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1. INTRODUCTION

Let $, be a fixed 3-uniform hypergraph. For a 3-uniform hypergraph 3, we define the
(integer) packing number vy (#) to be the maximum size of a set of pairwise triple-
disjoint copies of $, in #. A related parameter is the fractional packing number Vsé (%),
which is defined as follows. We denote by ( ,) the set of all subhypergraphs of ¥ that are
isomorphic to $,. A fractional $,-packing of 7 is a function s ( ) — [0, 1] with the
property that > 45, §s($) = 1 for every triple e of 3. The value of a fract10nal $o-packing
s is defined to be || = 256(3‘;) ¥($). The parameter v7 (%) is then defined to be
v () = max{|y| : ¢ is a fractional packing of €}. Note then that any set ¥ of pairwise
triple-disjoint copies of $,, in ¥ gives a fractional $,-packing iy, of % with |is| = |¥| such
that yi($) € {0, 1} for every $ € (3&). This implies that vy (#) = viu(?(f) for every .

The aim of this paper is to show that for large dense hypergraphs 9, the parameter
V}O(%) gives a close approximation to v%(%).

Theorem 1.1. Let $, be a 3-uniform hypergraph and let 1 > 0 be a real number. Then
there exists N, = N($o, m) such that for every 3-uniform hypergraph ¥ with n = N,
vertices we have

V’;O(%) — vg(#) < nn’.

Calculating v‘g (¥) is a linear programming problem, and hence can be solved in
polynomial time. However the problem of calculating vy (9€) is NP-hard, in fact this is
true even for the analogous problem in graphs. It was proved by Dor and Tarsi in [3] that,
for any graph H, that contains a connected component with at least three edges, the
problem of finding the maximum size of a set of pairwise edge-disjoint copies of H, in
a general graph G is NP-hard. Therefore, Theorem 1.1 gives an efficient algorithm for
approximating vy (9€) for those hypergraphs # for which vy (%) = Q(|V(G)]?). Thus
the problem of finding vy (#) is another example of an NP-hard problem which has a
polynomial time approximation algorithm for an appropriately defined “dense case.”
Various other such problems have been identified and studied by, e.g., Frieze and Kannan
[7, 8] and Arora, Karger, and Karpinski [1] (see also [4] and [2]). The analogous result to
Theorem 1.1 for graphs was proved in [9]. In many of these problems, including [9], the
Regularity Lemma of Szemerédi [14] plays an important role.

The proof of Theorem 1.1 depends on a generalization of Szemerédi’s Lemma to
hypergraphs, which is due to Frankl and Rodl [6] (see Section 2). Our plan for proving that
vg (%) is closely approximated by v (%) for a given hypergraph % will be as follows.
Using the hypergraph regularity lemma, we shall construct a special (finite) object called
an C-augmented weighted 3-graph $ from 3, for which there is a natural definition of
vj;o(ﬂ), and then show that both v4 (7€) and v;)(%) are very close to a certain multiple of
vj;o(ﬂ). A major step in this proof will be to show that if a k-partite 3-uniform hypergraph
is “regular,” in a very specific sense required by the regularity lemma, then almost every
triple is in about the same number of copies of K{*’, the complete 3-uniform hypergraph
with k vertices. We refer to this result as the Extension Theorem. To establish this requires
a foundation of structural theorems for hypergraphs that result from the use of the
hypergraph regularity lemma. This work may be of independent interest, and could be
useful for other problems in hypergraphs. We mention that the theory that would be
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required to extend our arguments to f-uniform graphs for any r = 4 is not currently
available.

This paper is organized as follows. In Section 2 we describe the regularity lemma for
hypergraphs. Section 3 describes how to construct the finite object &4 from a given
hypergraph €. Section 3 also contains a sketch of the proof of Theorem 1.1, the detailed
proof appears in Section 4. The next five sections contain proofs of some auxiliary
lemmas, and finally the structural theory related to the hypergraph regularity lemma is
given in Sections 10—13. This includes the precise statement of the Extension Theorem
which appears as Theorem 10.12.

2. THE REGULARITY LEMMA FOR HYPERGRAPHS

In this section we describe the regularity lemma for 3-uniform hypergraphs, due to Frankl
and Raodl [6]. In the original Regularity Lemma of Szemerédi for graphs, it was shown that
the vertex set of any large enough graph G can be partitioned into a bounded number of
classes, such that the following holds: For almost every pair of vertex classes V; and V,
the bipartite subgraph of G induced by V; and V; is “very uniform,” that is, its edges are
distributed in much the same way as one would expect in a random bipartite graph. In the
Hypergraph Regularity Lemma, corresponding to the vertex partition in Szemerédi’s
lemma, we again have a partition V; U --- U V, of the vertex set V of our hypergraph
¥, but we also have a partition of the set of pairs of vertices {{v;, v;} : v; € V;, v; €
V., i # j} into “bipartite graphs” that are themselves very highly regular. [See the
definition of (¢, ¢, y, €)-partition below.] This partition is chosen in such a way that for
most choices of three of these bipartite graphs that form a tripartite graph (called a
“triad”), the subhypergraph of ¥ induced by this triad is “very uniform,” i.e., behaves
much like a random 3-partite 3-uniform hypergraph. Therefore, in the Hypergraph
Regularity Lemma, it is these triads that take the place of the pairs of vertex classes in
Szemerédi’s lemma.
We begin with some introductory background definitions and notation.

Definition 2.1. Let G be a bipartite graph with vertex classes V and W, and let X C V
and Y C W be two nonempty vertex subsets. Then the density of the pair X, Y with respect
to G, denoted d(X, Y), is defined by

{{x,y}€G:x€ X,y Y}

dG(X, Y) = |X||Y|

We say that the bipartite graph G is (o, €)-regular if a(1 — €) < dz(X, V) < a(l + €)
for every pair of subsets X C 'V and Y C W with |X| > € V| and |Y| > €W|.

Definition 2.2. Let G be a k-partite graph with a fixed k-partition (V, . . ., V;). We shall
write G = U ;o= GY, where G' = G[V,, V)] = {{v, v;} EG: v, E V, vy, EV}}. Let
€ >0, € > 0 be given. We call G an (£, €, k)-cylinder if each bipartite graph GY, 1 =i <
Jj =k, is (1/¢, €)-regular. By a k-partite cylinder we simply mean a k-partite graph with
fixed k-partition.
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It will be useful for us to have a very precise estimate on the size of the set of triangles
contained in an (¢, €, 3)-cylinder G. For this purpose we have the following. We let
H(G) = {{x,y, z} : {x,y, z} is the vertex set of a triangle in G}.

Fact 2.3. For any positive integer € and positive real 0, there exists €, = €,({, 0) so that
whenever G is an ({, €,, 3)-cylinder with vertex partition (V,, V,, V3), where |V,| = |V,
= |V4| = n, then

n3 I’l3
(1—-29) F< |H3(G)| < (1 + 0) i

The proof of this fact follows easily from the definition of an (€, €, k)-cylinder.

Definition 2.4. Let V be a set. An (¢, t, vy, €)-partition P of V is an (auxiliary) partition
V=V, UV, U---UYV,ofV, together with a system of edge-disjoint bipartite graphs B
{P” 1<l<J<t 0 =B = {; = {}, such that

Q) Vol < tand V1| = V2| = -+ = |Vi| =it E'm,
i) Ugl, Pl = KV, V) foralli,j, 1 =i<j=t.
(iit) For all but at most y(3) pairs i, j, 1 =i < j =t, we have that |P3| = ym* and P% is (1/¢,
€)-regular forall B = 1,..., €;.
Definition 2.5.  If Pisan (L, 1,7, €)-partition of V and the bipartite graphs P Pif, and
P are all (1/€, €)-regular, then a triad P = (P}, P, P}) of P is the 3-partite graph with
vertex set V; U V; U V, formed from the union of these three bipartite graphs.

Note that a triad of P is an (£, €, 3)-cylinder. In fact, more generally, it can be shown
that if k is fixed and y and e are sufficiently small, then the (€, ¢, y, €)-partition P has
the following property: If we choose k vertex classes of P, and one bipartite graph Pg
joining each pair of these classes, then the union of these bipartite graphs almost always
forms an (¢, €, k)-cylinder.

We now give definitions pertaining to 3-uniform hypergraphs.

Definition 2.6. We refer to any k-partite, 3-uniform hypergraph ¥ with a fixed k-
partition (Vy, ..., V) as a k-partite 3-cylinder. If G is a k-partite cylinder with the same
vertex partition, then we say G underlies ¥ if # C H;(G).

Usually we shall use this terminology in the following context: ¥ is a 3-uniform
hypergraph, % is an (€, t, vy, €)-partition of the vertex set V of ¥, and G is an (¢, e,
k)-cylinder formed by choosing k vertex classes of P, say V,, i = k, and one
P;g joining each pair (V;, V)) of classes, where i, j € K, i # j. Then each triad P = (Pg R
P;; , P” ) underlies a subhypergraph of %, which we shall denote by #(P), consisting of
all trlples in ¥ that are triangles in P. We call #(P) the 3-partite 3-cylinder of ¥ on P.

The Hypergraph Regularity Lemma will basically say that the vertex set of any large
enough 3-uniform hypergraph % has an (€, ¢, -y, €)-partition & such that most 3-partite
3-cylinders #¢(P) of ¥ will be “very regular.” To make this concept precise, we need the
following definitions.
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Definition 2.7. Let # be a 3-partite 3-cylinder with underlying 3-partite cylinder G =
G'? U G U G". We define the density dy(G) of 9 with respect to G as

% N Ha(G)|
dy(G) =\ |H3(G)|
0 otherwise.

if |%5(G)| >0

In other words, the density counts the proportion of triangles of G which are triples of .

More generally, let Q C G, where Q = 0'2 U Q'* U 0%® and Q¥ C G". One can
define the density dy(Q) of ¥ with respect to Q as

|9 N 350
dx(Q) =\ [H3(0)]

0 otherwise.

if |H3(Q)] >0

A natural definition of regularity for a 3-partite 3-cylinder € would be that for every Q
as above that contains a positive proportion of H5(G), the density of ¥ with respect to Q
is about the same. However it turns out that in many applications this is not a strong
enough notion. We therefore introduce a concept called (8, r)-regularity. Here we use the
notation [a] = {1, ..., a}, and by [a]’ we mean {S C [a] : |S| = ¢}.

Definition 2.8. Let # be a 3-partite 3-cylinder with underlying 3-partite cylinder G =
G2 U G® U G". Let é = (Q),..., Q) be an r-tuple of 3-partite cylinders
ofs) = U{i,j}€[3]2 Q’Z(s) safisﬁing that for every s € [r], {i,j} € [3]% QY(s) C GY. We
define the density ds(Q) of Q as

90 U, %:00))]
> if (U7 % 0
dy(Q) = Ui H3(00)) if [ ey Q)] > (1)

0 otherwise.

Let a positive integer r and a real 8 > 0 be given. We say that the 3-cylinder ¥ is («,
o, r)-regular with respect to G if for any r-tuple of 3-partite cylinders Q = (Q(1), ...,
() as above, if

> 8|3(G)

k]

U %#5(0()
s=1

then
|d(Q) — al < 8. (2)
We say ¥ is (8, r)-regular with respect to G if it is («, 8, r)-regular for some o, and refer

to a as the density of . If the regularity condition fails to be satisfied for any o, we say
that ¥ is (8, r)-irregular with respect to G.
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Note that if ¥ is (8, r)-regular with respect to G and 8’ = & and r' = r is an integer, then
7€ is also (8', r')-regular with respect to G.

Definition 2.9. Let ¥ be a 3-uniform hypergraph with vertex set V, where |V| = n. We
say that an (¢, t, vy, €)-partition P of V is (8, r)-regular for ¥ if

> {|H5(P)| : Pis a triad of P, #(P) is (8, r)-irregular w.r.t. P} < &n°.

This implies in particular that if # is a dense hypergraph, then most of the triples of
# belong to (8, r)-regular triads of the partition %. We now state the Regularity Lemma
of [6].

Theorem 2.10. For every & and y with 0 < y = 28, for all integers t, and £, and for
all integer-valued functions r(t, €) and all functions €(€) > 0, there exist T,, L,, and N,
such that any 3-uniform hypergraph % C [n]*, n = N,, admits a (8, r(t, €))-regular, (£,
t, v, €(€))-partition for some t and € satisfying to =t < Ty and €, = € < L,,.

We shall apply a slight extension of this theorem. Let 9 be a partition of the vertex set
of a 3-uniform hypergraph #. We say that the partition P respects the partition 2 if every
vertex class of P is entirely contained in some vertex class of 9. Then the following can
be proved with a minor alteration of the proof of [6].

Theorem 2.11.  For every & and y with 0 < y =< 28, for all integers q, t,, and €, and
for all integer-valued functions r(t, €) and all functions €(€) > 0, there exist Ty, L,, and
N, such that the following holds. For any 3-uniform hypergraph 3¢ C [n]® with n = N,,,
and any partition 9 of the vertices of ¥ into at most q classes, there exists a (6, r(t,
0))-regular, (£, t, vy, €(€))-partition of ¥ that respects 9., for some t and € satisfying t, =<
t <Tyand £, = € <L,

3. THE CONSTRUCTION

Before beginning the details of the construction of the finite object s§ mentioned in the
introduction, we first outline the idea behind the proof of Theorem 1.1. A more detailed
sketch of the proof will follow, and the full proof will be given in the next section. Our
aim is to find a large family of triple-disjoint copies of $ in ¥, and the proof is based on
the following fact (see Lemma 3.4). Given a fixed 3-uniform hypergraph $ with vertex set
[k], we consider a special type of k-partite 3-cylinder £ = £(¢$) related to $. Let the
vertex set of £ be V, U - - - U V,, where the V; are disjoint sets of equal size, and let the
underlying k-partite cylinder G of & be an (€, €, k)-cylinder. For each triple {i, j, s} of
9, let £ have an (a, 8, r)-regular 3-partite 3-cylinder on the triad (G”, G**, G’*). We can
think of & informally as a “blown-up copy of $ of density «.” Then most triples in & are
in about the same number D of copies of $, and for any pair of distinct triples, the number
of copies of ¢ that contain both is o(D). Then there is a packing theorem due to Frankl
and Rodl (actually we will apply a generalization due to Kahn) that says that in this
situation, there exists a nearly perfect packing of copies of § in &, that is, a $-packing that
covers almost every triple in . In other words, & has as large a $-packing as is possible.
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(We remark that the structural theory that appears in Section 10 is required for the proof
of this fact.)

Now € is an arbitrary hypergraph, so in general it will not at all resemble a blown-up
copy of $,. However, the hypergraph regularity lemma will enable us to partition 7 into
a large but finite number of triple-disjoint 3-partite 3-cylinders (while the size of % may
tend to infinity), and then we will be able to reassemble these 3-partite 3-cylinders into
many triple-disjoint blown-up copies £($) of $,. Then, inside each L($), we will find a
nearly-perfect packing, and taking the union of all of these packings will result in a large
packing of .

Many applications of Szemerédi’s Regularity Lemma for graphs follow a rather
standard format: We apply the lemma to our graph H to obtain a finite weighted “cluster
graph” H,,, which has one vertex for each vertex class of the regular partition, and one
edge of weight « for every regular pair of vertex classes in H of density . Then we find
some particular substructure in H,,, and then prove that this corresponds to some desired
substructure in H. Our approach here will be the same, but when we apply the Hypergraph
Regularity Lemma to a hypergraph 3, we obtain a finite “cluster” object which is slightly
more complicated than a weighted hypergraph. We call such an object an €-augmented
weighted 3-graph.

Definition 3.1. An €-augmented weighted 3-graph oA consists of

(i) a set 'V of vertices,
(i) amultiset C = U . ey ", ... c{} of pairs of vertices, where ¢}" joins vand w and
€, =<,
(iii) a set E of triples, where each triple e consists of three pairs c
that each triple also determines three vertices v, w, and x),
(iv) a weight function o : E — [0, 1].

uw

UX WX
o > Cp» and ¢\ (note then

Notice that a 3-uniform hypergraph can be thought of as a 1-augmented weighted
3-graph in which every triple has weight 1.

Definition 3.2. Let o be an €-augmented weighted 3-graph, and let $, be a hypergraph
with vertex set V($,) = [k]. Let C($o) = {{i,j} € ("$): {i, j} € e for some e € $,)}.
Then a copy $ of $, in A consists of the following:

(i) a vertex set V($) = {v, ..., y} C V(A),
(i) a pair set C($) consisting of one pair cg? € C(A) joining vertices v; and v, for each {i,
it € C(Py),
(iii) a triple set E($), consisting of one triple of S with pairs cg”/f cg®, and s, for each
triple {i, j, s} of $,. For a triple e we sometimes write e € $ for e € E($).

We denote by (}?ﬂ) the set of copies of $§, in . Note that the triples in a copy of $, in
may have various weights.

