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ABSTRACT. We consider bipartite subgraphs of sparse random graphs that
are regular in the sense of Szemerédi and, among other things, show that they
must satisfy a certain local pseudorandom property. This property and its
consequences turn out to be useful when considering embedding problems in
subgraphs of sparse random graphs.
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1. INTRODUCTION

Many graph properties are shared by most graphs. A more formal way of stating
this is to define a random graph, that is, a probability distribution over a suitable
family of graphs, and then show that the probability of the events of interest tend
to one as the order of the random graph tends to infinity. Typical properties of
random graphs are deterministically equivalent in the sense that any large enough
graph that satisfies one of these properties must satisfy all others as well. The
equivalence of some of these properties was first proved by Thomason [47] and
some other authors [2, 17, 36]. An important paper in this area is due to Chung,
Graham, and Wilson [9], who systematized the theory and very clearly advocated
the importance of the equivalence of many quite disparate quasirandom properties.
Graphs with such properties are called quasirandom.

One may argue that quasirandom graphs are fundamental by relating them to a
celebrated theorem of Szemerédi, namely, his beautiful regularity lemma [46]. In-
deed, the regularity lemma states that the edge set of any graph can be decomposed
into quasirandom induced bipartite subgraphs. In this context, quasirandom bipar-
tite graphs are called e-regular pairs. A wealth of material concerning the regularity
lemma may be found in an excellent survey by Komlds and Simonovits [33].

Owing to the work of many authors, we may now say that the notion of quasi-
randomness applied to ‘dense’ graphs is quite well understood. Here, by a dense
graph we mean a graph with > cn? edges, where c is any fixed positive constant,
n is the number of vertices in the graph, and we consider n — oco. The situation
is different for the case of ‘sparse’ graphs, namely, graphs with o(n?) edges. (See,
however, Remark 3 in Section 1.2 below.) Our aim in this paper is to investigate
the structure of sparse e-regular pairs, with applications to the theory of random
graphs in mind.

In the remainder of the introduction, we discuss some of the theorems that we
prove in this paper, together with some other related facts. In Section 1.1, to
motivate our results, we recall two well-known theorems concerning ‘dense’ regular
pairs. In Section 1.2, we present two negative results that show that straightforward
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extensions to the sparse case of the two theorems in Section 1.1 do not hold. In
Section 1.3, we state two positive results, Theorems A” and Theorem B”: these
results concern subgraphs of sparse random graphs and are our ‘sparse counterparts’
to the two theorems in Section 1.1. In this paper we focus on Theorem A’ and
some related results.

We conclude this somewhat long introduction with a discussion on some appli-
cations of Theorems A” and B”, which will appear elsewhere.

1.1. An equivalence result for regularity and an embedding lemma. In
this section, we discuss two well-known results concerning e-regular pairs.

Fix 0 < p < 1 and let m be an integer. Let U and W be two disjoint sets with
|U| = [W| = m. Consider the random bipartite graph G(m,m;p) on U U W, in
which the edges are chosen randomly and independently with probability p.

One can show that the following two properties are satisfied with probability
tending to 1 as m — oo.

(P1) X ,ev |deg(u) —pm| = o(m?) and m=2 37, ey | deg(u, w') —p®m| = o(m).
Here, deg(u) and deg(u,u’) denote the number of neighbours of u (the
degree of u) and the number of common neighbours of u and u' (the joint
degree or codegree of u and u'), respectively.

(Py) For every U' ¢ U and W' C W, the number e(U’,W') of edges {u,w} €
G(m,m;p), with uw € U and w € W', satisfies e(U',W') = p|U'||W'| +
o(m?).

It turns out that these properties (together with several others) are equivalent

in the following deterministic sense.

Theorem A (Equivalence lemma). For every e > 0, there exist mg and 6 > 0
such that any bipartite graph G = (U, W; E) with |U| = |W| = m > my that satisfies
one of properties Py or Py with o(m?) replaced by < dm? must satisfy the other one
with o(m?) replaced by < em?.

Theorem A, either in full or in part, and its variants have appeared in several
papers, because of its basic nature; see, for example, [3, 4, 5, 9, 11, 17, 47, 48] and
the upper bound in Theorem 15.2 in [15].

The importance of Theorem A comes from the fact that property P is in fact
fundamental, as the next result shows. Let G = (V, F) be a graph and U, W C V a
pair of disjoint sets of vertices. Denote by FE(U, W) the set of all edges between U
and W, i.e.,

EUW)={{u,w}:uel, weW}.
The density of the pair (U, W) is defined by

d(U,W) = E[(ﬁ’;/[/'”. (1)

The pair (U, W) is called e-regular if
|d(U, W) —d(U", W')| < ¢ 2)

for any U’ C U and W/ C W with |U’| > ¢|U| and |W’| > ¢|W|. We may now state
Szemerédi’s celebrated regularity lemma.

Theorem 1 (Szemerédi’s regularity lemma [16]). For every € > 0 and kg > 1,
there exists an integer Ko = Ko(e, ko) such that any graph G admits a partition
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V=WViU-- UV, where |[V1| < |Vo| < -+ < [Vi| < |[Vi|+ 1 and ko < k < Ky, such
that all but < E(;) pairs (V;, V) are e-regular.

In view of Theorem 1, we may say that bipartite graphs that satisfy property P
in Theorem A are the building blocks for all graphs. This highlights the importance
of property Ps.

Note that Theorem A, the equivalence lemma, tells us that the notion of e-
regularity is equivalent to a condition concerning global uniformity of degrees and
codegrees. Since codegrees concern only pairs of vertices, and not large subsets U’
and W' as in the definition of regularity, we have a ‘local’ criterion for regularity.

Remark 1 (Pair condition for regularity). We refer to the implication “Py = Py”
as the pair condition for regularity, or PCR.

Remark 2 (Local condition for regularity). We refer to the implication “P; = P5”
as the local condition for regularity, or LCR.

Let us now consider applications of the regularity lemma. The result below
and its generalizations are crucial in the proofs of most of the applications of the
regularity lemma.

Theorem B (Embedding lemma). For every d > 0, there exist an € > 0 and
mo > 1 such that the following holds: let H be a graph with vertex set {1,...,k}.
Let G = (V, E) be a graph and Vi,..., Vi be k disjoint subsets of V', with |V1| =
<o = Vil = m > mg. If all pairs (V;,V;) with {i,j} € E(H) are e-regular with
density > d, then G contains a copy of H with vertex set {vy,..., v}, with v; € V;
forall1 <i<k.

It is quite natural to refer to results of the form of Theorem B as embedding
lemmas. It turns out that one can in fact prove that the number of copies of the
graph H in G in Theorem B is at least d/F(F)ImF(1 — g(¢)), where g(¢) — 0 as
¢ — 0. Such statements are sometimes referred to as counting lemmas.

1.2. Negative results for the sparse case. Let us now discuss two negative
results that show that the results in Section 1.1 do not generalize to the sparse
case. In order to deal with graphs with vanishing density, that is, o(n?) edges, we
need to redefine the concept of density.

Suppose we have a bipartite graph B = (V, E) with vertex partition V. =UUW.
Let T = |E| be the number of edges in B. We shall say that B is (¢, T)-regular if
for all U C U and W’ C W with |U’| > ¢|U| and |W’'| C g|W|, we have

\u'jw’| u'|w’|
— T <e
U||W| U

One’s hope to extend Theorem A, the equivalence lemma, to the ‘sparse’ case in a
naive way is dashed by the following result.

[EU, W)

T. (3)

Theorem A’ (Counterexample to PCR, sparse setting). For every 0 < a <
1 and 0 < € < 1, there exist a constant 0 < p < 1 and an integer my > 1 such
that for every m > mq there is a bipartite graph B with vertex classes U and W
with U] = |W| =m and with T edges such that

(i) B is (e, T)-regular,

(it) (1 —e)pm? <T < (1+¢)pm?,
but
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(i1) for all but < am? pairs ui, us € U (uy # uz), we have
deg(u1,uz) = 0 and consequently ’ deg(uq, ug) — d2m| > ed?m, (4)

where d = T /m? is the density of B.

Recall that Theorem A, the equivalence lemma, is composed of the ‘pair condi-
tion for regularity’ (PCR) and the ‘local condition for regularity’ (LCR). Theo-
rem A’ above tells us that a straightforward generalization of PCR does not hold
in the sparse setting.

Theorem B, the embedding lemma, may not be extended to the sparse case in a
straightforward way either, as the following result shows.

Theorem B’ (Counterexample to the embedding lemma, sparse setting).
For every 0 < € < 1, there exist a constant 0 < p < 1 and an integer mg > 1 for
which the following holds. For every m > my, there is a tripartite graph J with
vertex classes Vi, Vo, and Vs, all of cardinality m, such that for all 1 <i < j <3,
the bipartite graph J;; induced by V; and V; is such that

(i) Jij has T = [pm?] edges,
(i) Jyj is (e,T)-regular,

but
(iii) J contains no triangle K3 as a subgraph.

Remark 3. In a recent paper, Chung and Graham [10] address thoroughly the
problem of extending to the sparse case the well-known notion of quasirandomness
of graphs, as developed in Chung, Graham, and Wilson [9]. In particular, Chung
and Graham [10] investigate the problem of extending embedding lemmas to the
sparse setting.

We remark that Thomason [17, 18] did prove embedding lemmas for sparse
graphs, starting from natural, but stronger, pseudorandom hypotheses. Although
we do not make this precise, we mention that the approach taken in [10] is different
from the approach taken earlier by Thomason, in that the authors of [10] tackle the
problem of identifying what one can say if one starts from certain natural, weaker
assumptions that are, in a some sense, more in line with [9].

Theorem A’ is proved in Section 5 by means of a probabilistic construction. The
basic underlying idea for the construction proving Theorem B’, which is similar in
nature, was proposed by Luczak [34].

1.3. Positive results for the sparse case. Given the importance of Theorems A
and B, it is desirable to seek generalizations of these results to the ‘sparse’ case.
Because of examples such as the ones we saw in Section 1.2, such generalizations
will necessarily be somewhat complex; the straightforward generalizations simply
fail to be true. In this section, we present two results that allows one to circumvent
the difficulties illustrated by the examples in Section 1.2. More precisely, we shall
discuss two results that state that the natural generalizations are true if we restrict
ourselves to graphs that arise as subgraphs of random graphs. We do not discuss
the proofs of these results in this section; we shall see later in this paper that a key
idea in proving such results is to show that the number of counterexamples such as
the ones given in Section 1.2 are extremely rare (for a more detailed discussion on
this point, see Section 2).
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As we shall see later when we discuss their applications in Section 1.4, the re-
sults that we present here are well-suited for approaching the issues discussed in
Section 1.1 in the context of subgraphs of random graphs.

We now state our first main result, which may be thought of as a ‘pair condition
for regularity’ (PCR); roughly speaking, this result shows that the implication
“Py = Py” is valid in the context of subgraphs of random graphs. As usual,
we write G(n,p) for the standard binomial random graph on n vertices and edge
probability p.

Theorem A’ (Pair condition lemma, sparse setting). For any 0 < o < 1,
0 <~y <1, and 0 <n <1, there exists a constant € > 0 for which the following
holds. Let w = w(n) be a function with w — 0o asn — oo and let 0 < p=p(n) <1
and mo = mo(n) be such that

p*mo > (logn)w. (5)

Then, with probability tending to 1 as n — oo, we have that G = G(n, p) satisfies the
following property. Suppose B is any bipartite subgraph of G, with vertex classes,
say, U and W, with |U|, |W| > mg, and

T = ap|U[|W| (6)

edges. Suppose further that B is (e, T)-regular. Then, for all but < n(lg‘) Pairs uy,
ug € U (u1 # u2), we have

| deg(ui, uz) — d?|W|| < 4d?|W|, (7)
where d = T/|U||W| is the density of B.

To have a complete analogue of Theorem A, the equivalence lemma, in the
context of subgraphs of random graphs, we need a ‘local condition for regular-
ity’ (LCR), that is, a result of the form “P; = P,” for this setting. We do prove
such a result later in this paper, but, owing to its technical nature, we prefer to
state it after we have developed some notation (see Lemma 15 and Theorem 16
in Section 4.2). Thus, we may claim that, at least in the context of sparse graphs
that arise as subgraphs of random graphs, there is a full, natural generalization of
the equivalence lemma, Theorem A. Most of this paper is devoted to justifying this
claim.

Let us turn to an embedding lemma in the context of subgraphs of random
graphs. Let us introduce a piece of notation. Let a real number 0 < ¢ < 1 and
integers T' > 1, k > 1, and m be given. We say that a graph F is an (e,T, k+1,m)-
graph if it satisfies the following conditions:

(i) Fis (k + 1)-partite, with all its vertex classes of cardinality m,
(ii) all the (k;rl) naturally induced m by m bipartite subgraphs of F' have T
edges and are (¢, T)-regular.
We now give an embedding lemma, for the complete graph K**! of order k + 1.

Theorem B” (Embedding lemma, sparse setting). There is an absolute con-
stant C' > 0 for which the following holds. Let k > 1 and 0 < a < 1 be given. Then
there exist € > 0 and B > 0 for which the following holds. Let

p = Bn*(logn)°. (8)
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Then, with probability tending to 1 asn — oo, we have that if F is an (¢, T, k+1,m)-
graph, where
n

T > apm?, m> and F C G=G(n,p), 9)

~ logn’
where F is not necessarily an induced subgraph of G, then K*+1 C F.

Theorem B” will be proved in a sequel to this paper.

1.3.1. A generalization of Theorem A”. It turns out that a natural generalization
of Theorem A", the pair condition lemma in the sparse setting, is useful in certain
applications. Instead of considering pairs of vertices in a sparse regular pair, we may
consider k-tuples of vertices, for some fixed k. The question is, then, whether most
such k-tuples behave as though we were dealing with a genuine random bipartite
graphs, namely, whether most such k-tuples are such that their joint neighbourhood
has the expected cardinality. We address this question in this paper, and show that
Theorem A” does indeed generalize to arbitrary fixed k (see Theorem 25). As we
shall see in Section 1.4, such a generalization is useful in certain graph embedding
problems.

1.3.2. The hereditary nature of e-reqularity. A fact that will play a crucial réle in
the proof of the generalization of Theorem A’ discussed above is that the property
of being e-regular has a strong hereditary nature. Indeed, Section 4.3 will be entirely
devoted to proving a family of results that illustrate this feature of e-regularity (we
refer to these results as the one-sided neighbourhood lemmas). Owing to their
technical nature, we do not discuss these results here.

In a sequel to this paper [31], we shall consider two-sided neighbourhood lemmas;
these lemmas will be important in the proof of Theorem B”. For completeness, we
state a two-sided neighbourhood lemma in Section 4.3.4.

1.4. Applications. Here, we discuss some applications of the results discussed so
far. In all of the proofs of the applications that we mention below, the regularity
lemma for sparse graphs, given in Section 3.2 below, Theorem 7, is used as the
initial tool. The results discussed in Section 1.3 are then used to investigate the
regular pairs that we obtain from this application of Theorem 7.

The results discussed in this section are proved elsewhere. In this paper, we
concentrate on proving some of the basic lemmas discussed in Section 1.3.

1.4.1. Random graphs and fault-tolerance. Theorem 25 (see Section 1.3.1) is one of
the tools used in the proof of a recent result concerning fault-tolerance properties of
random graphs, proved by Alon, Capalbo, Ruciniski, Szemerédi, and the authors [1].
In this section, we state and briefly discuss this result.

We need some definitions and notation. Let a real number 0 < 1 < 1 be fixed,
and suppose G and H are graphs. We write G —,, H if any subgraph J C G of G
with size e(J) = |E(J)| > ne(G) contains an isomorphic copy of H as a subgraph.
We extend this notation in the following way. Suppose that H is some family of
graphs. We write

G—yH (10)
if any subgraph J C G of G with size e(J) = |E(J)| > ne(G) contains an isomorphic
copy of every member H of H. In fact, we say that a graph G is n-fault-tolerant
with respect to a family of graphs H if (10) holds.
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In what follows, we shall be particularly interested in the family B(A;m,m) of
m by m bipartite graphs with maximum degree A. In fact, a result in [1] implies that
there are fairly small graphs that are n-fault-tolerant with respect to B(A;m,m)
for any fixed n > 0. Indeed, there exist such graphs with n vertices and

< C’17”L2_1/2A(10gn)1/2A (11)

edges, where n < Cym, and C; = C1(n,A) and Cy = Cy(n,A) are constants
that depend only on A and 1. On the other hand, the following result follows
from a simple counting argument (see [1]): any graph Gy that is universal for the
family B(A;m,m), that is, any graph G that contains isomorphic copies of all
members of B(A;m,m), must satisfy

€(G0) Z Cgm272/A (12)

for some absolute constant C3 > 0. Note that the bound in (12) does not require
the graph Gy to be fault-tolerant. In view of (12), we may argue that the bound
in (11) is quite satisfactory. Let us turn to the result in [1] that implies the bound
in (11).

Let G(n,n;p) be the binomial bipartite random graph with both vertex classes
of cardinality n and with edge probability p. The following result is proved in [1].

Theorem 2. For any 0 <n <1 and any A > 2, there is a constant C = C(n, A) >
0 for which the following holds. Suppose

log n 1/2A
p=C <n) and  m=|n/C]. (13)
Then, with probability tending 1 as n — oo, the bipartite random graph G(n,n;p)
satisfies

G(n,n;p) =4 B(A;m, m). (14)

Besides making use of Theorem 25, the proof of Theorem 2 uses a hypergraph
packing result due to Rodl, Rucinski, and Taraz [37].

1.4.2. Extremal problems for subgraphs of random graphs. The interplay between
Ramsey theory and the theory of random graphs, beginning with the seminal work
of Erdés [12], has deeply influenced both subjects. More recently, several authors
investigated threshold functions for Ramsey properties (see, among others, [16, 18,

, 35, 38, 39, 40, 44, 45]). The investigation of threshold functions for Turdn
type extremal problems is also under way [23, 24, 30], although a great deal more
remains to be done in this direction. The fault-tolerance properties of random
graphs discussed in Section 1.4.1 may be thought of as the degenerate case of
the Turdn type extremal problems we discuss now in this Section. (The readers
interested in extremal and Ramsey properties of random graphs are referred to [25,
Chapter 8].) In this section, we discuss the role of the results in Section 1.3 in this
context.

It is not difficult to see that Theorem B”, the embedding lemma in the sparse
setting, implies the following result.

