can then take a sequence of graphons W, W,, . .., where W; = min(W, 1 — %)
(pointwise). Then (16) tells us that k (W;) — « (W) (even in the case x (W) = +00). Thus,
it suffices to prove a lower bound for each of the graphons W;.

Let ¢ > 0 be arbitrary. We apply Lemma 7.7 to find a set A € 2 of positive measure
such that for the subgraphon U = W [4,4 we have ﬁ > k(W) — e. Lemma 7.9 then
tells us that asymptotically almost surely, w (G(n, U)) = (k (W) — 2¢) log n. Since there is
a coupling of G = G(n, W) and G’ = G(242, U) such that G asymptotically almost surely

2
contains a copy of G', we obtain that (cf. (10)),

w(G(n,W)) > (k (W) — 3¢) log n asymptotically almost surely.

Since ¢ > 0 was arbitrary, this completes the proof of Theorem 2.5.

9. CONCLUDING REMARKS

Our concluding remarks concern possibilities of extending the main result, Theorem 2.5.

9.1. Sharpening the Results

As mentioned in Section 1, Matula, Grimmett and McDiarmid proved for p € (0,1) an
asymptotic concentration of w(G(n, p)) on two consecutive values for which they provided
an explicit formula. It is possible that when, say, 0 < essinf W < esssup W < 1, then
w(G(n, W)) is asymptotically concentrated on two consecutive values.

9.2. Sparse Inhomogeneous Random Graphs

Let us look at our set of problems for G(n, p, - W), where p, — 0, i.e., the model introduced
in Section 1.1. Note that Remark 2.7 is no longer valid: the problem of maximum clique
and maximum independent set in G(n, p, - W) is genuinely different. It turns out that the
more interesting problem is that of the independent set. For the Erd6s—Rényi random graph
G(n, p,), the problem of determining the independence number is essentially solved by the
above mentioned work [11,21], and by the work of Frieze [10] down to the range p, > %
Note that the regime p, < ﬁ is more subtle as the second moment argument does not
work, and indeed Frieze’s contribution was in establishing concentration of the count of
large independent sets by alternative means. The regime p, = C/n seems to require methods
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from statistical physics. In the related model of random regular graphs, these methods have
already provided an answer [7].

It would be of interest to see whether the methods we developed in this paper can give
an answer also for the independence number in sparser inhomogeneous random graphs.
It seems that the two core ingredients of our proof, Lemma 3.4 and the second moment
argument do have sparse counterparts.

* The sparse counterpart to Lemma 3.4 is [3, Theorem 2 14] which says that if p, > l
then the sequence ,T G(n,p, - W) (here, the factor in front of the random graph
G(n,p, - W) denotes edge weighting; this is the natural way to deal with the scaling
in this situation) converges to W in the cut-distance almost surely.

* Our second moment argument is complicated but it builds on the seminal work [11,21]
which works down to the range p, = @(\/Lﬁ). Thus, at least when W € L>®(Q?), our
methods possibly extend to this range. The situation when W € L7 (Q?) for some
general p is probably more subtle.

Of course, one might ask whether the methods used by Frieze [10] could be extended
to the inhomogeneous setting, thus possibly giving results even for i L pn < \/lﬁ
This however goes beyond the scope of this paper.
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APPENDIX A: A SIMPLIFIED VERSION OF LEMMA 7.2

Here we provide a weaker version of Lemma 7.2 which deals with the case that the supremum
in (7) is attained. While this version is not sufficient for our purposes we decided to offer it
to the reader because its proof is based on the same idea yet is stripped off technicalities.

Lemma A.1. Supposethat W is an arbitrary graphon, and suppose that f* is an admissible
histogram for W for which ||f*||, = «(W). Then every subhistogram of f* is admissible for
w.

Proof. The statement follows immediately from Claim A.1.1 (which is a simplified version
of Lemma 7.1).

We abbreviate I'(-, W) as I'(-). Also, when we say “admissible”, we mean with respect
to W.

Claim A.1.1. Assume that g is an arbitrary admissible histogram. Suppose further that
g = g + g” for some histograms g’ and g”. Then either g’ is admissible, or there exist
e1,&, € (0,1) such that for g* = (1 — &1)g’ + (1 + &,)g” we have that g* is admissible, and
lg*lls > lghs.
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Proof of Claim A.1.1.  For ey, e, € (0, 1), letus write g*(e1,8,) = (1 —&1)g’ + (1 +&,)g”".
We define numbers A, B, C, D, and E as in (40). Note that A,B,C,D,E > 0. For any
€1, & € (0, 1), the difference I'(g* (&1, €2)) — I'(g) can be expressed as

(1—eDA+(1+&)B—(1—6)C—(1+&)D—(1—&)(14+&)E—(A+B—C—D—E)

=& (-A+2C+E)+&(B—-2D—E) — afC — sgD + e16E.

In particular, if &, = %81 then we have

A 2AD AE\ A’D AE
(g (enze))-T@=e(20+E- "2 =)+ (-C—— +—

B B B B? B
(A1)
Now let us assume that I'(g’) < 0,i.e. A < C. Then we have
2AD AE 2AD AE
2C+E— —— —>2A — — — —
B B B B
A
>2—(B—-D—-E)
B
A
> 25 (B-D-E+A-0)) (A2)
= ZAI‘( )
> 0.

By (A2), the right hand side of (A1) is a quadratic expression (in the variable &) with a
positive linear coeficient. Therefore there is €, > 0 (which we fix now) small enough such
that g, %sl € (0,1) and

A
r (g* <81, E‘El)) >T'(g)(=0). (A3)

Since the function (g1, &) — I' (g* (¢1,&;)) is obviously continuous, we can find &, €
(2&1,1) such that " (g* (1, &,)) is still nonnegative. Then we have

A
lg* er,e) llh =1 —eDA+(1+&)B>(1—e)A+ (1 + EEI>B =A+B=|zl.

This finishes the proof. .
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