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TIGHT CYCLES AND REGULAR SLICES IN DENSE HYPERGRAPHS
PETER ALLEN, JULIA BOTTCHER, OLIVER COOLEY, AND RICHARD MYCROFT

ABSTRACT. We study properties of random subcomplexes of partitions returned by (a
suitable form of) the Strong Hypergraph Regularity Lemma, which we call regular slices.
We argue that these subcomplexes capture many important structural properties of the
original hypergraph. Accordingly we advocate their use in extremal hypergraph theory,
and explain how they can lead to considerable simplifications in existing proofs in this
field. We also use them for establishing the following two new results.

Firstly, we prove a hypergraph extension of the Erdés-Gallai Theorem: for every § > 0
every sufficiently large k-uniform hypergraph with at least (a + 0) (Z) edges contains a
tight cycle of length an for each o € [0, 1].

Secondly, we find (asymptotically) the minimum codegree requirement for a k-uniform
k-partite hypergraph, each of whose parts has n vertices, to contain a tight cycle of length
akn, for each 0 < o < 1.

1. INTRODUCTION

The Szemerédi Regularity Lemma [35] is a powerful tool in extremal graph theory. It is
probably fair to say that the majority of the advances in the last decade in extremal graph
theory either rely on, or at least were inspired by, the Regularity Lemma. Finding the
right extension of this result for hypergraphs turned out to be a challenging endeavour,
which culminated in the proof of the Strong Hypergraph Regularity Lemma together with
a corresponding Counting Lemma (see [11} 25] 31 [32], 33]), which provide an analogous
machinery for extremal problems in hypergraphs. The difficulty with these tools is their
technical intricacy, which leads to significant additional complexity in applications of the
regularity method in extremal hypergraph theory.

In this paper we argue that often much of this complexity can be avoided by using in-
stead of the complicated structure returned by the Strong Hypergraph Regularity Lemma
a more accessible structure, which we call a reqular slice. We provide a lemma (which is
a consequence of the Strong Hypergraph Regularity Lemma) that asserts the existence
of such regular slices which inherit enough structure from the original hypergraph to be
useful for embedding problems. In addition we provide two applications of this lemma
concerning the existence of tight cycles in dense hypergraphs.

In the remainder of this introduction we will first describe these applications, and then
provide more details on our lemma concerning regular slices.

1.1. Cycles in dense graphs and hypergraphs. Dirac’s Theorem [J] asserts that
any n-vertex graph G with minimum degree §(G) > n/2 contains a Hamilton cycle.
Bondy [4] extended this result and showed that Hamiltonian n-vertex graphs with at
least n?/4 edges are in fact either complete bipartite or pancyclic, that is, they contain
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cycles of all lengths ¢ < n. Cycles of shorter lengths were also considered by Erdés and
Gallai [I0], whose celebrated theorem states that for any integer d > 3, any n-vertex
graph with at least (d —1)(n—1)/24 1 edges contains a cycle of length at least d. This is
the best possible bound which is linear in d. The analogous problem for minimum degree
conditions was settled by Alon [2], who proved that large graphs with minimum degree at
least n/k contain a cycle of length at least n/(k—1). Nikiforov and Schelp [26] considered
exact cycle lengths. They showed that for all a > 0 there is ng such that for n > ng all
n-vertex graphs G with 6(G) > an contain all even (-cycles with 4 < ¢ < §(G) + 1 (they
also considered odd cycles for non-bipartite GG; and even sharper results are obtained
in [1]).

For hypergraphs much less is known. A tight cycleEl in a k-uniform hypergraph G is a
cyclically ordered list of vertices such that every k consecutive vertices form an edge in G.
Only recently Rodl, Ruciriski and Szemerédi [29] established an approximate extension
of Dirac’s Theorem for k-uniform hypergraphs (the 3-uniform case was resolved exactly
by the same authors in [30]): for all 4 > 0 every sufficiently large k-uniform hypergraph
such that every (k —1)-set of vertices lies in at least (54 )n edges has a tight Hamilton
cycle. A hypergraph analogue of the Erdos-Gallai Theorem is not yet known. Gyori,
Katona and Lemons [I2] made a first step in this direction. They showed that k-uniform
hypergraphs G with more than (an — k) (kfl) edges contain a tight path on an vertices.
Note that this statement is vacuous for v > 1/k.