Theorem 3. There is an absolute constant C' > 0 for which the following holds.
Let k > 1 and n > 0 be given. Then there exist B > 0 such that if

p = Bn~*(logn)“, (15)
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then the random graph G(n,p) satisfies the relation
G(’%P) —1-1/k+n K (16)
with probability tending to 1 as n — oo.

We now state a conjecture due to Luczak and the authors [30] (see also [25,
Chapter 8]) that says that, in fact, a great deal more than Theorem B should be
true.

As before, let H = H" be a graph of order h > 3 and suppose that H has
vertices v1,...,v,. We define the 2-density of H to be

e(J)—1
dy(H) = max {
V()| -2
Let V = (Vi)?zl be h pairwise disjoint sets, all of cardinality m. We say that a
graph F'is an (¢, T, H; V)-graph if it satisfies the following conditions:
(i) F has vertex set U;<;<p, Vi
(@) for every edge {v;,v;} € E(H) of H, the bipartite graph naturally induced
by Vi and V; in F has T edges and is (e, T')-regular.

L JCH, V() 23}. (17)

Let
Fle,T,H;V)={F: Fisan (¢,T,H; V)-graph with H ¢ F}. (18)

If true, a far reaching generalization of Theorem B” would then be the following.

Conjecture 4. For any > 0, there exist constants € > 0 and C > 0 such that if

T > Cm2~1/d=U1) (19)
then, for all large enough m, we have
2\ €(H)
\F(e, T, H; V)| < geUDT ("; ) : (20)

If H above is a forest, Conjecture 4 holds trivially, since, in this case, the family
in (20) is empty for all large enough m. A lemma due to Luczak and the authors [29]
may be used to show that Conjecture 4 holds for the case in which H = K?3.

Some further remarks are in order. The fact that the validity of Conjecture 4
would imply embedding lemmas such as the one in Theorem B” comes from the
considerations in Section 2. In fact, one would have embedding lemmas for general
graphs H in dense and large enough o(1)-regular h-partite subgraphs of G(n,p)
even if p is as small as

p=Cn~ /), (21)

we leave the details to the reader. Note that, for the case in which H = K**1,
relation (21) gives p = Cn~2/(*+1)  which is better than (15).

1.4.3. An application to Ramsey theory. Our aim in this section is to state a result
in Ramsey theory whose proof depends heavily upon, among others, the results in
Section 1.3. We need some definitions and notation.

Let an integer r > 2 be fixed, and suppose G and H are graphs. We write G —
(H), if G contains a monochromatic copy of H in any edge-colouring of G with r
colours. In fact, for simplicity, we restrict ourselves to the case in which we have
only 2 colours, since for purposes of this section there is not much difference between
the r = 2 and r > 3 cases.
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Following Erdés, Faudree, Rousseau, and Schelp [14], we define the size-Ramsey
number of a graph H to be
re(H) =min{e(G): G — (H)az}. (22)

In words, the size-Ramsey number of a graph H is the minimal number of edges that
a graph G may have and still be ‘Ramsey for H’, that is, be such that G — (H)a.
For instance, 7e(K(1,n)) = 2n — 1, where K(1,n) denotes the star with n edges.

In [6], Beck answered a question of Erd8s [13], proving that there exists an
absolute constant C' < 900 such that r.(P,) < Cn, where P, denotes the path
on n vertices. Later, in [7], Beck pointed out that there are trees with size Ramsey
number at least n?/8, and asked whether ro(H(n,A)) < Can holds for any n-
vertex graph H(n,A) with maximum degree A. Beck’s question was answered
affirmatively when H(n,A) is a cycle [22] or a tree [19].

Recently, Rodl and Szemerédi [13] proved that the answer to Beck’s question is
negative already for A = 3. In fact, they showed that there are positive constants ¢
and « so that, for every positive integer n, there are n-vertex graphs H with
maximum degree A(H) = 3 such that

re(H) > en(logn)®. (23)

Set re(n, A) = maxr.(H), where the maximum is taken over all graphs H with n
vertices and maximum degree A. The results in Section 4 are some of the tools that
are used in the proof of the following result, due to Szemerédi and the authors [32].

Theorem 5. For any integer A > 2, there is a real number ¢ = e(A) > 0 for which
we have
ro(n, A) < n?7F. (24)

1.5. The organization of this paper. Let us now discuss the organization of
this paper. In Section 2, we present a basic idea that allows us to prove results
concerning large but arbitrary subgraphs of random graphs. In a few words, this
idea consists of obtaining strong upper estimates for the the number of counterex-
amples to the property we wish to prove for such subgraphs, and then argue that
such counterexamples do not occur in our random graph (see Lemma 6). In Sec-
tion 3, we introduce some crucial definitions, we state a regularity lemma for sparse
graphs, and also prove a few technical results on random graphs that will be used
later. We close this section with two tail inequalities.

In Section 4, we state and prove the main results of this paper. Section 4.1 is
devoted to the statement and proof of our pair condition lemma in the sparse con-
text; in other words, we prove the analogue of the implication “P, = P;” (PCR)
for this context. This result, which appears as Theorem A" above, is presented in
two versions; see Lemma 12 (counting version) and Theorem 13 (random graphs
version). Section 4.2 is devoted to the statement and proof of our local condition
lemma in the sparse context; in other words, we prove the analogue of the impli-
cation “P; = P»” (LCR) for this context. Section 4.3 is devoted to the statement
and proof of the one-sided neighbourhood lemmas. These results are crucial in the
proof of the result discussed in Section 1.3.1 (see Theorem 25).

In Section 5, we prove Theorem A’.

Remark 4. The main results of this paper come in pairs. Indeed, usually we prove
a counting version of our result and then we deduce a random graphs version.
Typically, most of the work goes into proving the counting versions; the random
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graphs versions are often straightforward corollaries. Nevertheless, we shall state
the counting versions as ‘lemmas’ and the random graphs versions are ‘theorems’,
since the random graphs versions tend to be somewhat less technical and the reader
may find them easier to apply.

1.6. Remarks on notation. Let us make the following comments on our notation
explicitly.

Remark 5. If ¢ > 0, we write a ~¢ b if

l—e<y<l+e (25)

Note that the relation ~. is not symmetric. We also sometimes write a < b if there
exist absolute constants ¢ and C' > 0 for which we have

c¢b <a<Ch. (26)

Sometimes we write an adorned variant of =, for example, a <y b, to mean that
the constants ¢ and C' hidden in this < notation may depend on this quantity 9.

Remark 6. Usually, we are concerned with graphs whose order (typically n) tends
to infinity. In the case of bipartite graphs, we shall have both vertex classes of large
cardinality (typically, the vertex classes have order my and msy). Occasionally, we
write a ~ b to mean that a/b — 1 as the order of the graph in question (or both
vertex classes of the bipartite graph in question) tends to infinity. Similarly, we
write a < b to mean that a/b — 0. We often omit the qualification ‘for large
enough n’ or ‘for large enough mi and ms.’ This should not lead to confusion.

Remark 7. Several constants will appear in the lemmas that follow. Often, when
invoking a lemma, say Lemma N, it may be important to record that a certain
constant, say e, with some particular value, is involved in the current application
of Lemma N. In this case, we write e(N) for this particular value of this constant.
This fussy notation will guard us against the proliferation of constants with equal
or similar names that will appear in what follows.

Remark 8. Our notation will basically follow [8]. Since we are interested in asymp-

totic results, we shall often omit the floor and ceiling signs | |, [ ], when they are
not important.

2. EXCLUDING COUNTEREXAMPLES

There is a common underlying idea in the proofs that we present in this paper.
This idea may be stated in a few words as follows: suppose we wish to show that,
(*) for almost all G = G(n,p), property S holds for every large enough sub-
graph H of G,
where S is some given ‘absolute’ property of graphs (that is, given H, we may check
whether or not H has S looking at H alone, disregarding G). In applications, ‘large
enough’ will mean that we have

m = |V(H)| > mg=mo(n) and Te(H)|E(H)|Zap<T§), (27)

where mo = mp(n) is a reasonably fast growing function of n (say, some small power
of n) and a > 0 is a constant independent of n. Now, observe that statements of
the form (*) involve a quantification over a very large set of graphs H. Indeed,
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because of (27), we have T = e(H) = Q(pm?) and hence we are dealing with a
quantity that is more than exponential in Q(pm?). We point out that this is indeed
a large number in our context since the probability that G = G(n,p) is the empty
graph is already

(1-p)&) > exp{—2pn?}
if, say, p < 1/2.

Fiiredi [20] observed that, in order to handle this difficulty, one may proceed as
follows. First, we consider the family B = B(S) of counterezamples to assertion S.
Then, we show that B is an asymptotically small family (we make this precise later).
Finally, one then simply shows that, almost surely, such rare graphs do not occur
in G(n,p) as subgraphs. This idea has proved to be quite useful, see [23, 27, 28,

, 30]. (For an alternative approach, see [24, 39, 40, 41, 42].)

It turns out that the easiest way to apply Flredi’s idea is to show that the size
of the family of counterexamples B(S) grows ‘superexponentially more slowly’ than
the size of the family of all graphs. Let us make the following definition.

Definition 9. Let B be a family of labelled graphs and suppose 8 > 0 is a constant.
Write B(m,T) for the graphs in B that have m vertices and T edges. For the sake
of definiteness, suppose all graphs in B(m,T) have vertex set [m] = {1,...,m}.
We shall say that B is a [-thin family if there exists an integer M such that, for
all 0 <T < (),

if m > M, then |B(m,T)| < ﬂT<(§>> (28)

Remark 10. We shall often consider families B of (labelled) bipartite graphs and
in such cases we shall have independent parameters my and mo for the number of
vertices in each of the vertex classes. Such a family will be said to be (3-thin if,
instead of (28), we have

if my, ma > M, then |B(my,ma; T)| < 57 (mle), (29)

where B(my, ma; T) is the set of graphs in B that have m; vertices in vertex class i
(i € {1,2}).
Lemma 6. Let functions 0 < p =p(n) <1 and mg = mo(n) such that

pmoy > logn (30)

be given, and consider the binomial random graph G = G(n,p). Then, for any
fixed constant o > 0, there is a constant f = [(«) > 0 such that the following
assertion holds. Suppose B is a (-thin family. Then almost every G = G(n,p) has
the property that no copy H of a member of B satisfying (27) occurs as a subgraph
of G.

Proof. Let a > 0 be given. We set
e’
f=p)= 5, (31)
and claim that this choice of § will do in our lemma. The proof of this claim will
be an easy application of the first moment method. Let us estimate the expecta-
tion E(X) of the number of copies X = Xp of members of B in G = G(n,p) that
satisfy (27). For integers m and T, let X (m,T") be the number of copies of elements
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of B(m,T) in G. Then, assuming that m > M, where M is as given in Definition 9,
an application of (28) gives that

BCE(m. 1) < () 8, )" < 757 (). (52)

We now observe that (27) implies that 7~ 'p("}') < 1/a. Moreover, (27) and (30)
give that m > mg > logn and that T > ap(y) > apm(mg — 1)/2 > mlogn.
Therefore, using (31), we may conclude (32) with

m T T
E(X(m,T)) <n™ (@ﬂ;)) <n™ (f) <emlosn=2T < =T, (33)

We now sum (33) over all m and all T satisfying (27) to obtain that

EX)= > > EXmT)= Y > e

m>mg TZocp(gL) m>mg TZap(Zl)
< Y 2B <2 Y wm=0(1), (34)
m>mg m>mgo
as n — 00. The lemma follows from (34) and Markov’s inequality. ]

In what follows, we shall show that two families of graphs are g-thin: see Re-
mark 20 just after Lemma 12 and Remark 26 just after Lemma 19.

3. PRELIMINARY RESULTS

3.1. Preliminary definitions. Let a graph G = G™ of order |V (G)| = n be fixed.
For U, W C V = V(G), we write E(U,W) = Eq(U,W) for the set of edges of G
that have one endvertex in U and the other in W. We set e(U, W) = eq(U, W) =
|E(U,W)|.

If B is a bipartite graph with vertex classes U and W and edge set E we write B =
(U, W; E). Moreover, if G is a graph and U, W C V(G) are disjoint sets of vertices,
we write G[U, W] for the bipartite graph naturally induced by U and W.

3.2. A regularity lemma for sparse graphs. Our aim in this section is to state
a variant of the celebrated regularity lemma of Szemerédi [40].

Let a graph H = H" = (V, E) of order |V| = n be fixed. Suppose n > 0,
C >1,and 0 < p < 1. We say that H is an (, C)-bounded graph with respect
to density p if, for all U, W C V with UNW = @ and |U|, |W| > nn, we have
e (U, W) < Cp|U||W]|. In what follows, for any two disjoint non-empty sets U,
W CV,let
€H (Ua W)
plU[W|
We refer to dy (U, W) as the p-density of the pair (U, W) in H. When there is no
danger of confusion, we drop H from the subscript and write d,(U, W).

Now suppose € >0, U, W C V, and UNW = . We say that the pair (U, W) is
(e, H, p)-regular, or simply (g, p)-reqular, if for all U’ C U, W' C W with |U’| > ¢|U]|
and |W’'| > e|W| we have

‘dH,p(U/,W/) - dH,p(Ua W) <e.

dpp(U, W) = (35)
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Below, we shall sometimes use the expression e-regular with respect to density p to
mean that (U, W) is an (g, p)-regular pair. If B = (U, W} E) is a bipartite graph
and (U,W) is an (e, B, p)-regular pair, we say that B is an (e, p)-regular bipartite
graph.

We say that a partition Q = (C;)§ of V = V(H) is (e, k)-equitable if |Cy| < en,
and |C1]| = -+ = |Ck|. Also, we say that Cy is the exceptional class of Q. When the
value of € is not relevant, we refer to an (g, k)-equitable partition as a k-equitable
partition. Similarly, @ is an equitable partition of V' if it is a k-equitable partition
for some k.

We say that an (g, k)-equitable partition P = (C;)& of V is (e, H, p)-regular, or
simply (g, p)-regular, if at most 5(’2“) pairs (C;,C;) with 1 < i < j < k are not
(e,p)-regular. We may now state a version of Szemerédi’s regularity lemma for
(1, C)-bounded graphs.

Theorem 7. For any given € > 0, C > 1, and kg > 1, there exist constants n =
n(e, C, ko) and Ko = Ko(e,C, ko) > ko such that any graph H that is (n, C')-bounded
with respect to density 0 < p < 1 admits an (e, H, p)-regular (¢, k)-equitable partition
of its vertex set with kg < k < Kj. O

Theorem 7 was independently observed by the present authors, and in fact a
simple modification of Szemerédi’s proof of his lemma gives this result. For appli-
cations of this variant of the regularity lemma, see [26].

3.3. Further notation and definitions. We shall need some further notation
and definitions concerning bipartite graphs. Throughout this section, we suppose
we have a bipartite graph B with bipartition (U, W) with |[U| = mq, |[W| = ma,
and T = e(U,W) > 0. We let p = T/mims, and d; = pm; and do = pmso. Note
that the p-density dp ,(U, W) of (U, W) in B is 1.

In what follows, we shall be concerned with pairs {z,y} of vertices whose neigh-
bourhoods intersect in an unexpected manner. In fact, for convenience, we intro-
duce the following notation:

PO = FaWir) = ) € ()¢ [awton - 2| 22 B4 oo

ma

where dy (z,y) = d& (z,y) = ‘WDFB(Z‘) ﬂFB(y)’ = ’FB(Z‘) ﬂFB(y)’. The reader
has most likely already observed the following fact. Suppose the bipartite graph B
is drawn uniformly at random from all the m; X mo bipartite graphs with T" edges.
Then the expected value of dy (z,y) with z # y € U is d3/ma.

Definition 11 (PC(U,W;~,n)). Let B = (U, W; E) be a bipartite graph. We say
that B has property PC(U, W;~,n) if

@il <u('y). (37)

The notation for the property PC(U, W;~,n) comes from the fact that we are
concerned with pairs of vertices, and hence we have a certain pair condition. For
convenience, we put PC(U,W;~) = PC(U,W;~,~). We shall also be interested
in a property concerning the ‘¢;-uniformity’ of the degrees of the vertices in our
bipartite graphs.
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Definition 12 (D(U,W;d,¢)). Let B = (U, W; E) be a bipartite graph. We say
that B has property D(U,W;d,¢) if

le(U", W) — p|U’'||W|| < 6p|U’||W| for all U" C U with |U’| > €|U]. (38)

Our next property on bipartite graphs is a certain one-sided inequality concerning
their edge distribution. In fact, we are interested in a certain edge concentration
bound.

Definition 13 (ECB(U,W;C)). Let B = (U, W; E) be a bipartite graph. Put d =
min{dy,ds} and m = max{m;, ms}. We say that B has property ECB(U,W; ()
if the following holds: whenever U’ C U and W' C W are such that |U’|, |W'| >
d/(logm)?3, we have

e(U', W') < Cp|U'[|[W']. (39)

The final property for bipartite graphs that we consider in this section is a little
more technical. This property concerns the number of certain ‘cherries’ (paths of
length 2) in the bipartite graph in question. In fact, the idea is that such cherries
should not, in general, ‘concentrate’ on any set of pairs of vertices too much (this
is made quantitatively precise through a certain cherry upper bound).

Definition 14 (CHUB(U,W;6,C)). Let B = (U,W; E) be a bipartite graph. We
say that B has property CHUB(U, W4, C) if

> dwl(x,y) < Cop*|UP|W| for all F C <(2]) with |F| < 5('2”), (40)
{z,y}eF
where, as before, dw (z,y) = [T's(z) NTs(y)|.

3.4. Elementary lemmas on random graphs. In this paragraph, we state and
prove two simple lemmas concerning binomial random graphs.

3.4.1. The statement of the lemmas. We state the two lemmas in this section. The
proofs are given in Section 3.4.2.

Lemma 8 (Edge concentration bound for r.gs). Let 6 > 0 be a fized constant.
Almost every random graph G = G(n,q) is such that the following property holds.
Suppose m = m(n) is such that

gm > logn. (41)

Then, for any two disjoint sets of vertices U, W C V(G) with |U|, |[W| > m =
m(n), we have

e(U, W) ~s q|U|[W]. (42)
Lemma 9 (Cherry upper bound for r.gs). Let § > 0 be a fized constant. Al-

most every random graph G = G(n,q) is such that the following property holds.
Suppose m = m(n) is such that

¢>m > logn. (43)

Then, for any two disjoint sets of vertices U, W C V(G) with |U|, |[W| > m =
m(n), we have that for all

Fc (g) with |F| < 5('3') (44)
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we have

> dwl(x,y) < 266U W), (45)
{z,y}eF

where dw (z,y) = [WNT(z)NT(y)|.

