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Abstract

Let I' be a hypergraph with vertex set €, let p: @ — [0,1], and let Q, be a random
set formed by including every w € 2 independently with probability p(w). We investigate
the general question of deriving fine (asymptotic) estimates for the probability that 2, is
an independent set in I', which is an omnipresent problem in probabilistic combinatorics.
Our main result provides a sequence of lower and upper bounds on this quantity, each of
which can be evaluated explicitly. Under certain natural conditions, we obtain an explicit
closed formula that is asymptotic to this probability. We demonstrate the applicability
of our results with two concrete examples: subgraph containment in random graphs and
arithmetic progressions in random subsets of the integers.

1 Introduction

Let I" be a hypergraph with vertex set { and, given p: @ — [0, 1], let €, be a random subset
of Q formed by including every w € € independently with probability p(w). What is the
probability that €2, is an independent set in I'? This very general question arises in many
different settings.

Example 1. Let F' be a graph, let n € N, and let Q = F(K,,) = ([Z]) be the edge set of the
complete graph with vertex set [n] := {1,...,n}. Let I be the collection of the edge sets of all
copies of F' in K,,. Fix some p € [0,1] and let p(w) = p for every w € . Then we are asking
for the probability that the random graph G, , is F'-free, that is, it does not contain F' as a
(not necessarily induced) subgraph.

Example 2. An arithmetic progression of length » € N (an 7-AP for short) is a subset of the
integers of the form {a + kb: k € [r]}. Let Q = [n], let T" be the set of all r-APs in [n], and let
p(w) = p for all w € Q. Then we are asking for the probability that the random subset [n],, is
r-AP-free.
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Example 3. Let Q be a finite set of points in the plane. Include a triple {7, j,k} in T if the
points 1, 7, k lie on a common line. Now we are asking for the probability that the random
subset ), of points is in general position.

It is not hard to find other natural examples that provide further motivation for studying
this general question. We make the following definition for the sake of brevity.

Definition 4. An increasing family is a triple (2, T', p), where Q) is a finite set, I" is a collection
of non-empty subsets of Q, and p is a map from € to (0,1).}

Given an increasing family (Q,T", p), we shall fix an (arbitrary) ordering of the elements of
I' as v1,...,7~. We then let X; be the indicator variable of the event that v; C €, and we
set X = X1+ ---4+ Xpy. Thus, X counts the number of sets in I' that are fully contained in
(2, and our goal is to compute the probability that X = 0. Of course the notations 2, v;,
Xi, X, and N all depend on a given increasing family (2, T, p), but we shall always suppress
this dependence as it will be clear from the context.

Most of the time, we will be interested in sequences (2,1, pn) of increasing families,
indexed by a parameter n that tends to infinity, and ask:

What are the asymptotics of the probability P[X = 0] as n — o0?
This question can also be viewed as a computational problem: we want to derive closed
formulas that are asymptotic to P[X = 0], at least for various ranges of the parameter p.
1.1 The Harris and Janson inequalities

The main reason why computing P[X = 0] is challenging is that the variables Xi,..., Xy are
usually not independent. However, this is not to say that there is no structure at all: every
random variable X; is a non-decreasing function on the product space {0,1}*. An important
inequality that applies in this case is the Harris inequality:

Theorem 5 (Harris inequality [10]). Let X and Y be random variables defined on a product
probability space over {0,1}%. If X and Y are both non-decreasing (or non-increasing), then

E[XY] > E[X]E[Y].
If X is non-decreasing and Y is non-increasing, then
E[XY] < E[X]E[Y].

In our setting, for every I C [N], the random variable [[;.;(1 — X;) is non-increasing, so
we easily deduce from Harris’ inequality that

P[X =0]=E

N N
[1a —X»] > [ - EXi). (1)

i=1 i=1

Note that (1) would be true with equality if X,..., Xx were independent. An upper bound
on P[X = 0] is given by Janson’s inequality, which states that the reverse of (1) holds up to

1For technical reasons, we shall exclude the case that p(w) € {0,1}. That case can always be addressed by
changing I" or by a continuity argument.



a multiplicative error term that is an explicit function of the pairwise dependencies between
the X;. More formally, for indices 7, j € [N], we write ¢ ~ j if ¢ # j and ~; N ~y; # 0. Further,
we define the sum of joint moments

Ay =Y E[X;X]].

i~j
Theorem 6 (Janson’s inequality |2, 15]). For every increasing family,
P[X = 0] < exp(— E[X] + Ay). (2)

To compare this with (1), we will now assume that the individual probabilities of v; C €,
are not too large, say E[X;] < 1 — ¢ for some € > 0. In this case, we may use the fact that
1—2>exp(—z—22/(1 —z)) > exp(—x — 22 /¢) for € [0,1 — €] to obtain from (1)

PX =0]> [] (1-E[X))) > exp(— E[X] - 61 /2), 3)
1€[N]

where

o= Y E[X* (4)

Combining this with (2), we get
P[X =0] = exp (— E[X] 4+ O(61 + Ap)). (5)

If 61+A9 = o(1), then (5) gives the correct asymptotics of P[X = 0]. The condition As = o(1)
requires that the pairwise correlations among the X; vanish asymptotically in a well-defined
sense. This rather strict requirement is not satisfied in many natural settings, including the
ones presented in Examples 1-3 for certain choices of p. It is therefore an important question
to obtain better approximations of P[X = 0] in cases when the pairwise dependencies among
the X; are not negligible. This is the starting point of our investigations.

1.2 Triangles in random graphs

Even though our results can and will be phrased in the general framework of increasing families
and are thus widely applicable, we believe that it is useful to keep in mind the following well
studied instance of the problem that will serve as a guiding example.

Example 7. Suppose that X denotes the number of triangles in G, 5, as in Example 1 with
F = K3. Since each triangle has three edges, we have E[X;] = p? for all i. Thus E[X] = (})p?
and 0; = O(n3p®). Moreover, we have Ay = O(n*p®), because if two distinct triangles
intersect, then their union is the graph with 4 vertices and 5 edges. Thus (5) implies that as

long as p = o(n~*/?), we have
P[X =0] =exp(— n3p®/6 + o(1)).

This result was already obtained by Erdds and Rényi [8] under the much stronger assumption
that p = O(n™!). The assumption on p was later weakened by Frieze [9] to p = O(n=17¢)
for some small constant ¢ > 0. Extending the above result, Wormald [24]| and later Stark
and Wormald [22] obtained asymptotic expressions for P[X = 0] even when p = w(n~%/?)



and thus (5) no longer gives an asymptotic bound. For example, it was shown in [22]| that if
p=o(n~ /1), then

3,,3 4,5 5,7 2.3 4,6 6,9
np+np_7np n°p”  3n’p 27np+0(1))‘

6 4 12 2 8 16
One goal of the present paper is to give a simple interpretation of the individual terms in
this formula. Indeed, we will formulate a general result from which the above formula may
be obtained by a few short calculations. More precisely, we will prove a generalization of (5)
that takes into account the k-wise dependencies between the X; for all £ > 2.

P[X:O]:exp(—

1.3 Joint cumulants, clusters, dependency graphs

Let A ={Z,...,Zy} be a finite set of real-valued random variables. The joint moment of

the variables in A is
A(A) =E[Zy - Zp)]. (6)

The joint cumulant of the variables in A is

r(A):= Y (Il = DI=)" T AP, (7)

well(A) Perm

where II(A) denotes the set of all partitions of A into non-empty sets. In particular,

r({X}) = E[X],
s({X,Y}) = E[XY] - E[X]E[Y],
k({X,Y,Z}) = BE[XYZ] — E[X]E[YZ] — E[Y|E[XZ] — E[Z] E[XY] + 2E[X]| E[Y] E[Z].

The joint cumulant k(A) can be regarded as a measure of the mutual dependence of the
variables in A. For example, k({X,Y}) is simply the covariance of X and Y. In particular,
k({X,Y})=0if X and Y are independent. More generally, the following holds.

Proposition 8. Let A be a finite set of real-valued random variables. If A can be partitioned
into two subsets A1 and As such that all variables in A1 are independent of all variables in
Az, then k(A) = 0.

In fact, Proposition 8 remains valid when one replaces the independence assumption with
the weaker assumption that A(By U By) = A(B1)A(Bsg) for all By C A; and By C Ay. An
elegant proof of Proposition 8 can be found in [1]. The proposition motivates the definition
of the following notion.

Definition 9 (decomposable, cluster). A set A of random variables is decomposable if there
exists a partition A = A; U Ay such that the variables in A; are independent of the variables
in As. A non-decomposable set is also called a cluster.

For an increasing family (2, T, p), it is natural to define the dependency graph Gr as the
graph on the vertex set [IN] whose edges are all pairs {7, j} such that v; N~y; # 0. We write
Cy, for the collection of all k-element subsets V' C [N] such that Gp[V] is connected. Since we
have assumed that p(w) € {0,1} for all w € Q, a set of variables {X;: i € V'} forms a cluster
if and only if V' € Cy|. In particular, we have x({X;: i € V'}) = 0 whenever V & Cjy/|. Set

k=Y k({Xiri€V}) and Ap= Y A({X;:ieV}) (8)

Ve Vel



Note that this definition is consistent with the definition of As given above. Moreover, it
follows from (7) and the Harris inequality that |k;| < Cr Ay for some Cy depending only on k.