Our first result is an approximate Erdés-Gallai type result that establishes (up to the
error term §) the best possible linear density bound for the containment of tight cycles
of a given length.

Theorem 1. For every positive § and every integer k > 3, there is an integer n, such
that the following holds for all o« € [0,1]. If G is a k-uniform hypergraph on n > n,
vertices with e(G) > (a+5)(2), then G contains a tight cycle of length ¢ for every { < an
that is divisible by k.

Partite versions of the graph embedding results mentioned above also have been studied
extensively. Moon and Moser [24] showed that the minimum degree condition in Dirac’s
Theorem can (almost) be halved when G is balanced bipartite. They proved that a
bipartite graph G with n vertices in each partition class contains a Hamilton cycle if
d(G) > (n/2)+1. A corresponding (bi)pancyclicity result was established by Schmeichel
and Mitchem [34] and balanced k-partite graphs were considered by Chen, Faudree,
Gould, Jacobson and Lesniak in [5]. For hypergraphs, Rodl and Rucinski [28] proved
that for all v > 0 every sufficiently large k-uniform hypergraph which is k-partite with n
vertices in each part, such that each (k — 1)-set of vertices, one from each partition class,
is contained in at least (% + 7v)n edges, contains a tight Hamilton cycle.

Our second result establishes asymptotically best possible codegree bounds for the
containment of tight cycles of a given length in the partite setting.

Theorem 2. For every positive 6 and every integer k > 3 there is an integer n, such
that the following holds for each o € [0,1]. If G is a k-uniform k-partite hypergraph with
parts of size n > n,, such that any collection of k — 1 vertices, one in each of k — 1 parts
of G, lies in at least (o + 0)n edges of G, then

(a) G contains a tight cycle of length € for every ¢ < akn that is divisible by k, and

IThere are several other notions of cycles in hypergraphs. Since our results are about tight cycles we
concentrate on these here.
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(b) if a > % then G contains a tight cycle of length ¢ for every ¢ < (1 — §)kn that is
divisible by k.

We believe that with substantial additional work part @ of this Theorem would also
follow from the proof in [28]. However, our new tools allow for a much simpler proof.

1.2. Regular slices. Briefly, given an n-vertex graph G the Regularity Lemma returns
an equipartition of the vertices of GG into a constant number of parts such that almost
all of the bipartite subgraphs induced by pairs of parts approximate random graphs.
This so-called regular partition can be represented by a constant size weighted graph,
the weighted reduced graph, in which the (weighted) density of copies of any small graph
approximates the density of copies in the original graph. In fact, we can use a regular
partition and the reduced graph also to find copies of large bounded degree subgraphs
in (G, among other things. In this way we can reduce difficult extremal graph problems
to relatively simple problems on the weighted reduced graph. This approach to extremal
graph theory is called the regularity method.

It is then natural to ask for an analogue of regular partitions and reduced graphs
for hypergraphs. However, the partition returned by the Strong Hypergraph Regularity
Lemma is no longer given by a vertex partition and cannot be represented by a weighted
hypergraph. Instead, the partition has the structure of a weighted multi-complex with
edges of sizes up to and including k, which makes applications of the Strong Hypergraph
Regularity Lemma significantly harder. Whilst simpler forms of hypergraph regularity
do exist (see [7,[19]), they are substantially less powerful for hypergraph embedding.