A fractional $-packing of s is a function ¢, : (jqu) — [0, 1], which satisfies 2=,
d4($) = w(e) for every e € E(sd). We let |y = Zge (;f)) ¢b($), and we say that
¢, is a maximum fractional $,-packing of s if || is as large as possible. We denote by
v (sd) the value || of a maximum fractional $,-packing ¢ of .
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With these definitions established, we are now able to give an informal sketch of the
proof of Theorem 1.1. All details will be made precise in the rest of this section and in
Section 4. All constants referred to in this sketch depend only on the given hypergraph $,,
and the error ).

Sketch of the proof

1.

Given the fixed hypergraph $, and the hypergraph ¥, let iy be a maximum fractional
Fo-packing of #. Find a partition 2 of the vertex set of ¥ into a constant number
of classes, such that most of the value || comes from copies of §, that have at most
one vertex in each class (cf. Lemma 3.3).

Apply the hypergraph regularity lemma (Theorem 2.11) to %, to find a (8, r)-
regular (€, ¢, vy, €)-partition P of ¥ that respects 9. Let m denote the size of the
vertex classes of 9.

Construct an €-augmented weighted 3-graph s that has a vertex for each vertex
class of P, and such that each pair of vertices v and w is joined by €, < € pairs
c¢™, one for each e-regular bipartite graph P;" that joins the vertex classes
corresponding to v and w. We then let e = {c¢;™, ¢*, ¢} form a triple of o if
and only if the corresponding triad P, = (P}", P}, P;™) is such that #(P,) is (9,
r)-regular with respect to P,, and we weight the triple e with the density of #(P,).
(See Definition 3.9.) It can then be shown that Step 1 implies V”;O(&ﬂ)(m/€)3 is
nearly as large as || = v% (%) (cf. Lemma 3.10).

Find a fractional $,-packing ¢, of A whose value is close to v (), with the
additional property that there exists some constant 7 which is not too small, such that
b ($) > 7 whenever ¢ ($) > 0 (cf. Lemma 3.6).

Our aim is to “lift” the fractional $,-packing ¢4 of o to an integer $,-packing of
%, of value approximately | 4|(m/€)*. To do this, we want to find for each § €
(“;U) a blown-up copy of $, in ¥ of density ¢4($), such that all these blown-up
copies are triple-disjoint.

For each triple e of o4, let 9(e) = {$ € (‘fo) e €9, ¢, (P) > 0}. We can think
of ¢4 as placing a set of “demands” {p(($) : $ € D(e)} on e, where the sum of
these demands is at most w(e). The triple e corresponds to a (8, r)-regular 3-partite
3-cylinder ¥ (P,) of density w(e). We “slice” J(P,) into | % (e)| triple-disjoint (28,
r)-regular 3-partite 3-cylinders on P,, one for each § € % (e), of densities ¢ 4($)
(cf. Lemma 3.5). The idea here is that each $ € %(e) then receives a “share” from
#(P,) that satisfies its demand, where a share is a (28, r)-regular 3-partite
3-cylinder of density ¢4($). [Step 4 guarantees that the densities ¢4($) are larger
than 7 > 28, and hence the regularity of these 3-partite 3-cylinders is nontrivial.]
After this is repeated for each triple e in o, each $ € (?0) for which ¢4($) > 0 has
received its share of #(P,) for every e € $. In other words, corresponding to each
such $, we have a (26, r)-regular 3-partite 3-cylinder of density ¢($) in ¥ for
every triple e of $. Then the union of these 3-partite 3-cylinders over all triples e
of $ forms a blown-up copy of $, in ¥ of density ¢, ($). Moreover, these blown-up
copies are all triple-disjoint for different $. See Stage A of the proof of Theorem
3.11 (Section 4) for the precise description of this step.

Now by the fact mentioned at the beginning of this section, in each blown-up copy
of $, we can find a nearly-perfect $,-packing (cf. Lemma 3.4). This is done in Stage
B of the proof.
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7. The union of all these packings over all $ € (jf“) gives a $,-packing of size
approximately |¢|(m/€)> in . This shows that v (9€) is nearly as large as
v (sA)(m/€)>. See Stage C of the proof.

To describe the construction of & we first need to establish four lemmas.

For a 3-uniform hypergraph % and a partition 2 = (V,)*_, of the vertex set V() of
3¢, we say that a subhypergraph $ of 7 is crossing in 9 if no two vertices of $ are in the
same class V; of 2. We write (¥, 2, $,) for the set of copies of $, in # which are
crossing in 9. Corresponding to Step 1 in the Sketch of Proof, we have the following
lemma. Its proof can be found in Section 5.

Lemma 3.3. Let A > 0 and a hypergraph $, be given. Then there exists K = K(A, $,)
such that the following holds.

Let ¥ be a 3-uniform hypergraph with n vertices, and let {/* be a fractional $,-packing
of #. Then there exists a partition 9 = (V)L of V(¥), where q = K, such that

() Lig) = v =lniglfor1 =i =g,
(i) 2gew@agy V(P = (1 = A) Ege@f’)) P (F).

Let $, be a 3-uniform hypergraph with vertices 1, ..., k that are ordered by 1
< -+ < k. Let ¥ be a k-partite 3-cylinder with vertex classes V,, ..., V.. Then we say
that a sub-hypergraph $ of € with ordered vertex set v, < - - - < v, is partite-isomorphic
to $, in ¥ if v; € V, for each i and the map v; — i, 1 = i =< k, is an isomorphism from
$ to $,. The following lemma is needed for Step 6, and is proved in Section 8.

Lemma 3.4. Let $, be a 3-uniform hypergraph with vertices 1, . . . , k. Let real numbers
A > 0and a > 0 be given. Then there exists 0 = 0($,, A, a) > 0 such that for all integers
€ > 1/6, there exist ro($o, A, @, €), €($os A, &, €), and my = my($o, A, o, £) such that
the following holds. Let # and G be such that

(i) ¥ is a k-partite 3-cylinder with k-partition V,, ..., V,, |V}| =+ = |V,| = my,
i e = U l=i<j=k GY is an underlying (£, €,, k)-cylinder,
(iii) for all triples {i, j, s} of $o» H(G7, G*, G") is (a, 6, ro)-regular with respect to
(G", G*, G").

Then 3 contains a family of triple-disjoint sub-hypergraphs of ¥, each of which is
partite-isomorphic to $,, which covers all but at most \|¥| triples of .

The next lemma corresponds to Step 5 in the Sketch. Its proof appears in Section 6.

Lemma 3.5. Let real numbers a > 0,0 < & < a/4, € > 0 and positive integers j = 1/a,
€ and r be given, where € < €,({, 1/2) (see Fact 2.3). Then there exists m; = m,(«, 8, €,
r) such that the following holds. Let ¥ be a (B, 8, r)-regular 3-partite 3-cylinder with
respect to an underlying (€, €, 3)-cylinder G, where jo = B < (j + 1)a. Let the vertex
classes of ¥ be V,, V, and Vs, where V|| = |V,| = |V5| = m,. Then there exist j
triple-disjoint sub-hypergraphs 3, . .., #; of #, such that each ¥, is (e, 28, r)-regular
with respect to G.
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For an £-augmented weighted 3-graph & and a real number 7 > 0, we say a fractional
$o-packing ¢ of A is T-bounded if for each $ € (jfo), either ¢ 4($) = O or py(F) = 7
The following lemma proves the existence of the fractional $,-packing used in Step 4, and
its proof is in Section 7.

Lemma 3.6. Let a 3-uniform hypergraph $, and a real number n > 0 be given. Then
there exists T = 1($,, m) such that the following holds. For every {-augmented weighted
3-graph S with t vertices, there exists a T-bounded fractional $,-packing ¢4 of A such
that || = v () — n€r.

We now define the constants we shall require for our application of the Hypergraph
Regularity Lemma. Recall that we are given an error term n > 0 and a fixed 3-uniform

hypergraph $,.
Definition 3.7.

@) Let 7 = 1(m/100, $,) (see Lemma 3.6).
(i) Let a = m™/100.
(iii) Let 6 = min{6($,, 1/100, a)/4, an/100} (see Lemma 3.4).
(iv) Let y = min{n/100, 28*}.
v) Let ¢ = K(n/100, $,) (see Lemma 3.3).
(vi) Let t, = 100/m.

We also define two functions:

(vii) Let H(€) = ro($y, m/100, a, €) (see Lemma 3.4).
(viii) Let €(€) = min{€y($o, /100, o, €), €,(€, n/100)} (see Lemma 3.4 and Fact 2.3).

Let Ty, L, and N, be the constants guaranteed by Lemma 2.11 with input constants 8,
Y, g, ty, and £, = 1, and functions r(€) and €(€) as in Definition 3.7. Finally we let N, =
max{N,, 100Ty/mn, Tomy($o, m/100, o, Ly), Tom (o, 8, Ly, ¥(Ly))} (see Theorem
2.11 and Lemmas 3.4 and 3.5).

Then these constants satisfy the following hierarchy.

1 1 1 1 5 11
<<, —<d<a<T y,—.,—<nm.
N = To Lo a=Ty q to 1

We are now ready to describe how to construct the finite €-augmented weighted
3-graph o from a given 3-uniform hypergraph #. Here € will be at most L. Recall that
A will be an analogue of the “cluster graph” that results from the application of
Szemerédi’s Regularity Lemma for graphs. We will obtain s{ by applying the hypergraph
regularity lemma (Theorem 2.11) to ¥ together with a vertex partition 2 defined as
follows.

Definition 3.8. Let a 3-uniform hypergraph ¥ be given, where the number of vertices of
 is at least Ny. Let s be a maximum fractional $,-packing of . Then by Lemma 3.3
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applied to # with A = n/100, there exists a vertex partition 9 of ¥ with g = K(n/100,
$o) parts such that

> P(F) = (1 — »/100)|¢| = (1 — 1/100)v%(9). 3)

FEB(#.2.%0)

Now we apply Theorem 2.11 to our given hypergraph 3¢ with the partition 2 and with
constants and functions as above, to obtain an (€, ¢, vy, €)-partition % as in Definition 2.4
that respects 2. We will concentrate on a subhypergraph #' of ¥, consisting of those
triples of J¢ which “conform” to the regularity properties. The vertex set of ¥ will be V,
U---U V,. Let B' C & be the subset consisting of those bipartite graphs P}, B = 1,
that are e-regular, and where the pair i, j satisfies Part (iii) of Definition 2.4. We then let
3" be the subhypergraph of ¥ consisting of those triples which lie in (6, r)-regular
3-partite 3-cylinders of ¥, and whose underlying bipartite graphs in % are all elements of
B’

We may now define the €-augmented weighted 3-graph o{ = s{(3€).

Definition 3.9. With the above definitions, we define sd as follows:

(i) Let the vertex set V(A) = {v, ..., v}
(it) Let the pair multiset C(A) = {cg™: Pg™ € W'}, where cg™ joins vertices v; and v,.
(iii) Let the triple set E() contain one trlple {cg™, g, cg} for each triad P = (Pg™, Pg",
Pg™) with the property that 3'(P) is (8, r)- regular wzth respect to P. We assign weight
w({c’”" cgls cg™}) = w, where  is the density of ' (P).

Then we have the following (see Step 3 of the Sketch of Proof).

Lemma 3.10. With the above definitions we have

() %] — || < mn’/25,
(i) v () = (m/0)*v¥ (d) + 3qn’/50.

The proof of this lemma appears in Section 9.
To prove Theorem 1.1, we shall instead prove the following result, which immediately
implies Theorem 1.1.

Theorem 3.11. With the above definitions we have

(i) v, (H) < (m/0)*v¥ (d) + mn’/2,
(i) vg, (%) = vy (') > (ml€)*v¥ (d) — qn’/2.

The proof of Theorem 1.1 is 1mmed1ate from Theorem 3.11, since vy (%) >
(m/(f)gv*; () — qn’12 > v () — nn’.
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4. PROOF OF THEOREM 3.11

Part (i) of Theorem 3.11 is immediate from (ii) of Lemma 3.10. Therefore, we consider
the proof of Part (ii). Recall that ${ is the €-augmented weighted 3-graph defined in
Definition 3.9, and the constants and integer-valued functions we refer to here are as
defined in Definition 3.7. Our aim is to find an $-packing in #’ of size approximately
v}n(&ﬂ)(mw ). (See the paragraph before Definition 3.9 for the definition of '.)

First we establish that since 7 = 7($,, 1/100) [see Definition 3.7 (i)], by Lemma 3.6
there exists a T-bounded fractional $,-packing ¢ of o satisfying

vi(sd) — 9100 = byl = Eﬁ du($). (4)
fe(}o)

Then for every e € E(sd) we have

2 dalF) = wle), (5)
$e
and for each $ € (ff‘n) we have
du(F) =0 or  ¢dy(F)=r (6)

The rest of the proof will consist of three stages, corresponding to Steps 5, 6, and 7 of
the Sketch of Proof.

Stage A. The aim of Stage A is to execute Step 5 of the Sketch, that is, for each triple e
of o we “slice” ¥'(P,) into 3-partite 3-cylinders of densities the various demands on e.
To do this, it will be convenient for us to first slice all #'(P,) into 3-partite 3-cylinders
of the same small density «, which we call elementary. Then for each § € (g)) that
contains e, we assign to $ its share L‘#”'T@)J of the elementary 3-partite 3-cylinders of
H'(P,).

Lete = {cg™, cg.", cg”} € E(d) be a triple of d. Then P, = (Pg™, Pg", Pg™)
is a triad of the partition %. Consider the 3-partite 3-cylinder #'(P,) on P,. By definition
of o, we know that #'(P,) is (w(e), 8, r)-regular, and has vertex classes V, U V, U V_.
We wish to apply Lemma 3.5 to #'(P,) with parameters «, 6, €, € and r as defined in
Definition 3.7, and with j = j, = | w(e)/a]. Note that by definition of N, (Definition 3.7)
we have |V,| = |V,| = |V,| = Ln/t] = N\/Ty = m,(«, 8, €, €). Therefore, we may apply
Lemma 3.5 to #'(P,) to find j, triple-disjoint 3-partite 3-cylinders #'(P,),, ...,
%'(Pe)je on the triad P, such that each is (a, 28, r)-regular. These subcylinders of
#'(P,) are what we call elementary 3-partite 3-cylinders of #'(P,).

Now we assign to each $ € (;f‘o) containing e the appropriate number L—")"‘f’b )| of
elementary 3-partite 3-cylinders of #'(P,). Let $ be fixed. Then we assign to $ a set
S.($) of L%@)J elementary 3-partite 3-cylinders of #'(P,), such that the {S ()} 45, are

all triple-disjoint. This is possible since by (5), 245, L ($)/al = Lo(e)/al = j,. We
repeat this for every triple e of s{. This completes Stage A.
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Stage B. In this stage, we execute Step 6 of the Sketch by ﬁnding a nearly-perfect packing
inside the blown-up copy of $, corresponding to each $ € ( }) In fact, we will treat
Lo (F)al trlple disjoint blown-up copies of §, separately.

Let $ € (g)“) such that ¢4($) > 0 be fixed. In Stage A, $ was assigned the set S,($)
of L%@)J elementary 3-partite 3-cylinders of ¥’ (P,) with underlying cylinder P, for each
triple e of $. We order each S,($) arbitrarily, say S, ($) = (¥H'(P,),
WPy, e

Fix b with 1 = b =17y Let & = %£(§,5) = U.cy #'(P.);,, (so & is a k-partite

3-cylinder in #’ formed by placing the bth elementary 3-partite 3-cylinder assigned to $
on each triad P, for which e is a triple of $ in ). Then & is a blown-up copy of $, in
%', of density a. Since each vertex class V, of & has size Ln/t] = N,/Ty = my($,, w100, a,
£) (see the definition of N, in Definition 3.7) and 26 < 6($,, 7/100, «), and by definition of
r and € [see Definition 3.7 (iii), (vii), (viii)], we may apply Lemma 3.4 to & with parameters
A = 1/100 and « as in Definition 3.7 to find a family J($, b) of triple-disjoint copies of $,,
in & that covers at least (1 — 1/100)|<¥] triples of ¥. By definition of &£ and of € (see Fact 2.3),
we find that |£] = (1 — 1/100)|$,|(a — 28)(m/€)* and hence |T($, b)| = (1 — 1/100)* (o —
28)(ml€)® > (1 — n/50)(a — 28)(m/L)>.

Since all the elementary 3-partite 3-cylinders were triple-disjoint, we can construct a

51($)
set of Ld’“(‘(’ﬁ)J triple-disjoint 3-cylinders {£($,b),1 < b = |_¢1

with $. Therefore, we find altogether a $,-packing T(§) = U 1=b=Lda(9)a) T($, b) in
3" corresponding to $, where

m 3
7 (9)| = (1 - ;)Wf)ﬁa - 25)<e) . )

This completes Stage B.

,71 .