1.4 The main result

Let (2,T',p) be an increasing family. Given a subset V' C [N], we write
(V) :=Ng.(V)\V

for the external neighbourhood of V' in the dependency graph, and let

AV)= > EIX;|[[X;=1]

i€d(V) jev

be the expected number of external neighbours 7 of V' such that v; C €),, conditioned on
v € €y, for all j € V. Then, for k € N we define

Ay :=max {A\(V): V C [N],1 < |V| < k}.

We say that a sequence of increasing families is sparse if max {P[X; = 1]: i € [N]} = o(1) and
that it is subcritical if Ay, = O(1) for every constant k € N.
In other words, a sequence (Qy,, 'y, pn)neN is sparse if

lim maxP[y C (Qy,),,] =0

n—oo vel'y,

and it is subcritical if for every every k,

liﬂsipvggﬁﬁng [[{~ € Ta: ’YﬁUV7£®a W\UV C () ] < oo

Our main result is the following.

Theorem 10. Suppose that (U, L', Prn)neN is a sparse and subcritical sequence of increasing
families and let X denote the number of edges of 'y, that are fully contained in (§),),,. Then
for every k € N,

P[X = 0] = exp ( — K]l +Ky— K3+ -+ (—1)klﬁk + 0(51 + Ak+1))
as n — 0o, where d1, K1, ..., kg, and Apy1 are defined as above.

In the applications considered in this paper, it will always be the case that ki = Ap+0(Ag)
for every fixed k. For example, this is automatically so if max {p(w): w € Q,,} = o(1), as can
be seen from definition (7). In such cases, the first-order behaviour of sy is thus given by Ay.
However, this does not mean that we can then replace x; by A; in the formula for P[X = 0]
given by Theorem 10, because the lower-order terms in the k; can be non-negligible, see, e.g.,
the proof of Corollary 15.

The fact that k1 = E[X] shows that the case k = 1 of Theorem 10 gives (a slight weakening
of) Janson’s inequality (5). Unlike Janson’s inequality, our Theorem 10 requires the additional
assumptions of sparsity and subcriticality. Whereas the sparsity condition is rather natural?,

2Even if all the X; are independent, but max; E[X;] = Q(1), then it is not true that P[X = 0] = exp(—r1 +
o(1)) for the simple reason that 1 — z # e~ *°() unless z = o(1).



the latter condition is hard to motivate and perhaps not necessary. As we will see further
below, subcriticality implies that Apiq = O(Ag) for all constant k, which gives at least an
indication of the type of assumption that is involved.

We shall derive Theorem 10 from a more general result, Theorem 11 below. Even though
the former is sufficiently general to handle all applications considered in this paper, the latter
has the advantage that it can be applied in certain non-sparse settings. Its disadvantage lies
in the fact that the error terms are somewhat less transparent.

For a set of random variables A, we define

0(A) :=A(A) max {E[X]: X € A}.
and for £ € N we set

O 1= X1 d = PlX; =1 f j .
i Z d({X;:i€V}) and pg \ﬁng?]}é] [ or some i € VUI(V)]
VECy 1<[V|<k

Observe that the above definition of 5 generalises (4).

Theorem 11. Let (Q,T',p) be an increasing family and let k € N. Assume that there is some
e > 0 such that E[X;] < 1—¢ for alli € [N] and pry1 < 1—e. Then there exists K = K(k,¢)
such that

|log P[X = 0] + k1 — k2 + k3 — -+ + (1) ki | < K- (01,6 + Apy1,k), (9)
where
K K
517[( = Z(Sr and Ak-i-l,K = E AT.
r=1 r=k+1

We will show that Theorem 11 implies Theorem 10 in Section 2. The proof of Theorem 11,
which is the main part of this paper, will be presented in Section 3.

1.5 Applications and examples
1.5.1 Random hypergraphs

A fundamental question studied by the random graphs community, raised already in the
seminar paper of Erdés and Rényi (8], is to determine the probability that Gy, , contains no
copies of a given ‘forbidden’ graph F'. The classical result of Bollobas [5], proved independently
by Karonski and Rucinski [16], determines this probability asymptotically for every strictly
balanced?® F, but only for p such that the expected number of copies of F in G p is constant.
(In the case when F is a tree or a cycle, this was done earlier by Erdés and Rényi [8] and
in the case when F is a complete graph, by Schiirger [21].) It was later proved by Frieze [9]
that the same estimate remains valid as long as the expected number of copies of F' in Gy, is
o(n) for some positive constant ¢ that depends only on F'. Prior to this work and the work
of Stark and Wormald [22], the strongest result of this form (i.e., determining the probability
of being F-free asymptotically) for a general graph F' followed from Harris’ and Janson’s
inequalities, see (5). Finally, we remark that for several special graphs F', the probability that
Gnp (or Gy ) is F-free can be computed very precisely either when p = 1/2 or, in some

3A graph F is strictly balanced if er /ur > eg /vg for every proper nonempty subgraph H of F.



cases, even for all sufficiently large p = o(1) (or m = o(n?)) using the known precise structural
characterisations of F-free graphs, see [4, 11, 17, 18].

We consider the following natural generalisation of this question. Let Gﬁ{j}, denote the
random r-uniform hypergraph (r-graph for short) on n vertices containing every possible
edge (r-element subset of the vertices) with probability p, independently of other edges. (In
particular, G;Z,Z)Q is simply the binomial random graph G, ,.) Given a family F = {F1, ..., F}
of r-graphs, what is the probability that GS‘,])D is F-free, that is, it simultaneously avoids all
copies of all r-graphs in F7 We will assume that the r-graphs in F are pairwise non-isomorphic
and that they do not have isolated vertices; in any case, removing duplicates from F or isolated
vertices from a hypergraph in F does not affect the probability that we are interested in.

We now define (Qy,, 'y, p,,) similarly as we did in Example 1. That is, we let Q,, = ([:f}) be
the edge set of Kff), the complete r-graph with vertex set [n], let I';, be the collection of edge

sets of subhypergraphs of Kg) that are isomorphic to one of the r-graphs in F, and let p, be
a sequence of probabilities (which, however, we interpret as constant functions on 2,,). Then
(0, T, pr) is a sequence of increasing families and P[X = 0] is the probability that GS{,LH is
F-free. Using Theorem 10, we can get the correct asymptotics for this probability in a range
of py,.

For an r-graph F', define

€r —€H

m*(F)::min{ :HQFWitth<vFandeH>O},

VUF —VH

where v and eg denote, respectively, the numbers of vertices and edges in an r-graph K.
For a family F of r-graphs, we then set

my(F) ;== min{m,(F): F € F} and d(F):=min{ep/vp: F € F}.

Corollary 12. Let F be a finite family of r-uniform hypergraphs, each containing at least two
edges, and assume that (pp)neN satisfies

np ) = o(1) and  np¥F) = o(1). (10)
Then for every k € N, as n — oo,
P [G% s f—free} =exp (— K1+ K2 — -+ (=1)"rg + O(Ajt1) + 0o(1)).

In Corollary 12, the first condition on p, in (10) ensures that the associated sequence of
increasing families is sparse and subcritical (thus allowing the application of Theorem 10),
whereas the second condition ensures that d; = o(1). These two conditions can be simplified
under certain natural assumptions on the family F. Recall that the r-density of an r-graph
F with at least two edges is

eg — 1

my(F) ::max{ : H C F with 6H>1}

v — T
and that F'is r-balanced if the maximum above is achieved with H = F', that is, if m,(F) =
(ep —1)/(vp — ). Observe that for every F' with at least two edges, we have

my(F) > L~ LB my(F).

Vp —T

7



We claim that if F' is r-balanced, then in fact m,(F) = m.(F). Indeed, writing ax =
(ex —1)/(vk — 1), we see that for every H C F with vy < vp and ey > 1,
er—ey (ep—1)—(eg—1) ap(vp—71)—aglvg —7)

UF—UH_(UF—r)—(UH_r): (0F —7) — (vm — 1) > m,.(F),

since m,(F') = ap > ay (as F is r-balanced) and this inequality continues to hold if ey = 1.
Thus m.(F) > m,(F). Moreover, if r = 2, then the second condition in (10) follows from
the first condition, since 2er/vp > (ep — 1)/(vp — 2) for every graph F and consequently
my(F) < 2d(F) for every family of graphs F.