Remark 15. It may be worth noting that condition (41) may be thought of as
meaning that the degree of a vertex into the sets U and W should be large (namely,
superlogarithmic in n). On the other hand, condition (43) requires that the ex-
pected number of common neighbours in the sets U and W, of a fixed pair of
vertices, should be superlogarithmic in n.

3.4.2. Proofs of the elementary lemmas. The proof of Lemma 8 is immediate from
Chernoff’s bound.

Proof of Lemma 8. By a simple averaging argument, we see that it suffices to prove
the assertion for sets U and W with |U| = |W| = m. The probability that (42) fails
is clearly at most exp{—csq|U||W|} = exp{—csqm?}, where cs > 0 is some constant
that depends only on 6 > 0. The expected number of pairs (U, W) violating (42)
is then

2
< (n) emesam® < exp{2mlogn — csqm?} = o(1), (46)
m
because of (41), and our lemma follows from Markov’s inequality. O
The proof of Lemma 9 is a little more interesting.

Proof of Lemma 9. Let a set of pairs F' as in (44) be given. It is clear that we
may assume that |F| = (5('2{‘). Suppose that, however, inequality (45) fails. Let us
first show that this implies the existence of a matching M C F on which too many
cherries ‘concentrate.’

For convenience, let us think of F' as a graph on U and consider the line
graph L(F) of F. Clearly, the maximum degree A'(F) = A(L(F)) of L(F) is
at most 2(A(F) —1) < 2|U|. Apply the Hajnal-Szemerédi theorem [21] to L(F’) to
obtain a decomposition of F' into A’(F) + 1 matchings all of size

~t=|F|/A'(F). (47)

It will be important later that these matchings should be fairly large. Note that,
since we are assuming that |F| = 5(”2]‘), we have

_ P Fl 9
= AP > 20| 4|U|. (48)
‘We now let
Pp—— 11T (49)
0T A(F)+1 ’

and observe that this is the right-hand side of (45) divided by A'(F) + 1, the
number of matchings in our Hajnal-Szemerédi decomposition of F'. Now, since we
are assuming that (45) fails, there must be a matching M C F in this decomposition
for which we have

Z dW(a:,y) > k. (50)

{z,yteM
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Let us now work on the right-hand side of (50). Since we are assuming that |F| =
5(“2}‘), in view of (48) and (49), we have
¢|F|

~ 47
ko A(F)+1

(W~ 4¢°t|W|. (51)

Therefore, the conclusion is that if (45) fails, then there exists a matching M for
which we have
0
(M| Z U] (52)
(recall (48) and that |M| ~ t) and, moreover,
Y. dwlz,y) 2 4¢°|W||M|. (53)
{zyreM

Our aim now is to show that such a pair (W, M) almost surely does not occur
in G = G(n,q). To this end, observe that, since

{z,y}eM
we have
WM o, (elWIM] )\ ey
P(X > < 0« (70 < (= )
( _ko)_( )< () < (5) (55)

Therefore, the expected number of pairs (W, M) as above is

(" 2| (E)&leMHWl < plWIH2M] (9)3612\M||W\
- \UW]| 3 - 3

— o(IWl+2|M]) logn (E

>3q2\MllW\
3

(56)

We now claim that the last term of (56) is O(n~*) for some w — oo as n — oco. To
see this, consider the exponents in the last term of (56), and observe that

1 2

2

q > ( + > logn. (57)
M| W]

To verify inequality (57), we use (43), (52), and the fact that |U|, |[W| > m, to see
that

1) )
(M|q* 2 1\U|q2 > qu2 > log n, (58)
and that
W |q* > mg* > logn. (59)

The proof is not quite finished, since we still have to consider all possible values
for the cardinalities of W and M. However, summing over all possible choices
for |W| and |M]|, we still have that the expected number of such pairs (W, M)
is 0(1). The result follows from Markov’s inequality. O
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3.5. Elementary tail inequalities. Let us state two simple technical lemmas that
will be useful in Section 4.3.

Lemma 10 (The hypergeometric tail lemma). Let b, d, k, and m be positive
integers and suppose we select a d-set N wuniformly at random from a set U of
cardinality m. Suppose also that we are given a fived b-set B C U. Then, writ-
ing k = Abd/m, we have
b\ (m—0b\ (m\ " _ (d\ (b\* _ je\k
rvoz0-2 ()0 55)(0) <0G =0 @
Jjzk

Proof. Without loss of generality, we suppose that U = [m] = {1,...,m} and B =
[b]. Let us estimate the number of sets N for which |N N B| > k in the following
way. First choose the smallest k elements of such a set N. Note that these elements
must all be in B. Thus there are (Z) ways of making this choice. Now choose

the remaining d — k elements of N; there are at most (f’;:,f) ways of doing this.
Therefore, we have that

wnnen= () - ()50 o

Now observe that (m)q = (m)rx(m — k)q—k, and hence the right-hand side of (61)

is in fact . .
d\ () _ (d\ [ b edb
< — <[ -— .
(ko = () () = (&) ®
Since k = Abd/m, relation (60) follows. O

Our second lemma concerns the number of edges that we typically capture when
we select a random d-set of vertices of a sparse graph. Let us describe the set-up
we are concerned with.

Let a graph F' = (U, E) with |U| = m and |E| < n(")) be given. Suppose we
select a d-set N uniformly at random from U. We are then interested in giving an
upper bound for e(F[N]), the number of edges that the set N will induce in F.

Lemma 11 (The two-day lemma). For every «, 8 > 0, there exist ng = no(«, 3) >
0 such that, whenever 0 < n < 19, we have

p(eriv) 2 a(})) <" (63)

Remark 16. To avoid any possibility of confusion, we observe that an equivalent
formulation of (63) is that

(re(mmaYen) o

Proof of Lemma 11. We may assume that
d < m/100, (65)
say. Indeed, if d > m/100, it suffices to take 7y small enough so that

a@) > 1o (”;) (66)

If (66) holds, any d-set N will be such that e(F[N]) < a(g). Thus we assume

that (65) holds. Clearly, it suffices to prove the following variant of our lemma:
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(1) for any 0 < v < 1/2, there is 19 = no(y) such that, for any 0 < n < 7, we

e P (e(F[N}) > 7@)) < 274, (67)

We proceed to prove (}). Let

— g
“~ 100 exp{200y~—1log(1/v)} (68)

and let A be such that

log A = 200y~ * log(1/7). (69)
Observe that then
Ac = v/100. (70)
Finally, we let 19 = n9(vy) be defined by
1410/~
_ 9
0750 % 410/7° (1)

We shall prove that this choice of 1y will do in (1). Thus, suppose that we have 0 <
1 < 19. We have to verify (67).
Let
B={xcU:dp(z)> (n/c)(m—-1)}, (72)
and observe that, then, we have
|B| < em, (73)

since e(F') < 77(72”) By the hypergeometric tail lemma (Lemma 10), we see that
e\ Acd
P(IN N B| > Aed) < (X) < exp{(1 — log \)Aed}

< exp 71 log A)Aed p = exp fdlogl = d, 74
9 Y
Y

where in the last inequality we used (69) and (70). We shall now consider the case
in which )

NNB| < Aed=—~d.

IN Bl < ded = 179 (75)

Let us generate the vertices uq,...,uq of N sequentially, in this order, at random.
Let us assume that (75) holds; notice that there are at most 2¢ choices for the set I
of indices 1 < ¢ < d for which u; € B. Let x1,...,z4 be the vertices u; with i ¢ I,
where d' = [N\ B| > (1 —+/100)d, and we think of them being chosen in this
order. In what follows, we shall argue that the choice of many of these vertices x;
is rather constrained, and we shall thus derive a strong bound for the probability
of the event

{N:|INNB| < Acd}n {N: e(F[N]) > 7(‘;)} (76)

Now, from (75), it follows that the number of edges in F[N] that touch vertices
in B is at most vd?/100. If we induce > 7(‘21) edges in N, we must have

d 1,1 (d
> ———nd? > =
> 7(2> 0004 2 27<2> (77)

edges within F[N \ B] = Flz1,...,24]. Suppose that we have already cho-
sen x1,...,x;—1, and that we are about to choose z;. Since all vertices z; (j < 7)
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are not in B, we have that the number of edges incident to {z;: j < i} is less
than (¢ — 1)(n/c)(m — 1). We have to choose z; from

Uy=U\(BU{z,;:j <i}). (78)
Because of (65), (68), and (73), we have that |U;| > m/2, with plenty to spare.
Hence the average degree into {x;: j < i} of a vertex in U; is
. n in m 2
< (-D2m-1) /|0 < D /2 ==,
< G-02m-1) /10 < D 7 =2 (79)
Since we are supposed to get > (v/2)(%) edges within N\ B = {z;: 1 < i < d'}
(cf. (77)), we must have at least vd/10 indices ¢ for which we have

ID(as) N {2y j < i} > 1loz (80)

Indeed, otherwise the number of edges in F[N \ B] would be at most

7d vd v (d
10><d—i—d>< 10<2<2),

which would contradict the bound in (77). Now, the bound on the average de-
gree (79) and Markov’s inequality tells us that the probability that (80) happens
for a given index i is
< 2in/c _ 20777
~iy/10 ey
Let us observe again that there are at most 2¢ choices for the set I of indices
1 < i < d for which u; € B. Moreover, there are at most 2% choices for the
set, say J, of indices 1 < ¢ < d for which the choice of z; results in a vertex for
which (80) holds.
Putting all of the above together, we see that the probability that the event
in (76) happens is

~vd/10

) vd/10 2 410/~
<28 x99 x (077> = (Oxn> . (81)
cy ey

In (81), one of the 2¢ accounts for the number of choices for I and the other for the
number of choices for J. Observe that the right-hand side of (81) is at most 74,
because n < 19 and 19 is as given in (71). We conclude that the probability of
the event in (76) is at most y¢. Combining this with (74), we see that (1) does
hold. O

4. REGULAR PAIRS IN SPARSE RANDOM GRAPHS

The main results of this paper are given in this section. Section 4.1 is devoted
to the statement and proof of our pair condition lemma in the sparse context;
see Theorem A” in Section 1.3 and Lemma 12 and Theorem 13 in Section 4.1.
Section 4.2 is devoted to the statement and proof of our local condition lemma
in the sparse context; see the discussion just after Theorem A’ in Section 1.3.
Section 4.3 is devoted to the statement and proof of the one-sided neighbourhood
lemmas; see the short discussion in Section 1.3.2 concerning these results.

Finally, in Section 4.4, we state and prove the generalization of Theorem A”
briefly discussed in Section 1.3.1.
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4.1. The pair condition lemma. We state and prove here a counting lemma
(Lemma 12) concerning sparse e-regular bipartite graphs that fail to satisfy a certain
local ‘pseudorandomness’ condition. In fact, we are interested in showing that the
overwhelming majority of e-regular bipartite graphs B = (U, W; E) are such that
property PC(U, W;~) holds, as long as ¢ < g¢(y). Our estimates will be strong
enough to imply that a.e. random graph G = G(n,p) has the following property:
any large and dense enough bipartite subgraph B = (U, W; E) of G that is e-regular
does in fact satisfy PC(U,W;~), as long as € < go(7) (cf. Theorem 13).

Remark 17. In the dense case, the o(1)-regularity of a bipartite graph B = (U, W; E)
implies property PC(U, W;0(1)). Unfortunately, this may fail if p = pg(U, W) =
e(B)/|U||W| — 0 as n — oo (see Section 5). The results below, Lemma 12 and
Theorem 13, are alternative tools for handling the sparse case.

Remark 18. The proof of Lemma 12 is similar in many aspects to the proof of
Lemma 7 in Section 2.1 of [30].

4.1.1. The statement of the lemma. We start by describing the set-up of interest.
We are concerned with bipartite graphs B = (U, W; E) for which the following
conditions and notation apply:

(i) (a) |U| = mq, |[W| = mg, and B has e(B) = T edges. Let p = T/mymsy
and d; = pm; (i € {1,2}). Set m = my = max{my,ma} and m_ =
min{my, ms}.

(b) For some function w — oo as my, ms — 00, we have

T> wm£/2m+(log my ) (logmg)*/2. (82)

(ii) B is e-regular with respect to density p.
(iii) B has property ECB(U, W;C).
(iv) B fails to have property PC(U, W;~).
Given U, W, w, €, v, and C as above, we let
B(U,W,w;e,~,C) = {B=(UW;E): (i)~(iv) above hold}. (83)

In other words, B = B(U,W,w;¢,~,C) is the family of bipartite graphs B =
(U, W; E) that satisfy (i)-(iv) above; note that the number of edges T of B is
arbitrary, except that of course we require that (82) should hold. If T is a given
integer, we let

B(U,W,w;e,v,C;T) = {B € B(U,W,w;e,v,C): B has T edges}. (84)

Lemma 12 (The pair condition lemma, counting version). For all § > 0, v > 0,
C > 1, andw = w(my,mg) such that w(mi, mg) — 00 as my, mg — 00, there exists
an € > 0 such that, for any 0 < T < myms, we have

B Wiz .51 < 67 ("), (55)

Remark 19. Let us observe that the condition on T in (3)(b) is equivalent to
p*m_ > w?(logmy)? log ma. (86)

Roughly speaking, inequality (86) says that the expected size of the joint neigh-
bourhood of two vertices in the same vertex class in B should be of reasonable
size.
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Remark 20. In the language of Section 2 (see Definition 9 and Remark 10), Lemma 12
tells us that

B(U,W,w;e,v,C) (87)

is a B-thin family as long as € is suitably small. It will be important in applications
that we may choose 3, v, and C as we please, and we still have a ‘good’ choice for €
to make the family in (87) a B-thin family.

Finally, we observe that calculations analogous to the ones in the proof of
Lemma 6 will show that, roughly speaking, random graphs almost surely do not
contain ‘large’ subgraphs isomorphic to the members of the family in (87) (cf. The-
orem 13).

We now state the result concerning random graphs that may be deduced from
Lemma 12.

Theorem 13 (The pair condition lemma, r.gs version). Suppose 0 < g =q(n) <1
and mo = mo(n) are such that

q*mo > (logn)*. (88)

Then, for all o > 0 and v > 0, there is € > 0 for which the following assertion
holds. Almost every G = G(n,q) is such that any (e, q)-regular bipartite subgraph
B = (U,W;E) C G of it, with |U|, |W| > mo and |E| > ae(G[U, W), satisfies
property PC(U, W; 7).

4.1.2. Proof of the pair condition lemma. We prove Lemma 12 in this section.

To distinguish between the two roles played by v in property PC(U, W;~) in
condition (iv), we consider the condition

(iv") B fails to have property PC(U, W;~, 7).

Clearly, to prove Lemma 12, it suffices to show the following assertion:

(*) forall 3 >0,~v>0,n>0, and C > 1, there exists an € > 0 such that the
number of graphs satisfying (i)—(i#1) and (iv’) satisfies (85).

In fact, we shall show that (*) follows from a claim we state below (see Claim 14).

The proof of this claim will be, however, somewhat lengthy. Let us now give an

outline of the proof of (*), since this should help motivate the statement of Claim 14.

Sketch of the proof of (*). Let B be the set of all graphs satisfying (i)—(4i¢) and (iv’),
where U and W are fixed. Let now B € B be fixed. Since PC(U, W;~,n) does not
hold, i.e., inequality (37) fails, there is a partition U = Uy UUs, of U with > nm? /4
elements of Fp(U, W;~) ‘going across’ the U;—Us partition. Moreover, we may as-
sume that |Uy| = [m1/2]. Let us fix such a partition of U and let us consider the
bipartite graph F., = (U, Us; F) naturally induced by Fg(U, W;~v). Now put

S:S(B):{uEUQ:dF”(u)zgml}, (89)
where df (u) denotes the degree of u in the bipartite graph FE,. Note that
5] 2 Zma. (90)
Indeed, otherwise we would have
n my mi| N 1
e(Fy) < g x |5 4[] x G < it (o1)



REGULAR PAIRS IN RANDOM GRAPHS I 23

which would be a contradiction to the choice of the partition U = U;UU;. Let By =
(U1, W; Eq) be the subgraph of B induced by (U, W) and note that then, because
of the (e, p)-regularity of B (see (i7)), we have
T
Tl = e(Bl) ~e 5.
We have shown that to any B € B we may associate a pair A = A(B) = (B, S)
with By and S as above. Fix one such A(B) for each B € B in an arbitrary fashion,
and consider the naturally induced partition

B= U By. (92)
A

To prove that |B| is bounded by (85), we shall estimate each |B| separately and
then we shall sum over all possible pairs A = (By,S5). We leave the details for
later. 0

Claim 14 will be used to estimate |B4|, where the notation is as (92). Before we
proceed, we need to introduce the set-up that interests us in this claim.

Throughout this section, we keep the notation as defined in conditions (7)—(ii7)
given before the statement of Lemma 12. We shall now be interested in bipartite
graphs B; = (U, W; Ey), where Uy C U, and sets N C W with |N| ~. dy for
which the following conditions, definitions, and notation apply:

(4) |Uy| = |m1/2]| and e(By) = Ty ~ T/2. Moreover, N C W is a subset of W
of cardinality |N| = df ~ da.
(#i) For all U' C Uy and W/ C W with |U’| > emy and |W'| > ema, we have

|dp, » (U, W') —1| <, (93)

where p = T/|U||W|. Recall that dp, ,(U',W') = ep, (U, W')/p|U’||W’|
is the p-density of the pair (U’, W’) in B; (cf. Section 3.2).
(iii) For all U’ C Uy and W/ C W with |U’| and |W'| > d/(logm)?, we have

e, (U, W') < Cp|U'||W']. (94)

Here, d = min{d;,ds} and m = m = max{mi,ms}. Note that d =T/m.

(i) (a) Consider
v (99)

dhds
2720 S
2 m2

p={veti: [Irmnn - %

and observe that D is the set of vertices y € U; whose neighbour-
hood sets I'(y) C W do not intersect N in the expected way (recall
that |N| = dj; see (i) above). Indeed, y € D if and only if [T'(y) N N|
presents a significant deviation from the ‘expectation’ dyds/ms. More-
over, consider the partition D = D~ UD" withy € D™ if [T'(y) NN | <
(1= 7)dyda/m2 and y € DF if [D(y) N N| > (1 + v)dyda/mo.

(b) D] > (1/5)ms.