1} of this type associated

Stage C. In this final stage we complete Step 7 of the Sketch by taking the union of all
Fo-packings T ($) found in Stage B, over all § € (‘;ﬁ)

bau(P) ¢alf)
For $ € (3), by (6) we have [ ——] =
use the definition of «. Therefore, sumrnlng over all $ € ( j) and using (7) we find a
Fo-packing Uye(go) J($) in ¥’ where

[ _m dm(})J m\’
> (1 —50>§ Eﬂ La (a —23)(€)

U g
9€( 5o)
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where the last line follows from (4). Then using the definition of & (Definition 3.7 (iii)) and
the fact that m’” = n’ and (trivially) v¥ () < €°r°, we conclude that vy (%) =
(ml€)*v¥ (sd) — m(m€r)*/20€° — qm>1100 > (m/€)*v¥ (4) — mn’/2 as required.
This completes Stage C and hence the proof. "

5. PROOF OF LEMMA 3.3

The proof of Lemma 3.3 will follow immediately from the following more general result,
proved in [9]. Here for a partition & = (V,)%_, of a set V, we say that a subset S of V is
crossing in 9. if |[S N V,| = 1 for each i, and we write €(z, V, 9) for the set of subsets
of V of size ¢ that are crossing in 9.

Lemma 5.1. Let a positive integer t and a real number A > 0 be given. Then there exists
K = K(t, \) such that the following holds. For any set V and functionf: () — R™, there
exists a partition @ = (V))I_, with ¢ < K such that

@ ||V,-| - |VJ|| = 1 for each i, j,
(i) ZseqrvfiS) = (1 — A) ESE(Y) AS).

Proof of Lemma 3.3. This follows immediately from Lemma 5.1 by taking V = V(#),
1= |V($y)|, and fIS) = 2;»5(3‘?) v(g)=s ¥F(P). .

6. PROOF OF LEMMA 3.5

We mention that this proof also appears in [12], and a similar result for graphs was given
in [6].

Proof of Lemma 3.5.  Let ¥ be as in the statement of the lemma, and let m = |V,| = |V,
= |V5|. We may assume that j = 2. We set m;, = m,(0, §, €, r) to be large enough such
that for all m > m, we have

2012 exp([— 814003 m’) < 1.

For each {x, y, z} € X, let Xy be a random variable assuming values from {0,
1,...,Jj} defined by

Tog
1—% ifi=0
PI'(X{x,y,Z} = i) = o
hd ifl=i=j

For each i € [j], we define a subhypergraph ¥, by #, = {{x, y,z} € # : X, , |, =
i}. Then ¥ = U],::() J¢; is a partition. We will show that, for one such partition, each
¥, 1 =i =j,is (o, 26, r)-regular with respect to G.

Leti € [j] be fixed, and let Q = (Q(s)), 1 = s = r, be an r-tuple of 3-partite graphs



262 HAXELL, NAGLE, AND RODL

satisfying that for each s € [r], Q(s) = Q'*(s) U Q'*(s) U Q**(s), where for each {,
k} € [31%, 0%(s) C G’*. Suppose further that

> 2809(G)|. ®)

U (069
s=1
By the (B, 8, r)-regularity of ¥ with respect to G, we have

(B—9) < <(B+9)

U 95060 | < |90 U %5(0()) U %;,(0(s))
s=1 s=1 s=1

Thus, the expected number of triples of 9¢; which coincide with Uf;:l H3(0(s)) satisfies

B-8)
F=op

< < +5g
exp (B )B

U 9t5(0(s)) % N U H5(0(s)) U %;,(0(s))
s=1 s=1 s=1

Set

% N U %3(00s))

s=1

M = exp

and y = 2, sothat o + 28 = (1 + y)(o + 8% and 0 — 28 = (1 — y)(o — 83). Thus,

U %,(0(s))

s=1

=238

U%@m’

s=1

Pr ‘%im U 3{3(Q(s))‘ —
s=1

<Pr ‘%,ﬂU 3{3(Q(s))‘—M =M |.
s=1

Using the Chernoff inequality (see, e.g., [11]), we may further bound the quantity above
by 2 exp(—y*M/3) = 2 exp(—8>M/3¢*). Combining (8) with the fact that |9,(G)| >
(m®/2€%) (see Fact 2.3), we conclude that M > (B — 8)adém>/BL> > 3adm>/4€>.
Therefore,

=26

- O

Pr ‘%i n U %:(0()) U 9t5(0(s)) U 9t5(0(s))
s=1 s=1 s=1

=2 exp(—[8*/4€Im?).

As the number of r-tuples Q = Q(s), 1 = s = r, does not exceed 23””2, we infer that
the probability that ¥, is (o, 28, r)-regular tends to 1 as m — %. Moreover, since there
are j = o ' subhypergraphs ¥, we find that the probability that all are (o, 28, r)-regular is
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positive, since 7, was chosen to be large enough such that 202> exp([— 8 /40t 1m>)
< 1 for m = m,. Therefore, there exists a choice of subhypergraphs J€;,..., ¥; as re-
quired. "

7. PROOF OF LEMMA 3.6

We shall deduce Lemma 3.6 from a more general result about fractional packings in
weighted hypergraphs, which was proved in [9]. For a vertex-weighted hypergraph X in
which every vertex v € V(X)) receives a weight w(v), we say that a function ¢ : H —
[0, 1] is a fractional packing of ¥ if X5, G(E) = w(v) for every v € V(H). We say
that a fractional packing is T-bounded for some real number T if, for each E € K, either
M(E) = 0or ¢(E) = 1.

We shall use the following theorem from [9].

Theorem 7.1. Let > 0 and b € N be given. Then there exists ky = ky(b, 1) such that
the following holds.  Let X be any b-uniform vertex-weighted hypergraph, where the
weight w(v) of each vertex v satisfies 0 = w(v) = 1, and let ¢ be any fractional packing
of K such that $(E) < llk, for every E € H. Then there exists a 1/ky-bounded fractional
packing ¢ of I such that |p| = |p| — mn, where |[V(H)| = n.

Proof of Lemma 3.6. Given $, and m, we let b denote the number of triples in $,, and
we let 7 = 1/ky(b, m) where k, is defined as in Theorem 7.1. Let & be an €-augmented
weighted 3-graph with 7 vertices, and let ¢/ be a maximum fractional $,-packing of .
We define an auxiliary b-uniform vertex-weighted hypergraph J as follows. The vertex
setof H is V(H) = {v, : e € E(s)}, where the weight w(v,) of a vertex v, is the weight
in 54 of the corresponding triple e. Then note that m = |V(J)| = |E(sl)| = €3¢, A set
of b vertices of J form an edge of KX if and only if the corresponding b triples of s form
a copy of $, in si. Then ¥, corresponds to a fractional packing ¢* of ¥, such that |¢*|
= v (sd).

Since Theorem 7.1 applies only to fractional packings that are “uniformly small,” we
first modify ¥ by removing edges E for which ¢*(E) = 7 (we will replace these edges
later). Let €, = {E € K : ¢*(E) = 7}. Then we define a new vertex-weighted
hypergraph J{’, where

1) V(I = V(H),
(11) W%/(v) = w%(v) - ZEB‘U,EE%O ¢*(E) for each v € V(ﬂ{,),
Gil) I = H\E,,

We also define a fractional packing ¢’ on ' by ¢'(E) = ¢*(E) for each E € H'. Then
¢'] = |o*[ = 2 ¢*(E). )
AN
Note then that ¢’ is in fact a fractional packing since for v € V(X') we have

2HE) = D HE)— X ¢HE)=wy(v) = X *(E) = wa(v).

ESv ESvEEH ESv,EE€) ESvEES)
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Also, for every E € H' we have ¢'(E) < 1. "l_“hen since T = I/k_o(b, 1), by Theorem
7.1 there exists a 7-bounded fractional packing ¢ of I’ such that |p| = |d'| — nm. We
therefore define a fractional packing ¢ of K as follows: We let

b*(E) ifEEE
b(E) = {(I)(E) e

Then ¢ is m-bounded by construction. Also, by (9),

ol = 2 H(E) + || = 2 H(E) + || — mm = |¥] — mm = v () — 3.

EE€€o EE€o

Since ¢ corresponds to a fractional $,-packing ¢4 of s, the result follows. .

8. PROOF OF LEMMA 3.4

In order to prove Lemma 3.4, we shall make use of the following two theorems. The first
is a special case of a theorem of Kahn [11], which generalizes a theorem of Frankl and
R4dl [5] on packings in hypergraphs. By a packing of a hypergraph K we mean a set of
pairwise disjoint edges of K.

Theorem 8.1. Let an integer b and a real number A > 0 be given. Then there exist B =
B, A) > 0, Dy = Dy(b, A) and ny = ny(b, A) such that the following holds. Let X be a
b-uniform hypergraph with vertex set X, |X| = n,, such that for some D = D,

(i) degy(x) = D for all vertices x € X,
(ii) degs(x, y) < BD for all pairs of distinct vertices x,y € X.

Then K has a packing of size at least (1 — \)|J|/D.

Our approach to proving Lemma 3.4 will be as follows. We will focus on a subhy-
pergraph ' C €, and a special set 4 (#') of copies of $, in ', each of which is
partite-isomorphic to $, in #. The definitions of 3’ and & 4 (#") appear in Section 10. We
will apply Theorem 8.1 to the hypergraph whose vertex set is 9’, and whose edges are the
sets of triples which form copies of $, in ¥ (#'), to show that #' contains a packing of
copies of $, that covers all but at most A|%| triples of #. We describe the properties of
#' in the following lemma, the proof of which depends on the Extension Theorem and is
found in Section 10.

Lemma 8.2. Let $, be a 3-uniform hypergraph with vertex set [k] and with b triples. Let
real numbers A > 0 and o > 0 be given. Then there exists { = {($o, A, &) such that, for
all integers € > 1/{, there exist r = r($y, A, @, £), € = €($o, A, @, €), and n; = n,($,
A, a, ) such that the following holds. Let ¥ and G be such that

(i) ¥ is a k-partite 3-cylinder with k-partition V,, ..., V,, |V|| =---=|V,| = n, where

n=ny,
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@ G = U I=i<j=k G" is an underlying (€, €, k)-cylinder,
(iti) for all triples {i, j, s} € $o. H(GY, G*, G*) is (a, ¢, r)-regular with respect to
(sz’ st’ Gj?)

Then there exists a subhypergraph 3" of % and a set ¥ 4 (¥') of copies of $, in #', each
of which is partite-isomorphic to $, in ¥, with the following properties:

(a) For every triple e of #', the number q (€) of elembents of 84 (') that contain e satisfies
-1

=(1+A) —p—nt3
ng(e) ( ) €(]2¢)73 n

(b) The set S 4 (I') satisfies
b

1F 50 = (1 = A)

(G

We are now ready to prove Lemma 3.4.

Proof of Lemma 3.4. Let $,, A, and « be given, and let b denote the number of triples
of $,. We then define § = min{{($o, A/8, @), (1 — M2)(1 — )~ ' — 1}. To define r,, €,
and my, let € > 1/0 be given. Let ry = r($,, A/8, a, €) and €, = €($,, M8, a, €), where
the functions r and € are as defined in Lemma 8.2. We also set

k
mo = max{B(b, \/8) ' Dy(b, )\/8)€<2> 3107, ng(b, M8), ny($o, M8, a, )},

where the functions 3, ny, and D, are as defined in Theorem 8.1, and n, as in Lemma 8.2.

Suppose # and G satisfy the conditions (i)—(iii) in the statement of Lemma 3.4, where
V)| = - =1|V,| = n = m,. Then, by definition of r,, €, and m,, ¥ and G satisfy the
conditions (i)—(iii) of Lemma 8.2 with parameters $,, A/8, «, and €. Therefore, by Lemma
8.2, there exists a subhypergraph #' of 9 and a set &4 (¥') of copies of §, in ' that
satisfy Properties (a) and (b).

Now we let the b-uniform hypergraph ¥ be defined as follows. The vertex set V(I) =
3¢’ and a set of b triples of #' forms an edge of I if and only if it is the triple set of a
subhypergraph of #' that is an element of g (3'). Then by Lemma 8.2(a) we have that
degy(e) = g4 (e) satisfies Condition (i) in Theorem 8.1 for every vertex e of J{, where

b—1

D = (1 + A/8)

o

55 n*~3. Moreover, we note that for any two distinct e,, e, € V(¥)

eC

we have degy,(e,, e,) < n*~?, since two distinct triples fix at least 4 vertices in #. Now
my is large enough such that n*~* < B(b, A\/8) D for all n = m,, and also such that D

> eg) n*~3 = Dy(b,\/8), and certainly |V(¥)| = |%| > n = ny(b, A/8). Therefore,
by Theorem 8.1 we have that J{ contains a packing I of size at least (1 — A/8)|%|/D.
Then using Lemma 8.2(b) we find

k

(1 — A/8)% aPnF €<2>73 L= a2 an’
= — I

(1+M8) o(5) o3 = )7

1T = (1 — M8)|Fg(H")|/D =
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In other words, the packing J gives a family of triple-disjoint sub-hypergraphs of #' (and

hence of %), each partite-isomorphic to $, in ¥, of size at least (I — )\/2)“7'53‘ But by
definition of (a, 6, r)-regularity, each #(GY, G*, G’*) has at most (1 + 0)an’/€>
triples. Since each copy of $,, in the packing I has precisely one triple in each #(G”, G*,
G’*), we conclude that T covers at least a (1 — A/2)(1 + 6) "' > (1 — \) proportion of
the triples in each H(GY, G*, G’*), and hence it covers all but )\|?€| triples of #. »

9. PROOF OF LEMMA 3.10
First we prove (i). We obtain #' from # by removing the following triples of #:

(a) the triples of ¥ that have more than one vertex in some vertex class V; of P,

(b) the triples that have a vertex in the vertex class V,

(¢) triples that contain a vertex of V; and a vertex of V; such that the pair i, j does not
satisfy Condition (iii) of Definition 2.4,

(d) triples on underlying bipartite graphs P§, (where i, j satisfies Condition (iii) of
Definition 2.4)

(e) triples that lie in (8, r)-irregular 3-partite 3-cylinders of (.

For each of these cases, we estimate the number of triples of 7€ that must be removed,
using the bounds given in Definition 2.4.

(a) For each i we have |V, = m = n/t so the total number of such triples is at most
t(n/tH)’n = n’lt = n’lty = qn>/100, where we use the fact that n = N, and the
definition of N, and of ¢, (see Definition 3.7).

(b) Since |V,| =t = T,, we have at most Ton*> < n’(To/n) < mn>/100 such triples,
again using the definition of N,.

(c) Since there are at most y(5) pairs i, j that do not satisfy Condition (iii) of Definition
2.4, the number of such triples is at most y(5)m?*n < y(tm)*n/2 < yn’/2 <
mn>/200, where here we use the definition of vy [see Definition 3.7 (iv)].

(d) For each such i, j we know that |P§| = ym?, so the total number of such triples is
at most (5)ym*n = yn/2 < mn’/200, where again we use the definition of .

(e) The number of such triples is at most én° = amn®/100 < mn>/100.

Therefore, the total number of triples of ¥ that are removed to form #' is at most
4mn>/100 as required.

Now we consider (ii). Given the maximum fractional packing ¢ of €, we first define
a function ' : (Zﬁ;) — [0, 1] by ¢'($) = ¥($) for each $ € (Z‘i). Then /' is a fractional
packing of #’, and || = |¢| — (|%| — |%€]), since each triple e of ¥ satisfies
E§e<§‘;) . 93¢ Y($) = 1. Therefore, by (i),

| = v¥,(%) — mn’/25. (10)

Now we use the fractional packing /' of ' to construct a fractional packing i, of
with || = (€/m)*|y']. First, for § € 6(H', P, $,) (i.e., copies of $,, that are crossing
in %) we define the projection w($) € (jfo) as follows. Let the vertex set of $ be {w, ...,
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w,}, where k = |V($,)| and w, € V; for | = u < k. Then by definition of ¥’, each
triple e of $ lies in a 3-partite 3- cyhnder ' (P,) of ' which is (8, r)-regular with respect
to its underlying triad P,. We then let m($) be the copy $’ of $, in o with vertex set

ViyVix ViyVix Ut Uiy Vi UL

{v;s - - . ,U;}, and where {c s Cpn } is a triple of $' precisely when (P

PE’:’ PZ’ “) = P, for some trlple e of (% [Note that this uniquely determines the pair set

C($") also.]
Given /', we define i : (i) — [0, 1] as follows. Let $' € (;,QU) be given as in
Definition 3.2. Then we let

Pa($) = (1 + n/100) "' (€/m)* 3 {y'($) : F EC(%H', P, o), (F) = $'}.

To see that 4 is a fractional packing, we fix a triple e = {cg™, cg, cg'™} of . Let
us denote by P, = (Pg", Py, Pg.™) the corresponding triad. Then we have

2 Ya(g) =1+ /100)"'Em) X 2{W($): J € CH, P, Jo), m($) = §'}

=1 $'3e

= (1 + 7/100)"'(t/m)* > > (P

TEH' (Pe) FEG(¥' P, $0).$5T

= (1 +9/100)"'/m)? D 1= wle),
TEH (Pe)

where the last line follows from the definition of & (see Definition 3.9) and Fact 2.3.
Therefore, i is a fractional packing of s{. Moreover, we have

|l = Eﬂ (")
5<(5)

= (1 + 1/100)~'(¢/m)? % ) 2P FECI, P, Jo), w(F) =9}
¥€(g0

= (1 + 0/100)~!(¢/m)* X' ($) : § € 6(H', P, Fo)}.
Now since % respects the initial partition 92, by (3) we find
_ ¥’ .
[l = (1 + m/100) 1(€/m)3(|1,lf’| -> {w’(}) : $ € (yo)’ $ not crossmg})
= (1 + 9/100) ' (€/m)* (|| — qv¥,(9€)/100).