Corollary 13. Let F be a finite family of 2-balanced graphs and assume that (pn)neN satisfies
P = o(n=Ym2E)Y for every F € F. Then for every k € N, as n — oo,

PG, is F-free] = exp ( — Kl +Ky— -+ (—1)kmk +O(Agy1) + 0(1))_

Suppose that F is a finite family of 2-balanced graphs, let ma(F) = minper mo(F'), and
fix an arbitrary positive €. If we replace the assumption of Corollary 13 with the stronger
assumption that p = O(nil/ ma(F)—e ), the corollary gives an asymptotic formula for the prob-
ability that Gy, , is F-free. (Moreover, it is not hard to see that this formula is exp(f(n,p))
for some bivariate polynomial f with rational coefficients.) This is an immediate consequence
of the fact that Agy; = o(1) whenever k is sufficiently large as a function of € and F, which
we shall now verify. To this end, suppose that C is a collection of k copies of graphs from
F in K,, that form a cluster in the sense of Definition 9 and let G be the union of these &
subgraphs of K,,. Since C is a cluster, one can order its elements as F1, ..., Fj such that F;
intersects Fy U--- U F; for each i € [k — 1]. As this intersection is clearly a subgraph of Fji1,
one can show (using induction on 7) that

ea—1

> my = mi ).

v —2 = ) =gt

On the other hand, there are functions v, V: N — N depending only on F such that v(k) — oo
as k — oo and v(k) < vg < V(k) for every G that is obtained from a cluster of k copies of F
in a complete graph of an arbitrary order. Consequently,

Vik+1) .
Apr<pn? Y o(3) <pm2(]-')n) 2 O (n2=ma(F) (o(k+1)-2))
i=v(k+1)

and thus Agy1 = o(1) whenever k is sufficiently large as a function of F and e.

Of course, neither Corollary 12 nor Corollary 13 would be particularly useful if one could
not compute the values x; for at least several small integers k. We perform these calculations
for two special cases.

Corollary 14. Ifp = o(n_4/5), then the probability that Gy, p is simultaneously Kz-free and
Cy-free is asymptotically
3,3 4,4 6,7 5,6
n
p- np +np +np )
6 8 4 2

o (-

Corollary 15. Ifp = 0(n‘7/11), then the probability that G, is triangle-free is asymptotically

n3p3 n4p5 7n5p7 n2p3 3n4p6 27n6p9
exp ( — + — + — ) .
6 4 12 2 8 16




Corollary 15 was obtained independently by Stark and Wormald [22], who also proved a
similar result in G, ;,, the uniform random graph with n vertices and m edges. It extends
a result of Wormald [24] that applies to a smaller range of p. However, the derivation of
Corollary 15 from Theorem 10 is very short compared to the proofs in [22] and [24].

1.5.2 Arithmetic progressions

As a second application, we will estimate the probability that a binomial random subset of [n]
is r-AP-free, i.e., does not contain any arithmetic progression of length r. Given a sequence
(pn)nen of probabilities, we define a sequence of increasing families (£2,,,T',,p,) by setting
Q,, = [n] and letting I';, be the set of all r~-APs contained in [n] (and, again, considering p,, as
a constant function on €,). Then P[X = 0] is the probability that the random subset [n],,
is m-AP-free.

Corollary 16. Let r > 3 and assume that p, = o(n_l/(r_l)). Then for k € N, as n — 00,
P [[n]p is r-AP-free] = exp (— k1 + k2 — kg + -+ + (=D)Fkp 4+ O(Apy1) + o(1)).

The assumption on p,, simply makes sure that the family is subcritical and that 6; = o(1).
Observe that every pair of integers lies in at most (g) many r-APs. If follows that for every
¢ > 2, there are O(n’) subsets of [n] with at most ¢(r — 1) elements that are unions of 7-APs
contained in [n] and that a set of 7 integers contains at most (;) (g) many 7-APs. Consequently,
if p = O(n=1/"=D=¢) for some positive ¢, then Aj,; = o(1) whenever k is sufficiently large as
a function of r and . In particular, for such p, Corollary 16 gives an asymptotic formula for
the probability that [n], is r-AP-free. To give a concrete example, we perform the calculations

forr =3 and k = 2.

Corollary 17. If p = o(n=*7), then the probability that [n]p is 3-AP-free is asymptotically

n2p3 7n3p5
eXp<_ T )

1.6 Related work and open problems

Janson’s inequality was first proved (by Svante Janson himself) during the 1987 conference on
random graphs in Poznan, in response to Bollobas’ announcement of his estimate [6] for the
chromatic number of random graphs, which requires a strong upper bound on the probability
that a random graph contains no large cliques. A related estimate was found, during the same
conference, by Luczak. Janson’s original proof was based on the analysis of the moment-
generating function of X whereas fuczak’s proof used martingales. Both of these arguments
can be found in [14]. Our proof of Theorem 11 is inspired by a subsequent proof of Janson’s
inequality that was found soon afterwards by Boppana and Spencer [7]; it uses only the
Harris inequality. Somewhat later, Janson [12] showed that his proof actually gives bounds
for the whole lower tail, and not just for the probability P[X = 0]. Around the same time,
Suen [23] proved a correlation inequality that is very similar to Janson’s. Suen’s inequality
gives a slightly weaker estimate (which was later sharpened by Janson [13]), but is applicable
in a much more general context. Another generalisation of Janson’s inequality was obtained
recently by Riordan and Warnke [19].



In [24], Wormald proved that if p = o(n~%/%), then

3,3 4.5 5,7
P[G,,p is K3-free] = exp ( - nﬁp + n4p — 722;0 + 0(1)), (11)

whereas for Gy, ,,, with m = d(}) and d = o(n=2/3), we have

343
PG, is Ks-free| = exp ( - nT + 0(1)).

These results were strengthened recently by Stark and Wormald [22], who obtained the bound
in Corollary 15 (which implies (11)) and also the bound
ndd®  n?d®  ndb

PG, m isKg—free]:exp<— 5 + 5 TR —i—o(l)),

where m = d(}), which holds when d = o(n~"/!1). In fact, they were able to obtain a more
general result, which states that in the range where Corollary 12 is applicable, the probability
that G, or Gy is F-free is approximated by the exponential of the first few terms of a
power series in n and p (resp. d) whose terms depend only on F'. However, the way in which
these terms are computed is rather implicit. In contrast, in the setting of binomial random
subsets, such as G, ,, our Theorem 10 explains what these terms are.

While our results (and our methods) apply only to binomial subsets (e.g., Gy p and not
Gn,m), the results for Gy, , could conceivably be transferred to Gy, ,,, using the identity

P[G,, ) is F-free] - Ple(Gpyp) = m | Gpp is F-free]
P[e(Gn,p) = m] '

It was shown by Stark and Wormald [22]| that the conditional probability in the right-hand
side of (12) can be computed explicitly, for a carefully chosen p of the same order of magnitude
as d. However, this is not at all an easy task.

It would be interesting to establish a similar relationship in the more abstract and general
setting of hypergraphs. If this was possible, Theorem 10 could be used to count independent
sets of a given (sufficiently small) cardinality in general hypergraphs. In some sense, this would
complement the counting results that can be obtained with the so-called hypergraph container
method developed by Balogh, Morris, and Samotij [3] and by Saxton and Thomason [20].
Whereas the container method applies to somewhat large independent sets, which exhibit a
“global” structure, our Theorem 10 would yield estimates on the number of smaller independent
sets that only exhibit “local” structure. In particular, the container method can be used to
estimate the probability that G, , is F-free whenever p = w(nfl/ ma(F )) for every nonbipartite
graph F'. For p in this range, Gy, conditioned on being F-free is approximately (x(F') — 1)-
partite with very high probability. On the other hand, our method (and the method of [22])
applies whenever p = o(n_l/ ma(F )), provided that F'is 2-balanced. For p in this range, the
edges of G, , conditioned on being F-free are still distributed very uniformly with probability
very close to one.

PG, is F-free] =

(12)

2 Proof of Theorem 10

In this section, we will show that Theorem 11 implies Theorem 10. To do so, we start with
the following lemma, which also clarifies the definition of Ay.
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Lemma 18. FEvery increasing family satisfies the following for every k > 1:
App1/Ar <A and Oy /o) < Ay

Proof. For every V € Cpiq there exist at least two distinct ¢ € V such that V' \ {i} € Ck.
Indeed, every connected graph with at least two vertices has at least two non-cut vertices.
Therefore for each V' € Ciy1 we can make a canonical choice of a set V= C V such that
V= e and

max {E[X;]: i € V} = max{E[X;]: i € V" }. (13)
Denoting by iy the unique element in V'\ V~, we have iy € 9(V ™), since Gp[V] is connected.
Moreover,

A{X i e V) =A({X;: i€V -EBX,, | [] Xi=1]
1€V -
and, analogously,

S{XinieV}) =6({Xi:i eV} -EX;, | [[ Xi=1]
eV~
It follows that

Apr < Y A{XiievTh) Y EXG| ] Xi=1

V—ecy, Jjed(V-) iev—
> A{X;i e VT AMVT) S Ay Ay
V—eCg
and, analogously, dx11 = 0 - Ak. O

Proof of Theorem 10 from Theorem 11. Let (Qy,,T,, pn) be a sparse and subcritical sequence
of increasing families. Let ¢ > 0 be arbitrary, fix £ € N, and let K = (k,e) be such that
Theorem 11 holds with k£ and e. We verify that (9,,IT,,p,) satisfies the assumptions of
Theorem 11 for all sufficiently large n. First, since the sequence is sparse, E[X;] < 1 — ¢ for
all i € [N] and all sufficiently large n. Next, fix some V' C [N] of size at most k + 1. Then for
sufficiently large n, we have ), E[X;] < (1 —¢)/2 (by sparsity) and