Remark 21. Intuitively, we may think of N above as the neighbourhood set of a
vertex x in Uy in some graph B € By with A = (B1,S5) and x € S.

We are now ready to state our claim.
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Claim 14. For all 5y > 0, n > 0, v > 0, and C > 1, there is ¢ > 0 such that,
for any fized graph By as above, the number of dby-sets N for which (i)—(iv) are

satisfied is
<ot (%) (96)

Before we prove Claim 14, we deduce (*) assuming this claim.

Proof of (*). Let (8, v, n, and C as in (*) be given. Let us define positive con-
stants 01, B2, and (3 by setting

Bs=p2, B=p2, and By =30 (97)

We wish to apply Claim 14. Let 8;(14) = 1 (here we are using the convention in
Remark 7). We now let

n(14) = n, v(14) =, and C(14) =C. (98)

Claim 14 applied to constants (31(14), n(14), v(14), and C(14) gives us a con-
stant £(14) > 0. We now let

= min{ (14), 610 } (99)

We claim that this choice of € will do in (*), and proceed to prove this claim.

Let us consider the decomposition B = |J B given in (92). Fix A = (B, S). For
each B € By, we have a naturally associated bipartite graph By = (Uy, W' Es) buch
that B = B1UBs. Let Ty = e(Bg) = T—T1. Moreover, put m} = |my/2]| and mf
[m1/2]. Suppose Uz = {u1,..., Uy}, and consider the degree sequence d
d(B2) = (fi)1<i<my, where f; = d32 (ul) holds for all 1 < ¢ < mf. Since B € BA C
B is (g, p)-regular, we know that f; ~. ds for all but < 2em; 1nd1ces 1<i<mf.

Let

S'={u€S:dp,(u) ~:da}. (100)
Since £ < 1/60 (see (99)), we have, from (90), that
N> (1 >0
15| = (5 26) my > em (101)
Let
A= UBA’d (102)
d

be the partition of By induced by the degree sequences d = d(Bz) = (fi)i<i<my-

Let us write ZLS/ for the sum over all 1 <14 < m{ such that u; € S’. We then have,
by Claim 14,

Bl < Tt () e s HT{ (7))

- L ()Tt weshs ()7

1<i<my/

From (100) and (101) we have

Z fi> (1 —e)dy|S| > (1 fs)gmldg > 1770T,
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where in the last inequality we used that e < 1/60 < 1/60 < 2/5. Therefore,
by (97), the right-hand side of (103) is

< <m1m2)ﬁ2 (104)

We now wish to sum (104) over all possible d = (f;)1<i<my to obtain an estimate
for |Ba|. To estimate this sum, we use that

(T + )™ 1802 < (T 4+ 1)y™pT/? < (105)

which follows from (82), since that lower bound for T implies that T > wm, logmy >
wmy log my. We thus estimate |Ba| as follows, making use of (102)—(105) and (97):

=S el < () (M)
< (Ty 4 1) (m1m2>62 < (T+1)™ (mlmg) g7

1
(- (). o

Observe that, again by the lower bound on 7" in (82), we have
gmitmi gl < 1, (107)
We now sum (106) over all possible A = (By,.S) and use (107) to obtain

Bl= > > {IBal: A such that e(By) = T }

Ty~eT/2
mima m/mo T/2 m’1m2> (m'l’m2>
< 9m1 1 2m 1
< X)) ()
Ti~eT/2 1
/ 1
T mlmg m1m2 T mimso
= = . 1
ﬁ;(ﬂ)(%)ﬁ(T)(OS)
1
Inequality (108) completes the proof of (85), assuming Claim 14. O

To complete the proof of Lemma 12, it remains to prove Claim 14.

Proof of Claim 14. Let constants (31, 7, v, and C as in the statement of the claim
be given. Let €9 > 0 be such that

66060 /3¢ 1
2 < =0 109
(=) <5m (109
‘We now put
. 1 1
€ =minq o7, g% €0 ¢ (110)

and assert that this choice for € will do in Claim 14. To verify this assertion, we
count the N in question by considering two cases, according to the sizes of DT
and D™.

We start with the case in which |DV] is large.
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Case 1. |DT| > (n/10)my

Our aim is to show that the number of sets N as in the statement of the claim that

fall in this case is
1 d. [ m
< =62 (d,z). (111)

We start by establishing the following assertion.
(t) There is a set Y C D such that
(i) d(y) ~e da =pmg forally €Y,
(i) |T(w)NY| ~o. p|Y] for at least (1 — 2e)ms vertices w € W,
(iii) [Y]~ (1/20)(d/(logm)?).
Proof of (1). Let U* C U; be the set of vertices v in U; that have degree d(u)
satisfying |d(u) — da| > edgz. Note that |U*| < 2emy, since (i) holds. Clearly,
|D+\U*\><l725)m > Lom (112)
= \10 BT
since € < 1/40 (cf. (110)). Fix an arbitrary subset D’ C D™\ U* with
|D'| = L m (113)
= 2077 1

We select for Y a random subset of D’ by putting every element of D’ in Y inde-
pendently with probability

d
P Y)= —————. 114
WeY) = s (114)
Then we have
1 d nd
E(lY) = L = . 115
(1) 20"~ mi(logm)2  20(logm,)? (115)

For w € W and X C Uy, put dx(w) = |I'(w) N X|. Note that dp/(w) ~. p|D’'| for
at least (1 — 2e)mg vertices w € W, because (i) holds. For any such w, we have

7 d
E ~ p— —— = pE(|Y)]). 11
(o (0) e g s — pEQY) (116)
Note that, because of (82) and (115), we have
T T
pE(|Y]) = 2w /m 5 > logms. (117)

X
20 mymg  (logm)

Therefore, standard estimates for the binomial distribution tell us that a set Y as
required exists. U

Remark 22. Note that we have found a set Y as in (f) given a set N as in the
statement of Claim 14 that, furthermore, satisfies the hypothesis of Case 1. In
particular, Y = Y(N) depends on N.

Remark 23. To estimate the number of sets N for which Case 1 applies, we shall
estimate the number of such N with a given fixed Y = Y (N). To complete the
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estimation, it suffices to sum over all possible Y. Note that, because of (})(iit)
and (82), the number of such Y is

my em, o\ 4/ (log m)? em;m o\ &/ (log m)?
< < —_— —
< (d/( ) < ( g (logm) ) ( T (logm) )

logm)?

< (m log m)d/(logm)2 < exp{2d/logm} < (1 +0(1))%, (118)
which is a negligible factor (cf. (111)).

We fix a set Y as in () and proceed with the proof of Case 1. Let W/ C W be
the subset of W of the ‘exceptional’ vertices, namely,

W ={we W: |['(w) NY| ~g. dy fails}, (119)

where p p dd
dy = p|Y| ~ - I e — 120
v =plY| my . 20(logm)?  20mq(logm)? (120)
Because of (1)(#), we know that
[W'| < 2ems. (121)

Our aim now is to show that, because of the existence of the set Y, the set N has
to intersect W’ in an unexpectedly substantial manner. Our simple inequality for
the tail of the hypergeometric distribution, Lemma 10, will then finish the proof of
this case.

Let us count the number of edges between Y and N. On the one hand, since Y C
DT, we have

U U
eNY)= 0@ NN > (147) 3 22 — B2 )
vey gy 2 ma
Since (1)(#4) holds, we conclude that
o(V,Y) 2 (14 7) -1tz (123)
~ 20mg(logm)?

On the other hand, we have

e(N,Y)=> [Fw)nY|[= > [Fw)nY|+ > [T(w)ny|

weN wEN\W’ weENNW'
<IN\ W/|(1+2¢)dy +e(NNW'.Y)
dd
<(1+2)d—L L (NAW',Y). (124)

220m (logm)?

Comparing (123) and (124) and using that p = dy/my = da/my and that ¢ < /6
(cf. (110)), we obtain that
e(NNW',Y) >

—_— . 125
. 20(log m)? (125)
We now apply (ii4). Put |N NW'| = ad,. Suppose first that |[N N W'| = ad <
d/(logm)3. Then, in fact, we extend the set N N W’ to a larger set Z C W
with |Z| = d/(logm)? arbitrarily, so that we may indeed apply inequality (94)
in (#i1). We obtain that

v npddy
2

e(NNW'"Y) <e(Z,Y)<Cp|Z||Y| = CplY]| x (126)

_d
(logm)®"
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However, we shall see that (126) leads to a contradiction. Indeed, comparing (125)
and (126), and using (f)(é#i), we obtain that

v npddy /
X ——==<e(NNW.Y
2~ 20(logm)? — el ¥
nd d
<CplY|—=~C 127
= Cpl ‘(logm)3 b 20(logm)? 8 (logm)3’ (127)
which implies that
1 Cd
—ydy < ———. 128
2’7 2~ (logm)3 ( )

However, inequality (128) cannot hold for large m, since d = min{d;,d2} and d} ~.
ds. This contradiction shows that

d
NNW'|=ady, > ———. 129
NOW| = ady > o (129)
Inequality (129) tells us that (4ii) applies immediately to give that
e(NNW'Y) < Cp|Y| x ady. (130)
Putting (1)(#), (125) and (130) together, we deduce that
v npddy / / ndds
— X —==<e(NNW,Y) < Cap|Y|dy ~ Cap——=— 131
9 X 20(10gm)2 — @( ) ) = Oép' | 2 ap?()(logm)z’ ( )
which gives that v/2 < Ca, and hence, say,
Y
> —. 132
“=3C (132)

We now describe briefly how the proof will proceed. Note that, because of (121),
the expected cardinality E(|JN N W'|) of N N W' is at most 2ed). Therefore, as
is chosen a great deal smaller than v/C, because of (132), the tail inequality for
hypergeometric variables (Lemma 10) proves inequality (111) for the number of
sets N satisfying Case 1 and with a given set Y = Y(IV) (see Remarks 22 and 23).
To complete the proof of this case, it suffices to notice that summing over all the
possible Y contributes little enough to our estimate (see Remark 23). Let us turn
to the detailed calculations.

We apply Lemma 10 to estimate the probability that [N NW’| should be as large
as adb, given that (132) holds. From (132), we have that

! ,‘y !
= > dq.
k(10) = adj > =ds (133)
Moreover, from (121) we know that
: dy|W'| :
k(10) = A(10) E(JN N W'|) = A(10) - < 2eA(10)d5. (134)
2
From (133) and (134) we obtain that
g
A(10) > —. 135
(10) = 6Ce (135)

Therefore, Lemma 10 tells us that

o (+/3C)dj
e) 5 < <6‘eC’5> . (136)

PINNW'| > ady) < (<~
(INOW'| > ady) < (5 S
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Thus, for a fixed set Y, the number of sets N with Y = Y(N) (see Remark 22)

that fall into Case 1 is
6eC (v/3C)dy
< < ¢ 5) (Z?). (137)
0 2

Now recall (118) in Remark 23. Using that dj ~. dz, and hence do < dy/(1 — ¢€),
we have that the total number of possible sets Y is bounded from above by

< (140(1))% < 2%. (138)

Finally, using (137) and (138) and recalling that € < g (see (110)), where &
satisfies (109), we deduce that the total number of sets N is question is

6eCe /3¢ de meo 61 4 mao 1 d’2 meo
SUCH N NGECONGE LG

Inequality (139) shows that the bound in (111) does indeed hold in this case, and
hence the proof of this case is finished.

Case 2. |D~| > (n/10)my

Our aim is to show that the number of sets N as in the statement of the claim that

fall in this case is
1 da. [ m
<3 (0) (140)
2

The proof of this statement is similar to the proof in Case 1 above, but somewhat
simpler. We shall only give a brief outline of the proof. We first observe that a
statement analogous to () may be proved in the same manner, except that we
have, in this case, a set Y C D~ satisfying conditions (i)—(#¢) of (}). We then
estimate e(NV,Y) in two ways. First, we observe that, because Y C D, we have

dyds
e(N,Y) < (1 =9)Y| : (141)
ma
However, we have
e(N,Y)> > [D(w)nY|>|N\W|(1—2)dy. (142)

weN\W’

Comparing (141) and (142), we deduce that N \ W’ must be small, that is, the
random set N must intersect the set W’ of exceptional vertices substantially. An
application of the tail inequality for the hypergeometric distribution, Lemma 10,
finishes the proof of this case.

This concludes the proof of Claim 14. O

4.1.3. Proof of the pair condition lemma, r.gs version. Here we use Lemma 12 to
prove Theorem 13. The basic idea in the proof is the one discussed in Section 2:
Lemma 12 shows that the family of ‘unwanted’ subgraphs in our random graph is
thin, and hence a simple first moment calculation will tell us that such subgraphs
do not occur in our random graphs almost surely (recall Remark 20).

Proof of Theorem 13. Let o and v > 0 be given. We apply Lemma 12 with 8(12) =
a/4e, v(12) = v, and C(12) = 3/a. Lemma 12 gives us a constant £(12) > 0. We
claim that € = ae(12)/2 will do in Theorem 13. Let us proceed to prove this claim.
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is such that the almost sure

We may and shall assume that our G = G(n,q)
= 46(8) = 1/2. In other words, we

property specified in Lemma 8 is satisfied with §
assume that

(*) if U and W are two disjoint sets of vertices of G with |U| and |W| >
g~ 'logn, then
e(U,W) ~1/2 q|U[|W]. (143)

Let us estimate the expected number of ‘counterexamples’ B = (U, W; E) C G
with fixed my = |U|, mg = |W|, and T = e(B). Observe that
B
_elB) |GV o )
mims mimsa 2
Thus, p? min{my,ma} > (a?/4)¢*mo > (logn)* (see (88)) and hence (86), and
therefore (82), are satisfied. We now observe that B = (U, W; E) is (£(12), p)-
regular, since it is (g, q)-regular and (144) holds. Finally, we check that prop-
erty ECB(U, W; C(12)) holds for B. Indeed, it suffices to apply (*) after observing
that

pm_ (a/2)¢*m
>
logn)® = (logn)?

> > logn. 145
logmy = 9 ogn (145)
The discussion above tells us that a counterexample B C G is a member of
the family of graphs whose cardinality is estimated in Lemma 12. Applying the
estimate (85), we obtain that, for fixed my, mo, and T, the expected number of

such counterexamples is

T
< nml"l‘mz/BT <m1m2> qT < pmtme (eﬁﬂlﬂnzq)

T T
T T T
< n7n1+m2 (eﬂq) < nml—i-mg (M) < (2) . (146)
P « 3
Summing (146) over all possible my, mo, and T, our result follows. ([l

4.2. A local condition for regularity. In this section, we state and prove a
lemma that gives a sufficient condition for a possibly sparse bipartite graph to be
e-regular. The condition is local in nature. Similar results in somewhat different
contexts have proved to be very useful; see [3, 4, 5, 9, 11, 17, 47, 48] and the proof
of the upper bound in Theorem 15.2 in [15], due to J.H. Lindsey.

4.2.1. The statement of the lemma. Our lemma giving local conditions for the reg-
ularity of possibly sparse bipartite graphs is as follows.

Lemma 15 (The local condition lemma). For all ¢ > 0 and all C > 1, there
is § > 0 such that any bipartite graph B = (U, W; E) satisfying properties

CHUB(U,W;4,C), D(U,W;6,¢) and PC(U, W) (147)
is e-regular with respect to density p = e(U, W) /|U||W|, as long as p|U| > 1/e0.

Remark 24. Note that property CHUB(U, W;0(1),0(1)) is always satisfied in the
dense case, and hence Lemma 15 above reduces to the well-known criterion for
regularity that, in our language, asserts that properties D(U,W;0(1),0(1)) and
PC(U,W;o0(1)) imply o(1)-regularity.
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We now state a result that guarantees the o(1)-regularity of ‘large’ bipartite
subgraphs H = (U,W; E) of random graphs when H is known to satisfy prop-
erty PC(U, W;0(1)). This result follows from Lemma 15.

Theorem 16 (The local condition lemma, r.gs version). Let 0 < ¢ = ¢g(n) < 1
and mg = mo(n) be such that

q*mg > logn. (148)

Then, for all &« > 0 and all € > 0, there is § > 0 such that almost all random
graphs G = G(n, q) satisfy the following property. Suppose U, W C V(G) with U N
W =0 and |U|, |W| > mg and F C E(G[U,W]) with T = |F| > ae(G|U,W]) are
such that H = (U, W; F) satisfies

D(U,W;é,e) and PC(U,W;J). (149)
Then the graph H = (U, W; F) is an e-regular bipartite graph with respect to den-
sity 0 =T/|U[|W].
4.2.2. Proof of the local condition lemma. Here we prove Lemma 15.

Proof of Lemma 15. Let 0 < e <1 and C > 1 be given. Put

65

=70
Note for later reference that, then, we have

{: (Gﬁ;)}”zg. (151)

We shall now show that the choice for § given in (150) will do.

Fix a bipartite graph B = (U, W; E) satisfying the hypothesis of our lemma.
Let sets U' ¢ U and W/ C W with |U’| > ¢|U| and |W'| > ¢|W| be given. As
usual, put my = |U| and mg = |W|, p = T/mima, where T = e(B), and, also, let
m} = |U’| and m, = |W’|. We aim at estimating the ‘error’

le(U", W) = p|U"[[W]]. (152)

Let us define a matrix A = (a,,.,) whose elements are indexed by U x W. We put

5 (150)

%w_{—u—m if {u,w} € B(B) (153)
’ P otherwise.
Let

Bu = {auw:uecl'} (154)

and put b = (8 )wew. We apply the Cauchy—Schwarz inequality to obtain that

sheyasgh(za). o

weWw wew’ weW’

1
w7

Observe that
2

2
( Z ﬂw) Z Aoy
weW’ (u,w)eU’' xW’ (156)

= {~(1 =p)e(U", W) +p (mym — e(U',W"))}?
= {pmimj — e(U", W)},
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which is the square of the ‘error’ (152) that we wish to estimate. Now, on the other
hand, we have

2
= (Z au,w) :( /Z Aoy ! Jw - (157)

wel’ w)eU' xu’
Thus

Z B2 = Z Z Qo Q! o = Z (ay,au), (158)

weWw (u,u”")eUxU" weW (u,u’)eUXU’

where a, = (ay,w)wew and similarly for a, . Let us consider the inner products
in (158). Consider first the case in which v = «’. Writing d(z) = dg(x) for the
degree of a vertex x in B, we have, for any u € U,

(au,ay) = d(u)(1 - p)* + (m2 — d(u))p®
= d(u)(1 = 2p +p®) + (m2 — d(u))p? (159)
— d(u)(1 - 2p) + map®.