Now, using (10), we find

(m1€)3| ) = (1 — m/100) (|’ | — qv¥,(9€)/100)
= (1 — m/100)(v¥,(#) — mn’*/25 — qn*/100)
= v%,(3) — 3mn’/50,

since v¥% (#) < n’. Then since || = v (), the result follows. .
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10. THE EXTENSION THEOREM

In this section we present the already advertised Extension Theorem. Our proof of this
result is quite complicated, so we divide the proof across the next three sections. In this
section, our goal is to state and discuss the Extension Theorem and related results.

In Section 10.1, we provide definitions and facts extending some notions given in
Section 2. In Section 10.2, we state the Extension Theorem and discuss how its proof is
given in later sections. In Section 10.3, we give the proof of Lemma 8.2, the application
for which the Extension Theorem is required. In Section 10.4, we give the proof of the
upcoming Corollary 10.10, a tool needed in our proof of Lemma 8.2.

10.1. Background Concepts

In this subsection, we provide introductory background definitions, notation and facts. We
begin with the following simple fact about (€, €, k)-cylinders. In what follows, when
G = U I|=<i<j=<k GY is k-partite cylinder with k-partition (V,, ..., V,) andj € [k], we
write the j-neighbors of vas Ny(v) = {w € V;: {v, w} € G}.

Fact 10.1. Suppose G = U I=i<j=k G7 is an (€, e, k)-cylinder with k-partition
Vi VO, V| =+ =|V\| = n. Fix i € [k]. All but 2ken vertices v; € V, satisfy that
forallj € [kl, j # i,

n n

We remark here that sometimes we consider the situation when two k-partite cylinders G
and F are simultaneously defined on the same vertex set V with k-partition (V,, ..., V)).
In such situations, we will still want to denote the j-neighbors of each cylinder. We denote
by Ng j(v) the j-neighborhood of the vertex v in the cylinder G, that is,

Ng,j(v) ={w E V;: {v, w} € G}. (1)
Similarly,

To extend the notation in (11) and (12) from a vertex v to an edge e = {v,, v,}, we write
for an integer i € {3, ..., k}

Ngide) = Ng(v1) N Ng(v2). (13)
and

NF,i(e) = NF,i(Ul) N NF,i(Uz)- (14)
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We extend our definition of J{;(G) by defining the following auxiliary set system
pertaining to a k-partite cylinder G. In what follows, by a cligue in a graph G, we mean
a complete subgraph G' C G.

Definition 10.2. For a k-partite cylinder G, denote by ¥ (G), | = j < k, that j-uniform
hypergraph whose edges are precisely those j-element subsets of V(G) which span cliques
of order j in G.

Observe that the quantity |f7{ (G)| counts the total number of cliques in G of order j,
that is, . |X|] = j, [X]* C G}|. For an (£, €, k)-cylinder G, the
quantity |f7{ k(G)| is easy to estimate, as the following fact shows.

Fact 10.3. For any positive integers k, £ and positive real 0, there exists € so that
whenever G is an (£, €, k)—cylinder with k-partition (V, . .., | =...= |Vk| = n, then

<|H(G)|< (1 + 0)

- <> <2>

Note that Fact 10.3 extends Fact 2.3. It can be proved using a standard argument from the
definition of an (€, €, k)-cylinder. As Fact 10.3 includes Fact 2.3 as a special case (i.e.,
when k = 3), we from this point on only refer to Fact 10.3.

The following definition gives a slight variation on Definition 10.2. While we only
directly use this definition a bit later, we introduce it to motivate topics soon visited.

Definition 10.4. For a k-partite cylinder G and for {x, y, 7} € H;(G), set

%@({x v, 2}) ={Y € H/(G) : {x, y, 2} € [Y]}.

In other words, %%z)({x, v, z}) is the set of all cliques in G of order j which contain {x, y,

z} as a triangle.

Observe that ]% z)({x y, z})| counts the number of extensions of the triangle { x, y, z}

to j-cliques in G. For an (€, €, k)-cylinder G, the quantity |% z)({x y, z})| is easy to

estimate. The following fact is a simple variation on Fact 10.3.

Fact 10.5. For any positive integers k, £ and positive real 0, there exists € so that
whenever G = U I=i<j=k GY is an (€, €, k)-cylinder with k-partition (Vy, . . ., V1|
= ... =|V,| = n, then all but 6ken® triangles {x, y, 7} € H(G"* U G U G*) satisfy

k k=3

(1- () < [egallx, v, 2Dl < (1 + 0) ’E> (15)
2 2

As with Fact 10.3, the proof of Fact 10.5 follows along standard lines from the definition
of an (€, €, k)-cylinder.
We now give definitions pertaining to 3-uniform hypergraphs. Recall that in Section 2
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we were interested in 3-partite 3-cylinders arising from an (¢, ¢, vy, €)-partition P of a
3-uniform hypergraph €. In this situation, each pair (V;, V;) of vertex classes of the
partition % was joined by many edge- disjoint bipartite graphs P” , S0 to specify a 3-partite
3-cylinder of # we used the notation %(P” P” P”) to denote the 3-partite 3-cylinder
of # on the triad P = (P P” P”) of 9)’ However in this section we will be
concentrating exclusively on 3 umform hypergraphs whose underlying substructure is one
fixed (¢, €, k)-cylinder G with vertex partition Vy, ..., V,, that is, each pair (V;, V,) of
vertex classes will be joined by precisely one blpartlte graph G". Here then, to spemfy a
particular induced 3-partite 3-cylinder, we need only specify the vertex classes, so we will
write #({V,, V;, V,}) instead of #(G", G*, G’*). In fact we make the following more
general definition.

Definition 10.6. Recall that any k-partite, 3-uniform hypergraph ¥ with a fixed k-
partition (V,, ..., V) is referred to as a k-partite 3-cylinder. For B C [k], we define the

B-3-cylinder of ¥ as that subhypergraph #(B) of ¥ induced on U e Vi

As in Definition 10.2, we define an auxiliary set system pertaining to a 3-cylinder #. In
what follows, by a clique in a 3-uniform hypergraph 7, we mean a complete 3-uniform
subhypergraph #' C 7.

Definition 10.7.  For a k-partite 3-cylinder ¥, denote by 5 (¥), 1 < j < k, that j-uniform
hypergraph whose edges are precisely those j-element subsets of V(#) which span a
clique of order j in ¥. Note that the quantity |f7{ ()| counts the total number of cliques
in ¥ of order j, that is, | = (X C V(%) :|X] = j, [X]? C %}

We remark that a formula for computing |J,(%)| in certain contexts, analogous to Fact
10.3, is given later in the upcoming Theorem 10.8 in the next subsection.

10.2. The Extension Theorem

We begin this subsection by formulating the following environment which will be the
setting for much of our work. Because we consider other environments later, we call the
following Setup 1. For a given integer k = 3, 3-uniform hypergraph ¢, C [k]°, @, &
positive reals, €, r positive integers, € > 0 and n a positive integer, consider the following.

Setup 1:

(1) ¥ is a k-partite 3-cylinder with k-partition (V,, ...,

2) G = U | =i<j=k GY is an underlying (€, €, k)-cylinder.

(3) For all B € $,, #(B) is (a, 8, r)-regular with respect to G(B); otherwise, for
every B € [k]\$,, H(B) = O

To help motivate our main result, The Extension Theorem, we first consider the following
related theorem proved in [12] and [13].

Theorem 10.8 (Counting Lemma). For all mtegers k =4, for all o, B > 0, there exists
a constant 8 > 0 so that, for all integers € = 5 , there exists an integer r and € > 0 so that

for n sufficiently large, whenever k-partite 3-cylinder # and G = U I=i<j=k GY satisfy
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the conditions of Setup 1 with constants k, «, 8, €, r, € and n, and 3-uniform hypergraph
$o = K, then

o(5) ()

3
LK1 = B) = |H,(90)] = St k(1 + ). (16)
5" ‘ B

We also note the following more general theorem, a corollary of which we use in
Section 10.3. For arbitrary constants k, «, 8, €, r, € and n and 3-uniform hypergraph $,,
C [k1%, suppose % and G = U _;-j=( GV satisfy Setup 1. We define the following
special set f ¢ () of copies of $, in ¥ as

L4
S go(%) = {i € <§0> VP C G}. (17)

Note that by condition (2) of Setup 1, for any $ € (;60), for any u, v € V($), u # v, the
pair {u, v} € G if there exists w € V($) with {u, v, w} € $. However, the condition
in (17) guarantees that {u, v} € G for all u, v € V($), u # v.

Then the following may be proved using Theorem 10.8 (see [13]).

Theorem 10.9. For all integers k = 4 and 3-uniform hypergraphs $, C [k]°, for all «,
B > 0, there exists a constant 8 > 0 so that, for all integers £ = 5, there exists an integer
r and € > 0 so that for n sufficiently large, whenever k-partite 3-cylinder ¥ and G
= U |=i<j=k GY satisfy the conditions of Setup 1 with constants k, a, 8, €, r, €, and n
and 3-uniform hypergraph $, then

alFl al%ol
i 1M1= B) = [Fg(H)| = — n(1 + B).

) ()

We remark that in Theorem 10.9, if $, = K}, then |¥4 ()| = |H(J0)]; thus,
Theorem 10.8 is an obvious corollary to Theorem 10.9. However, perhaps surprisingly,
using a rather straightforward argument, one may derive Theorem 10.9 from Theorem
10.8. In Section 11 we make similar arguments establishing the relationship between the
upcoming Theorem 10.12 and Lemma 10.13 of this paper.

The following corollary to Theorem 10.9 is needed for our proof of Theorem 8.2 given
in Section 10.3. The following corollary basically states that if #' C ¥ is large enough,
then the formula in Theorem 10.9 accurately counts the number of cliques K{* in 9" as
well.

Corollary 10.10. For all integers k = 4 and 3-uniform hypergraphs $, C [k, for all

a, B> 0, there exists & = 8($,, a, B) > 0 so that, for all integers £ = %, there exist r =

($Fos @, B, €), € = €($y, @, B, €) > 0, and integer ny = ny($o, &, B, £) so that, for all n =

ny, whenever k-partite 3-cylinder # and G = U15i<jsk GY satisfy the conditions of

Setup 1 with constants k, o, 8, €, r, €, and n and 3-uniform hypergraph $,, then, for any
k

' >0 — w|¥ (D H' satisfies

243 2

subsystem #' C ¥,

, where p=
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/ol !l

%I
—n*(1 - sH V()T G}s"l )
e(é)n( B) }E(}) [V($)]" C €(§>n( + B)

0

The proof of Corollary 10.10 is easy and we give it in Section 10.4.
We now state an important definition which extends Definition 10.4.

Definition 10.11. As in Setup 1, for a triple h € ¥, set
Eg(h) = {F E Sy (%) : h € F).
In other words, €4 (h) is the set of all copies $ € ¥4 () which contain h as a triple.

The main result of this section and the remainder of this paper, the Extension Theorem,
provides a formula for |€ éﬂo(h)| in the setting of Theorem 10.8.

Theorem 10.12 (Extension Theorem). Let k = 4 be an integer and let $, C [k)?, where
we assume, without loss of generality, that {1,2,3} € $,. For all reals o, ., o > 0, there
exists 8 = 8($y, a, 1, 0) > 0 so that, for all integers € > é, there exist r = r($g, @, W,
0,4{), € = €y, a, 1, 0, £), and ny = ny($o, @, W, g, £) so that whenever n = n, and ¥
and G = U I=i<j=k GY satisfy the hypothesis of Setup 1 with constants k, a, 8, €, r, €,
and n and 3-uniform hypergraph $, then all but w|¥#({1, 2, 3})| triples h € #({1, 2, 3})
satisfy

|$ol—1 |Fo|—1
G W = o) = g =
€<2)*3 ’ (5(2)*3

We now discuss a partial schedule for how we prove Theorem 10.12. To that end, we
consider the following Lemma 10.13 which is a special case of Theorem 10.12 when $, =
K> and where we are concerned only with the lower bound for [€x((h)|.

31 + o).

Lemma 10.13 (Extension Lemma). Let k = 4 be an integer. For all reals o, ., o > 0,
there exists & > 0 so that, for all integers € > %, there exists an integer r and € > 0 so
that whenever n is sufficiently large and ¥ and G = U | =i<j=k G satisfy the hypothesis
of Setup 1 with constants k, «, 8, €, r, €, and n and 3-uniform hypergraph €, = K}f), then
all but w|H ({1, 2, 3})| triples h € H({1, 2, 3}) satisfy

o §>_1

(3)-3

The schedule is then given as follows.

[€xo(h)| = n*3(1 - o).

Remark 10.14 (Theorems 10.12 and 10.13 are equivalent). One readily observes that
Theorem 10.12 implies Lemma 10.13. On the other hand, perhaps surprisingly, it is also
true that Lemma 10.13 implies Theorem 10.12. This implication is the key to our proof
of Theorem 10.12. The schedule of our proof is as follows.
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1. In Section 11, we show that Lemma 10.13 implies Theorem 10.12.

2. Our proof of Lemma 10.13 involves a rather complex argument. We give this
argument, in stages, in Sections 12 and 13. We postpone discussing how this
argument is divided across Sections 12 and 13 until we are in context.

We close this subsection with following technical comment.

Remark 10.15. We prove Lemma 10.13 for the case when k = 5 rather than in its fullest
generality when k = 4. We comment that the proof of Lemma 10.13 when k = 4 is in
fact easier than when k = 5, but its proof would require some of its own notation and
space to formalize. Because the details and strategy of the proof for k = 4 are subsumed
and indeed well surpassed by the proof we present for the case k = 5, we omit them here.
The reader is encouraged to see the paper [6] for the essential ingredients of the proof of
Lemma 10.13 in the case that k = 4.

We also mention that not only can our proof of Lemma 10.13 for k = 5 be altered,
indeed simplified, to give the proof for k = 4, it also true that Lemma 10.13 for k = 5
implies Lemma 10.13 for k = 4. A proof of this claim is along straightforward lines.
However, for the sake of a fluid exposition, we omit these details as well.

10.3. Proof of Lemma 8.2

In this subsection, we give the proof of our required application, Lemma 8.2, using
Corollary 10.10 and Theorem 10.12.

Proof of Lemma 8.2. Let $, A and « be given. We define ¢ = min
k
{610.10(}0, o, /\), 810_12(}0, o, Ol<3> )\/24](3, )\)} Given ¢ > 1/5, let

k
= max{nlo.l()(}o’ «, A’ e)’ nlO.lZ(}O’ «, a(3>)\/24k3, )\’ 6)}’

n

—_

k
= max{rlo.l()(}()’ a, A? 6)’ r10.12(§07 «, a(3)/\/24k3’ A’ e)}v

~

and

m

k
= min{elo_lo(}(), Qa, /\, €), 610‘12(}0, a, 0((3))\/24]{3, /\, €)}

Let ¥ and G be as in the statement of the lemma, and let ¥, be the subhypergraph of
€ defined by

%,= U %G, G*, G").
{iJ.s1ESo0

Then, by the hypotheses of the lemma, ¥, and G satisfy the hypotheses of Setup 1 with
constants k, «, {, €, r, €, and n (see the remark before Definition 10.6). Therefore by
k
Theorem 10.12, for each {i, j, k} € $,, allbuta u = a<3>)\/24k3 proportion of the
k
triples in ,({i, j, k}) satisfy |%§O(h)| < (1 + )\)a”flnk”/f(?) ~3. For each {i, j,
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k} € $,, we remove those triples from 3€,({i, j, k}) which do not satisfy this. We call
the resulting subhypergraph ', then |%'| = (1 — w)|¥,|, and Property (a) holds for %’.
Now by Corollary 10.10, since |#'| = (1 — w)|%,| we have that [Fg,(%")|] > (1

k
— NaPntle <2>, proving Property (b). .

10.4. Proof of Corollary 10.10

In this subsection, we give the proof of Corollary 10.10. We begin by defining the
promised constants.

Definitions of the Constants. Let integer k = 4, 3-uniform hypergraph $, C [k]* and
positives «, 3, w be given where

k
a(3)B 18
<—7.
M 1213 (13)
Define auxiliary constant 8’ so that
B' < g (19)

Let

8 = d199(k, $0, @, B')

be that constant guaranteed by Theorem 10.9.
Let € > % be a given integer. Let

r= r10.9(k9 }O’ o, B,’ 85 €)’
€ = €9k, $0, @, B', 5, €)

be those constants guaranteed by Theorem 10.9. With the constants k, €, and 6 = 1, let
€ = 610.5(](, 6, 6)

be that constant guaranteed by Fact 10.5. Let €” > 0 satisfy

eeex) g
<
NOREE
Let
€ = €033, ¢, 1)

be that constant guaranteed by Fact 10.3. Set
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€ = min{€, €, €, €"}. (20)
This concludes our definitions of the constants.