Y EX] <AV)-P[[[Xi =1 < A(V) max{E[X;]: i € [N]} < (1 —¢)/2,
i€d(V) %
(using sparsity and subcriticality), which implies that, by the union bound,

Pl = Vn&a{;\?] P[X;=1forsomeic VUIV) <1—e.
1<V [<k+1
Therefore Theorem 11 yields
[log P[X = 0] + k1 — kg + -~ + (=1)" k| < K- (61,5 + gy i) (14)

for sufficiently large n. It remains to show that the right-hand side of (14) is O(Agy1 + 91).
By Lemma 18 and since Ax = O(1), we see that

K K
K-6yg=K-» 6, =0) and K-Dppg=K- > A =0(Dgpp1),
r=1 r=k+1
which completes the proof. O

11



3 Proof of Theorem 11

Let (£2,T,p) be an increasing family. We start the proof by establishing some notational
conventions. Given a subset V' C [N], we use the abbreviations

X\/ = HXZ and Yv = H(l — Xz)
1% %

Note that these are the indicator variables for the events “v; C €, for all ¢ € V" and “v; € ,
for all i« € V7, respectively. Besides being positively correlated, the variables Xy satisfy the
FKG lattice condition

E[XU] E[Xv] < E[XUUV] E[XUQ\/] for all U, 14 - [N} (15)

To see that this is true, rewrite (15) using E[Xy| = HwEU~€W s p(w), take logarithms of both
sides, and note that

> logpw)= > logpw)+ > logp(w)- > log p(w)

weUsepuv Vi wel;er 1 weU;ev i we(Uier vi)NUsev 1)
> ) logpw)+ Y logpw)— > logp(w),
weU;er i welUiev vi weUievnv Vi

since log p(w) < 0 for all w and U;cpny ¥ € (User %) N (Uiey 7). We will also use the

notation
Ly 1= H E[Xp|
Pern

whenever 7 is a set of subsets of [N] (usually a partition of some subset of [IN]). Thus for a
non-empty subset V' C [N], the value

R(V) = Y (=) (|w| = 1)lux (16)
mell(V)

is the joint cumulant of {X;: i € V'}. For the sake of brevity, we will from now on write x(V)
instead of k({X;: i € V'}). Recall that for a non-empty subset V' C [N], we denote by 9(V')
the external neighbourhood of V' in the dependency graph, that is,

(V) = Nap (V)\ V.

We define
pv :=P[X; =1 for some i € VUI(V)], (17)

so that pry1 = max {py: V C [N],1 < |V| <k + 1}. Moreover, we set
I(V) = [N]\ (VUI(V)).

Neglecting the distinction between an index ¢ and the variable X;, we may say that 9(V)
contains the variables outside of V' that are dependent on V' and I(V') contains those that are
independent of V. Recall also that C; is the collection of all i-element sets A C [N] such that
Gr[A] is connected. We will also write C;(¢) for the subset of C; comprising all A € C; with
max A = /.

12



Assume that there is € > 0 such that E[X;] <1 —¢ for all i € [N]. Then we need to show
that for every k € IN such that py1; <1 — ¢, there is some K = K(k, <) such that

log P[X = 0] + Z 1)+t ‘ (01K + Apy1,K),
1€k]

where
K K
K = Z&‘ and Apy1x = Z A;.
i=1 i=k+1
To do so, we first write out the probability that X = 0 using the chain rule:

PIX=0=[] PIXe=0[Xpy=1= ][] Q0 -E[Xe| Xp_y=1]).
£e[N] Le[N]

Note that by the Harris inequality, E[ X} | Y[g_l] =1] < E[X/] < 1—¢ . Taking logarithms of
both sides of the above equality and using the fact that | log(1—x)+x| < 22 /e for x € [0,1—¢],
we get

’logP[X =0+ > B[ | Xy = 1]’ < ST EX | Ky = 12/
L€[N] Le[N]

Hence, using again E[X, | X,_y; = 1] < E[X/],
‘logP[X =0+ > E[X | Xpq = 1]) < S E[XP/e = 6i/e. (18)
Le[N] Le[N]

Thus, our main goal becomes estimating the sum

> BX | Xy =1]. (19)

LE[N]

We shall do this by approximating (19) by an expression involving the quantities

_DHVI-1g[x
o(v,8) = BV
EX o) | Xsnrovy =1]

This ratio is well-defined for all VS C [N] because

E[Xs\1(v) | Xsnrv) = 1] = E[X g 1] > 0

which is a consequence of the Harris inequality and the assumption that p(w) < 1 for all
w € Q. The relationship between (19) and (20) is made precise in the following lemma:

Lemma 19. Let k € N be such that ppy1 <1 —¢. Then

‘Z E[X, | Xj—y=1] - ZZ Z V[ =1])| < Agyr/e.

LE[N] Le[N]i€[k] VeC;(£)

We postpone the proof of Lemma 19 to Section 3.1 and instead show how it implies the
assertion of the theorem. Before we do this, we need several additional definitions.
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Figure 1: The set U attaches to V, i.e., U < V| but not vice-versa.

Figure 2: A partition in H%(W) Note that V is the union of components of the subgraph
induced by the part containing it. If the dashed edge were in Gr, then the partition would no
longer be in I, (W).

Definition 20 (Attachment). Given subsets U,V C [N], let us say that U attaches to V,
in symbols U < V| if every connected component of Gp[U U V] contains a vertex of V' (see
Figure 1).

We state the following simple facts for future reference:
(i) We have ) — V for every V C [N].
(ii) If : € O(V), then {i} — V.
(i) fU — V and U’ < V then also UU U’ — V.
(iv) fV e€Cyjand U = V, then UUV € Ciyuy-
Definition 21. Suppose that ) #V C W C [N]. We define
I (W) € TI(W)
to be the set of all partitions m of W that contain a part P € 7 such that V' C P and V is
the union of connected components of Gr[P] (see Figure 2).
Next, for ) 2V C W C [N], we define
ry(W) = Y (=DM (x| = 1)lper. (21)
mell$, (W)

Note that this is very similar to the definition (16) of (W), except that we sum over IIG (W)
instead of II(W). For i > 0 and all V, S C [N] where V # (), we set

S = S () ey (W), (22)
VCWCVuS
it
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Undoubtedly this is a very complicated definition. However, it serves as a convenient ‘bridge’
between ¢(V, [¢ — 1]) and the values k;, as shown by the following two lemmas:

Lemma 22. Let k € N be such that pyy1 < 1—e. Then there is some K = K(k,¢e) such that
DIDY >, i)~ W= )] < K - (Guac + Argn i)
Le[N]i€[k] VEC;(
Lemma 23. For every k € N, we have
Y Y e = Yy
Le[N]i€[k] VeC;(£) i€[k]

We claim that Theorem 11 is an easy consequence of Lemmas 19, 22, and 23. Indeed, let
k € N and assume that pp11 < 1 —¢e. If follows from (18), the above three lemmas, and the
triangle inequality that

log P[X = 0]+ ) (- Hlf‘éi‘ <01/e+ Dpga/e+ K (61,k0 + Diy1x0)
1€[k]
for some K’ = K'(k,e). The assertion of the theorem now follows simply by observing that
the right-hand side above is at most K - (01,5 + Ap41.x) for K = K' 4+ 1/e.
3.1 Proof of Lemma 19

We derive Lemma 19 from the following auxiliary lemma, which will also be used in the proof
of Lemma 22.

Lemma 24. Assume that V, S C [N] are disjoint. Then for every integer k > 0,
(D" E[Xy | Xg=1] < (-DHVI=1 3" g(vuu,s). (23)
UCS,U—V
|UI<k
Proof. We claim that it suffices to prove that for every integer k£ > 0,
D" EXvXs] < > (—D)FUIE [Xyuu] B [Xsarvur)] - (24)
UCS, U=V

0<|U|<k

Indeed, (24) implies (23) because

E XSOI(VUU)] =P [75 = 1] E BS\I(VUU) | YSm(VuU) = 1} -

and because definition (20) gives

(—)IVHTT B Xy ]

q(VUU,S) =—= — .
E[X s\ rvory | Xsarvory = 1]

We prove (24) by induction on k. When k = 0, this inequality simplifies to

E[XyXs] < E[Xv]E[X sn11)],
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which holds because Xg < X gn 7(v) and because Xy and Xgny(yy) are independent. Assume
now that k£ > 1 and that (24) holds for all ¥’ with 0 < &’ < k. It follows from the Bonferroni
inequalities that

(1) Xgrooy < (=DF- > ()X (25)

U'CSna(v)
U<k

Since S and V are disjoint and 9(V)UV = V¢, then multiplying (25) through by XVYSN(V)
and taking expectations yields

(-1)F E[XyXg] < Z (—1)*Y T ELX o0 X snrn) (26)