The Regular Slice Lemma (Lemma [6) that we propose in this paper for approaching
problems in extremal hypergraph theory bypasses these difficulties by taking a random
subcomplex of the weighted multi-complex returned by the Strong Hypergraph Regular-
ity Lemma (after a considerable number of suitable modifications). Related ideas were
applied already by Haxell, Luczak, Peng, Rodl, Rucinski and Skokan [I3]. The advantage
of this random subcomplex, which we call a regular slice, is that it does correspond to a
vertex partition and a weighted reduced hypergraph. The disadvantage of this approach
is that a regular slice discards most of the hyperedges of the original hypergraph. How-
ever, as our lemma asserts, a lot of information about the original hypergraph is still
captured: edge densities, and more generally small subgraph densities, minimum degree
and codegree conditions, and edge densities in link hypergraphs are approximated in
regular slices. Since these are exactly the type of conditions which typically appear in
extremal hypergraph theory we believe that regular slices will be useful for solving many
problems in this area.

1.3. Structure of the paper. In the next section we give the definitions needed to
work with hypergraphs, then in Section Bl we discuss lower bounds for Theorems [I] and
Section M introduces the definitions required for and the statement of the Regular Slice
Lemma. It also includes the statement of a Cycle Embedding Lemma, which enables us
to apply the Regular Slice Lemma to prove our two main theorems. In Sections [B] and
we assume these results to prove Theorems [Il and Pl respectively. Section [ deals with the
definitions and machinery of hypergraph regularity, while Section [§ contains the proof
of the Regular Slice Lemma, and in Section @ we prove the Cycle Embedding Lemma.
We conclude with a discussion of open problems and possible further applications in
Section Finally, Appendix [Al contains the derivation of the version of the Hypergraph
Counting Lemma we use, and Appendix [B] contains the proof of a variant of the Strong

Hypergraph Regularity Lemma which is used in the proof of the Regular Slice Lemma.
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2. PRELIMINARIES

A hypergraph consists of a vertex set V' and an edge set F/, where each edge e € E is a
subset of V. We frequently identify a hypergraph H with its edge set, writing e € ‘H to
mean that e is an edge of ‘H, and |H| for e(H), the number of edges of H. A k-uniform
hypergraph, or k-graph, is a hypergraph in which every edge has size k; it is (-partite for
¢ > k if there exists a partition of the vertex set into ¢ parts so that every edge has at
most one vertex in each part. Given a hypergraph H, we denote by H® the i-graph on
V(H) formed by the i-edges of , i.e. the edges of cardinality 4, and write e;(H) := |H?|
for the number of such edges. The order of a hypergraph is the number of vertices
v(H) := |V (H)|. The degree of a set of i vertices in a k-graph, where 1 <i < k —1, is
the number of edges containing all ¢ vertices. In the case when ¢+ = k — 1 we talk of the
codegree. If H is a hypergraph on V', and V' C V| then the induced subgraph H[V"] is the
hypergraph on V' whose edges are all e € H with e C V’'. A k-complex H is a hypergraph
in which all edges have size at most k, and which is down-closed: that is, if e € H is
an edge, and ¢ C e, then ¢/ € H. Note that for any non-empty complex H we have
() € H. We prefer the terms subgraph and subcomplez to subhypergraph, sub-i-graph, or
sub-k-complex.

Throughout this paper we will maintain the convention of using normal letters for
uniform hypergraphs, and calligraphic letters for not necessarily uniform hypergraphs
(which will usually be complexes). The exceptions to this rule are the definition of H®
above and of H x in Section[dt both define a specific uniform subgraph of a not necessarily
uniform hypergraph H.

Let G be a k-graph. A tight path in G is an ordered list of distinct vertices of GG, such
that each set of k£ consecutive vertices induces an edge of G; a tight cycle is a cyclically
ordered list with the same property. The length of a tight path or cycle is the number of
edges in the path or cycle; the number of vertices in a tight cycle is therefore equal to its
length, whilst the number of vertices in a tight path is £ — 1 greater than its length. We
will denote the tight cycle or path on ¢ vertices by Cy or P, respectively.