Proof of Corollary 10.10. Suppose k-partite 3-cylinder % and G = U15i<jsk GY
satisfy Setup 1 with constants k, «, 6, €, r, €, and n, where n is sufficiently large, and
3-uniform hypergraph $, C [k]°.

;;l = Hye(?) [W)PCGH Z> WL+ B).

Let 7' C C to be the set of all 4 =
{x,y, 7} € H\H' such that the triangle { x, y, z} violates the upper bound in (15) with
constant § = 1. By Fact 10.5,

k
%] < 6ek( >n3 < ek*n’. (21)

3

Let #, = (#\H'N\H,, and note that all triples 1 € ¥, satisfy

-3

o] <2 (22)
e(z)—
Define sets
F={PEFg() : $N(FH\H") + T},
S ={5ES:$N%K D),
92:{9692}0%27&@},
so that
F=FUS,
Since any h € ¥, satisfies |%;(2)(h)| = n*73, we see from (21) that
k
19, < ekt (23)

Using (22), we see
|Fo| <2|1F0\FH'| ——
(5( )*

, where [9|=3 5 0| H(B)| <2k’ " ™ [cf. (20)], we have

and since
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k

|Fs| < duk? n—k (24)
¢(2)
We now bound |{$ € (?50') : [V($)]* C G}|. Using Theorem 10.9,
ol | | ol )
nf(1 = B') = |F4(%)| = n"(1+ '), (25)
«®) ! ®"
from which it trivially follows that
¢! %ol
{}E((?):[V(j)]ngH n(1+B). (26)
0 ¢(3)
However, we easily see
' 5
€l g,) VIFCG| =9530] = [F] = [F5,0] = [91] = [92].
We obtain from (23), (24) and (25) that
' al%ol e(2) + 4pp’
‘ EE(%) [V($)PCG "( - ,_e—kM
0] o(3)
However, by (18), (19) and (20), we see
{se(b):vorcd)| = « )
€ Vv cG -B
J «®) )
Coupled with (26), the above inequality completes the proof of Corollary 10.10. "

11. EXTENSION LEMMA IMPLIES EXTENSION THEOREM

In this section, we show that the Extension Lemma, Lemma 10.13, implies the Extension
Theorem, Theorem 10.12. This implication will be shown in steps. We first give a general
discussion of these steps before going into details.

The following setup is a slight variation of Setup 1. As a result, we refer it as Setup 1'.
Let an integer k = 4 be given. Unlike Setup 1, we only define Setup 1’ in the case that
$o = K'P, thus, we from this point onward suppress the mention of the 3-uniform
hypergraph $, in regard to Setup 1’. For a set of positive reals {ay : B € [k]’} and
positive real 8, for given positive integers r and ¢ and positive real €, for a given positive
integer n, consider the following environment:
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Setup 1'.
1. 7€ is a k-partite 3-cylinder with k-partition (V,, ..., V,),

2. G = U]§i<jgk GY is an underlying (¢, €, k)-cylinder.
3. For all B € [k]?, #(B) is (g, 8, r)-regular with respect to G(B).

Vil=--=1v,| =n.

Note that an important difference between Setup 1 and Setup 1’ is that, in the latter,
densities over distinct triads are allowed to differ.

The following lemma serves as a bridge between the Extension Lemma and the Extension
Theorem. For this reason, we refer to the following lemma as the “Intermediate Lemma.”

Lemma 11.1 (Intermediate Lemma). For k = 4, for all sets {ay: B € [k]} of positive
reals, for all w, o > 0, there exists & > 0 so that for all integers € > %, there exists r and
€ so that whenever n is sufficiently large and ¥ and G = U I=i<j=k GY satisfy the
hypothesis of Setup 1' with parameters k, {oz: B € [k]3}, 86>0,4,r, € and n, then all
but w|#({1, 2, 3})| triples h € ¥H({1, 2, 3}) satisfy

HBE[kP\{l,Z,S}aB

e(5)-

Hpeppyi 2328 -3

Wﬂ (1+0’).

n* (1 = o) = [€x(h)| =

Observe that Lemma 11.1 extends Theorem 10.12 from Setup 1 to Setup 1’ in the
special case $, = K'*. It will be easy to show, however, that Lemma 11.1 quickly
implies Theorem 10.12 in its entirety. We give a proof that Lemma 11.1 implies Theorem
10.12 in Section 11.3. It remains, therefore, to discuss how the Extension Lemma, Lemma
10.13, implies the Intermediate Lemma, Lemma 11.1.

Lemma 11.1 is a trivial combination of the following two assertions. The first assertion
states the lower bound of Lemma 11.1.

Proposition 11.2 (Lower bound of Lemma 11.1). For k = 4, for all sets {ay : B € [k]’}
of positive reals, for all ., o > 0, there exists & > 0 so that for all integers € > }5, there
exists r and € so that whenever n is sufficiently large and ¥ and G = U I=i<j=k GY
satisfy the hypothesis of Setup 1’ with parameters k, {og: B € [k]3}, 6>0,4,r, € and
n, then all but M|‘3€({1, 2, 3})| triples h € #({1, 2, 3}) satisfy

M pepipyi 2.3
U )

6(2 -3

[€x(h)] =

The second assertion states the upper bound of Lemma 11.1.

Proposition 11.3 (Upper bound of Lemma 11.1).  For k = 4, for all sets {ay : B € [k]*}
of positive reals, for all ., o > 0, there exists & > 0 so that for all integers € > %, there
exists r and € so that whenever n is sufficiently large and # and G = U I=i<j=k GY
satisfy the hypothesis of Setup 1’ with parameters k, {ag: B € [k]3}, 6>0,4,r, € and
n, then all but w|¥({1, 2, 3})| triples h € H({1, 2, 3}) satisfy
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Hpeppyi 23128 -3
— VK nh
¢(2)-3

To prove Lemma 11.1, it suffices to prove each of Propositions 11.2 and 11.3. In the
following remark, we state the strategy and schedule of Section 11.

[€xa(h)| = (1+ o).

Remark 11.4. The thesis of Section 11 is as follows: The Extension Lemma, Lemma
10.13, implies the Intermediate Lemma, Lemma 11.1, which in turn implies the Extension
Theorem, Theorem 10.12. Symbolically,

Extension Lemma => Intermediate Lemma => Extension Theorem.

=

In Section 11.1, we show the Extension Lemma implies Proposition 11.2.

In Section 11.2, we show Proposition 11.2 implies Proposition 11.3.

3. Clearly, Proposition 11.2 and Proposition 11.3 combine to assert the Intermediate
Lemma.

4. In Section 11.3, we show the Intermediate Lemma quickly implies the Extension

Theorem.

g

11.1. The Extension Lemma => Proposition 11.2

We show that using Lemma 3.5, Proposition 11.2 is just a straightforward corollary of
Lemma 10.13. In our proof, we employ Lemma 3.5. To that effect, we recall Lemma 3.5
in language slightly more suitable for our need here.

Lemma 11.5. Let a, 8, € be given positive reals with & < § and let € and r be given
positive integers. Let «' be a given positive real satisfying o' = «, and let 3-partite
3-cylinder ¥ and underlying graph G satisfy the hypothesis of Set Up 1 with constants k =
3, a, 8, €, r, and €. Then there exists a family

%:{%1""’%p}
of 3-partite 3-cylinders with the following properties:

(i) p = L=l

(D) %, N H; = O for all {i, j} € [p]*, and U,E[,,] % C 9.

(iii) For each i € [p], ¥, is (a', 28, r)-regular with respect to the underlying (€,
€, 3)-cylinder G.

Proof of Proposition 11.2. Let k = 4 be a given positive integer and let {ayz : B €

[k]?} be a given set of positive reals. Let w, o > 0 be given. Define auxiliary positive
constants «, o’ to satisfy

o
(1 — U')HBe[k]S\{l,z,s}(l - 013) >1-o, (27)
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a< % (28)
Define auxiliary positive constant p' to satisfy
jé%;<:ﬁf. (29)
Let
81013 = S10.13(k, @, ', 0')
be that constant guaranteed by Lemma 10.13. Set
)
5= 1;.13 . (30)
Let € > % be a given positive integer. Set
r=rio1s = roslk, a, p', o', 8, €),
€10.13 = €10.13(k, o, ', o', 8, €) (31)
to be those constants guaranteed by Lemma 10.13. For the constant § = 1/4, set
€103 = €103(3, €, 1/4)
to be that constant guaranteed by Fact 10.3. Set
€ = min{ejo.13, €03} (32)

For n sufficiently large, suppose 3 and G = U |=i<j=k G satisfy the hypothesis of
Setup 1’ with the parameters k, {ag : B € [k]3}, 6>0, ¢, r, € and n. We show that
all but w|#({1, 2, 3})| triples h € H({1, 2, 3}) satisfy

IT 3
Exo(h)| = OEIP1L.23195 73 (1 — o). (33)
p K
e(2)-3

For each B € [k]°, with the constants a, 8 from (30), £, r from (31), € from (32) and
auxiliary constant « from (27) and (28), use Lemma 11.5 to decompose #(B) into a
family

H(B) = {9,(B), . .. , %,,(B)}, (34)
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pp = L%J, of pairwise disjoint 3-partite 3-cylinders, each of which is («, 26, r)-regular with
respect to the (€, €, 3)-cylinder G(B). Define

to be the set of all vectors of length (5) whose B-coordinate is an integer i, as given above.
For convenience of notation, we denote the B-coordinate of a vector 7 € $ by i(B). For
1 =i{03) = P(123) define $(i(,,3) = (1€ 9 :i({1,2,3)}) = i[53} Foreach
1€ 9, letd; = UBe[kP Hi(s)(B), where ¥; 5 (B) is given in (34). For h € #({1, 2,
3}), let

o
92{(ZB)BE[k]3,1SlBS‘ ;B

P(h) = {i{l,z,a} ithe %i{1,2,3}({1, 2,3} }
0 ith ¢ U I=inaa=pias Hinas{1 2, 3}),
where p,,5 = L% 1
Fixi € $. Forh € %7({1!2’3})({1’ 2’ 3}), define

%@Mﬂ={¥e%g%ﬁ:he[ﬂﬂ. (35)

Note that %?:(73)(]’1) is just the set of copies of K{* in ¥ which contain the triple /.
k

We first show that for the fixed 7 € $, Lemma 10.13 implies that most triples & €

H(1.2.3)(11, 2, 3}) are such that the set %ffé

k
satisfies the hypothesis of Setup 1 with constants k, a, 286 = 6,45 [cf. 30)], ¢, r =
rio.13 [cf. 31)], and € = €, 15 [cf. (11.1)]. As a result of our constants k, o, 26 = 8, 13,
€, r = rip.3 and € = €5 appropriately given, we apply Lemma 10.13 to ¥; to

conclude that all but w'|#;; ».3y,({1, 2, 3})| triples h € H;((, 2.3),({1, 2, 3}) satisfy

)(h) is large enough. Indeed, note that J¢;

k
a\3

e(3)-

Our next step is to show that whenever & € #H ({1, 2, 3}) satisfies the inequality in
(36) for every i € $(Ji(h)), then h also satisfies (33). To that effect, note that for 1 =

i{1,2,3} = P23y

)i

|%§ii;)(h>| = n* 31— o). (36)

. ap
|5ﬁ(l{1,2,3})| = HBE[k]3\{1,2,3}

L o |
Define
Haooa{1, 2, 3}) ={h € #({1, 2, 3}) : s(h) # 0 and £ satisfies (36) for all 7 € $(Y(h))}.

Set
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%bad({l’ 2’ 3}) = %({1’ 2, 3})\%good({1a 2, 3})

As an immediate consequence of (36), for each h € ¥,,4({1, 2, 3}),

|<£K§<3)(h)| = 2 |%K<z)(h)|
€I (P(h)

« ];)71

= f(k) R ”k_3(1 - 0")|‘g)(¢’(h))|
5)-
a(§>_l

_ , ap
= (k)_ n* (1 — o) peppyiaz { — J
€ 2 3 o

HBE[k]3\{1,2,3}aB _ o
= kink 3(1 - U,)HBE[k]3\{l,2,3} I——
e( 3 o

B

As a result of our choice of « in (27), we further conclude

Hpeppyi 2z k=3
— N N

[ €k (h)| = x

! 2)‘3

With each h € #,,,4({1, 2, 3}) satisfying (37), all we need to show to complete the
proof of Proposition 11.2 is that #,,4({1, 2, 3}) satisfies |#,,4({1, 2, 3})| < p|%({1, 2,
3Dl

We begin by estimating the number of triples 7 € # ({1, 2, 3}) for which ys(h) # 0
and where there exists 7 € $(ys(h)) for which i and 7 fail to satisfy (36). To that end,

recall that Lemma 10.13 ensures that for each 1 = i ,3, = LMJ for each 7 €
3’(1{123}) all but p’ |?€,(m)({l 2, 3})| triples h € %, (1152, 3}) satisfy (36). For
1 = i3, = P(1223)> define H,4; nay({1,2,3}) to be the set of all i € ¥, e (L1

2, 3}) such that there exists 7 € (i, 1’2,3}) for which & and 7 fail to satisfy (36). We wish
to bound

(1 —-o0). (37)

U ' %o (1,2,30).

1=<i{1,2,3}=p{1,2,3}

We first note that by Lemma 10.13, for i, , 3, fixed,

|%bad,i{1,z,3}({la 29 3})| = M’|%i{1,z,3)({1’ 2’ 3})||§(i{1,2,3})|-

Note that since %, ({1, 2, 3}) is (a, 28, r)-regular with respect to G'?UGP UG,
then

3
n
%251, 2, 3D] = (@ + 28)|[H3(G? U GP U G| = 2a 03

where the last inequality follows from Fact 10.3. Thus, we see that
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3
n

|%bad,i{1,2,3‘,~({1’ 2, 3})| = 2[.L/a 3 |§(l.{1,2,3})
€

s

’ n3 L
=2n'a V&l Hpeppyias :

o

Thus, with p; 54, =L"22],

o

U %bad,i{l,2,3}({17 2, 3})

1=i=p{1,23}

, l’l3 ap
= Z[L aFHBE[kP . (38)

a

Note that %,q({1, 2, 3\U 1=i=p1.2.3) Hovadi2.5({1> 2, 3}) is just the set of all triples
h € #({1, 2, 3}) for which ys(h) = 0. However, by Property (i) of Lemma 11.5, we
see that

‘ %bad({lv 27 3})\ U %bad,i(l,2,3}({1’ 2’ 3}) = a|%({17 2’ 3})| (39)

I=i=p{1,2,3}

As a result of (38) and (39), we see

|#paa({l, 2, 3D)| =

U %bad,in.z,s}({l, 2, 3})

I=i=p{1,2.3}

%bad({]’ 2, 3})\ U %bad,i{l,z,a}({ls 2, 3})

1=i=p{1,2,3}

J’_

k)

, n3 ap n3
<2am F HBE[kP ; +2 F a3,

n3

= aq23) il

2u'
— + 2
a(g)fl ¢

As a result of (28) and (29), we further conclude

3 3
e wn] n
|#paa({1, 2, 3D = o123 Blat 4] =5 123 g (40)

Since ({1, 2, 3}) is (a(; 5.3y, 8, r)-regular with respect to G U G U G*, we see
that

{123} n:
2

|7 ({1, 2, 31| = (agas — 9)|H3(G? U GP U GH)| > (41)

where the last inequality follows from Fact 10.3. Thus, comparing (40) with (41), we
conclude
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|Hnaa({1, 2, 3| < pl#({1, 2, 3})

b}

and the proof of Proposition 11.2 is complete. "

11.2. Proposition 11.2 = Proposition 11.3

We show Proposition 11.3 quickly follows from Proposition 11.2. We begin by defining
the promised constants.

Definitions of the Constants. Let k = 4 be a given integer, let { o, : B € [k]°} be a set
of positive reals, and let u, o > 0 be given. Define auxiliary positive constants w’, o’, and
6 to satisfy

0+ o' - 4
HBe[k]3aB > “42)

k
(2(3) + Dp' < % 43)

Let $ be the set of all binary sequences of length (4). For each j € ¢, for each B €
[k]?, denote by j(B) the B-coordinate of j. For j € ¢, define s(j) = {ay(j) : B €
[k]?}, where, for each B € [k]°,

S
For j € ¢, for the parameters k, A(7), n', o', let
31, = 8illa(k, (). w'. o)
be the constant guaranteed by Proposition 11.2. Set
6 = min 8(171).2. (45)

jeg

Let € > %be a given integer. For j € $, for the parameters k, 4(j), ', o', 8, and
£, let

r(lyl).z = r(ljl).Z(k’ A(G), u', o', 8, ),

ey = el (k, A (), ', 0", 8, €)

be those constants guaranteed by Proposition 11.2. Set



284 HAXELL, NAGLE, AND RODL

r = max "<1]1),2,

jeg

€, = min 6(171),2. (46)

j€s
For k, 6, and € given above, let
€ = €5k, 0, €)
be that constant guaranteed by Fact 10.5. Let €’ > 0 satisfy

, @123}

ke"¢3 <
6ke wy

Let

1
€ = 610.3(3, €, 4)

be that constant guaranteed by Fact 10.3. Set

€ = min{e, €, €', €"}. 47
This concludes our definitions of the constants.
Proof of Proposition 11.3.  Suppose that % and G = U |- i<j= G" satisfy the hypoth-

esis of Setup 1’ with parameters k, {ay : B € [k]3}, 6> 0, ¢, r, € and n sufficiently
large. We show that all but w|%({1, 2, 3})| triples » € # ({1, 2, 3}) satisfy

HBE[k]3\{1,2,3}aB
ek = —— 5 —
6(2 -3

To that end, recall we earlier defined $ to be the set of all binary sequences of length
(%). For each j € ¢, consider ¥ = UBE[k]3 #5(B), where

nk3(1 + o).