U'CSna(v)
U<k

Observe that for every U C SNI(V), the sets VUU" and SNI(V) are disjoint. In particular,
if U’ is non-empty, then we may appeal to the induction hypothesis (with k + &k — |U’|) to
bound each term in the right-hand side of (26) as follows. As SNI(V)NI(VUuU UU") =
SNI(VuU uU"”), then

(—1)F VT B Xy i X sar)

< Z (D)UY B Xy e E[X snrvuouon]. (27)
UrCSnI(V)

U’"—=vuu’

0<[U"[<k—|U"|
Finally, observe that every non-empty U C S such that U < V can be partitioned into a
non-empty U’ C SNJ(V) and an U” C SN I(V) such that U” — (V UU’) in a unique way.
Indeed, one sets U' = UNA(V) and U” = U\ U’; this is the only such partition. Since ) < V/
by definition, then bounding each term in (26) that corresponds to a non-empty U’ using (27)
and rearranging the sum gives (24). O

Proof of Lemma 19. Fix an ¢ € [N] and an integer k such that pyr; < 1 —e. Invoking
Lemma 24 with V' = {/} and S = [{ — 1] twice, first with k < k — 1 and then with k < k, to
get both an upper and a lower bound on E[X/ | X,_)], we obtain

B | Xpqy=1- Y auu{ghle-1|<| X awuigle-)
UC[e—1],U—{¢} UC[e—1]),U—{¢}
U|<k—1 U=k

Since the sets U U {¢} with U C [¢ — 1], U — {¢}, and |U| =i — 1 are precisely the elements
of C;(¢), we can rewrite the above inequality as

EX | Xpn=1-Y Y aVile-1)|< > lavile-1). @8
ielk] VeCi(0) VeCri1(0)
It follows from definition (20) and Harris’ inequality that
E[Xv]

E[X s\ vy | Xsnrv) = 1]
_ E[XV] _ EXY]
1—-P[X; =1forsomeie S\I(V)|Xgny=1] ~ 1 —pv’

lq(V,8)| =
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Since py < prp41 < 1—¢ for all V with |V| = k + 1, summing (28) over all £ € [N] yields
‘Z [XZ|X[Z 1]—1 Z Z Z V[0 —1])| < Agy1/e,
LE[N] Le[N]ig[k] VeC;(£)

which is precisely the assertion of the lemma. O

3.2 Proof of Lemma 22 — preliminaries

The goal of this subsection is to prove a recursive formula for ky (W), Lemma 28 below, which
will be used in the proof of Lemma 22.

Definition 25. Suppose that () # V' C W C [N]. Define sets IIy (W) and I} (W) as follows:
1. ITy (W) is the set of all partitions of W that contain V' as a part;

2. IIy7 (W) is the set of all partitions m € IIy (W) such that U < V for all U € 7\ {V}.

Since by now we have defined several different classes of partitions of a set W, now is a
good moment to pause and convince ourselves that

I/ (W) C Ty (W) C TIp(W) C TI(W).

As a first step towards the promised recursive formula, we give an alternative expression for

/iv(W).

Definition 26 (Degree of a part in a partition). For a partition 7 of a subset of [N] and any
part P € 7, let d-(P) denote the number of parts P’ € 7\ {P} such that Gr contains an edge
between P’ and P. We call d(P) the degree of P in .

Lemma 27. If ) #V C W C [N], then

rv(W) = > (=) xy(m)pn,

m€lly (W)

where
xv(m) = ! #im =1
d-(V)(|r| = 2)! if |n| > 2.

Proof. Given a m € H‘C/(W), let P denote the part of m containing V. Define a map
f: OS(W) — Iy(W) as follows. If P = V, then let f(r) = 7. Otherwise, let f(7) be
the partition obtained from 7 by splitting P into V and P\ V. Clearly,

W)= 3 () (e - D = Y Z —D) (| = 1)l

Tl (W) melly (W) n’ef~1(n)

Observe that every 7 € Iy (W) has exactly |7| —d. (V) preimages via f. One of them is 7
itself and there are || — 1 — d(V') additional partitions obtained from 7 by merging V' with
some other part ¢ € 7 such that G, contains no edges between V' and (). In particular, there
is one preimage of size |7| and there are || —1—d. (V') preimages of size |r| — 1. Furthermore,
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Figure 3: A set in Cuty(P). Every element of Cuty(P) is a cutset in Gp(V U P) that
disconnects V' from P.

note that p = u, for every 7 € f=!(m). Indeed, for every Q € m with no edges of Gr
between @) and V', we have

E[Xy]-E[Xq] = E[XvXq| = E[Xvug]-
It follows that

me(W) = 3 (=) (= 0! = (] = 1 = de(V)) - (12 = )

melly (W)

= Y ) @,

melly (W)
as claimed. O

The following lemma is the main result of this subsection and the essential combinatorial
ingredient of the proof of Lemma 22.

Lemma 28. Suppose that ) #V C W C [N] and W — V. For a set P C W\ 'V such that
P — V, write Cuty (P) for the collection of all sets C' satisfying O(V)N P C C C P and
C —= V. Then

(W) =EXy] Y (DT =D [T Y e (29)

el (W Pem CeCuty (P
melly” (W) e uty (P)

Proof. Denote the right hand side of (29) by ry (). We need to show ky (W) = ry(W). Let
us first rewrite the inner sum in (29). To this end, fix some non-empty P C W \ V such that
P — V. By the definition of k¢ (P), see (21),

Yo meP)= Y Y YA = 1)l (30)

CeCuty (P) CeCuty (P) rell& (P)

We may write this double sum more compactly as follows. For brevity, let 9p(V) := 9(V)N P
Denote by IIy(P) the set of all partitions © € II(P) such that some @ € 7 contains all
neighbours of V' in P, that is, such that dp(V) C @ for some @ € m. We claim that

Yo meP)= Y (=D (r] = 1)l (31)

CeCuty (P) nelly (P)

18



Indeed, this follows from (30) because, letting
Q(V,P) ={(C,x): C € Cuty(P) and 7 € IIS(P)},

the projection py: Q(V, P) 3 (C, ) — 7w € TI(P) is a bijection between Q(V, P) and IIy (P).
This is because for every (C,7) € Q(V, P), C is the union of those connected components of
Gr(Q) that intersect Op(V'). Furthermore, observe that the right-hand side of (31) is simply
the joint cumulant of the set

Py = {Xz 1€ P \ ap(V)} U {XBP(V)}a

which is obtained from P by replacing {X;: i € 0p(V)} with the single variable Xj,v).
Therefore, it follows from (31) that

rv(W) =E[Xv] Y (=) (=) [T #(Py). (32)

melly” (W) Perm

PAV
Let II{, (W) be the set of all partitions in IIy (W) whose every part, except possibly V'
itself, contains a neighbour of V. We claim that the product in the right-hand side of (32) is
zero for every m € II{, (W) \ I}/ (W) and hence we may replace II} (W) with II{, (W) in the
range of summation in (32). Indeed, if 7 € II{, (W) \II}/ (W), then there is a P € 7\ {V'} such
that dp(V') # 0 but P < V. In particular, some connected component of Gr[P] is disjoint

from 0p(V') and hence x(Py) = 0. Expanding x(Py ) again, we obtain

rv(W)=E[Xy] Y DM a =0T YD ()P = Dl (33)

melly, (W) ]Ijig n'efly (P)

Let us write P to denote the set of all pairs (7, 7*) € II{, (W) x IIy (W) obtained as follows.
Choose an arbitrary partition 7 € IIi, (W) and refine every P € m\ {V'} by replacing it by
some 7p € IIy(P), so that dp(V) is contained in a single part of 7p; finally, let 7* be the
resulting partition of W.

Suppose that (7w, 7%) € P. Enumerate the parts of m as V, Py, ..., P, and suppose that 7*
was obtained from 7 by refining each P; into i; + 1 parts, so that |7*| =t 4+ 1441 + ... + 4.
Then, letting

flr ) = fili,... i) = (D" [ (=174t = (=)™ e T 45,

i€lt] Jelt]

we may rewrite (33) as

rv(W)= > fm, 7 e (34)

(m,m*)eP
Fix some 7* € Il (W) and note that 7* contains d (V') parts other than V that intersect
(V). Write s := |1%|, t := dp=(V), and ©* = {V, P},..., P’ |} so that Pf,..., P/ are the
parts intersecting 9(V'). Fix an arbitrary permutation o of [s — 1] such that o(1) € [¢]. Such a
o can be used to define a w such that (7, 7*) € P in the following way. Consider the sequence

Py = (P*(l), s P s_1y)- For every i € [t], let P; be the union of P and all the P}, with
J € [s—1]\ [t], for which P} is the right-most element among Py,..., P; that is to the left of
P} in Pj. (Since o(1) € [t], then each P} with j € [s — 1]\ [¢] has one of Py, ..., P} left of
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it.) A moment’s thought reveals that each partition 7= with (7, 7*) € P is obtained this way
from exactly |f(m,7*)| permutations o. It follows that

W)= > ()T e S ()|
m*elly (W) mell, (W)
(m,m*)eP

= Y DT e o € Syl - D2 o) € (L. dne (V)]
m*elly (W)