Suppose now that u # u' (u, v’ € U). As usual, put d(z,y) = dg(z,y) = |I'g(zx)N
I'p(y)| for any two vertices  and y of B. Then

(A, aw) = (1 - p)®d(u, v') — p(1 = p){d(u) — d(u,u') + d(u) - d(u,u')}
+p*{ma — d(u) — d(u') + d(u, u)}
= d(u,w) (1= p)* +2p(1 - p) + %) (160)
+ d(u) (=p(1 = p) — p?) +d(u') (=p(1 — p) — p*) + map®
= d(u,u’) — (d(u) + d(u'))p + map?.
Putting (155), (156), (158), (159) and (160) together, we obtain that

1
‘W/|{pm1m2 —e(U",W")} \W/ ( Z 5w> (161)
weWw’
S Z <auaau’> (162)
(u,u")eU’ xU’
= (d(u)(1 - 2p) + maop?) (163)
ucU’

+ Zl(uu) (d(u,u') = (d(u) +d(u')p +map®) ,  (164)

where Z/(u)u,) stands for sum over all pairs (u,u’) € U’ x U’ with u # u'. We now
estimate the sums in (163) and (164) separately. We start with (164). Clearly,

/!

D oy () = (@(w) + A ))p + map?) = 5y + . (165)

where
!

¥ = Z(u,u/) (d(u, u') — mop?) (166)
and

Za=p), ., (2map - (dw) +d@)). (167)
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To estimate X1, we split the sum in (166) according to whether or not

{0/} € F(8) = F(U,W;6) C (g) (168)

(see (36)). Note that, because of property PC(U, W; ) (cf. Definition 11), we know
that

F(8)] = |F(U,W;6)]| < 5(2 ') - 5(”;) (169)

Since property CHUB(U, W;§, C') holds (see (40)), relations (168) and (169) imply
that
Z {d(u,u'): {u,u'} € F(6)} < Cop*mims. (170)

Turning back to the estimate of ¥; in (166), we use (170) to deduce that

=2 Z (d(u,u’) — m2p2)

{u,w}¢F(9)
+2 Z (d(u,u") —map?)
{uw}EF(5) (a71)
/ 171
2 my 4
< 20p m2(2>+2 Z d(u,u)
{uw}eF(9)

< 8pPma(m))? + 2C5p*mimy
< (20/€% +1)dp* (m)*ma,
where in the last inequality we used that m} = |U’| > ¢|U| = em;. The estimation
of ¥ will be based on property D(U, W;d,¢). We invoke D(U, W4, ¢) to obtain
that
(1 —8)pmims < e(U', W) < (1 + §)pmima (172)
(cf. (38)). Using (172), we see that

Yo=p <2pm2m'1 (m}y —1)—2(m} —1) Z d(u))

uelU’ (173)

=2(m} — 1)p{pmims —e(U', W)}
< 2(mj — 1)p x Spmima < 26p*(m})*m.

It remains to estimate the sum in (163). We again use (172) to deduce that the
sum in (163) is
(1 —2p)e(U’', W) + mimap® < (1 + 8)pm/yma + m/ymaop?
1+0+ 3
A pH(m})?ma.  (174)

p?(m})*my <
mip 1 mip

We now use that m} > em; and that pm; > 1/eé to conclude that the last term
in (174) is

< p*(m})*ma < 36p(m])*ma. (175)

emap
Putting together (161)—(164) and (171)—(174), we have

1 2
W{pmimé —e(U', W} < <35 + <€§ + 1> J+ 25> p2(mh)*ma. (176)
2
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Recalling the condition m} > emso and inequality (151), we deduce that (152) is at
most epm)m}, and our proof is finished. |

4.2.3. Proof of the local condition lemma, r.gs version. Theorem 16 follows easily
from Lemma 15.

Sketch of the proof of Theorem 16. Because of condition (148), we know that prop-
erty CHUB(U, W;6,C,) holds almost surely for Cx = 2/a? and any § > 0. We
pick § = é(e,Cn) > 0 as given by Lemma 15. The condition that p|U| > &d
should hold is immediate. The hypotheses given in Lemma 15 for our bipartite
graph B = (U, W; E) are now all satisfied, and the e-regularity of B follows. O

4.3. The one-sided neighbourhood lemma. Our aim in this section is to prove
a lemma concerning certain induced subgraphs of sparse e-regular bipartite graphs.
As always, we shall be interested in such e-regular bipartite graphs that arise as
subgraphs of r.gs. Roughly speaking, we show that almost every r.g. has the prop-
erty that any large and dense enough e-regular bipartite subgraph H = (U, W; F)
of it is such that the neighbourhood T'g(w) of almost all vertices w € W induces,
together with W, an ¢’-regular bipartite graph in H. Here, we may make ¢’ > 0 as
small as we wish by taking € > 0 correspondingly small.

This somewhat long section is organized as follows. In Section 4.3.1, we state two
auxiliary lemmas, Lemmas 17 and 18. In the following section, we state a counting
version of the main result of Section 4.3, Lemma 19, and in the next section we state
a consequence of the previous results concerning random graphs, cf. Theorem 20.
All the proofs are given in the second part of Section 4.3. In Section 4.3.5, we give
the proofs of Lemmas 17 and 18; in these proofs, we make use of an auxiliary lemma,
Lemma 22, which is proved towards the end of Section 4.3.5. In Section 4.3.6, we
give the proof of Lemma 19 and in the final section, Section 4.3.7, we are finally
able to prove Theorem 20.

4.3.1. Statement of the one-sided meighbourhood lemma, auziliary version. Let us
describe the situation that is of our concern in this section. Suppose that we have
a bipartite graph B on (U, W). We shall be interested in the following assertions,
definitions, and notation concerning the bipartite graph B.
(I) U] =mq, |[W|=mq, T =e(B), p=T/mimsz, and d; = pm; (i € {1,2}).
(IT) (a) Property D(U, W;ng,€’) holds.
(b) Property PC(U, W;§) holds.

(III) (a) We write E(d};n1,Ca) for the family of subsets U’ C U of cardinal-
ity d} for which CHUB(U’, W;n,C,) fails. Below, we shall be inter-
ested in df-sets U’ with d} ~,+ dy. We shall sometimes refer to the
members of £(d};n1,Cx) as the exceptional sets.

(b) Property ECB(U, W;Cgcg) holds. In particular, if U C U is such
that |U| > d/(logm)?, then

e(U, W) < CreplU||W|, (177)
where, as before, d = min{d;,ds} and m = m, = max{ms, mz}.

Our first auxiliary lemma concerns certain sets U’ C U that are ‘undesirable,’
given the set-up in (I)—(III) above. For constants ¢ > 0 and € > 0, we consider the
following properties for the set U':

(a) o=e(B[U',W])/d\ms ~s p=T/mima.
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(b) B[U',W]is (e, o)-regular.
We let
I(dy;0,e) ={U' Cc U: |U'| =d) and either (a) or (b) fails}. (178)

Lemma 17 (One-sided neighbourhood lemma, auxiliary version). For all 8 > 0,
e>0,0>0,0<0 <1, Cp >0, and Cgcs > 0, there exist constants €' > 0,
6 >0, n0 >0, and m > 0 such that if B satisfies properties (1)—(II1) and dy ~, dy,
then
(TN
Tatsone) \ ECciim. Ol < % (1)) (179
1
provided that my > 1/p?.

Remark 25. Lemma 17 excludes from the family of sets that it counts the excep-
tional dj-sets U’ C U. Roughly speaking (and this may be seen in the proof
of this lemma in Section 4.3.5), to assert (b) for a set U’, that is, the (g, 0)-
regularity of B[U', W], we shall make use of the local condition lemma for regularity,
Lemma 15. This lemma requires as a hypothesis property CHUB(U', W; 1y, Ch),
which is guaranteed for non-exceptional sets U’ only (see (1I1)(a)).

For Lemma 17 to be useful later, we need to have some control on the number
of exceptional sets. It turns out that a condition of the following form will apply
when we make use of that lemma.

(III) (&) For all U’ C U with dj = |U’| ~4 di, we have that

U’ U’
for all F' C <2> such that |F'| < (l 5 |>, (180)
we have
> di(xy) < Qmp? U W, (181)
{z,y}eF’

where d& (z,y) = ’FB(x) N FB(y)’.
In (III)(a’) above, @ is some constant independent of n. Probably only the ex-
tremely meticulous reader will notice the difference between properties (III)(a’)
and CHUB(U’, W;m,Q), since the difference is quite subtle. In (III)(a’), the den-
sity (squared) appearing on the right-hand side of (181) is p = e(B)/|U||W|. Prop-
erty CHUB(U', W; 1, Q) would require this to be o = e(B[U’, W])/|U’||W|, which
may be smaller than p.

The whole point of Lemma 18 below is to show that g is not a great deal smaller
than p for an overwhelming proportion of the sets U’ C U. Therefore, we are able
to conclude that, with very high probability, property CHUB(U', W;n;, Q") does
hold for some constant Q" > @Q if (III)(a’) holds. In other words, Lemma 18 tells
us that a bipartite graph B = (U, W; E) as in the statement of Lemma 17 has very
few exceptional sets if (IIT)(a’) above holds.

To be more precise, we assume that assertions (I), (II)(a), (III)(a’) and (b) apply
to our bipartite graph B = (U, W; E) (condition (II)(b) is not required). We claim
that, then,

£, Q)] < G (7;) (182)
1
holds for any given Q' > Q and ey > 0, as long as &’ > 0 and 79 > 0 are suitably
small. Formally, we have the following lemma.
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Lemma 18. For any Bexc >0, Q >1,0>0,0" >0, n, >0, and Cgc > 0, there
exist &' > 0 and ng > 0 such that the following assertion holds. If B = (U,W; E) is
a bipartite graph for which (1), (I1)(a), (II1)(d’) and (b) apply, then inequality (182)
holds for all d} ~q dy with Q' = Q/(1 — o).

4.3.2. Statement of the one-sided neighbourhood lemma, counting version. We now
turn to a corollary of Lemma 17 in Section 4.3.1. In fact, Lemma 17 has as a con-
sequence a lemma that estimates the number of certain bipartite graphs. Roughly
speaking, in our next lemma we consider graphs B = (U, W; E) satistying (I)—(III)
above that have many vertices w € W whose neighbourhood I'(w) C U induces
together with W a graph that is not dense enough or, else, is not regular enough.
Unfortunately, we are actually able to prove a result that is technically somewhat
more cumbersome. Let us turn to the precise statement of the result that we shall
prove.

Let B = (U, W; E) be a bipartite graph for which (I), (IT)(a) and (b), and (IIT)(a)
and (b) above apply. In fact, we shall further require the following condition:

(III) (a") For all dy ~, dy, we have have

etdiim, )l < e (7). (183)
In (IIT)(a”) above, Bexc is some small positive constant independent of n. This
technical condition will be required because Lemma 17 excludes the exceptional
sets from the estimate in (179) (see Remark 25).

We now let W’ be a new set of vertices, with W' N (U U W) = (). We suppose
that we have a bipartite graph B’ = (U,W’; E’). In applications later, we shall
consider the bipartite graph H = BUB' = (U, WUW’; EU E").

Let m’ = |W’| and T" = e(B’), and suppose that

m' > v(|W|+ |W'|) = v(mg +m'). (184)

Furthermore, assume that
TI

mim/

p= ~o! D, (185)

and suppose that

for at least m'/2 vertices w' € W', we have
’ / (186)
dB/(’LU ) = |I‘B/(w )| ~gl d1 =pmsi.
We may think of (184)-(186) as ‘compatibility’ conditions for B" with respect to B.
Now let U = U(w') = T'p/(w'). We say that w’ € W’ satisfying the degree condition
in (186) is (e,0,0"; B, B')-bad, or simply bad, if
U =U(w) =Tp(w) € Z(dy;0,2) UE(ds:m, Cn) (187)

(recall the definitions of these families of sets given in (178) and (IIT)(a)). For
clarity, let us state explicitly the conditions required for a vertex w’ € W’ to be
bad:

(a) either g, = e(B[U, W])/|U||W| ~o p = T/mims fails to hold,
(b) or B[U, W] is not (e, gu)-regular,
(¢) orelse U € E(|U[;m1,Cp), that is, CHUB(U, W;n1,Cy) fails to hold.
Let us now state the property of our current concern.
(IV) The number of (¢,0,0’; B, B')-bad vertices w’ € W' is at least um’.
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We are now ready to state our next lemma.

Lemma 19 (One-sided neighbourhood lemma, counting version). For all 5 > 0,
e>0,pu>0,v>00>00<0 <1, Cyn >0, and Cgcg > 0, there erist
constants Pexe > 0, € >0, 5 > 0, ng > 0, and 1 > 0, such that the number of
pairs of compatible bipartite graphs (B, B'), on fized sets U, W, and W', satisfying
properties (I), (I)(a) and (b), (III)(d") and (b) and (IV) is

a (ml(m; mQ)) , (188)

where T = e(B) + e(B'), as long as T > m’ logm'.

Remark 26. For any given constants e, u, v, o, o', Cn, CEcB, Bexc, €5 0, 1o, and 11
and any function w = w(m’) with w — oo as m’ — oo, we may define the family
of bipartite graphs H that arise as the union B U B’ for the pairs (B, B’) that
are counted in Lemma 19 with these parameters (w is used to define an explicit
lower bound for T that is, we require that T > wm "logm’). For each possible
order (my1, mo +m') of H, we assume that all these graphs H are on some pair of
fixed vertex classes (Uy, Wy). Let

H(U07 WOa wie, w, v, 0, Ula C\(/\7 C’ECBa /Bexca 5/7 57 Mo, 771) (189)

be the family of such graphs H.

Recall Definition 9 and Remark 10 from Section 2. Lemma 19 implies immedi-
ately that the family in (189) is 3-thin, as long as fexc > 0, ¢ >0, § > 0, ng > 0,
and n; > 0 are suitably small.

Finally, we observe that calculations analogous to the ones in the proof of
Lemma 6 will show that, roughly speaking, random graphs almost surely do not
contain ‘large’ subgraphs isomorphic to the members of the family in (189) (cf. The-
orem 20).

4.3.3. Statement of the one-sided neighbourhood lemma, r.gs version. We shall now
state a result concerning random graphs that may be derived from Lemmas 18
and 19. It will be convenient to have the following piece of notation to state our
result.

In the next definition, 0 < ¢ < 1 will usually be the edge probability of the
random graph under consideration, mq will be the ‘size lower bound’ as in (27),
and «, €, 0, 0’ u, v, and & will be small positive constants.

Definition 27 (N(q,mo;a,¢,0,0’, u,v;€’)). Given a graph G, we say that prop-
erty N'(q,mo; o, e,0,0’, u,v;€’) holds for G if the following statement is true: sup-
pose H = (U,W;F) C G is a bipartite subgraph of G and W = W/ UW" is a
partition of W for which the following assertions hold:

(1) |U| =my, |W| = ma, where my, mg > mg, and |F| > ae(G[U, W),

(2) H=(U,W;F) isance¢ —regu]ar bipartite graph with respect to density q,

(3) mh =|W'| > vmg and my = |W"| > vms.
Then, putting p = e(H)/|U||W| = |F|/mimg and H' = H[U,W'| and H" =
H[U,W"], we have that for at least (1 — u)m4 vertices w' € W' the following
assertion holds:

(4) if U =Ty (w') =Ty(w') and H(w') = H'[U,W"] = H|U,W"], then

(i) du/(w') = |U] ~gr di = pmy,
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(i) o(w') = e(H (w"))/|U[[W"| ~¢ p,

(4ii) H(w') is (e, o(w'))-regular.
Remark 28. It may be worth noting that having property N'(q, mo; «, €, 0,0’ u,v; €')
above is essentially equivalent to not containing subgraphs isomorphic to members
of the family in (189). Given that this family is thin (see Remark 26), Theorem 20
below follows from calculations similar to the ones in Lemma 6.

Theorem 20 (One-sided neighbourhood lemma, r.gs version). Let 0 < ¢ = q(n) <
1 and mg = mo(n) be such that

@mo > logn  and ¢*>mg > (logn)™. (190)

Then, for alla >0, >0,0>0,0<0" <1, u>0andv > 0, there ise’ >0
such that almost every G = G(n,q) satisfies property N'(q, mo; o, e,0,0', u,v;€).

4.3.4. A two-sided neighbourhood lemma. In this section, we state a ‘two-sided’
version of Theorem 20. Recall that in property N(q,mo;,¢e,0,0', pu,v;e") (see
Definition 27), we consider the graph H(w') = H[U, W"], induced in H between W”
and the neighbourhood U = T'y(w') of the vertices w’ € W' in H = (U,W;F),
where W = W’ UW" is some fixed partition of W.

We are now interested in considering the bipartite graphs that are induced be-
tween two neighbourhoods in H, namely, the neighbourhoods U = 'y (w’) (w' €
W) as before and the neighbourhoods W= Iy (v'), wherew' € U and U = U'UU"
is some fixed partition of U (for technical reasons, we shall in fact consider the ‘re-
stricted’ neighbourhoods 'y (w’) NU” and 'y (u') "W). To make this precise, we
introduce property Na(q,mo; o, &, 0,0, i, v;€'), a property whose definition follows
closely the definition of property N(q, mg; a, e,0,0", p,v;€’) (see Definition 27).

In Definition 29 below, the reader may think of 0 < ¢ < 1 as the edge probability
of a random graph under consideration. The quantity mg is the ‘size lower bound’
as in (27), and a, €, 0, o', u, v, and €’ are small positive constants.

Definition 29 (Na(q, mo; o, e,0,0',u,v;€")). Given a graph G, we say that prop-
erty Nao(q, mo; a,e,0,0’, i, v;€’) holds for G if the following statement is true: sup-
pose H = (U,W:F) C G is a bipartite subgraph of G and
U=U0'uU" and W=W uUw" (191)
are partitions of U and W for which the following assertions hold:
(1) |U| =ma, |W|=me, where my, ma > myg, and |F| > ae(G[U, W),
(2) H = (U,W;F) is an &'-regular bipartite graph with respect to density q,
(3) (a) my =|U'| > vmy and m{ =|U"| > vmy,
(b) mby =|W'| > vmg and mf = |W"| > vms.
Put p = e(H)/|U||W| = |F|/mims. Moreover, for each pair of vertices v € U’
and w' € W’ | let
HW' w')=H[gw)NnU",Ty(u)nw" (192)

be the bipartite graph induced between the ‘restricted’ neighbourhoods T g (w’)NU"
and Ty (u') " W" of w' and . Then, for at least (1 — p)m} vertices v’ € U’ and
for at least (1 — p)ml, vertices w’ € W, the following assertion holds:
(4) Iet U =Ty (w')NU"” and W =T (u/) N W”. Then
(i) U] ~or dif = pmy and [W| ~g: dy = pms,
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(id) o(H(u',w") = e(H(u',w)) /|U||W| ~g p,
(éii) H(u',w") is (e, 0(H (v, w")))-regular.