_ [%(B) if j(B) =1
¥;5(B) = {9{3(G(B))\%(B) if j(B) = 0.

Note that if j(B) = 1, then d%](G(B)) = oy, and otherwise, dg@](G(B)) =1—- ag

For convenience of notation, set $, = {j € $ : j({1, 2, 3}) = 1}. Fixj € $,. For
a triple h € ({1, 2, 3}), define

%Z@)(h) = {Y € Hu(%;) - h € [Y]}.
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Define #€°°Y({1, 2, 3}) C ({1, 2, 3}) to be the set of triples h = {x, y, z} € #H({l,
2, 3}) which satisfy the conclusion of Fact 10.5 with constant 6 from (42) and such that
for every choice j € $,, h satisfies

. I ap(])
|%?§é)(h)| - Be[k]3\{]1,2,3} B\J n"*3(1 —_ (48)
, e(3)-3

where a () is given in (44). Then, for each h € #H€°Y({1, 2, 3}), observe

G nk*3
> [y (h)| [€ ()| = —m— (1 +0),
, ¢(2)-3

JES

where the last inequality follows from Fact 10.5 and our choice of € in (47). Denoting 1=
1,..., 1) € $,, the sequence of all 1’s, we see by Proposition 11.2 that for & €
FEo0((1, 2, 3)),

nk—3
(1 +0) = |<5K43>(h)|+ S 18 ()|
e(3)-3 jESNY
I .
= (g0 + 3 peP29980) s gy a)

jegd) €<2>*3

As #; = ¥, note that %?ﬁ;)(h) = %ng)(h). It thus follows from (49) that
k

-3
[€x(h)] = () 1+0—(1—0) 2> Tepppaznas() |- (50)
2 jeNi}

Note that with ag(j) defined in (44), B € [k]3\{ 1, 2, 3}, we have

> Mpeppuanas(G) = Mpeppasas + (1 — ap) = 1. (51)
JjEH

Thus, we conclude from (50) and (51) that
n -
[Expl =y [+ 0= (1= o)1 = HpegrazgasD)]
€\2)~

However, for each B € [k]°, aB(i) = apg; thus

k=3
|%Id3)(h)| =—"7n €< ) [ pepppizzag + 0+ o'l
2

nk=3 0+ o’

=11 3 « 1+ .
BEEN12575 g(lﬁ)% M pepgp 23128
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With our choice of 8 and ¢’ in (42), we see that, for each h € #€°Y({1, 2, 3}),

k=3
n
|%Kf’(h)| = Hpeppyiznas —7m— (1 + 0).
(3)-3

Thus, to prove Proposition 11.3, we need only show |#({1, 2, 3})\HE°V({1, 2, 3})|
< w|F({1, 2, 3})|. However, recall that %({1, 2, 3}\#€°Y({1, 2, 3}) is just the set of
triples h = {x, y, z} € #({1, 2, 3}) which for some j € ¢, fail to satisfy (48) or fail
to satisfy Fact 10.5 with the constant 6.

However, for each j € $,, due to our choices of 6 in (45), r in (46) and € in (47), it
follows that we may apply Proposition 11.2 to 5 and G = U 1=<i<j=<k GY to conclude
that all but w'|%€({1, 2, 3})| triples 1 € ({1, 2, 3}) satisfy (48). Since all but 6ken*<u'

%'I’fj < w'|#({1,2,3})| [cf. (47)] triples h € H ({1, 2, 3}) satisfy the conclusion of Fact

10.5 with the constant 0, we conclude

96({1, 2. 3paeed (1, 2, 31| < 2(5) + D1, 2. 3| = plge1. 2, 3})

k)

where the last inequality follows from our choice of u’ in (43). Thus, the proof of
Proposition 11.3 is complete. "

11.3. Intermediate Lemma = Extension Theorem

We use Lemma 11.1 to prove Theorem 10.12.

Proof of Theorem 10.12. Let k = 4 be an integer and let $, C [k]® be a 3-uniform
hypergraph containing {1, 2, 3}. Let «, u, and o be given constants. Set

8 =011k, {a}, u, 0)
to be that constant guaranteed by Lemma 11.1. Let € > % be a given integer. Set

r=riak, {a}, u, 0,8, €),
€= ell.l(ks {a}9 M, O, 8’ f),

to be those constants guaranteed by Lemma 11.1. Suppose # and G = U I=i<j=k G/
satisfy the hypothesis of Setup 1 with parameters k, o, 6 > 0, €, r, €, and n, where n
is sufficiently large, and 3-uniform hypergraph $,. We show that all but w|#({1, 2, 3})|
triples h € ({1, 2, 3}) satisfy

alFol-1 alfol-1

€<§>_3 nk73(1 —0)= |(£$o(h)| = 6(5)_3

To that effect, we construct the following auxiliary 3-cylinder g,
= UBE[kP ¥ 4,(B), where

k31 + o).
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%(B)  ifBES
%%w):Lm«mm it ¢ fo.

Note that #4 ({1, 2, 3}) = #({1, 2, 3}) (by the hypothesis of Theorem 10.12). Note that,
for every triple h € #({1, 2, 3}),

¥g,

%J’o(h) = %Kf)(h)

Note that #; and G = U <i<j=i GV satisfy the hypothesis of Lemma 11.1 with the
following parameters: k, set {ay : B € [k]?}, where

_ [0 lfBE}()
“B=11 ifB e $,

w, o, 8 = 8,, ,(k, {ag: B € [kK]’}, w, 0), £, r = 1|, (k, {ay: B € [k]’}, u, o,
8, ¢), and € = €, ,(k, {ap: B € [k]’}, m, o, 8, €). Thus, by Lemma 11.1, all but
w#g ({1, 2, 3})| triples h € Ho({1,2,3}) = ({1, 2, 3}) satisfy

HBe[k]3\{1,2,3}aB k=3
VK nh
{3(2)*3

%j 0

II 3 «
AR (1 — ) = [e )| =
k

e(5)-

(1+ o).
With ay = 1 for all B ¢ $,, Theorem 10.12 is proved. .

12. THE EXTENSION LEMMA AND THE SPARSE-LINKS LEMMA

In this section, we give a slight restatement of the Extension Lemma in terms of the
upcoming so-called “Sparse-Links Lemma,” Lemma 12.10. In this section, we develop the
Sparse-Links Lemma and show that the Extension Lemma follows rather quickly from it.
The Sparse-Links Lemma is difficult to prove and follows from some nontrivial tools
developed in [13]. It is for this reason we choose to work in the upcoming technical
language of [13].

The following remark gives the schedule and a partial strategy for the remaining parts
of this paper.

Remark 12.1. The rest of this paper is organized as follows.

1. In Section 12.1, we present definitions needed to present the upcoming Sparse-Links
Lemma, Lemma 12.10. We also present Lemma 12.10.

2. In Section 12.2, we confirm that the Sparse-Links Lemma easily implies the
Extension Lemma.

3. In Section 13, we prove the Sparse-Links Lemma. This section involves a complex
argument.
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12.1. Definitions, Facts and the Sparse-Links Lemma

We begin this section by defining an extended notion of regularity for cylinders. In the
following, we abuse the Cartesian product notation for sets A and B by writing A X B =
{{a, b} :a € A, b € B}.

Definition 12.2. Let vy, 8 be positive reals, let r be a positive integer and let F be a
bipartite graph with bipartition (U, V). We say that F is (vy, 6, r)-regular if for any r-tuple
of pairs of subsets ({Uj, Vj});zl, Uu,cuVv,Cv, 1 =j = r, satisfying

>

U U; XV
j=1

> §|U||V]

the following holds

Fn U @, xv)
j=1

> . (52)

U w;xv)
j=1

Note that it follows directly from the definition that if F is (y, 8, r)-regular, then F is also
(ry, &', r')-regular for any 6’ = 6 and positive integer r’ = r. We will use this fact
repeatedly. Also, note that in (52), only a lower bound is considered. However, in
application, Definition 12.2 is closely tied with the upcoming Definition 12.5, where we
will be concerned only with lower bounds of the quantity given in (52).

The following fact about (v, 6, r) graphs is an easy consequence of Definition 12.2.

Fact 12.3. Let v, 6, and r be given, and suppose F is a bipartite graph with bipartition
(U, V). If F is (v, 6, r)-regular, then all but 8|U| vertices u € U satisfy

IN()| > y|V].

Typically, when we encounter (vy, 8, r)-regular bipartite graphs, they will be sub-
graphs of other highly regular bipartite graphs. This situation prompts the following
definition.

Definition 12.4. Let vy, 6, € be given positive reals, let r, € be given positive integers, and
let F, G be two given bipartite graphs, each with bipartition (U, V). We call the ordered
pair of graphs (F, G) a (v, 6, r, £, €)-regular couple provided

(i) F C G,
(ii) F is (v, O, r)-regular,
(iii) G is an (£, €, 2)-cylinder (i.e., a (%, €)-regular pair).

Note that in the definition above, F being (y, 8, r)-regular only ensures a lower bound
of vy on the density described in (52). With G being an (€, €, 2)-cylinder, Definition 2.1
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ensures that the density of a bipartite subgraph of G on subsets U’ C U, |U’'| > €|U|,
V' C V, |V'| > €V], is roughly .

Related to Definition 12.4, the following environment is used pervasively throughout
this section. Since we considered other environments earlier, we call the following Sefup
2. For constants k, a, 8, €, r, € and n, we consider the following situation for pairs of

graphs G and F.

Setup 2.

@ G = Ulsi<jsk GY is an (€, €, k)-cylinder on k-partition (V,, ..., V,),
=...=1V] = m.

®F=U,_- =k F" is a k-partite cylinder defined on the same k-partition (V, .. .,
V).

(©) For each {i, j} € [k]?, (FY, GY) is an (“;25, 8, r, £, €)-regular couple.

Vil

The following definition relates to Setup 2. That following definition relates to Setup
2 will not be apparent until the upcoming Fact 12.6.

Definition 12.5. Let % be a k-partite 3-cylinder with k-partition (V,, ..., V,), and let
¢ =U I=i<j=k GY be an underlying k-partite cylinder. Let i, j, 1 < i <j =k, be integers
and let x € V,. We define the {i, j}-link graph of x, LY, as
L= {{y, 2} € G'ING(v), Ng,;(0)] : {x, y, 2} € %}, (53)
We further define the link graph of x, L, as
L= U i
1<i<j=k

The following fact, given in Fact 4.9 of [12], connects Definition 12.5 to Setup 2. One
can view this fact as partly projecting Setup 1 onto Setup 2 (cf. Remark 12.7).

Fact 12.6. For all a, 6 > 0, o > 28, and for all positive integers k = 3, £, and r, there

exists € > 0 so that whenever n is sufficiently large and ¥ and U |=i<j=k GV satisfy the
conditions of Setup 1 with the constants k, «, 8, €, r, € and n, then

(a) all but 4(k — 1)en vertices v € V| satisfy that, for each i € {2, ..., k},

n n
1 (1 =€) =|Ng,(v)| 52 (I+e),

(b) all but 2(k;l)\/5n vertices v € V| satisfy that, for each i, j, 1 <i <j =k,
I
(LY, GY[Ng i(v), Ng (v)]) is an (“*7”5, \/5, ¢, r, 2€ €)-regular couple.

Remark 12.7. Observe in Fact 12.6 that the graph L, = U 1<i<j=k LZ plays the role of
“F” in Setup 2 and the graph U 1<i<j=k GY[Ng i(v), NG j(v)] plays the role of “G” in
Setup 2. Note, as well, the “asymptotic” quantity “n/€” plays the role of m in Setup 2.
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Thus, Fact 12.6 asserts that in the context of Setup 1, with appropriate constants, most
vertices v € V, give rise to graphs L, and U 1<i<j=k GY[Ng i(v), Ng_j(v)] satisfying the
conditions of Setup 2.

Fact 12.6 prompts the following definition.
Definition 12.8. A vertex v € V, is said to be a good vertex if it satisfies

(a) for each i € {2, ..., k},

n n
7 (1 =€) = [Ng,(v)| =7 (I +e),

®) for all i, j, 1 < i < j = k (LU, G'INg(v), N, (0)]) is an (*=2,
\/5, €, 1, 2¢ €)-regular couple.

By Fact 12.6, we see almost all vertices v € V| are good vertices.
The following definition addresses the thesis of the Sparse-Links Lemma, Lemma
12.10.

Definition 12.9. For positive o and a good vertex v € V|, a link edge e = {x,y} € L??
is said to be g-sparse with respect to v if the triple {v, x, y} € € satisfies

-1

850, % YD = e nk (1 = o)
e ¢(5)-3

(cf. Definition 10.11). In other words, if {v, x, y} € ¥ is contained in no more than

ag((?) — nk—3(1—0) copies of KY.

We now present the Sparse-Links Lemma.

Lemma 12.10 (Sparse-Links Lemma). Let k = 5 be an integer. For all positive reals «,
B, o, and vy, there exists & > 0 such that, for all € > %, there exists r and € so that
whenever n is sufficiently large and ¥ and G = U I=i<j=k GY satisfy the hypothesis of
Setup 1 with the constants k, o, 8, €, r, €, and n and 3-uniform hypergraph $, = K;f), then,
for all but fewer than Bn good vertices v € V,, the number of link edges of v in L> which
are a-sparse with respect to v is less than y7 (7 (1 + €))°.

12.2. Proof of Lemma 10.13

In this section, we use Lemma 12.10 to prove Lemma 10.13. We begin by defining the
promised constants.

Definitions of the Constants. Let k = 5 be a given integer, and let «, u, o be given
positive reals. Define auxiliary positive constants 3, vy, w; so that
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a a
28 + 2y < I BE (54)
2 8
Let
812.10 = d12.10(, B, T, ) (55)

be that constant guaranteed by Lemma 12.10. Set 6 > 0 to satisfy

3 = 31210 (56)
Mo
2](2\;%5 T (57)
Let € > %be a given integer. Let
r= rlZ.lO(a9 B’ g, v, 812.1()9 6) (58)

be that constant guaranteed by Lemma 12.10.
Let

€12.10 = €12.10(e, B, 7, ¥, 812,10, €, F12.10) (59)

be that constant guaranteed by Lemma 12.10. Let
€126 = €ngla, 8, €, 1) (60)

be that constant guaranteed by Fact 12.6. Set € > 0 to satisfy

Lt
€ = min Aged €12:100 €126 (- (61)
This ends our definitions of the constants.

Proof of Lemma 10.13. Suppose k = 5 is a given integer, and let «, pu, o, be given
positive reals. Let & > 0 be given by (56) and (57). Let £ > %be a given integer, and let
r and € be given in (58) and (61) respectively. Let ¥ be a k-partite 3-cylinder and G
= U | <i<j<k GY an underlying cylinder of 9¢ which together satisfy the conditions of
Setup 1 with constants k, «, 6, €, r, €, and n, where n is sufficiently large, and triple
system $, = K{*. We show that all but w|%¢({1, 2, 3})| triples » € ({1, 2, 3}) belong
to at least

a(§>_l
()3

nf3(1 - o)

copies of K.
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We define a set ¢’ C ({1, 2, 3}) so that [J'| < w|#({1, 2, 3})| and so that every triple
h € #({1, 2, 3})\F’ belongs to at least

e(3)-3

copies of K{». Consider the following sets:

731 - o)

(1) Let S, C V, be the set of all good vertices (cf. Definition 12.8). We determine the
number of triples 2 € ({1, 2, 3}) which are incident to vertices in V,\S, by using
Fact 12.6. Indeed, by our choice of € in (61), € = €,, ¢(«t, 8, €, r), thus, we may
apply Fact 12.6 to # and G = U 1=i<j=k G” with the constants k, «, 8, €, r, €, and
n.