= Y DT e (7,

m*elly (W)

where xy (7*) is as defined in Lemma 27. By Lemma 27, we conclude that ry (W) = ky (W),
as required. O

3.3 Proof of Lemma 22
For V, S C [N] and k € N such that 0 < |[V| < k, we define

) =CVEN) Y (X mg’“f‘v"(sm(v»)i (35)
Y

and

PV =)VEx] Y (X awsniwvy)). @
M e

Our proof of Lemma 22 consists of three steps. First, in Lemma 29, we show that ¢(V,S) ~
q*®)(V,S). Second, in Lemma 30, we show that /igc)(S) ~ INQE/I-C)(S). Finally, the fact that
¢®(V,S) and R$)(S) satisfy similar recurrences (given the above approximate equalities)

allows us to prove that also ¢(V,S) =~ mgf)(S). Lemma 22 then follows easily. The precise
definition of ‘~’ above will be expressed by the following quantities. For integers k and K
satisfying 1 < k < K,

K

Ap(V):= Y E[Xpuv] and  Apg(V) =D A;V). (37)
St
and
Sex(V):= Y E[Xyu]max{E[X;]:ic UUV}. (38)

U=V
E<|UUVI<K

Lemma 29. Let ¢ > 0 and k € N be such that p, < 1 —e. There exists K = K(k,e) such
that for all V, S C [N] with 1 < |V| <k,

q(V,8) — ¢P(V,9)| < K - (51,5(V) + Ay, (V).
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Proof. Fix V and S as in the statement of the lemma and set
z:=P[X; =1for some i € S\ I(V) | Xgnrv)=1].
Then by definition

_ ()" E[Xy] _ C)VTE[X Y]
AV s) = EX o) | Xsnrpy =1 -z ' 39

Since 0 < x < py, by Harris’ inequality, and py < pp < 1—¢, as |V| < k, then (39) and the
identity (1 —2) ' =14z + ... +2F VI 4 2k IVIH (1 — 2)~1 yield

a(V,8) = )V E[Xy] - (L + 2+ a2+ + 2PV < TEX L (40)

We now observe that

k—|V]+1
_ k—|V|+1
Bl oy <EXG(C Y ELN) =EXy] Y. ][ EX)
ZEVU@(V) ilv"'9ik—|VH—1 _]=1
and note that if iy, ...,4;_|y|41 are distinct elements of J(V'), then
k—|V]+1
EXv] [[ EX,) <EXvoa.i v
j=1

by Harris” inequality; if, on the other hand, either i; € V' for some j or some two ¢; are equal,
then Harris’ inequality and the fact that | E[X;]| < 1 for each ¢ imply the stronger bound

E—|V|+1

EXy] [[ EX,) <EXvigip ) mad{BX]: i € VU{in,. iy} (41)
7j=1

In particular, the right-hand side of (40) is bounded from above by
e (k= V] + 1) Ay (V) 7 VI d1k(V),
which yields
gV, 8) = ()Y E[Xy] - T+ a4+ 2V < Ky (A (V) +616(V)) (42)
for some constant K; that depends only on k and e.

We claim that there is a constant Ky = Ka(k,¢) such that for all i € {0,...,k — |V},

B ol (Y q(U,SmI(V)))i‘ <Ky (res(V)+ Apay (V). (43)
UCS, UV
\<UI<k V]

Observe that (42) and (43) imply that
(V. 8) = ¢™(V,8)| < K - (51,6(V) + Aps1,x(V))

for some K = K(k,¢), giving the assertion of the lemma. It thus remains to prove (43).
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We first consider the case ¢ = 1. By the Bonferroni inequalities, for every positive j,

()7t < (=1t > ()Y EXy | X gy =11
U'CS\I(V)
1<V <5
Applying Lemma 24 with k < j — |U’|, V « U’, and S «+ SN I(V), we get that for each
U'C S\ I(V) with 1 < |U'| <,

(DY EXy | Xsnrpny = 1] < > qU'uu", snI(V)).
U"CSNI(V),U" U’
0<|U"| <5 —|U7

Next, observe that any non-empty U C S with U — V of size at most j can be written
uniquely as the disjoint union of U’ and U”, where U’ C V U J(V) and U” C I(V) and
U" < U’. The previous two equations then imply that

(< (Y qUSnIv). (14)
v

Invoking (44) twice, first with j <— k& — |V| and then with j - k — |V| + 1, to get both an
upper and a lower bound on x, we obtain

o= > awsnIv)| | Y aWSnIw)

UCS, U=V UCS, U=V
1<[U|<k—|V] |U|=k—|V|+1 (45)
< Y l'EXy,
UCS, UV
U|=k—|V|+1

where the last inequality uses the definition of ¢(U, SN Iy ) and the assumption that pi, < 1—¢,

see the discussion below (39).
Finally, we show how to deduce (43) from (45). Let

yi= )  aUsSnIV)),
UCS, UV
1<|UI<k—|V|
so that the left-hand side of (43) is E[Xy] - |2! — ¢!|, and observe that, as in (45),
ly| < 2= Z e E[Xy].
U=V
1<|U|<k—|V]
Fix ani € {1,...,k— |V|}. Since |z| <1, then

i—1
' =y < o=y Y ey I < Q4 2) T e -y,
=0

which together with (45) implies that
EXy] o’ —y| < (1+2)'EXy] Y < 'E[Xyl.

U=V
[U|l=k—|V|+1
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Note that for pairwise disjoint Uy, ...,U; C [N], Harris’ inequality gives

J
H E[Xy,] < E[Xy,u..uy,]
=1

and if Uy, ...,U; C [N] are not pairwise disjoint, then the stronger FKG lattice condition (15)
implies that
J
1[EXv] < EXp,u..00,] - max{E[X;]: i € Uy U... UU;}.
=1

In particular, using a similar reasoning as for bounding the right-hand side of (40), we obtain
1+2"Elxy] ). e 'EXyl < Ki- (Gra(V) + Aprrinsa(V))
U=V
U|=k—|V|+1
for sufficiently large K4 = K4(k, ). This shows (43) and hence the the lemma. O

Lemma 30. For all k € N there exists K = K (k) such that the following holds. Suppose that
V,S C [N] where 1 < |V| < k. Then

|/<a$f)(5) _ ,z;g“)(s)] <K - (01,6(V) + Apy1x (V).

Proof. Fix k, S, and V as in the statement of the lemma and let

T = Z H$_|V|)(Sm I(V>)7
UCS,U—V
1<|U|<k~|V]|
so that
FP(9) = (DI EXy](1 4+ 2 + 22 + - + 2FIV]), (46)

Recalling the definition (22), we may rewrite

r= > > (=)W= (W), (47)
UCS, U=V UCWCUU(SNI(V))
IS|UISE=V] WU, |W|<k—|V]|
Recalling from the statement of Lemma 28 that

Cuty (W) ={UCW:U <V and (V)N W C U},

we may switch the order of summation in (47) to obtain

= Z §: (=)W= (W),
WCS,W—V UeCuty (W)
1<[W|<k—|V|

For the sake of brevity, write



We may now rewrite (46) as

k—|V|
i=0 Wi,...,W;CS

Wl,...,Wi‘—)V

Consider first the total contribution &1 to the right-hand side of (48) of terms corresponding
to Wi,...,W; € S\ V that are pairwise disjoint and whose union has size at most k — |V|.
Each such term may be regarded as a partition of the set W := VUWU...UW; which satisfies
V CW C S and |W| < k; this partition {V, W1,...,W;} belongs to I} (W). Conversely,
given a W with these properties, every partition 7 € I} (W) corresponds to exactly (|m|—1)!

such terms; this is the number of ways to order the elements of 7 \ {V} as Wy,...,W;.
Therefore,
FEC L /b Y Y. (al =0 IT r(p).
VCWCVUS relly (W) Per
WV W<k PV

In particular, Lemma 28 gives

=DV T )MV () = k(S).
VCWCVus
W=V W<k

Every term in the right-hand side of (48) corresponding to W1, ..., W; that is not included in

R1 either satisfies [V U Wy U...UW;| > k or the sets V, W1, ..., W, are not pairwise disjoint.