We are now able to state our two-sided neighbourhood lemma for random graphs.

Theorem 21 (Two-sided neighbourhood lemma, r.gs version). Let 0 < ¢ = g(n) <
1 and mg = mg(n) be such that

@mo > logn and ¢*>mg > (logn)™. (193)

Then, for allaa >0, >0,0>0,0<0" <1, u>0andv > 0, there ise’ >0
such that almost every G = G(n,q) satisfies property Na(q, mo; a,&,0,0", u,v;€').

We shall prove Theorem 21 in [31].

4.3.5. Proof of the one-sided neighbourhood lemma, auxiliary version. Our aim in
this section is to prove Lemmas 17 and 18. We start with a technical but sim-
ple lemma. Suppose B = (U,W; E) is a bipartite graph satisfying (I) from Sec-
tion 4.3.1. Suppose further that

(i) property D(U, W;n,¢€) holds,

(i) for all U C U such that |U| > d/(logm)3, we have

e(U, W) < Cp|U||W], (194)
where d and m are as in (III)(b).
We would then like to say that, with extremely high probability, a dj-set U’ C U,
where dj ~, dy, chosen uniformly at random from all such sets, is such that
(iii) p" = e(U",W)/|U"[|W| ~¢ p, and
(i) D(U',W;n',€’) holds,
where 0 > 0, 7/ > 0, and &’ > 0 are small constants. To be more precise, we have
the following lemma.

Lemma 22. Forall 3 >0,7 >0, >0,0>0,0<0 <1, and C > 1, there
exist n > 0 and € > 0 such that, if (i) and (i) hold and d| ~, d1, then the number
of dy-sets U' C U failing either (i) or () is

[N
< ph (d,1>. (195)
1
The fairly straightforward proof of Lemma 22, which is based on the hypergeo-
metric tail lemma (Lemma 10), is postponed to the end of Section 4.3.5.

Proof of Lemma 17. The proof will be based on Lemmas 11, 15, and 22. Let 3, ¢, o,
o', Cx, and Cggp as in the statement of Lemma 17 be given. Invoke Lemma 15 with
parameters €(15) = € and C(15) = Cx. Lemma 15 then gives us a constant §(15) >
0. Here we are following the convention of Remark 7. Since we have a stronger
statement for smaller values of o, we may and shall assume that

o< %5(15). (196)

We now invoke Lemma 11 with «(11) = §(15) and G(11) = /2, and obtain
the constant 79(11). Let us now apply Lemma 22 to constants (3(22) = /2,
7' (22) = §(15), €'(22) = ¢, 0(22) = 0, 0/(22) = ¢’, and C(22) = Cgcp. Lemma 22
then gives us constants 7(22) > 0 and £(22) > 0.
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Finally, we put ¢’ = ¢(22),

1
J = min {76(15),7]0(11)} ) (197)
1o = n(22), and m = 6(15).
Claim 23. This choice for €', 6, n; (i € {0,1}) will do in Lemma 17.

Proof. To prove this claim, we select, uniformly at random, a dj-set U’ C U,
and estimate the probability that either (@) or (b) in the definition of Z(d};o,¢)
fails to hold, assuming that U’ ¢ £(dj;n,Cr). We start by invoking Lemma 22.
Condition (IT)(a) tells us that property D(U, W;ng,e’) = D(U, W;n(22),(22))
holds, and hence condition (¢) in Lemma 22 holds. Moreover, condition (IIT)(b)
tells us that hypothesis (77) of Lemma 22 is satisfied with C'(22) = Cgcp. Lemma 22
then tells us that, with probability > 1 — Bexe(22)% > 1 — (1/2)4% , we have that

property D(U’, W;n'(22),€'(22)) = D(U’,W;(15), ) holds, (198)
and that
e(B[U', W)
_ ~ o) . 199
4 U[W] (22) P (199)

Note that (199) means that

0 ~e P, (200)
since 0(22) = 0. We assume henceforth that (198)—(200) hold. Recall now that,
by (ID)(b),

property PC(U, W;4) holds. (201)
Consider
F=FU,W:3) C (g) (202)

and think of F' as a graph on the vertex set U; in particular, write F[U’] for the
graph induced by U’. In view of the fact that § < ng(11) (see (197)) and (201), an
application of Lemma 11 gives that

P (P = an)()) < s < Jo. (203)
We claim that if
e(F[U']) < a(11) @1) (204)
holds, then
property PC(U’, W;§(15)) holds. (205)

For convenience, put ¢’ = ¢/7. In order to verify this claim, we first assert that
(1—0(15))0*mg < (1 — §)p?ma < (1 +8)p*ma < (1 +5(15))0*ma. (206)
Let us check (206). Using (200), we deduce that
(1-8(15))6% < (1 - 6(15)(1 + )22 < (1 - 5(15))(1 + 30)p”
4
< (1—=6(15) + 30)p? < (1 - 75(15)) p? < (1=0"p% (207)
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Moreover, again using (200), we have
s 2
!
5 < (1+0)(1+30)e

(1-0)
=146 +30+306)0* < (1+ 8 +60)0> < (1+6(15))0> (208)

Inequalities (207) and (208) show that (206) does indeed hold. Now, (206) implies
that

1+6)p* < (1+6)

F(U',W;6(15)) Cc F(U,W;¢§') C F(U,W;$6). (209)
However, (202), (204), and (209) implies that
U
|F(U',W;5(15))] < a(11) <d21>. (210)

Since «(11) = §(15), relation (210) means that
property PC(U’, W;§(15)) holds. (211)

Since (204) holds with probability > 1 — 8(11)% > 1 — (1/2)% (see (203)), we
have that (211) holds with this probability. We assume from now on that (211)
does hold. We have to show that B[U', W] is (g, p)-regular.

Since we are assuming that U’ ¢ £(dj;n1,Cx), we know that

CHUB(U',W;m,CA) = CHUB(U', W;6(15),C(15)) holds. (212)

We now observe that ) )

(15)6(15)  6(15)
since we assume that |[U| = m; > 1/p%. We are now in position to apply Lemma 15
to B[U',W]. Because of (198), (211), (212), and (213), by Lemma 15 we have
that B[U’,W] is (e, p)-regular. This finishes the proof of Claim 23. O

olU'| >

(213)

The proof of Lemma 17 is complete. O

Half of the proof of Lemma 18 is in fact contained in the proof of Lemma 17
above.

Proof of Lemma 18. The proof of this lemma will be based on Lemma 22. Let
constants Bexe, @, o, o', n1, and Cgcp as in the statement of Lemma 18 be given.
We invoke Lemma 22 with constants 3(22) = fexc, 7'(22) = €'(22) = 1 (in fact,
we do not care about conclusion () in Lemma 22), 0(22) = o, ¢/(22) = o,
and C(22) = Cgcp. Then, Lemma 22 gives us constants 1(22) > 0 and (22) > 0.
We let 19 = 1(22) and &’ = £(22), and claim that this choice for 1y and &’ will do
in Lemma 18.

Thus, let B = (U, W; E) be as in the statement of Lemma 18 and, as in the proof
Lemma 17, let U’ be a random d)-subset of U. We shall estimate the probability
that
fails.

By conditions (I), (IT)(a), (III)(d), and the choice of the constants, we may
deduce from Lemma 22 that inequality (199) holds with probability 1 — ﬁéﬁc. We
now assume that (199) holds and we prove that (214) follows. Clearly, this suffices
to prove Lemma 18.
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’

To verify (214), we let F/ C (g) with [F'| < 771(‘%/|) be fixed. Then, by (IIT)(d’),
we have

S i) < QuUPIWI S UL (215)

{zy}eF”
where we used that p < /(1 —0), which follows from (199). Thus (214) does follow
and Lemma 18 is proved. ([

Proof of Lemma 22. Let 8> 0,1 >0,¢’ >0,0>0,0<0’ <1,and C > 1 be
given. It turns out that it will be convenient to have that

IA
W =

7. (216)

g

~—

One easily sees that we may assume (216
the result that we get. Also, we set

, since the smaller ¢ is, the stronger is

1" ]'/

— o 21
= 3n (217)

Let a > 0 and n > 0 be small enough so that we have
C
n+Ca <o and 77+—fy§17”. (218)
€

Let now U’ C U be a set of cardinality d} chosen uniformly at random, where dj ~
dy. Let ¢ = e(a,8) > 0 be small enough so that if X C U is a fixed set such
that | X| < 2¢|U], then

P(|U' N X| > a|U’]) < 4. (219)

The existence of such a constant € > 0 follows from Lemma 10. We claim that this
choice of  and e will do. To verify this claim, suppose conditions (i) and (i) hold
for our bipartite graph B = (U, W; E).

Let us now consider property (iiz). Let

X={zeU: ‘d{?v(x)—p|W\| > np|W}. (220)

Because of property D(U, W;n,¢), we have that | X| < 2¢|U|. Because of our choice
of € > 0, we know that (219) holds. In the remainder of the proof, we show that
properties (i7) and (iv) do hold if we have

U" N X| < o|U7). (221)

In view of (219), this will complete the proof of Lemma 22. Thus, let us assume
that (221) holds. To estimate e(U’, W), observe that

e(U W) =eU"\ X, W)+eU' NX,W). (222)
We have
e(U'\ X, W) < (1 +n)p|lU"\ X[[W] < (1+n)p|U'||W]. (223)

On the other hand, extending U’ N X to a set U C U of cardinality o|U’| >
d/(logm)? arbitrarily, we have, by condition (7i) in the set-up for Lemma 22, that

e(U'NX, W) <e(U,W) < Cpa|U'||W]. (224)
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Putting together (222), (223), and (224), we have
e(U', W) < (L +n)p|U’||W] + Cap|U"[|W]|
< (I+n+CaplU'[W| < (1+0)plU'||W], (225)
where we used (218) for the last inequality. Also, we have
eU', W) 2 e(U'\ X, W) > (L =n)p|U"\ X||W] = (1= n)(1 - a)p|U"[|[W]
> (1= (m+a)plU'[W| =1 -o)plU'||W], (226)

where again we used (218). Inequalities (225) and (226) mean that e(U’, W) ~,
p|U’||W]. Thus we have deduced that condition (#) of our lemma holds if (221)
is verified. B B

Let us now show that (4v) is also implied by (221). Let U’ C U’ with |U’| > &'|U’|
be given. Then

U NX|<|U'NX|<aU] < §|z7'|. (227)
We have
e(U'\ X, W) < (1+n)p|U' \ X||W| < (1 +n)p|TU'||W]. (228)
Moreover,
e(U' N X,W) < e(U, W) < Cp|O||W| < Cp=[T"||W], (229)
)

where U C U’ is an arbitrary subset of U’ with U’ N X C U and |U| = a|U|
d/(logm)3. Note that the last inequality in (229) follows from |U| = «a|U’|
(a/e|U'|. Summing (228) and (229), we obtain

>
<

~ ~ Ca ~
e(U\ W) < (1+n)p|U'[|W] + 7p|U'||W|

Ca ~ ~
< (10 S2) B 1w < B L (230)

where for the last inequality we used (218). Finally, using (227) and (218), we
observe that

(0", W) 2 e(U'\ X, W) = (1= m)plU \ X|IW| = (1 =n) (1= 5) plU"|[W]
> (1=n=5)pl0"IW] = (1 =")plT"IW].(281)

Inequalities (230) and (231) mean that

(U, W)~y p|U'[|W]. (232)
Using that
,_ e, W)
P = T e P (233)
U]
which we already know follows from (221), we shall deduce from (232) that
e(U', W)~y p/|U'[[W]. (234)

Note that, then, we shall have proved that condition (iv) does follow from (221),
and hence the proof Lemma 22 will be complete. Let us prove (234).
We claim that

A=nW <A=n"p<A+9"p<A+0)D, (235)
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and note that this claim suffices to show that (234) follows from (232). Let us
therefore check (235). Since (233) holds and we have (216) and (217), we see that

A=) <@=n)1+o)p<d-n"+o)p<(1-7")p (236)
Moreover, again by (233), (216), and (217) we have that
Q47 =20 +n)1-0o)p=1+n—0c—on)p
> (147 —20)p> (1+9")p. (237)

Inequalities (236) and (237) show that (235) does indeed hold. The proof of
Lemma 22 is complete. O

4.3.6. Proof of the one-sided neighbourhood lemma, counting version. The proof of
Lemma 19 will be based on repeated applications of Lemma 17.

Proof of Lemma 19. Let 3, €, p, v, 0, ', Cx, and Cgcp as in the statement of the
lemma be given. Let By > 0 be a constant such that

v, —O'/ 1
5(()1/2) n(1—o’)? < iﬂ (238)
For later reference, observe that
oy 1
gy < 2, (239)
since v(1 — ¢') < 1. Let
1
ﬂ(l,?) = ﬁexc = 560 (240)

Let also e(17) = ¢, 0(17) = 7, o' (17) = o', CA(17) = Cx, and Crcp(17) = Cres.
Lemma 17 then asserts the existence of the constants &’ = &/'(17), § = §(17),
1o = no(17), and m; = n1(17). We claim that these constants ', §, 19, and n; will
do in Lemma 19. We now proceed to prove this claim.

Recall that we aim at estimating the number of pairs (B, B’) of graphs satisfying
the properties given in the statement of Lemma 19. We estimate the number of
graphs B in such pairs (B, B’) by the trivial bound

< <m1Tm2>. (241)

We now fix a graph B and generate the graphs B’ for which (B, B’) is a valid pair
by randomly selecting the neighbourhood sets of the vertices w’ € W’ in U. To be
more precise, pick first a partition d = (f;)1<i<m’ of T’, and suppose that d(w}) =
dB' (w}) = f;, where W' = {w},...,w.,,}. Consider only the degree sequences d
such that for at least m//2 indices i we have f; ~, di = pm; (cf. (186)). We now

generate B’ by picking an element (U;)1<i<m from

U
1T ( > (242)
1<i<m/ fi

uniformly at random, and letting I'p: (w}) = U; for all 1 < i < m’. We now apply
Lemma 17 and property (III)(a”). Given a vertex w; € W', note that w] will be
a (e(17),0(17),0'(17); B, B')-bad vertex if and only if f; ~, di = pmy and its
neighbourhood U; = Ip/(w)) C (;]) satisfies

Us € T(f3;0(17),e(17)) U E(fi;m (17), CA(17)) (243)



REGULAR PAIRS IN RANDOM GRAPHS I 45

(cf. (187)). Thus, assuming that f; ~, di = pmy, the number of choices for the
neighbourhood of w} that makes w} a (¢(17),0(17),0'(17); B, B')-bad vertex is, by
Lemma 17 and property (III)(a"),

|Z(fi0(17),e(17)) U E(fi;m(17), CA(17))]
U U U
<o () +08() = vans + a2 (§)- e
fi fi Ji
Since we choose an element from (242) uniformly at random to generate B’ and

the events that w] should be (¢(17),0(17),0'(17); B, B’)-bad (1 < i < m/) are
independent, we see that the probability that (IV) holds is at most

> I wans+sb) <> 1T 4 (245)
W' w eW W weW
where the sum is over all
W" c W* ={w}: fi ~o d1 = pmi} (246)
with [W”| > pm/. Now note that

1
dim' = pmim’ = Z%p'mﬂn/ > T U,T/ > (1-o")T", (247)

since (185) holds. Therefore, we have that (245) is
< g’ gylime i’ < gm! gli=eDT, (248)

Summing over all possible degree sequences d = (f;)i1<i<m/, we deduce that the
number of graphs B’ valid for a fixed graph B is

T +m' =1\ u(i—oy2r (mam/
< ( o )2 Bl o) (249)
However, we deduce from (184) and (185) that
!
T' > (1— o) T2 > y(1 - o')T. 250
> (-T2 > (1~ o) (250)

Inequality (250) implies that the quantity in (249) is

T +m' — 1\ o o(1/2)wp(—0" )3 T+(1/2)u(1—o' )21 [ mam’
S ( m, -1 >2 ﬂO . g T/ . (251)
Recalling (238) and (239), we see that the quantity in (251) is
/
< (T 4 1) —tgm'=(T+1") gT+T (mjlj/n ) (252)

We now recall that we are assuming that 7 = T+ T’ > m’logm/. Using (250), we
deduce that T" > m’logm’. Hence

(T +1)™ 12772 « 1. (253)
Similarly,
o™ =T'/2 « 1, (254)
From (253) and (254), it follows that the quantity in (252) is

< GTT <m1m’>. (255)
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The result now follows from (241) and (249), (251), (252), and (255). O

4.3.7. Proof of the one-sided neighbourhood lemma, r.gs version. The proof of The-
orem 20 is based on Lemmas 8, 9, 18, and 19, and on Theorem 13.

Proof of Theorem 20. Let , €, 0, o', i and v be as in the statement of the theorem.
We now invoke Lemma 19 with the following constants. We let 5(19) = «/8e,
e(19) =&, u(19) = p/2, v(19) = v, 0(19) = 7, 0/(19) = o', CA(19) = 20/a?(1—0)?,
and Crcp(19) = 3/a. Then, Lemma 19 gives us positive constants fexc(19), €'(19),
5(19)7 770(19)7 and 771(19)

We now invoke Lemma 18 with the following constants. We let [ex(18) =
Bexe(19), Q(18) = 20/a?, o(18) = o, 0’/ (18) = o/, 1 (18) = n1(19), and Crcp(18) =
3/a. Then Lemma 18 gives us constants &'(18) and 79 (18).

We now let a(13) = /4 and v(13) = §(19) and invoke Theorem 13, which gives
us £(13) > 0. Finally, we let §(9) = n1(18) = 11(19) and let

1 1 1 1 1 1 1
¢/ = min {GQ, €'(19),€'(18), L 60”70(18)7 604770(19), 51/{—:(13), gozo', 41/u} (256)

We claim that this choice for ¢’ will do for Theorem 20. The remainder of this
proof is dedicated to the proof of this claim.