(a) Let §; C V, be the set of all vertices v € V, such that

n n
E(l —€) <|Ngi(v)| <E (I +e (62)

foralli = 2, ..., k. Note that by statement (a) of Fact 12.6, |S,| > (1 — 4ke)n.
Let 3¢, be the set of all triples h € #({1, 2, 3}) such that there exists a vertex
v € V\S, with v € h. Note that

|%€,| < 4ken. (63)

(b) Let S, C §, be the set of all vertices v € §; such that forall i, j, 1 <i <j =

k, (Lij Gij(v, G))isan (¢ 7€2 b X \/5, €, r, 2€ €)-regular couple. We conclude from

statement (b) of Fact 12.6 that |S,| > (1 — k*V/8)n. Let %, be the set of all
triples & € ({1, 2, 3}) such that there exists a vertex v € S,\S, with v € h.
Note that since each v € §,\S, satisfies (62), each such vertex could be contained

in at most 7 (1 + €)(3(1 + €))? triples h € ¥ ({1, 2, 3}). Thus,

2 1 3
|?€2|<k2\/5n<’;(1 +e)) (6(1 —I—e)) <2k2\/§%. (64)

Note that, by (63) and (64), the number of triples h € ({1, 2, 3}) which are
incident to vertices in V,\S, is no more than (4kef> + 2k* \/5) ’;%

(ii) Let 3¢5 be the set of all triples & = {v, x, y} € #({1, 2, 3}) such that v € S, and
{x, y} € L? is o-sparse with respect to v (cf. Definition 12.9). By our choice of
constants 6 =< 8, 1o(a, B, g, y) in (55), r = ry5 10(a, B, T, ¥, 815 10, £) in (58) and
€= €5 ,0(a, B, 0,7, 8,510, £, Fi2.10) in (59), we may apply Lemma 12.10 to infer
that, for all but Bn vertices v € S,, no more than y 7 (7 (1 + €))? of the links of v
are o-sparse with respect to v. Note that since each v € S, satisfies (62), the number
of triples which are incident to any fixed vertex v of the exceptional Bn vertices is at
most (1 + e)("% (1+¢€))><472 '(%j Thus, we conclude

n

n3 a(n 2 n3 3
|%3|<ZB€3+|52|’Y€<€(1+6)) <2Bﬁ+ 2a’y;. (65)
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Set #' = F, U #H, U H5. Then due to (63)—(65), we conclude

3 3 3 3
n n n n
|%1<km$+M%%F+2BF+2yﬁ=waﬁ+2ﬁﬁ+2ﬁ+zwﬁ.

By the inequalities in (54), (57), and (61), we infer
3 3

n an
’%"<M1QF<M

VWil (66)

As #({1, 2, 3}) is an (a, 8, r)-regular triad, we conclude that | ({1, 2, 3})| > (a —
8)|H5(G({1, 2, 3})|. Using Fact 10.3, we further conclude that

#H{1,2,3 4 o> an

>(@—8) 53> 3.
| ({ s &y })| (O{ )263 4 €3
Thus, from (66), we conclude

an3
%[ < 1055 ul#{1, 2, 3})|.

Any triple & = {v, x, y} € #\¥’' must be such that v € S, and {x, y} € L? is
not o-sparse with respect to ». Thus, by Definition 12.9 the number of copies of K{*
containing h € J\I' is at least

¢(2)-3

31 - o).

13. PROOF OF THE SPARSE-LINKS LEMMA

We begin with the following elementary definitions and facts we need for our proof of the
Sparse-Links Lemma.

13.1. Elementary Definitions and Facts

We return to the context of Setup 2 and establish some helpful notation. For a pair of
k-partite graphs F = U 1=icj=t F/ and G = U 1=i<j=k G” with common k-partition
V4, ..., V), suppose that F¥ C GY foralli,j, 1 =i <j=k.Forve V,,H € {F,
G}, define

Fi(v, H) = {{x, y} EFV: x € Ny,(v), y € Nyj(v)} = FiNp(v), Ny j(v)]

and
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GY(v, H) = {{x, y} € G : x E Ny(v), y € Ny j(v)} = GINy(v), Ny j(v)].
(67)

Similarly, for e = {v,, v,} € F'?, for a fixed pair i, j, 2 < i < j =< k, define the graphs
FY(e, F) and G"(e, F) as

F¥(e, F) = F(v;, F) N F¥(vy, F) (68)
and

GY(e, F) = G¥(v;, F) N G¥(v,, F),

respectively.

Our first fact essentially states that when a pair of graphs F, G satisfies the conditions
of Setup 2, then so will the graphs induced by the neighborhoods of almost all of their
vertices. More precisely, we have the following fact.

Fact 13.1. For all integers k = 3 and a, &, > 0, there exists 6 > 0, so that, for all
integers € > %3 and positive integers 1, there exists an integer r so that for all €, > 0 there
exists € > 0 so that whenever m is sufficiently large and a pair of graphs F and G satisfy
the conditions of Setup 2 with parameters k, «, 6, €, r, € and m, then all but

Qe + 26 + a()(iBfZSB)Z)m vertices v € V, satisfy

(@) for each 1 < i = k,|Np(v)] = “Pm and % (1 — €) = |[Ng ()| =2(1 + e),

®) torall 1 < i <j =k (Fito, F), G¥(v, F)) is an (
couple.

a— 28
¢

, 60, £, 1o, €g)-regular

We mention that Fact 13.1 was given in Fact 4.6 in [12].

The following statement complements Fact 13.1. While according to Fact 13.1, (F¥(w,
F), GY(v, F)), 1 < i < j = k, is a regular couple for a typical vertex v € V,,
Proposition 13.2 asserts that (F”(e, F), G“(e, F)), 2 < i < j = k, is a regular couple
for a “typical edge” e € F'>. Moreover, the sizes [N (e)| and [N ,(e)| are “correct.”
More precisely, our proposition states the following.

Proposition 13.2. Let k = 4 be an integer. For all reals o, 8, B > 0, there exists 6 >
0 so that for all integers € > % and all positive integers r,, there exists an integer r so that
for all €, > 0, there exists € > 0 so that whenever m is sufficiently large and F and G
satisfy Setup 2 with constants k, «, 8, €, r, €, and m, then all but B|F12| edges e € F'?
satisfy

(a) for each i € {3, ..., k},

a—28\2
e = (20

and

n 2 m 2
2= =INg o)l = 5 (1+ &,
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D) for all i, j, 2 < i < j =k (Flte, F), GYe, F)) is an (“725“,60, 4, ro, eo>—
¢

regular couple.

Unlike Fact 13.1, Proposition 13.2 did not appear in any earlier papers, and thus we state
it as a proposition. However, Proposition 13.2 can be proved by a double application of
Fact 13.1. We therefore omit the standard argument.

In the upcoming Remark 13.4, we explain how the following definition is motivated by
Fact 12.6, Definition 12.8 and Proposition 13.2.

Definition 13.3. For a good vertex v € V,, and constants &, r, and €y, a link edge e €
L? is said to be a good link edge with respect to 8, ry, and €, provided

(a) for each i € {4, ..., k},

-2./8\?
INL,i(e)] = (W) .

z(l—é),

(b) for all i, j, 3 < i < j = k, (L¥e, L)), Gie, L)) is an (“*7250 8o, 4,
Ty, €p)-regular couple.

Remark 13.4. While we prove it precisely later in context (cf. Claim 13.11), we mention
that for each fixed good vertex » € V,, nearly all link edges ¢ € L>* are good link edges.

Indeed, by Definition 12.8, part (a) all [N (v)| ~ n/€, 1 <i =< k. Asin Remark 12.7,
we set m ~ n/€ (as in Setup 2). Similarly we set L, = U I<i<j=k L’{, to play the role of
“F”and U | <i<j<k GY(v, G) to play the role of “G.” In view of Proposition 13.2, part (a),
most edges e € L?* = F'? satisfy

a — 28\? a— 28\?
. = ~
|NL~0,1(€)| - € m €

n
¢

Thus, part (a) in Definition 13.3 is sgtisﬁ;:d.
By Definition 12.8, part (b) all (LY, GY(v, G)), 1 <i <j = k, are “regular” couples.

v

In view of Proposition 13.2, part (b), most edges e € L*? satisfy (b) of Definition 13.3.
Our next fact was given in Fact 4.7 of [12] and is related to Fact 10.3.

Fact 13.5. For all integers k = 3 and all a, B > 0, there exists & > 0 so that, for all
integers £ = é, there exist an integer r and € > 0 so that whenever m is sufficiently large
and graphs F and G satisfy Setup 2 with constants k, «, 8, €, r, €, and n, then

k

«a (2)
|?ffk(F>|z(€) mk(1 = B).

The following fact appeared as Fact 4.2 in [12]. This fact is more basic than the
previous facts of this subsection.
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Fact 13.6. Let k, r, € be given integers, and let € > 0 and 3 > 0 be given real numbers.
Suppose G = UOSK]S,( GY is a k-partite cylinder with k-partition Wy, W,, . .., W,_,),
(W\| == |W_| = n, and |Wy| = Bn, where n is assumed to be sufficiently large.
Suppose G satisfies that for all j € [k — 1],

(i) the subgraph G of G induced by W, U W, satisfies that whenever Wy C W,
and W; C W, Wy| = en and |WJ’| = en, then

1 1
7 (I — €) <dgo(Wp, Wj) < Z(l + €),

(ii) for all x € W,,

N =51 + e.

Then there exist pairwise disjoint r-element subsets Dy, ..., D, q = |_B—r"(1 - rke/B)-L
satisfying
(a) for each i € |q], D, = {x(li), e, xﬁ”} C W,

(b) for each i € [q], for all {u, v} € [#1?, and forall j € [k — 1],

B B n
V) NN )] = 55 (1 + €).

13.2. Advanced Definitions and a Technical Lemma from [13]

In this subsection, we present a lemma proved in [13] which will help us prove the
Sparse-Links Lemma. This auxiliary lemma, Lemma 13.10, is difficult and has a highly
nontrivial proof. For more about the proof of Lemma 13.10, see [13].

Before we may state Lemma 13.10, we state some definitions. We begin by extending
our notion of density in a hypergraph to a type of clique-density.

Definition 13.7. Let ¥ be a k-partite 3-cylinder with underlying k-partite cylinder G
= U | <i<j<k GY, and let B C [k], B| = b. For the B-cylinder G(B), we define the density
dse(G(B)) of ¥ with respect to the B-cylinder G(B) as

|9,(%(B)) N I, (G(B))|

dy(G(B)) = 19 ,(G(B))|
0 otherwise.

if |¥,(G(B))| > 0

In other words, this density counts the proportion of copies of K& in G(B) which underlie
copies of K in ¥(B).

More generally, let Qy C G(B), B C [k], |B| = b, where Qg = U{i’j}e[B]Z QZ. One
can define the density dy(Qp) of ¥ with respect to Qp as

|H () N K (Qp)|
H 0
o= g I

0 otherwise.

For our purposes, we will need an extension of the definition above, and will consider a
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simultaneous density of € with respect to a fixed r-tuple of b-partite cylinders

(Qp(D), ..., Qp(r).

Definition 13.8. Let 7 be a k-partite 3-cylinder with underlying k-partite cylinder G
= U cicj=c GY, and let B C [k], |B| = b. Let O = O = (Qx(1), ..., Qy(r) be an
r-tuple of B-cylinders Qg(s) = U{,;j}e[g]z Q(s) satisfying that for every s € [r), {i,j} €
[BI, Qli(s) C G”. We define the density dy(Q) of Q as

196,(9¢) N U7, 9,(0s(5))]
d%(é) = |U§:1 S7{17(QB(S))|

0 otherwise.

if U1, 9,(05()] >0

We now give a definition which provides an extended notion of regularity for 3-cylinders.
The reader is advised that the following concepts may be the most complicated notions in
this paper.

Definition 13.9. Let ¥ be a k-partite 3-cylinder, and suppose G = U I=i<j=k GV is an
underlying cylinder of ¥. Let B C [k), |B| = b, r and 8 > 0 be given. We say that the
B-3-cylinder #(B) is (8, r)-regular with respect to G(B) if the following regularity
condition is satisfied: Suppose é = QB = (Qg(1), ..., Qg(r) is an r-tuple of B-cylinders
Op(s) = U{i,j}e[B]Z Qg(s) satisfying that for all s € [r], and all {i, j} € [B]*, Qi(s) C
GY. Then |\U7_, %,(0s(s))| > 8|%,(G(B))| implies

d(Q) > dy(G(B)) — 6. (69)

If, moreover, it is specified that ¥#(B) is (6, r)-regular with respect to G(B) with density
dy(G(B)) = o — 6 for some «, then we say that the B-3-cylinder #(B) is (a, 8, r)-regular
with respect to G(B).

Note that, for k = 3, the above definition reduces to the concept of (8, r)-regularity in
Definition 2.8. In that case, this definition roughly asserts that graph triangles formed by
the edges of G are matched by triples of ¥ in at least an a — & portion. For k > 3 and
B = [k], this definition roughly states that instead of graph triangles, graph cliques K{*
underlie hypergraph cliques K{* in % in at least a “correct” portion.

The following nontrivial technical lemma was proved in [12] (cf. Statement 3.5) and
[13]. It states that the seemingly weaker concept of (8, r)-regularity for k = 3 ensures the
validity of the stronger concept above for k > 3 with adapted constants.

Lemma 13.10. Let k = 3 be an integer. For all positive o and 8y, there exists 8 > 0 so
that, for all integers € = %, for all positive integers ry, there exist r, € so that whenever
n is sufficiently large and k-partite 3-cylinder # and graph G satisfy Setup 1 with
constants «, 8, €, r, €, and n and 3-uniform hypergraph $, = Kf), then 3 = H([k]) is

k
(a<3> , &, ry)-regular with respect to G = G([k]).
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13.3. Proof of Lemma 12.10

Before giving the proof of Lemma 12.10, we give the definitions of the constants involved.
We remark that the definitions of the constants guaranteed by Lemma 12.10 are quite
technical. For the reader not interested in these details, we cite the following hierarchy
governing the sizes of these constants:

1 1
a, B,0,y>6>-,—>¢€.
€ r

Definitions of the Constants. Let kK = 5 be a given integer, and let «, 3, g, and -y be given
positive constants. Without loss of generality, assume o < %.

Definition of 6. We first choose auxiliary constants 7 > 0 and 8’ > 0 such that

1
(I-nl=l-0'=_, (70)
2 !
1 - £> 1 - (71)
ay
Let
8135 = d135(a, 7) (72)
be that constant guaranteed by Fact 13.5. Let
8132 = d132(a, 8135 B') (73)
be that constant guaranteed by Proposition 13.2.
Choose 6,_; > 0 to satisfy
86— k=1
% < min{; a( 2 ), T}, (74)
a( 2 )y
26—
1 - >1-r (75)

k=1
a( 3)
and such that by setting

def 881( 1

o)y

the following holds
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2¢

|l —————
ya(k 21)(1 — )t

>1-—-r. (76)

Let
813.10 = S13.10(et, S—1) (77)
be that constant guaranteed by Lemma 13.10. Set 6 > 0 to satisfy

5= min{8%3,2, 13.10> (78)

1 2\/5 2(k—3)+1
64

>1—-7 (79)

This concludes our definition of 8.
Let € > % be a given integer. We now define the promised constants r and e.

Definitions of r and e. Let
ri35 = rizsla, 7, 8135, €) (80)
be that constant guaranteed by Fact 13.5. Let
riza = riala, di3s, B'5 8132, €, r135) (81)
be that constant guaranteed by Proposition 13.2. For { given in (74), set
re—y = (051 (82)
Let
1310 = r13.10(@ 8-, 813,10, €5 1%—1) (83)
be that constant guaranteed by Lemma 13.10. Set
r = max{riss, 1.2, r's.10}- (84)
Let
€135 = €13s5(a, 7, 8135, €, r135) (85)
be that constant guaranteed by Fact 13.5. Let

€132 = €32(a, 8135, B', 8132, €, 1135, 132, €135) (86)
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be that constant guaranteed by Proposition 13.2. Let
€13.10 = €13.10(@ Sk—1, 81310, €5 k-1, 13.10) (87)
be that constant guaranteed by Lemma 13.10. For the constant 6 = 1, let
€103 = €103(k — 1, 1, €) (88)

be that constant guaranteed by Fact 10.3. Let €' > 0 satisfy

k+1
(a+en(h) <o, (89)
rr—1ke’ : 90)
- >1-—-r,
B

(1—€e)3>1-r7, (91)
(1+€)<1+o. (92)

Set

. €132 €103

€= mln{el&& Top 13100 g0 - € } (93)

This concludes the definitions of the constants.

Proof of Lemma 12.10. Let k = 5 be a given integer. Let a, B, a, vy be given positive
reals. Let 6 be given in (78)—(79). Let £ > é be a given integer. Let r and € be given in
(84) and (93) respectively. Let n be sufficiently large, and suppose ¥ is a k-partite
3-cylinder and G = U I=<i<j=<k GY is an underlying cylinder which together satisfy the
conditions of Setup 1 with constants «, 8, €, r, €, and n and 3-uniform hypergraph $, =
K{*. We show that, for all but less than Bn good vertices v € V,, the number of link
edges of v which are o-sparse with respect to v is less than y 7 (7 (1 + €))>.

On the contrary, let D be a set of good vertices v € V, (cf. Definition 12.8), where |D|
= Bn, such that, for each v € D, there exists a set E, of link edges ¢ € Li3, each of
which is o-sparse with respect to v (cf. Definition 12.9), where |Ev| = y%(%(l + €))?
(here for simplicity we omit integer part notation). We produce a contradiction under this
assumption, hence proving Lemma 12.10.