Any k-graph G naturally corresponds to a k-complex G, whose edges are all subsets
e/ C e of edges e € G. We refer to G as the complex generated by the down-closure of G.
We can then work with the k-complex G to obtain useful information about the k-graph
G. We say that a set S of k + 1 vertices of G is supported on G if every subset S” C S of
size k is an edge of G (i.e. S forms a clique in (). Similarly, we say that a (k + 1)-graph
G’ on V(G) is supported on G if every edge of G’ is supported on GG. Note in particular
that if #H is a k-complex, then H® is supported on H Y for any 1 < i < k.

We write [r] to denote the set {1,2,...,r}. For a set A, we often write (f) to denote
the collection of subsets of A of size r. We use the notation x = a + b to denote
a—b<x<a+b If S(x,y) is a statement, we say ‘S(z,y) holds for z < y’ if for any
y > 0 there exists zo > 0 such that for any 0 < z < z( the statement S(z,y) holds;
similar expressions with more constants are defined analogously. Throughout this paper
floors and ceilings are often omitted where they do not affect the argument.

3. LOWER BOUNDS

3.1. Lower bounds for Theorem [ Given a k-graph H, we define ex(n, H) to be
the maximum number of edges an n-vertex k-graph can have without containing H as a
subgraph. Then Theorem [ says that ex(n, Pan),ex(n, C’Om) < (a + 0(1)) (Z) We will

now establish several lower bounds on ex (n, Pom) and ex (n, Com).
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Gyo6ri, Katona and Lemons [I2] (who were interested in the case an = ¢ where ¢ is
constant) observed that given any set system S on n vertices with sets of size at most
an — 1, no pair of which intersect in more than k£ — 2 vertices, one can construct a k-graph
G without any tight path on an = ¢ vertices by taking every k-set contained in a set of
S. In the event that all members of S have size exactly an — 1 and every (k — 1)-set
in [n] is in some member of S, § is a combinatorial design and the corresponding G
has (an — k)(,",)/k =~ a(}) edges. A celebrated recent result of Keevash [I6] states
that for each fixed an = ¢ and k, these combinatorial designs exist for all sufficiently
large n satisfying a necessary divisibility condition. Gyori, Katona and Lemons (writing
before [16] appeared) used Rodl’s solution [27] of the Erdés-Hanani Conjecture to prove,
for each 0 > 0, the existence of hypergraphs with (1 —¢ )oz(Z) edges and no (-vertex tight
path, provided that n is sufficiently large compared to «.. This provides the lower bound
ex(n, Pan) > (1—0(1))(}). Unfortunately both Keevash’s and Rodl’s proofs only work
when n is superexponentially large in ¢, and it is easy to see that in fact no designs (or
even approximations to designs) can exist if £ > n'/2, so that this construction does not
work in the constant a range where Theorem [ gives a non-trivial result.

A very similar construction gives GG without tight cycles on ¢ or more vertices. Namely,
if there exists a set system S on n — 1 vertices with all sets of size £ — 2, covering each
(k — 1)-set exactly once, then we can construct a graph G whose edges are all k-sets
contained in members of S together with all k-sets containing the nth vertex. We have
e(G) = Z’TI(Z:}), and it is easy to check that G contains no tight cycle on ¢ or more
vertices. However, if we only want to exclude tight cycles on exactly ¢ vertices, we obtain

£ e
ex(n,C0) 2 () Tt

by deleting an edge from each copy of C in the random k-graph with edge probability

1
p= (a7,

A simple lower bound on both ex (n, Pan) and ex (n, C’an) is provided by the following
construction. Let G be the k-graph on vertex set V = AU B, where |A| = an/k —1 and
|B| = (1 — a/k)n+ 1, and whose edge set is E(G) := {e € (}) : en A # 0}. It is easy to
see that the longest tight path in G has at most k|A| + k — 1 < an vertices (the longest
tight cycle is even slightly shorter). For large n, the number of edges in G is

(1= =) () +olot) = (im)“ () (%)i) (1) +ote.

i=1

Hence ex(n, Com),ex(n, Pan) > (a + O(oﬂ)) (Z), matching the first order asymptotics in
Theorem [I] for small a.