We first give four almost sure properties of our random graph G = G(n,q).
Lemma 8 tells us that we may assume that G = G(n,q) satisfies the following
property.

(P1) let m™) = m)(n) be a function with gm*) > logn. Then, if A and B are

two disjoint vertex sets with |A], |B| > m(), we have e(G[A, B]) ~ ¢|A||B|.
Lemma 9 tells us that we may assume that the following property holds for G =
G(n,q).
(Py) let m® = m®)(n) be a function with ¢>m® > logn. Then, for any A,
B C V(G) with ANB = () and |A|, | B] > m(®, we have that for any F C (’;‘)
with [F| < 8(9)(1491) = n1(18)(14]) we have

Y df(x,y) < 25(9)¢°|APB| = 2m(18)¢*|AF*|BI. (257)
{z,yteF
By Theorem 13, we may assume that the following property holds in G = G(n, q).
(Ps) let m® = m(3)(n) be a function with ¢*>m > (logn)*. For any graph H C
G such that e(H[A, B]) > a(13)e(G[A, B)), if H[A, B] is (¢(13), ¢)-regular,
then property PC(A4, B;~(13)) holds.
Finally, by Lemma 19, we may assume that the following holds for G = G(n, q).
(Py) Let m™® = m®(n) be such that gm® > logn. Consider pairs of bipar-
tite graphs (B, B’) as in Lemma 19. Thus, we consider pairs (B, B’) for
which the properties, notation and definitions given in (I), (IT)(a) and (b),
(IIT)(a”) and (b), and (IV), and the compatibility conditions (184)—(186)
in Sections 4.3.1 and 4.3.2 apply. Suppose further that m; = |U| > m®),
my+m' = |[W|+|W'| >m® and that p = e(B)/|U||W]| > («/2)q. Then,
G contains no isomorphic copy of the pair (B, B’) as a subgraph.

Remark 30. We shall not give a proof for the fact that (Py) does indeed hold almost
surely for G = G(n,q). Such a proof, based on estimating the expected number of
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copies of such pairs (B, B') in G = G(n, q) using Lemma 19, is similar to the proofs
of Lemma 6 and Theorem 13 (see also Remark 20).

We now state and prove a deterministic statement that will complete the proof
of Theorem 20.

Claim 24. If G satisfies properties (Py)—(Py) above, then property
N(q7 mo; o, €,0, 0/7 M, V5 5/)
holds.

Proof. To prove this claim, we assume that H = (U,W;F) C G is a bipartite
subgraph of G and W = W/ UW" is a partition of W for which conditions (1)—(3)
in the definition of N(q,mo;a,¢&,0,0', u,v;€e’) are satisfied. Our aim is to show
that, then, for > (1 — p)m}, vertices w’ € W', assertion (4) in that definition holds.
For convenience, we state explicitly the hypotheses and the conclusion that we wish
to derive. We are assuming that
(1) |U] = ma, |[W| = ma, where my, ma > my, and |F| > ae(G[U, W]),
(2) H = (U,W;F) is an &'-regular bipartite graph with respect to density g,
(3) mby = |W’| > vmg and mf = |W"| > vms.
Then, putting p = e(H)/|U||W| = |F|/mimz and H = H[U,W'] and H" =
H[U,W"], we wish to show that for > (1 — p)m{ vertices w’ € W' the following
assertion holds:
(4) if U =Tg(w') and H(w') = H"[U,W"] = H[U,W"], then
(i) dir(w') = |T] ~or dy = prs,
(i) o(w') = e(H (w"))/|U[[W"| ~g p,
(i) H(w') is (e, o(w'))-regular.
Let us prove (4).
Since |F| > ae(G[U, W]) and property (Py) holds, we have p = e(H)/|U||W| =
|F'|/mimg 2, aq. We assume from now on that
1
p> 394 (258)
Let us now relate the densities p’ = e(H')/|U||W'| and p"” = e(H")/|U||W"| of
H' and H” to that of H. From the (&', q)-regularity of H and the fact that ¢’ < v
(see (256)), we may deduce that

uw’ Uuw /
it ,)—e(’ )‘:p—p’«e’. (259)
qdulw'l qlUIWI] 1q q
Inequalities (259) and (258) gives that
2 /
Ip" —p| <e'q < %p, (260)

that is, p’ ~9.//o p. A similar argument holds for p”, and hence we have

p, ~2e'fa P and p// ~2¢’ /o D- (261)

The inequalities in (261) give that
pl ~5e/a pH~ (262)
Let us now check that conditions (I), (II)(a) and (b), (IIT)(a”) and (b) hold

for H"” with the constants 19(19), €’(19), §(19), ¢’(19), 11(19), CA(19), Bexc(19),
and Cgcegp(19). For clarity, we state these conditions explicitly.
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(1) U] = ma, (W] = mf, T = e(H"), p" = T fmym, d{ = p"m, and dj =
p''mf.
II) (a) Property D(U, W";n0(19),€(19)) holds.
Ul
(b) Property PC(U,W";6(19)) holds.
(ITI) (a”) For all d ~g/(19y df = p”'my, we have

d

Notice that £(d; n1(19), Ca(19)) is the family of sets U’ C U with |U’| =
d for which property CHUB(U', W";1:(19), CA(19)) fails.
(b) Property ECB(U, W"; Crcg(19)) holds. In particular, if U C U is
such that |U] > d”/(logm’)3, then
e(U, W) < Crep(19)p"[U||W"], (264)

where d” = min{d{,dy} and m” = m/[ = max{m,, mg}.

1E(dmi(19), CA(19))] < ﬁexcumd(ml). (263)

We now verify the assertions above one by one.
() U] = ma, [W"] = mf, T/ = e(H"), ' = T"/mymf, df = p"m, and df =
1

Assertion (I) only introduces some notation, so there is nothing to verify.
(IT)(a) Property D(U,W";n0(19),€'(19)) holds.
Let U' C U be such that |U’| > &'(19)|U]. From the fact that &/ < &’(19) and &’ <

v (see (256)), and the fact that we are assuming that H is (&', ¢)-regular (see
assumption (2)), we have

e(U,W") e(U,W)‘ ,
_ 265
QU g S (265)
and U (U, W)
e e
) — ) < ¢ 266
10T q|U||W|‘— (266)

Therefore, recalling that p”/q = e(U, W")/q|U||W"|, we have from (265) and (266)

that
e(U/’ W//) p//

L <9 267
AU~ g (267)

Inequality (267) implies that

4
|e(U", W) = p"|U"||W|| < 2e'g|U"||W"| < —p|U"[[W|
< 2o B U W < mo(19)p U, (268)
Ta 1-2/a - ’
where we used inequalities (258), (261), and (256).
(I1)(b) Property PC(U,W";6(19)) holds.
We start by observing that |U|, [W”| > ¢*(logn)* and hence property (P3) above
applies to these sets. We have, by (Py), (258), and (261),

/!

e(U,W") = p"[U|W"| ~ %e(G[U, W)

« (0%

> (1 - 25) ge(G[U, W) > (1 - 25) %e(G[u W),  (269)
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Using that &’ < a/6 (see (256)), we have that
1
e(UW") > gae(G[U, w’). (270)
Recalling that a(13) = «/4, we may conclude from (270) that
e(U,W") > a(13)e(GlU,W")). (271)
Since H[U,W] is (¢/,q)-regular and |W"| > v|W|, we know that H[U, W"] is
(2¢' /v, q)-regular. Since & < wve(13)/2, we deduce that H[U,W"] is (¢(13),q)-
regular. We may then apply (P3) to conclude that property PC(U, W";~(13)) =
PC(U,W";6(19)) holds.
It will be convenient to prove (III)(b) before (I1I1)(a”).
(IIT)(b) Property ECB(U, W"; Crcp(19)) holds.
Recall (258) and (261), and observe that we therefore have
1 2¢’
> (1-= . 272
v'z3 ( o )aq (272)

Since my > mo and mf4 > vmg > vmyg (recall assumptions (1) and (3)), we have
from (272) that

1 2¢’
d" = min{d},dy} = min{p”"my,p"my} > B (1 — 6) avgmy. (273)
a
Put m” = m/[ = max{m;, m5}, and observe that
d"’ 1 2¢’ ¢*mo
Y > (1) LM s 0gn, 9274
a4 (logm/)3 = 2 ( a )ay(logn)3 > o™ (274)

where for the last inequality we used the second inequality in (190). Hence prop-
erty (Pp) tells us that, for any two disjoint sets A and B with |A|, |B| > d”/(logm™)3,
we have

e(HIA, B]) < e(G[A, B)) ~ alA|[B] < ~p|A| B, (275)

where we again used (258). However, since Crcop(19) = 3/, we have from (275)
that

e(H[A, B]) < Crcr(19)p|A||B]. (276)
Therefore ECB(U, W"; Crcg(19)) does hold.

(ITT)(a") For all d ~,:(19y d{ = p"my, we have

d

Recall that £(d;n1(19), Ca(19)) is the family of sets U’ C U with |U’| = d for which
property CHUB(U', W";11(19), CA(19)) fails.

We shall use Lemma 18. Note that hypotheses (I), (II)(a), and (III)(b) of that
lemma have already been verified for H”. We now check condition (III)(a') for H”,
making use of (P2). Let U' C U with d = |U’| ~4/(15) df be fixed. Using the first
inequality in (190), (258), and (261), we have

1E(dmi(19), CA(19))] < ﬁexcumd(ml). (277)

1 1 _
|U’| ~o(18) diy =p"my ~2el Jq P 2 54 > 540 > ¢ %logn. (278)

We also have |W”| > ¢~ 2logn with lots of room to spare, since

[W”| > v|W| = vmg > vmg > ¢ 3 logn. (279)
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Property (P,) with A = U’ and B = W" tells us that for any F C (UQ/) with |F| <
(5(9)('%/‘) = 771(18)(|U2l|) we have

> df(zy) <269 P U PIW| = 20 (18)G U P[W”. (280)
{z,y}eF

The right-hand side of (280) is, by (258) and (261),

2\ > 8 1 2
<29 (2) 0w < 5 (1507 ) m09e 0 Fw
< QUEM (R FIW]. (28)

Lemma 18 then implies that (277) holds for all d ~,/(19y d{ = p”"m;. Here we use
that Lemma 18 was invoked with the ‘right’ constants, namely, ¢'(18) = ¢/(19) =
0", Bexc(18) = Bexc(19), 1 (18) = 11 (19), and CA(19) = Q(18)/(1—)? = 20/a?(1—
a)2.

We have thus checked that conditions (I), (II)(a) and (b), (IIT)(a”) and (b)
hold for H”. We now consider the ‘compatibility’ conditions (184)—(186) for H' =
(U,W'; F'") with respect to H” = (U,W"; F"). Again for clarity, we state these
compatibility conditions explicitly.

The first condition states that

my > v(|[W'+ W) = v(m) +my) = vms. (282)
The second conditions is that
' "
P = ;ilemi ~or(19) P = zif{m,jp (283)
The last condition is that
for at least mj /2 vertices w' € W5, we have
(284)

de(w') = [Ty (W) ~gr 10y df = p'ma.

(*) The compatibility conditions (282)—(284) for H' = (U,W'; F') with respect
to H" = (U,W"; F") do hold.
We have as an assumption that |[W’'| = mf > v|W| = vmag, and hence (282) is
satisfied. Let us now consider (283). Since o/(19) > 5¢’ /v (see (256)), relation (262)
tells us that (283) holds. We now verify (284).

Observe that the (&, ¢)-regularity of H implies that for > (1 — 2¢")my vertices
w € W we have, by (258),

2
|dgr (w) — pmy| < e'qgmy <&’ <p> my. (285)
a
Inequality (285) is equivalent to dg(w) ~oc/q pmi. This, coupled with (261),
implies that
for at least (1 — 2&"/v)m vertices w' € W', 086
we have dpr (w') ~5er /o df = p''my. (286)

Since o/(19) > 5¢’ /o and 2¢’ /v < 1/2 (see (256)), the condition in (284) holds. We
have thus checked that H' is compatible with H".
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We are now approaching the end of the proof of Claim 24. It is worth recalling
that our aim is to prove assertions (i), (it), and (i) of (4) in the definition of
property N(q,mo;a,e,0,0", p,v;e"), reproduced at the beginning of the proof of
this claim.

We have already observed that the (¢, ¢)-regularity of H implies that, for >
(1 —2¢")my vertices w € W, we have dy(w) ~g./o di = pmy. But then, in view of
the fact that 2’ /v < /2 (see (256)) and 2¢’/a < o’ (see (256)), this implies that
for > (1 — pu/2)mf, vertices w' € W’ we have that (4)(i) holds. We now consider
properties (4)(ii) and (4)(i7). We invoke property (Py).

Since we know that the pair of compatible graphs (H”, H') satisfies condi-
tions (I), (IT)(a) and (b), (II1)(a”) and (b), and we are assuming, according to (Py),
that G contains no pair (B, B’) satisfying all these conditions and condition (IV),
we deduce that condition (IV) must fail for (H”, H'). In other words, the number of
(€(19),0(19),0'(19); H"”, H')-bad vertices is less than u(19)mb = (1/2)mf. Hence,
for > (1 — p/2)m} vertices w’ € W', putting U = U(w’) = Dgr (w'), we have that

(a) 0w = e(H"[U,W])/|U||W| ~g19) p = T/mimy holds,

(b) H"[U, W] is (£(19), gu )-regular, and

(¢) U € E(UL;m(19), CA(19)).
Now recall that ¢(19) = ¢ and ¢(19) = ¢, and note that (a) above corresponds
to (4)(#1) and that (b) above corresponds to (4)(%4).

We conclude that for > (1 — p)m/, vertices w’ € W' we have that properties (),
(7), and (74) of (4) in the definition of property N (g, mo;,¢,0,0’, p,v;e’) hold
(see Definition 27). This finishes the proof of Claim 24. O

The proof of Theorem 20 is complete. (]

4.4. The k-tuple lemma for subgraphs of random graphs. Theorems 13, 16,
and 20, i.e., the pair condition lemma, the the local condition lemma, and the one-
sided neighbourhood lemma (all of these in the r.gs version) imply a generalization
of Theorem 13. This generalization is Theorem 25 below.

Let us remark in passing that we do not give a generalization of Lemma 12 that
extends this lemma in the same direction that Theorem 25 extends Theorem 13;
such a generalization would be a result concerning the number certain ‘exceptional’
e-regular bipartite graphs. The reason we omit this ‘counting version’ of Theorem 25
is that it would be quite technical. Instead, we prove directly the random graphs
result that is relevant in applications.

Roughly speaking, in this section, we aim at estimating the number of k-tuples
of vertices that have joint neighbourhoods of the wrong size in sparse e-regular
bipartite graphs that arise as subgraphs of random graphs.

4.4.1. The statement of the k-tuple lemma. Let G = G(n,q) be the binomial ran-
dom graph with edge probability ¢ = ¢(n), and suppose H = (U, W; F') is a bipartite
subgraph of G. Consider the following three assertions for H.
(@) Ul = ma, [W| =mg, di =pm; (i € {1,2}), p=e(H)/mima, and e(H) =
ae(G[U, W1).
(II) H[U, W] is (e, q)-regular.
(IIT) We have mo = mq(n) such that

¢"mo > (logn)", (287)
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and
mq, Mo Z mo. (288)
We now consider subsets R C W of some fixed cardinality, say k, with & > 2, and
classify them according to the size of their joint neighbourhood in H. In fact, we
let

B®(U,W;~) = B (U, W3 ) = {R € (VD : |diH(R) — pPmy| > w’“ml},
(289)
where
dff(R)=|UN (| Tu(x)|=|[) Cul2)|. (290)
TzER xER

Note that, in particular, B® (U, W;~) = Fy(W,U;v). We are interested in an
upper estimate for |B(k)(U, W; *y)| Consider the inequality
(Iv)

k
Our result states that property (IV) may be guaranteed almost surely for arbitrarily
small constants v > 0 and n > 0, by requiring that the graph H = (U, W; F') should
be e-regular with a suitably small e.

@) <a("y7). (291)

Theorem 25 (The k-tuple lemma, r.gs version). For all « > 0, v > 0, n > 0,
and k > 2, there is € > 0 such that almost every G = G(n, q) satisfies the following
property. If conditions (I)—~(111) apply to a bipartite subgraph H = (U,W; F) of G
then condition (IV) also applies.

4.4.2. The proof of the k-tuple lemma. In this section, we prove the k-tuple lemma
for subgraphs of random graphs, Theorem 25.

Proof of Theorem 25. The proof will be by induction on k. To formalise the proof,
we start by making the following definition.

Definition 31 (Ilx(a, 7,7, k;€)). We say that property Il («,v,n, k;e) holds for a
graph G if any subgraph H = (U,W; F) of G that satisfies properties (I)—(III) with
parameters «, €, and k also satisfies property (IV) with parameters -, n, and k.

We shall prove by induction on k that the following statement holds for all £ > 2.
(Sk) for every a > 0, v > 0, and n > 0, there is € > 0 such that

P{I1;(, 7,7, k; €) holds for G(n,q)} =1 — o(1). (292)

Suppose k = 2. Apply Theorem 13 with constants «(13) = « and ~(13) =
min{vy,n}. Theorem 13 then gives a constant £(13) > 0. It then suffices to
take e = £(13). Relation (292) then follows from Theorem 13.

We now proceed to the induction step. Assume that & > 3 and that (Sg—1)
holds. Let @« = ag > 0, v = v > 0 and n = n; > 0 be given. In order to define
an appropriate constant € = €, > 0 to make (292) hold, we invoke the induction
hypothesis (Sk_1) and Theorem 20.