To that effect, we begin by defining the following set Y C K, (¥) as

Y = {Y € H(¥) : for some v E D and link edge e = {x, y} € E,,, {v, x, y} €[V’
(94)

We estimate |%| from above and below. To see the upper bound, it follows from our
assumptions on the sizes |D|, and for each v € D, |E_|, and the definition of a link edge
of v which is o-sparse with respect to v, that
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k)l

al
9= 3 |5t -,

€D

)

a(n 20{
= Bn’yz <€ (1 + 6)) mnkixl - O'),

k

a\3
=By(l —o)(1 + 6)2@71](,

k

a 3
= By(l — o)(1 + o) 7,(nk, 95)
e(2)

where the inequality in (95) follows from our choice of € in (92).
On the other hand, we now show that

k
3

|@|>>Bvu—c#):0>nﬁ (96)
2

thus producing a contradiction with (95). The proof of (96) will be more complicated and
its proof will only be completed after a series of claims.

To obtain the lower bound in (96), we begin our work by fixing v € D. We first recall
that D is a set of good vertices, so according to Definition 12.8, the fixed vertex v € D

. N
satisfies that, for all i, j, 1 < i < j < k, (LY, G¥(v, G)) is an (“‘73“, V0. €, 1,2 ©)-

v

regular couple. Consider the (k — 1)-partite graphs U |=izjex L7 and U, .- =G"(v, G).
It follows that these graphs satisfy the conditions of Setup 2 with the constants k — 1, «,
V'8, £, r, and 2€€, where again due to Definition 12.8, for each 1, 1 < t < k, the size
of each partite set V, N V(U |<i<j=k G'(v,G)) = Ng,(v) is at least 7(1 — €). [In
general, we use V(J) to denote the vertex set of a graph J.] We intend to use Proposition
13.2 to conclude that as a result of v € D being a good vertex, almost all of the edges e €
E , are good edges (with respect to suitable constants) (cf. Definition 13.3). We prove this
fact precisely in the following claim. For what follows, recall that for «, 8, o and vy given
in Proposition 12.10, we defined auxiliary constants T and B’ in (70) and (71).

Claim 13.11.  For the fixed vertex v € D and for the constants 0,35 = 8,3 5(®, T), r135 =
rizs(a, T, 85 5 £),and €35 = €35(, 7, 8135, €, ry3.5) in (72), (80) and (85) respectively,
at least (1 — —) |E,| edges e € E, are good link edges for the constants 8,5 s, 155, and
€155 (cf. Deﬁnmon 13.3).

Proof of Claim 13.11. Claim 13.11 follows from the fact that since v is a good vertex and
due to our choices of 8, r and € in (78), (84), and (93), we may apply Proposition 13.2
to the graphs U1<,»<jgk L’Z and U1<i<jsk GY(v, G). Note that, in (78), V& = 813 25
where 8,5, = 6;3,(a, 8,35, B') is given in (73). Note that, in (84), r = r,5 ,, where
Fiza = rizalen 8135, B, 8130, €, 1y3.5) is given in (81). Note that in (93), 2€€ = €3,
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where €3, = €3,(a, 8135, B', 0132, €, 1135, I3, €13.5) is given in (86). Thus, by
our choice of constants §, r and €, we may apply Proposition 13.2 to the graphs
U]<l‘<j§k L’;,j and U]<l‘<jgk GY(v, G). Since the pair of graphs U1<,~<j§k LZ and
U I<i<j=k GY(v, G) satisfies the hypothesis of Setup 2 with the constants k — 1, «, V3,
¢, r, and 2ef, we conclude from Proposition 13.2 that all but B'|L2?| edges e € L??
satisfy the conclusion of Claim 13.11. Note that |Lf,3 = %(1 + e)F (1 + €)? < 22‘%.
Also, recall it was our assumption that |E | = vy G (1 + €)’ = a'y%. Consequently,
L2 = 0% |E,|, and we thus conclude that all but % |E,| edges e € E,, are good link
edges with respect to the constants 85 s, 715 5 and €5 s. "

For v € D fixed, set E!, C E, to be the set of all link edges of v which are good link
edges with respect to the constants 8,5 5, ;3 5 and €5 5. Note that, by Claim 13.11,

2B’
E)|>|1-——||E,. (97)
ay

Fix ¢ € E!. We are interested in counting how many copies of K{*; are contained within
the (k — 3)-partite graph U3<,-<jsk LY(e, L,) (cf. (68)) (later, we will see that some of

these underlie special copies of K{»;). The following claim gives an estimate on this
count.

Claim 13.12.

o (k33> a—2\/52n k=3
AR

Proof of Claim 13.12.  'We note that Claim 13.12 essentially follows from the fact that
due to our choice of constants, we may apply Fact 13.5 to the graph U 3<i<j=k Lg(e, L,
together with the graph U3<,»< i<k G’;’,‘(e, L,). Indeed, ¢ € E’, is a good link edge with
respect to the constants 8,5 s, ¥y3 5, €35, SO, for each i, j, 3 < i <j =k, (LY(e, L,),

‘ 3{k_3< U Li, L,,))

3<i<j=k

GY(e, L) is an <iﬁ‘” 8135 135 €,el3.5>—regular couple, where the constants

8135 = 8y3.5(a, 7), i35 = rizs(e, 7, 8135, €), and €135 = €y35(a, 7, 8135, €, 1y35)
[cf. (72), (80), and (85)]. Thus, the pair of (k — 3)-partite graphs U3<,-<j5k Li(e, L,) and
U3<i<jgk G'/(e, L,) satisfy the conditions of Setup 2 with the constants k — 3, &, 8,5 s,
€, 755, and €5 5. With 8,5 5, 715 5, and €5 5 appropriately given, it thus follows that Fact
13.5 applies to the pair of graphs U3<i<j5k LY(e, L,) and U3<,-<‘,~Sk GY(e, L,) with the
constants «, T, 8,55, €, 135, and €5 5. It is essentially this application that renders the
statement of Claim 13.12. However, to complete the application, we also need to know the
sizes |V(U3<,-<jgk Li(e,L)NV,| =| Ny, (e)l,3 < t = k, of each partite set of

LJ3<,<<jS,< L’Z(e, L,). However, according to Definition 13.3, for each ¢, 3 < r < k,

_ 2
v( U Li{(e,L,,))ﬂV, * 2\/5)

= [N,(e)] > (e
3<i<j=k

n
z(l - 6).
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We therefore see from Fact 13.5 that
k-3
a ( 2 ) o — 2\6 Zn k=3
> —] (- - 7).
7 7 7 (1—c¢ 1—=17

Thus, our proof of Claim 13.12 is complete. "

‘?f{“( U Lig, L,,))

3<i<j=k

We now prepare to use Claim 13.12. For v € D and ¢ € E, fixed above, let e = { x,
y}. Define

A;(cv) _ [{x, al€L,:a€E V( U LZ(e, Lv))},

3<i<j=k

B\ = [{y, breL,:beE V( U Li, Ly))}.

3<i<j=<k
Define
c”=cp,={xyyuaPuB?u U LieL,).

’ ’ 3<i<j=k
Note that Cé”) is a (k — 1)-partite graph on vertex sets N »(v), ..., N (v). Note also
that

H 1 (C| = ‘?7{k_3 U Lie L]l (98)
3<i<j=k

and that

U %, (cl?) = %kl( U c@”). (99)

¢€EE) ¢€EE)

For v € D fixed, we use Claim 13.12 to compute a lower bound on
|Ueer 3-1(CL)
for proving (96).

As UeEE{, Hi—1 (C(ev)) is a disjoint union, we see by Claim 13.12, (98), and the fact that
B, = (1— £)y2 (41 + €)? from (97) that |U ez - (C)] has lower bound

(k}')—l k=3 5 /5 2(k—3) oYL 2
CRAC T R TR

(100)

, and after providing this lower bound, we pause to reveal our strategy

As a result of (71), (79), and (91), we conclude that (100) can be estimated from below
to yield
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o <k721> n k=1
U gt (c”) >v(€) ({,) (1-n% (101)

eEE)

We use (101) to prove (96). Our goal is to take a set of r,_,; [cf. (82)] vertices v € D,
and use their graphs Uee E Ci”) to build an r,_-tuple of (k — 1)-partite cylinders [an
r,_-tuple of (k — 1)-partite cylinders in the sense of Definition 13.9]. We then wish to
invoke Lemma 13.10 to infer that many of the copies of K{*, in UeEE;, Ci”), over all
ri_, vertices v € D specially chosen, must underlie copies of K{*’, in . We make our
plan precise in what follows, and begin by using Fact 13.6 given earlier to select the
special set of r,_, vertices v € D.

We define the following graph G, to which we apply Fact 13.6. For 1 =i <j =k,
set G}, = G to be the subgraph of G' induced on the sets D and V;, that is,

G} = Gy = GID, V}].

For 1 <i <j =k, set

G% =GV
and

Gr= U ai.

1=i<j=k

Recalling the notation from Fact 13.6, set W, = D, andforl = i=k -1, W, =V, |,
and set r from the hypothesis of Fact 13.6 to be equal to r,_, [cf. (82)]. Note that the fact
that G is an (¢, €, k)-cylinder implies that Condition (i) in the hypothesis of Fact 13.6 is
satisfied. Since every vertex v € D satisfies |[Ng (v)| = |[Ng(v)] = 7(1 + ),
Condition (ii) in the hypothesis of Fact 13.6 is satisfied. Therefore, applying Fact 13.6 to
the graph G, with the constants k, r,_,, €, €, and 8 implies that there exists a collection

» = {D,, ..., D,} of pairwise disjoint r;_,-element subsets of D satisfying the
conclusion of Fact 13.6. We recall here that qzr;% (I =ry_ kel B) 1. We use the notation
that the set D, € % is formally written D, = {vg”}lgsgw but for the sake of

convenience, we often use the notation that the elements of D, are simply written as v,,
l=s=r_,.

Define the r,_-tuple Ql by

eEE),

Q1=( U Ci”*‘)) : (102)
vs€ED1

We proceed with the following claim.
Claim 13.13. With Ql defined in (102) and §,_, given in (74) and (76),

U %kl( U cgw) > & |H— 1 (G2, . .. KD

us€D1 eEE),
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Proof of Claim 13.13. 'We obtain through Inclusion—-Exclusion that

=3

vs€ED1

U %k_]( U cgv»)

vs€ED1 eEE),

3{k_]< U c&"‘))

e€Ey,

- 2

{vs, s} E[D1]?

57{“( U cgvﬂ)na{kl( U cgvﬁ)

eE€E), eEE;

To bound the second-order term, note that it follows that, for each {v,, v.} € [D,]%,

=

‘3{k1< U cgw) ﬂ?I{k1< U cf;’”)

eE€E), eE€E}y

f/f“( U (G, G) N (GU(x, G»))‘.

1<i<j=<k

It follows from property (b) of Fact 13.6 and Fact 10.3 [cf. € given in (93)] that
k=1
1 ( 2 ) n 5 k-t
<2E(1+E) p(l"’é)

‘Slfm( U (G, 6)n (G, G))))

1<i<j=k

Combining our bounds on the second-order term with the equality in (99) and the fact that
|D,| = r,_,, we conclude that

> 2

us€D|

TV 1 (k721> n k=1
—( k21)2(€(1 + e)) [€2(1 + 6)2] :

Using (101) and again that |D,| = r,_,, we further conclude that the quantity above has
lower bound

U % 1(ct™)

e€Ey,

U %kl( U cgw)

us€D1 e¢EE)),

k—1 -1 k—1 1
T e S Ry M KT o

which in turn has lower bound

k-1
(a)< ’ >nk1[rk1 ya-=* , (+ e)(k 21>‘1]'

" e e = N 103
G Tk-1 NGO (103)

€

Substituting the value r,_, = 051 [ef. (82)] into (103) yields
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o (2)
(f) nklgly(l — 1)t = (k 1) (1+ e)( ) ]

>(?)(k?)nk‘€[;‘a(2é')]’ (104)

k=1
where the last inequality follows from (70) and (89). Since { < %a( 2 ) in (74), we see
that

Since {= (A ]) , we have that (104) is bounded from below by

28— > 81| I 1 (G({2, .

(105)

(k 1)

where the last inequality follows from Fact 10.3 [cf. € given in (93)]. We therefore
conclude that

U 9 U )| >8_ % G, . .., (106)
us€ED\ eEE),
and hence the proof of Claim 13.13 is complete. "

We now prepare to use Claim 13.13. Not that since % and G = U | <;;=; GY satisty
the conditions of Setup 1 with the constants k, «, 6, €, r, €, and n and 3-uniform
hypergraph $, = K, it trivially follows that %¢({2, ..., k}) and G({2, ..., k})
satisfy the conditions of Setup 1 with the constants k — 1, «, 8, €, r, €, and n and
3-uniform hypergraph $, = K{*’,. We wish to invoke Lemma 13.10 to conclude that

k=1
H{2, ..., k})is (a( 3 ), Sx—1, rx—1)-regular with respect to G({2, ..., k}). How-
k=1

ever, the (a( 3 ), Sk—1, rx—1)-regularity of #({2, ..., k}) with respect to G({2, ...,
k}) is guaranteed by our choice of constants 8, r, and €. Indeed, recall that our choice of
constants 9, r, and € satisfied 6 = 8,5 1o(@, 6,_,) In (77), r = ri3 10(e, 6,_1, 0,3 10
€, ry_y) in (83), and € = €5 ;o(a, &4_1, 61310 €> Ti—1> T13.10) 10 (87), respectively.

Since #H({2, ..., k}) and G({2, ..., k}) satisfy the hypothesis of Setup 1 with

constants k — 1, «, 8, €, r, €, and 3-uniform hypergraph $, = K,(f_)l, it follows from

Lemma 13.10 that the (k — 1)-partite 3-cylinder ({2,..., k}) is
k=1

(a( 3 ), Sk—1, rx—1)-regular with respect to G({2, ..., k}).

k—1
Now we may infer that an a( 3 ) portion of the cliques K, counted in Claim 13.13
underlie cliques K, in #({2, . .., k}). More precisely, we conclude from Claim 13.13 and

k=1
the (a( 3 ), Ok—1, re—1)-regularity of F({2, ..., k}) with respect to G({2, ..., k}) that
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910002, - kD) N U ep, 36-1(U ey, €
U web f’]f/cfl(LJeeE;s C(ev‘Y))|

> (X(kgl> - 26/(71.

By the left-hand side lower estimate of |LJMEDl 3{k_1(Uee B CE”S))| in (104), we infer
from the inequality above that

‘?7{k_1(%({2,...,k}))ﬂ U i‘7{k_1(U Cim)

us€D| e€Ey,

k—1

> (a3 = 25k1)<a>( 2)nk‘g e O Bl |
¢ a( 2)
(107)

We now use (107) to prove (96), and prepare its use below. First, recall the set Y
defined in (94). For v € D fixed, define

Y, ={Yewy:vevr} (108)
Note that, for each v, v € D, v # v', ¥, N Y, = . Also note that

y=Uw, (109)
vED
Now recall the collection 9 = {D, ..., D,} of pairwise disjoint subsets of D obtained

by the application of Fact 13.6, where we recall q=|—ﬁl (1 — rk,lke/B)—|. With
Ule D, C D, we conclude that from (109) that o

q

yoU U w,
vED;

t=1

By the pairwise disjointness of the ¥ _’s, we further conclude

q

Y= >

t=1

U w,

vED;

. (110)

We now fix t+ € [g] and consider the quantity |UUED, %,|. To that end, for v € D,
fixed, define the following set Y related to (108) as

Y, ={r\{v}: Y €Y,
and note that

Y| =Y,

ol-

It follows that
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Uaw,|=|U v, | (111)
vED; vED;
Now, for v € D, fixed, it is not hard to see that
Y =K (A2, ... k)N f]fkl( U c&”). (112)
e€E,

With E/, C E,, where |E!| > (1 — %)|E1,| from (97), it follows from (112) that

YD W ({2, ..., k) U 37{k1< U c&”).

eEE,

It follows that

Ua,oU (3{k_1(%({2,...,k}))ﬂf]fk_l(U cﬁ”)),

vED; vED; e€E)

=% {2, ... kN U ka_](U cgv>>,

vED; e¢eE€E)
and so
U v | =% @ed2,....onn U x| U c?). (113)
vED; vED; eEE,

Now by (107), we infer from (113) that

k—1

: (*3) N
2(a<k31>—28k1)(z) ’ nklgl'y(l—ﬂ')4—g(l-i—e)(kZl)l].

U w;
o 50

vED;

Set

q):

Y1 = 7t — <fl><1 + e)ﬁl)ll.
o\ 2

Thus, from (110) and the fact that ¢ = [ 2~ 1—r,_ ke/B)], we obtain

) - (“3)
|| > fjf] (1 I Blke)(a(k 3) - 25k1)<z) ’ 7.

With r,_, = £€5" from (82), we see the above quantity is equal to
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8 AU () (e S LA

With the inequalities in (75), (89), and (90), we see the above quantity has lower bound

By 8 . ((1 - ﬂ“—yojle)).

Note that as a result of (76), (1—7)*— —25<~>(1—1)°. Thus together with (70), the

(k )

quantity above may be bounded from below by

TOIC I
yf(é)n( 7 =By v (2> ),

and we thus conclude

k

Yy 1 -
‘ ‘>B'Y (2)n( )

Hence, (96) is established and Lemma 12.10 is proved. .
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