Moreover, for each 2 < r < k, if anr/k > (1 — a)n + 1, then the k-graph G on vertex
set V.= AU B, where |A] = an—1 and |B| = (1 —a)n+ 1, with edge set consisting of all
k-sets either contained in A or with at least r vertices in B, contains no an-vertex tight
cycle. The densest of these is the construction with r = 2, which is permissible when
1 —ais small, giving ex(n, Con) > (1—ka* 1 (1—a)+0(1/n))(}). (Minor modifications
of the construction give the same asymptotic bound for ex(n, Pan).) This tends to 1 as
1 — « tends to zero, but does not match the first order asymptotics of Theorem [l

Finally, we note that the divisibility condition on ¢ in Theorem [I] is necessary, at least
for a < k!/kF, as can be seen by considering the complete k-partite k-graph with vertex

classes of size n/k.
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3.2. Lower bounds for Theorem [2. Clearly Theorempart@is asymptotically best
possible. For part @, consider the following construction. Given the k-partite vertex
set ViU UV} with |V;| = n for each 7 and o < %, we partition each V; into sets V. and
V! of sizes respectively (1 — a)n and an. We let a set of k vertices e, with one vertex
in each of V{',... V¥ where j; € {0,1} for each i € [k], be an edge of the k-graph G if
and only if j; + -+ -+ j is odd. It is easy to check that the partite codegree condition of
Theorem 2]is almost satisfied, and similarly easy to check that a tight cycle with one edge
e whose vertices are in Vi, ..., V;* must have all its vertices in V{*, ..., V/*  from which
it follows that we cannot have tight cycles on more than kmin([V{'],...,|V/*|) = kan
vertices in (G. This shows that Theorem [2] part @ is asymptotically best possible.

4. REGULAR SLICES

In this section we state our Regular Slice Lemma. We first need to introduce the
required notation. Much of this notation is standard, and will also be needed in Section [1]
for the Strong Hypergraph Regularity Lemma. We will then state a Cycle Embedding
Lemma, which allows us to use the nice properties of regular slices to find tight cycles in
a hypergraph satisfying the appropriate conditions.

4.1. Multipartite hypergraphs and regular complexes. Let P partition a vertex
set V into parts Vi, ..., V. Then we say that a subset S C V' is P-partite if |[SNV;| <1
for every i € [s]. Similarly, we say that a hypergraph H is P-partite if all of its edges are
P-partite. In this case we refer to the parts of P as the vertezr classes of H. As defined
previously for k-graphs, we say that a hypergraph H is s-partite if there is some partition
P of V(H) into s parts for which H is P-partite.

Let H be a P-partite hypergraph. Then for any A C [s] we write V4 for (J;., V;i. The
index of a P-partite set S C V is i(S) :={i € [s] : [SNV;| =1}. We write H4 to denote
the collection of edges in H with index A. So H can be regarded as an |A[|-partite
|A|-graph on vertex set V4, with vertex classes V; for i € A. It is often convenient to refer
to the subgraph induced by a set of vertex classes rather than with a given index; if X is
a k-set of vertex classes of H we write Hy for the k-partite k-uniform subgraph of H®*)
induced by [ J X, whose vertex classes are the members of X. Note that Hy = Hivexy-
In a similar manner we write Hx< for the k-partite hypergraph on vertex set | J X whose
edge set is [Jy.cy Hx. Note that if H is a complex, then Hx< is a (k — 1)-complex
because X is a k-set.

Let ¢ > 2, let H; be any i-partite i-graph, and let H;_; be any i-partite (i —1)-graph, on
a common vertex set V' partitioned into 7 common vertex classes. We denote by K;(H; 1)
the i-partite i-graph on V' whose edges are all i-sets in V' which are supported on H;
(i.e. induce a copy of the complete (i — 1)-graph K}~ * on i vertices in H;_1). The density
of H; with respect to H;_; is then defined to be
d<Hz‘Hlfl) = |KZ(HZ_1) i HZ|

| K (H;-1))