We need some technical preparation. Let 7o, 0g, and of, be small enough positive
constants satisfying the following properties:

1
0<op< P and 0<op <1, (293)
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(1+790)(1+2{2(k — 1)og +00}) <1+, (294)
and
(1—70)(1—=2{2(k—1)og +00}) >1—1. (295)
Below, we shall use that, for any integer ¢ > 1,
(1+2z) <1420z forall0<z<1/¢, (296)
and
(1—z)>1—fx forall 0<xz<3/L (297)
Moreover,
1+z2)(14+y)<1+4+2(x+y) ifz,y>0and min{z,y} <1, (298)
and
l-z)l-y)>21l-x—y ifz,y>0. (299)

We now let ag—1 = a/3, y5—1 = 7o, and nr—1 = 7n/10 and invoke the in-
duction hypothesis (Sp—1) with these constants. Then, assertion (Si_1) gives
us a constant €,_1 > 0. We now apply Theorem 20 with the following con-
stants: let a(20) = «, €(20) = ex_1/4, o(20) = g9, 0'(20) = o), u(20) = /10,
and v(20) = 1/k. Then, Theorem 20 gives us a constant ¢'(20) > 0. We put

e = ¢ = €'(20), (300)

and claim that (292) holds with this choice of €.
To prove our claim, let us consider G = G(n, q). Because of the choice of ej_1,
almost surely

property Iy _1(ag—1,Vk—1,Mk—1,k — 1;€5—1) holds for G. (301)

Recall now the definition of property N (q, mo; a, €, 0, 0", u, v;€’) (see Definition 27).
Recall also that ¢®mg > ¢*mg > (logn)* > logn (see (287) in (III)). By the choice
of e = €/(20) (see Theorem 20), we almost surely have that

property N'(q, mo; o, ex—1/4, 00, 04,1/10,1/k; ) holds for G. (302)

Moreover, by Lemma 8, almost surely the following property holds for G = G(n, q).
(*) let m™) = m®(n) be a function with gm™) > logn. Then, if A and B are
two disjoint vertex sets with |A], |B| > m(!), we have e(G[A, B]) ~ ¢|A||B|.

We now state the following claim.
Claim 26. Suppose (301), (302), and (*) hold. Then
property I (a,vy,n, k;€) holds for G. (303)

Since (301), (302), and (*) hold with probability 1 — o(1), Claim 26 implies
that (292) holds, and hence the induction step will be complete once we prove this
claim.

The proof of Claim 26 will be by contradiction, and it will be mostly based on
four subclaims (a)—(d).
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Proof of Claim 26. To verify (303), let H = (U,W;F) C G be such that (I)—(III)
hold with parameters «, ¢, and k. We have to verify (291). Put B = Bgf)(U, W;~),
and suppose for a contradiction that

|B| > n(n;f)- (304)

A standard averaging argument gives the following. There is a partition W =
W/ UW"” with my = |W’| = ma/k and m4 = |[W"| = (1 — 1/k)mg such that

B ={ReB: |[RNW'|=1} (305)
satisfies

1 1 m
B = 5exlBl = 271«%( ,:), (306)

where ¢, = (1 — 1/k)*~!. Fix such a partition W = W’ U W”. Following the
notation of Theorem 20, we let H' = H[U, W’| and H" = H[U, W"].
In what follows,
dp(w') = |{R € B": w' € R}| (307)
is the degree of w' in the set system or hypergraph B’. We claim that assertion (a)
below holds. Note that this claim concerns the existence of many vertices w’ € W’
that belong to many k-tuples R € B’.

(a) At least (n/6)mb = (n/6)|W’| vertices w' € W' are such that

dp (w') > z<kmg1>. (308)

To verify assertion (a), note that otherwise we would have

) N my ,on( my
|B'| = Z dB/(w)<6m2x<k1)+m2x6(k1

w' ew’
(Y ma (T fma =1 1 (o
~ 3 2<k—1)~3 k < k> (k—1>_3nck(k)’
which contradicts (306). Hence (a) does hold.

We now come to an assertion concerning vertices that behave well with respect
to the graph H.

(b) There are at least (1 —n/10)mj = (1 —n/10)|W’| vertices w’ € W’ such that
ifU=Tg/(w') and H = H[U,W"], then
(i) du(w') = U] ~oy dy = pma,
(i) o(w') = e(H)/|U[[W"| ~o, p,
(iii) H is (ex—1/4, o(w"))-regular.
To prove (b), first recall that (302) holds. To apply property
N(% mo; &, Ek71/4, go, U(/)a 77/107 1/k, 6)7

consider H = (U,W; F) C G and the partition W = W' U W" defined above. By
hypothesis (I), we have that e(H[U,W]) > ae(G[U, W]) holds. By (II), we know
that H[U, W] is (g, q)-regular. By (III), we have my, ma > mg. Finally, we re-
call that |W'| > v(20)|W| = (1/k)|W| and [W"| = (1 — 1/k)|W]| > v(20)|W| =
(1/k)|W|. Therefore we may apply property N (g, mo; «, x—1/4, 00, 04,1/10,1/k; €),
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to deduce that there exist at least (1—u(20))|W’| = (1—n/10)|W’| vertices w’ € W’
for which (7)—(#4) above hold. This completes the proof of (b).

From assertions (a) and (b) above, we know that there are at least (/6 —
n/10)|W’| = (n/15)|W’| vertices w’ € W’ for which inequality (308) and prop-
erties (7)—(#4) in assertion (b) hold. We now fix one such vertex w’ and con-
sider U = Dy (w'), H = H[U,W"], and o(w') = e(H)/|U||W"|.

Consider

B =Bw) = Bg_l)(& W e-1)
D w" H/ D k—177 k—177
—dRe ()¢ |aER) - N 2 wead TN, (309)
where ¢ = p(w') ~4, p and

dI(R)=|Un (| Ta(x)| = Qrf{(m) . (310)

Our next claim is as follows.
(¢) We have

8= 18wl = 1 (™)) (1)

To prove assertion (c), we observe that if (308) holds, then (311) must also hold.
More precisely, we have that if R = RU{w'} € B’ holds, where R ¢ W”, then R € B
must hold. Let us check this last implication. Suppose R = R U {w'} € B,
where R € W”. Then

|d{f (R) — p*ma| > vp*ma. (312)
In order to show that R € g, we need to show that
|2 (R) — 0" U] > 10" 1|0 (313)

Observe that (ii) of claim (b) and (296) and (297) with £ = k — 1 and (293) imply
that

U] ~a -1y 2" [T (314)
The right-hand side of (314) is, by (i) of claim (b),
~oy My (315)

Relations (314) and (315) imply, by (293), (298) and (299), that

Qk_1|ﬁ| ~2{2(k—1)oo+0}} pFma. (316)
Thus, recalling that vx_1 = 7o, we have, by (294) and (295), that

(1= y)pFmy < (1= 1) (1 = 2{2(k — D)oo + o })p"my
< (1= -1)" MU < (1 +-1) 01T
< (A +y-1)(A +2{2(k — 1)oo + appim1 < (14 y)pFmy.  (317)

However, the string of inequalities in (317) implies that, indeed, inequality (312)
implies inequality (313). Thus assertion (¢) is proved.

We now recall that (301) holds, and apply this to H = H[U,W”] C G. In order
to do this, we have to verify that conditions (I)—(III) apply to H.
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(d) Properties (1I)~(I11) hold for H = H[U,W"] with parameters a_, = /3, ex_1,
and k — 1.
Using hypothesis (I) on H and (*), we observe that e(H[U, W]) > ae(G[U, W]) ~
aq|U||[W|, and hence p = e(H[U,W))/|U||W| = aq. To verify (I) for H =
H[U,W"], we use (*) again to deduce that e(G[U, W"]) ~ ¢|U||W"|, and hence,
by (b)(ii), we have ¢ = o(w') ~o, p 2 ag. Since ar—1 = «/3, we obtain
that e(H[U,W"]) > ax_1e(G[U,W"]) and assertion (I) follows for H with pa-
rameter a1 = a/3.
For later reference, let us observe that (*) also implies that
e(H[U, W) < e(GIU, W) ~q
\wiwi = [ulw] 7
and hence we may assume that p < 2gq.

We turn to (II). Our choice of w’ guarantees that H = H[ﬁ7 W' is (ex—1/4, 0)-
regular (see (b)(zi)). To verify (II), we shall show that this implies that H is
(er—1,q)-regular. Suppose U’ C U and W C W” are such that |U’| > e4_1|U]
and |[W"| > ex_1|W"|. By the (e4_1/4, o)-regularity of H = H[U, W"], and recall-
ing that

(318)

,_ o) HOWw) 519
TIw 1T

we see that
e(H[U' W)  e(H[U,W")|
olU'|| W oUW

But then, we have

e(H[U' W)
Q|ﬁ/| \W”/|

e(H[ﬁ’, W”ID

e(H[U' W) e(H[U, W”])‘ _

q|U"|| W] q|U||W"| oW g
7/ "
ol e
a| olU||W™| 4q

1
< 2£€k 1 < 2(1 —I—Uo)&‘k_l < €g—1, (321)

where we used that, as observed above, ¢ > p/2 and ¢ ~g, p (cf. (b)(ii)). It now
suffices to notice that (321) implies that H = H[U, W”] is indeed (ej_1, q)-regular.
Finally, for (III), we observe that, by (b)(i) and the fact that p > «g,

¢ HU| ~ oh " pmy = ag®my > (logn)*. (322)

Moreover,
1
W = <1 - ) [W|= ( k) ¢*"tma > (logn)*. (323)

Therefore we indeed do have that properties (I)~(IIT) hold for H = H[U, W"].
Since (301) holds and assertion (d) above holds, we conclude that

Al — 18D (77 . < mh _n mp 94
Bl = B¢ (U,W,wk_m_nk_l(k_l 0
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Comparing (311) and (324), we arrive at a contradiction. Therefore (304) must fail
and hence (303) does hold. This completes the proof of Claim 26. O

As observed after the statement of Claim 26, the validity of this claim completes
the induction step and hence Theorem 25 follows by induction. O

5. AN EXAMPLE

In Section 4.1, we remarked that, in the sparse context, the o(1)-regularity of a
bipartite graph B = (U, W; E) does not necessarily imply property PC(U, W;0(1))
(cf. Remark 17). In this section we justify this claim.

5.1. The construction. We shall prove the existence of examples of bipartite
graphs (U, W; E) that are very regular, but fail to satisfy property PC(U, W;~) for
some fixed v > 0. Clearly, our graphs will have vanishing density, since we know
that o(1)-regularity implies PC(U, W;0(1)) in the ‘dense’ set-up. The proof will be
probabilistic.
Theorem 27. For every 0 < a < 1 and 0 < € < 1, there exist 0 < p < 1
and mqg > 1 such that for every m > mq there is a bipartite graph J = (U, W; E)
with |U| = [W| =m and |E| ~. pm? such that
(i) J satisfies the following property: for oll U' C U and W' C W with |U’|,
|[W'| > em, we have
B0, W] = plU"[|[W|| < eplU"||W], (325)
while
(i) for all but < am? pairs {u1,us} € (g), we have
T'y(u1) NTy(uz) = 0 and consequently ||Ty(uy) NT y(uz)| — p*m| > ep*m. (326)

The proof of Theorem 27 will be based on the two claims below.

Claim 28. Let T = (A, B; F) be a bipartite graph and let a function u: AU B —
[0,1] be given. Assume moreover that

both u(A) = Z wu(a) and p(B) = Z w(b) are integers. (327)
acA beB
Then there exist sets A; C A and B; C B (i € {0,1}) such that

(1) [Ao| = [Ar] = 2o qea (@),
(i) |Bol = |B1| = > pep (D),

and
(id)
|F[Ao, Boll < Y p(a)u(b) < |F[As, By]l, (328)
abeF
where
|F[A1,Bl]| = B(T[A“BZ]) = |{(a,b): a € Ai7 be Bi, ab € F}| (329)

Proof. Set M(A) = {a € A: 0 < pu(a) <1} and M(B) = {b € B: 0 < u(b) < 1}.
We shall prove the existence of the sets Ay and By; the sets A; and B; may be
constructed analogously.

Assume that M(A) # 0 or M(B) # 0. We shall alter p in two rounds, maintain-
ing valid the following assertions:
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(a) properties () and (4i) hold,
(b) M(A) = 0 after the first round, and M(A) U M(B) = ) after the second
round,

and, moreover,
(c) the value of ), p(a)u(b) decreases in each round.

(For constructing A; and Bj, we would proceed analogously—maintaining (a)
and (b), while increasing the value of the sum in (¢).) Without loss of general-
ity, assume that M (A) = {a1,...,a,} # 0. Assume that

p(Pr(ar)) < --- < p(lr(ar)). (330)
Since p(A) is an integer (see (327)),
F= 3 plar) (331)
i=1
must be an integer as well. We define p4: AU B — [0, 1] as follows:
palar) =+ =palar) =1,  palaryr) =+ =pala;) =0, (332)
and
pa(z) = p(x) for all z € (AU B)\ {a1,...,a,}. (333)
Observe that p4 satisfies property (a), we have M(A) = 0, and
> na(@)pa®) < > p(a)u(d). (334)
abeF abeF
Now, if M(B) = (), then, putting,
Ap={a € A: pa(a) =1} and By={be B: ua(b) =1}, (335)

we have that (7), (4i), and (4i) hold and we are done. Therefore, let us assume
that M(B) # (). We repeat the procedure of the first round with A replaced by B.
More precisely, if M(B) = {b1,...,bs} # 0,

w(Cp(by)) < - < u(Tp(bs)), (336)
and § =)7_, u(b;), we define pup: AU B — [0,1] as follows:

pp(br) = =pp(bs) =1, pp(bsyr) =---=pp(bs) =0, (337)

and
up(x) = pa(x) for all x € (AU B) \ {b1,...,bs}. (338)

Set
Ao={a€ A: up(a) =1} and Byg={be€ B: up(b) =1}, (339)
and observe that (i), (i), and (4ii) hold. O

The second claim on which the proof of Theorem 27 is based is as follows.

Claim 29. For every 0 < a < 1/2 and 0 < € < 1/2, there exist an integer t and
a bipartite graph T = (A, B; F) with |A] = |B| = t and satisfying the following
properties.

(i) |F| = dt?, where

d ~e (340)

&
\/E7



REGULAR PAIRS IN RANDOM GRAPHS I 59
(i1) For every A’ C A and B’ C B with |A’| > ¢|A| and |B’| > €|B|, we have
[F[A", B']| = e(T[A", B']) ~c %|A'||B'|7 (341)

where the notation is as in (329), and

(ii)

H{a,a’} € (;1) :Tr(a)NTr(ad) = (DH >(1-a) (;) (342)
Proof. Let t be such that
Vi 3loe8 (343)
eta

and consider the binomial random bipartite graph T = (A, B;F), where each edge
is chosen independently with probability p = «/+/t. We shall use the following
form of Chernoff’s inequality: let I, , be a random variable with binomial distri-
bution Bi(n,p); then, for all 0 < e < 1,

1
P(|F,,,, — np| > enp) < exp {—362np} . (344)

Fix A’ C A and B’ C B, with |A'| = a’ > et and |B’'| = b’ > et. We use (344) to
infer that

1 1
P (|F[A", B'] — pa'V'| > epa’t’) < exp {352pa’b'} < exp {354at3/2} . (345)

On the other hand, the number of choices for A’ and B’ does not exceed 4!, and
consequently the probability of the event that (i) should fail is bounded from above
by

1 .
4" exp {354017?3/2} . (346)
However, owing to the choice of ¢ (cf. (343)), the quantity in (346) is smaller
than 1/2. We conclude by Markov’s inequality that
the probability that (i7) fails is < 1/2. (347)

Now we turn our attention to property (éii). Let Ch be the random variable that
counts the number of 2-paths P in F with the two endpoints of P in A and the
middle vertex of P in B. That is, let Ch(F) be the number of 2-paths of the
form {{a, b}, {b, a’}} in F, where a, a’ € A and b € B. Then, clearly,

E(Ch(F)) = (;) P2t = o @ (348)
This means that, by Markov’s inequality,
1
P (Ch(IF) > aG)) <asy. (349)

Combining (347) and (349), we infer that there exists F' with the following
properties:
(a) for all A’ C A and B’ C B with |A| =a’ > et and |B’| = b > et, we have
||[F[A", B']| = pd'V/| < epa'V/, (350)
and hence (i) and (%) hold,
and
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(b) Ch(F) < (%), and hence (iii) holds.
The proof of Claim 29 is complete. O
We shall actually need a slight technical extension of Claim 29. To obtain this

extension, note that, without loss of generality, we may assume that « and € in the
statement of Claim 29 are reciprocal of integers larger than 1. If we set

40
then (343) holds, and, moreover,
40
ct= 53 (352)

is an integer. Thus, we have the following variant of Claim 29.

Claim 30. For every 0 < a < 1/2 and 0 < € < 1/2 that are reciprocal of integers,
there exist an integer t and a bipartite graph T = (A, B; F) with |A| = |B| =t
satisfying properties (i)—(iii) of Claim 29 and such that

(iv) et is an integer.

Proof of Theorem 27. Given o > 0 and € > 0,let 0 < o/ < /2 and 0 < &’ < g/2
be reciprocal of integers. We apply Claim 30 with constants « and &’ to obtain ¢
and the graph T = (A, B; F). Let p = o/ /\/t.

Let My > t, and mg = Myt. Now, for a given m > mg, consider M such that

(M — 1)t <m < Mt. (353)

We construct the graph J as a ‘blow-up’ of T', replacing each vertex a € Aand b € B
of T by sets U, and Wy, respectively, with U, and W}, of cardinality M or M — 1.
More precisely, consider pairwise disjoint sets U, (a € A), W, (b € B), each of
cardinality M or M — 1, and set

U=|JUs, and W= ] W, (354)
acA beB
Let
E = {{u,w}: ue U,, weW,, {a,b} € F}. (355)
Suppose we are given U’ C U and W’/ C W with |U’| > ¢|U]| and |[W'| > ¢|W|.
Since ¢|U| = ¢|W| = eMt is an integer, we may and shall assume that |U’| =
|W'| = eMt.

Define a mapping u: AU B — [0, 1] by putting
1 1
w(a) = M'U/ NU,| and p(b) = M\W’ NWy. (356)

Since ), c 4 i(a) = > cp = u(b) = eMt is an integer, we may apply Claim 28 to
find sets A; and B; (i € {0,1}) such that (¢)—(74) in the statement of that claim
holds. This however means that

(M = 1)?|F[Ao, Bo]| < |E[U",W']| < M?|F[Ay, Bi]]. (357)
Since |Ag| = |Bo| = |A1| = |B1| = €'t, we infer by Claim 30 that

Ol/

|F[A1, B1]| < —(1 + &")e*t? (358)

=
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and )
|F[Ag, Bo]| > %(1 — )22, (359)
Consequently,
(iu — 1)2 o /
— < 7 — —
p(l—¢) < z X \/f(l e')
[EU W' _ « /
< 1 <p(1 . (360
S U _\/E( +¢) <p(l+e). (360)

In order to verify property (i), observe that, for v € U, and «' € U,/, we have
that T'y(u) NT;(v') = 0 if and only if I'r(a) NT'r(a’) = 0. Hence

H{u,u'} = (g) Ty (u) N Ty (u) = @H
> a-a(S)or-v2za-a (). e

This completes the proof of Theorem 27. O
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