Let Ry := R§f )(S ) denote the total contribution of these terms. Since for every W,

PO D s < 0 Irllpw < [WIVTEXy],
UCw rell(W)

there is a constant K; that depends only on k such that
i
kol < K1 E[Xyv] > J[EEw,,
Wi,...,W; j=1

where the sum ranges over all i < k — |V| and Wy,...,W; C S, each of size at most k — |V,
such that either |VUWU...UW;| > k or the sets V, W7y, ..., W, are not pairwise disjoint. An
argument analogous to the one given at the end of the proof of Lemma 29, employing Harris’
inequality and the stronger FKG lattice condition (15), gives

Ro| < K - (61,8 (V) + Apy1,x(V))
for some K that depends only on k. O

Lemma 31. Let k € N be such that p, <1 —e. Then there exists K = K(k,€) such that for
all V; S C [N] where 1 < |V| < k, we have

a(V,8) = 5y (S)] < K - (31,k(V) + Apyr i (V).
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Proof. We prove the lemma by complete induction on k. To this end, let £ > 0 and suppose
that the statement holds for all ¥’ € N with k' < k. By the triangle inequality

la(V, 8) — ()] < gV, S) — ¢® (v, 8)| + [¢® (v, S) — & (5)] + |77 () — &P (5).
Lemmas 29 and 30 imply that
14V, S) = g™ (V,8)] + R\ (S) — k()] < K1 - (61,5, (V) + Dy (V)

for some sufficiently large K; = Kj(k,e) and thus it suffices to show that there is some
Ky = Ks(k,€) such that
~(k
(M (V.8) = &P (S)] < K- (01.16,(V) + A iy (V). (49)
To this end, observe first that since k — |V| < k, then the induction hypothesis states that
there is a constant K’ = K'(k,¢) such that

k=V)

(U, SN I(V)) = xS ATV < K- (6150 (U) + Dp_ s (U)) (50)

for all U such that 1 < |U| <k — |V]|. Let

e= Y wEVsnvy)
UCS,U=V
1<|U|<k—|V]

and, as in the proof of Lemma 29,

yi= > qUSnIV)).
UCS, UV
1<[U]<k— |V

Observe that
yl<z:= > e 'E[Xy]

U=V
1I<|U|<k=|V]

as in the proof of Lemma 29, and that (50) implies that
o=yl Swi=K'" > (e (U) + Ay ie (U))- (51)
U=V
1I<|U|I<k—|V]

For any ¢ > 1, we have

1—1
o =y < o=yl > gy ] < o=yl - (2] + ) < w2z +w)
=0
It follows that ‘
P s) -~ )< Y EXy] w2z +w) (52)

1<i<k—|V|

Similarly as in the proofs of Lemmas 29 and 30, one sees that the FKG lattice condition (15)
implies that the right hand side of (52) is bounded from above by K- (61,1, (V) +Aky1,x,(V)),
provided Ky = Ks(k,¢) is sufficiently large, as claimed. O]
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Proof of Lemma 22. Tt follows from Lemma 31 that there is K1 = Kj(k,e) such that

\ZZ >, a1 RO EDYSY 3 Hr (B (V) + B (V)

Le[N]i€[k] VeC;( Le[N]i€[k] VeC;(

But if we choose K sufficiently large then the right-hand side is at most K - ((517;( + AkH,K),
as required. O

3.4 Proof of Lemma 23

Fix an integer k and an ¢ € [N]. Recalling (22), we rewrite the ¢th term of the sum from the
statement of the lemma as follows:

Z Yoo == > > )Wy w).

k| vVec;(e) i€[k] VEC;(£) VEW CVU[I—1]
WV
W<k

It follows from Definition 20 that if V' is connected then W — V if and only if W is connected.
Therefore, changing the order of the last two sums in the right-hand side of the above identity

yields
DD IS DI DD SR L) &

ic[k] VeCi(£) i€lk] WeC; (0) VeCw

where Cy denotes the collection of all connected sets V' C W with maxV = max W.
We claim that for each W € C;(¢),

(W)= > ky (W) (54)
Velw

Observe first that establishing this claim completes the proof of the lemma. Indeed, substi-
tuting (54) into (53) and summing over all ¢ gives

S X me-m =330 > (~uMTk(w)

LE[N] i€[k] VEC; (L) i€[k] L€[N] WEC;(0)
=N ST ww) = Y (-1 ks
i€ k] Wwec; i€ k]

Therefore, we only need to prove the claim. To this end, fix a W € C;(¢). Recalling (16)
and (29), it clearly suffices to show that {II$;(W): V € Cw} is a partition of TI(WW). Obviously,
IS, (W) C II(W) for each V € Cyy. Conversely, given an arbitrary m € II(W), let P € 7 be the
part containing max W and let V' be the connected component of max W in Gr[P]. Clearly,
V € Cw and 7 € II$(W). Moreover, the connected component of max W in Gr[P] is the
only set V with this property, and so the sets H‘C/(W) and Hg,(W) are disjoint for distinct
UV eCwy.

4 Proofs of the corollaries

To apply Theorem 10, all one needs to do is check the conditions (sparsity and subcriticality),
compute the value d1, and compute as many values xj as one wants. The last part is typically
the most labour-intensive. In this section, we carry out these calculations for the example
applications mentioned in the introduction.
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4.1 Random hypergraphs

We briefly recall the setup. We have an integer r > 2 and a set F = {F},..., F;} of pairwise
non-isomorphic r-uniform hypergraphs, each having at least two edges and no isolated vertices.
We are interested in the asymptotic probability that H}f,), avoids all copies of Fi,..., F;. We

encode this problem as an increasing family (2,1, p,), as follows. We set Q,, = ([:‘]). For
each i € [t], we let I'; , be the collection of all edge sets of copies of Fj in Kq(f), and we set
Iy =T1,U---UI'y,. Lastly, we may take p, to be any sequence of probabilities, which we
interpret as constant functions on €2,. Recall also the definitions:

€r —€H

my(F) = min {

:HQFWithUH<vFandeH>O}
VR — Vg
and

my(F) =min{m(F): F € F} and d(F)=min{er/vp: F € F}.

Proof of Corollary 12. In light of Theorem 10 it is enough to show that

Dy = o(min {n—l/m*(]—‘)7n72d(}‘)})

implies that 0; = o(1) and that (Q,,T',,p,) is sparse and subcritical. The sparsity condition
follows from the assumption that p, = o(1). For d;, we have

0= E[XJ* <) nplr =o(1),

1€[N] FeF

since p, = o(n~'F /2er ) for each FF € F. Last but not least, we verify the subcriticality
condition. To this end, let V' C [N] be a set of size at most k and for v C Q,, write
ov(7) = v \Uiey 7i- We may classify all v; € T';, with i € 9(V') according to the isomorphism
type of the r-graph spanned by the edges in ~; \ oy (7;), that is, v N Ujev vj- Note that
this is always the isomorphism type of a nonempty induced subhypergraph of some F' € F.
Accordingly,

AV) = Z E[X; | HX =1] Z p\GV ¥i)l < ZZ k%lg}CUF Hn’UFj—'UHpZFj*GHj

1€d(V) Jjev i€V jeft] H

where H goes over all induced subhypergraphs of F}; with at least one edge. Since for every
F € Fand H C F with vp < vy and eg > 0 we have n”F_”H)ple_eH = o(1), we see that
if n is large enough, then A(V') < C} for some constant C, depending only on k£ and F (but
not on V). It follows that Ay is bounded as n — oo. Hence (2, ', py) is subcritical and by
Theorem 10 we have

P[X = 0] =exp (— k1 + K2 — ki3 + - + (=1)*kp + O(Agi1) + 0(1))
for all constants k. O

From now on, assume that » = 2. To prove Corollaries 14 and 15, we need to compute the
quantities kj for small values of k. This can be done by the following general approach: We
first enumerate all ‘isomorphism types’ of clusters in C;. Then we compute the joint cumulant
for each isomorphism type. Finally we multiply each value with the size of the respective
isomorphism class. This is made more precise as follows.
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Definition 32. An F-compler is a non-empty set of subgraphs of K, each of which is
isomorphic to a graph in F. An F-complex C is irreducible if it cannot be written as the
union of two F-complexes C7 and Cy where every graph in C] is edge-disjoint from every
graph in Cy. The set of all irreducible F-complexes of cardinality k is denoted by Cr(F). The
graph G¢ of an F-complex C' is the subgraph of K, formed by taking the union of (the edge
sets of) the graphs in C.

Note that there is a natural bijection ¢ between the sets A C [N] of size k and the F-
complexes of size i: ¢ maps A = {ay,...,ar} to the F-complex C' = {Gq,...,Gy}, where G;
is the subgraph of K, spanned by the edges in v, (recall that we have assumed that none
of the graphs in F have isolated vertices). Note also that ¢|c, is a bijection between Cj and
Cr(F). We can therefore write x(C') for an F-complex C without ambiguity, obtaining

K = Z k(C).

CeCr(F)

Using (7) we can easily express x(C) in terms of G¢:

R(C) = Y (Ia] = )=t T pteer. (55)

well(C) Clern

Definition 33. Let C and Cy be F-complexes. A map f: V(Ge,) — V(G¢,) is an isomor-
phism from C; to Cy if for every graph H € C, the graph f(H) belongs to C3. We denote
by Aut(C') the group of automorphisms of C, that is of isomorphisms from C' to C.

It is easy to see that x assigns equal values to isomorphic F-complexes. The following
simple lemma can then be used to compute the values sj. In the sequel, we will denote by nt
the falling factorial n(n —1)---(n —i+1).

Lemma 34. Let Ci(F)/= be the set of isomorphism types of F-complexes in Cx(F). Then

UGC

Yo okO)= > K(C)-m.

CeCy(F) [CleCk(F)/=

Proof. For each isomorphism type [C], there are n’9C ways to place the vertices of G¢ into
K,,, and then every element of Ci(F) isomorphic to C' is counted once for every automorphism
of C. 0

Proof of Corollary 14. Suppose that F = {K3,C4} and that p = o(n~*°). Since both K3
and Cy are 2-balanced and

min {ma(K3),m2(Cy4)} = min{2,3/2} > 5/4,

we can apply Corollary 13, which states that the probability that G, , is simultaneously
Ks-free and Cy-free is
exp ( — K1+ ke — kg + O(Ay) + 0(1)).
Figure 4 shows all seven non-isomorphic irreducible F-complexes of size at most two. Using
Lemma 34, the contribution to ki from a given F-complex C' of size k is

vG
n—«<c.

") TRwo)
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A LD

Figure 4: The irreducible { K3, Cy}-complexes of size at most two.

For the complexes shown in Figure 4, we can easily calculate | Aut(C)| manually; going through
the figure from the top left to the bottom right, we obtain the values

6,8,4,4,4,2,2.
Therefore we have 5 3 "
n3 4,
DL S s
6 8
and
= PP =0 T ) | nP(p° = pt) | e —pT) | ni(° - pT)
2 4 4 4 2 2
nﬁp7 3n§p6
=2 1
1 + 1 + o(1),

since p = o(n=*/%).

When calculating k3, we first observe that the graphs of the third F-complex and the fifth
F-complex in Figure 4 each contain a Cy that is not already part of the complex and that the
graph of the bottom right F-complex contains a triangle that is not a part of the complex.
Let x5 denote the contribution of the two F-complexes of size three that are obtained from
one of these three complexes of size two by adding the ‘extra’ C4 or K3. Then

ni(p® —2p° —p +2p'%) P’ —3p0+p?) _ P’

/
_ _ 1).
K3 A + 4 4 +0( )

On the other hand, the contribution of every other F-complex of to k3 is at most in the order
of (p + np? + n?p?) - ko, because, except in the two cases mentioned above, the graph of a
complex of size three is obtained from the graph of a complex of size two by adding either a
new edge, or a new vertex and two new edges, or two new vertices and three new edges. Using
the assumption p = o(n~*"), we get

(p +np* +n2p?) - ko = O(Sp® + n®p” + n"p° + n®pl®) = o(1),

and therefore

Similar considerations show that

Ay <O((p+np? +n?p®) - k) + O((1 + p+np* + n?p®) - (k3 — K4)) = o(1).

29



Figure 5: The irreducible {K3}-complexes of size at most four. The four complexes in the
bottom row are negligible when p = o(n~7/11).

Since our assumption on p implies that max{x1, k2, k3} = o(n), we can replace the falling fac-

torials n' in k1, ke, k3 with powers n' with only an additive error of o(1). Thus the probability

that G, p, with p = o(n_4/ %), is simultaneously triangle-free and Cy-free is asymptotically
n3pd  nipt nbpT n5p6)

eXp<_6_8+4+2

as claimed. m

Proof of Corollary 15. Suppose that F = {K3} and that p = o(n~"/'). Since K3 is 2-
balanced and mo(K3) =2 > 11/7, we can apply Corollary 13, which tells us that the proba-
bility that G, , is triangle-free is

exp (— k1 + K2 — k3 + kg + O(r5) + 0(1)).

In Figure 5 we see representations of all isomorphism types of irreducible F-complexes of
size up to four. Generating a similar list of complexes of size five would most likely require
the help of a computer.

By Lemma 34, the contribution to kg from the isomorphism type of an F-complex C of
size k is

nlgc
JAut(O)]
For the complexes shown in Figure 5, it is not too difficult to calculate | Aut(C')| by hand. In

fact, since the automorphism group of K3 comprises all 3! permutations of V' (K3), automor-
phisms of { K3}-complexes are simply automorphisms of the 3-uniform hypergraphs involved®.

#(C)

4But for general F, it is wrong to think of an F-complex isomorphism as a hypergraph isomorphism.
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For example, the leftmost F-complex in the second row has exactly two automorphisms: the
trivial one, and the unique automorphism exchanging the vertices belonging to exactly one
triangle. Under our assumptions on p, we have ki = Ap +o(1) for k € {3,4}. This is the case
because |k — Ag| = O(pAy) and

pA3 <OM’p® +n'p’) =o(1)  and  pAy<p-O(1+p+p’n)-Az=o(1),

see Figure 5.
Now we just work through the figure row by row (from the top left to the bottom right)
and in this order, we compute (using the first row)

n§p3
K1 = —,
T
" =)
2 4 )
5,7 5,7 4,6
n= n= n-=
Ry = Ay +o(1) = "= + i+ -+ o(L),

and (using the other rows)
6

9 6,9 6,9 6,,9 6,9 4,6
n>p n>p n>p n2p n>p n=p 5 8

=A 1) = 1).
M 1+ol) o T 6 Tt 48 LY + 0" +o(l)

The term O(n®p®) represents the contribution of the four complexes in the bottom row of
Figure 5, which is 0(1), as p = o(n~"/11). Finally, we have

As = O(pAy + np? Ay +n°p® +n°p%) = O(n4p7 + n5p® 4 nSpt + n7p11) =o(1),

since the graph of an F-complex of size five must be obtained by adding either a new edge or
a new vertex and two new edges to one of the graphs in Figure 5, or else it must be isomorphic
to one of the first three graphs in the bottom row of Figure 5 (as the graphs of the remaining
complexes of size four contain only triangles that are already in the complex).

Finally, k1 = n?p?/6 = (n® — 3n2)p®/6 + o(1) and, since max{ka, K3, k4} = o(n), we may
replace the falling factorials n! in the remaining expressions by n’. Adding up the terms in
—K1+ Ko — k3 + K4, We obtain that the probability that Gy, , with p = 0(n‘7/11) is triangle-free
is asymptotically

4 2,3

3.3 5 5.7 4,6 6,,9
n n n n 3n 2Tn

exp (-4 B2 R P TP SRR
6 4 12 2 8 16

as claimed. O

4.2 Arithmetic progressions

As explained in the introduction, we let §2,, = [n] and let T',, be the set of r-APs in [n]. We
let p, be a sequence of probabilities. This defines (2,,, 'y, pn), where, as before, we regard p,,
as both a real number and a constant function on €,,.

Proof of Corollary 16. Suppose that p, = o(n~"/"=1). Then (Q,,T,,p,) is clearly sparse.
Now the corollary will follow from Theorem 10 provided that ¢; = o(1) and that (2, 'y, pp)
is subcritical. We verify that these two conditions are satisfied.
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To this end, observe first that any two distinct numbers a,b € [n] are contained in at most
T

(5) many arithmetic progressions of length r. In particular, |[N| < (3)(3) and so
81 = O(n?*p*") = o(1).
Also, given any V' C [N] of size at most k, we have
AV)= > EX; | [[X;=1=00+np"")=0(1),
1€d(V) jeV

since each m-AP intersecting the set | J ey 7j either intersects this set in at least two elements
(there are only constantly many such choices, so their contribution is O(1)) or in exactly one
element (contributing O(np"~1)). We conclude that A = O(1), completing the proof. O]

Proof of Corollary 17. Assume that p = o(n*4/7). Then by Corollary 16 with » = 3 and
k=2,
P[X = 0] = exp (— K1 + K2 + O(A3) 4 o(1)),

It remains to calculate k1, k2, and As. For i € [n], the number of 3-APs containing i is

£i) = g +min {i,n — i} + O(1),

where min {i,n — i} counts the 3-APs that have i as their midpoint, and n/2 counts the others.
Thus the total number of 3-APs in [n] is

32 1) =" + 0w,

and therefore (using np® = o(1))
n2p3

p
R1 = T + 0(1)
If {X;, X;} is a cluster of size two, then |vy; N ~y;]| is either 1 or 2. The number of pairs ~;,;

. . 2 . . . .
intersecting in two elements is at most (’2‘) (g) , so the contribution of these pairs to ko is

O(n?p*), which is o(1) by our assumption on p. The number of pairs {7;,7;} with i # j and
|vi N vj| > 1 is precisely >, (f(;)) and hence the number M of pairs with |y; Nvy;| =1

satisfies
M=% (@”) +On?) = %Zf(z'f +O(n?
=1 i=1
Since
n n [n/2]
STH? =Y (n/2+min{n —i,i})* +0(n?) =2 3 (n/2+1i)* + O(n?)
=1 =1 =1

2(

using n%p* = o(1) we get that

>+0(n2)_7"+0( %),

17n3p?
24

ke =M(p° —p°) + O(n*(p* —p°)) = +o(1).
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Lastly, we claim that Az = O(n*p”) = o(1). Indeed, let C be the family of all {i, j, k} € C3
such that |y; U~; Uv,| < 7. Since any two distinct numbers are contained in at most three
3-APs, a simple case analysis shows that

Z A({X;:i € V}) = 0n*p° +n3p®) = o(1).
Vecs

On the other hand, A({X;: i € V}) = p” for every V € C3\ C3. Thus,

Az < |Cslp” + Z A({Xi:i €V} =0 +n?p* +n®p®) =0(1)
vecs

and we conclude that the probability that [n], contains no 3-AP is asymptotically

n2p3 7n3p5
oXp < Ty T >

as claimed. O
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