if |K;(H;—1)] > 0. For convenience we take d(H;|H;1) := 0 if |K;(H;—1)| = 0. So
d(H;|H;_;) is the proportion of copies of K ' in H; ; which are also edges of H;. When
H;_4 is clear from the context, we simply refer to d(H;|H; 1) as the relative density of
H;. More generally, if Q := (Q1,Qs,...,Q,) is a collection of r not necessarily disjoint
subgraphs of H; 1, we define K;(Q) := U;_, Ki(Q;) and
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if |K;(Q)| > 0. Similarly as before we take d(H;|Q) = 0 if |K;(Q)| = 0. We say that
H; is (d;, e, r)-reqular with respect to H;_; if we have d(H;|Q) = d; £ € for every r-set
Q of subgraphs of H; ; such that |K;(Q)| > ¢|K;(H;-1)|. We often refer to (d;, e, 1)-
regularity simply as (d;, €)-regularity; also, we say simply that H; is (e, r)-reqular with
respect to H;_1 to mean that there exists some d; for which H; is (d;, e, r)-reqular with
respect to H; 1. Finally, given an i-graph G whose vertex set contains that of H; ;, we
say that G is (d;, e, r)-reqular with respect to H;_; if the i-partite subgraph of G induced
by the vertex classes of H; 1 is (d;, e, r)-regular with respect to H; ;. Similarly as before,
when H; ; is clear from the context, we refer to the relative density of this ¢-partite
subgraph of G with respect to H; 1 as the relative density of G.

Now let H be an s-partite k-complex on vertex classes Vi,...,V,, where s > k > 3.
Recall that this means that if e € H and ¢ C e then ¢ € H. So if e € H® for some
2 < i < k, then the vertices of e induce a copy of K/~' in H@~V. This means that for
any index A € ([f]) the density d(H®[Va]|H"Y[V4]) can be regarded as the proportion
of ‘possible edges’ of H[V,4] which are indeed edges. (Here a ‘possible edge’ is a subset
of V(H) of index A all of whose proper subsets are edges of H). We therefore say that H
is (dy, . ..,ds, e, &, 7)-regular if

(a) forany 2 < i <k —1and any A € ([?]), the induced subgraph H®[V,] is (d;, €)-
regular with respect to H~Y[V,], and

(b) for any A € ([fj), the induced subgraph H®[V,] is (dy, ek, 7)-regular with respect
to HED[V4].

So each constant d; approximates the relative density of each subgraph H®[V,] for A €

([jf}) for which H®@[V,] is non-empty. For a (k — 1)-tuple d = (dg,...,ds) we write

(d, e, e, 7)-regular to mean (dy, ..., ds, e, €, r)-regular. A regular complex is the correct

notion of ‘approximately random’ for hypergraph regularity.

4.2. Regular slices and the reduced k-graph. The Regular Slice Lemma says that
any k-graph G admits a ‘regular slice’. This is a multipartite (k — 1)-complex J whose
vertex classes have equal size, which is regular, and which moreover has the property that
G is regular with respect to J. The first two of these conditions are formalised in the
following definition: we say that a (k — 1)-complex J is (o, t1, €)-equitable if it has the
following properties.

(a) J is P-partite for some P which partitions V' (7) into ¢ parts, where t, <t <1, of
equal size. We refer to P as the ground partition of J, and to the parts of P as the
clusters of J.

(b) There exists a density vector d = (dy_1,...,ds) such that for each 2 <i <k —1 we
have d; > 1/t; and 1/d; € N, and the (k — 1)-complex J is (d, e, ¢, 1)-regular.

For any k-set X of clusters of 7, we write Jx for the k-partite (k — 1)-graph j)((kgl).
For reasons that will become apparent later, we sometimes refer to Jx as a polyad. The
following well-known fact, a special case of the Dense Counting Lemma (see [20, Theorem
6.5]), tells us approximately the number of edges in each layer of 7, and also how many

k-sets are supported on any polyad. Note that the definition of an equitable complex
implies that ¢ < 1/t; < d; in this fact.

Fact 3. Suppose that 1/mg < & < 1/t1,1/to, B,1/k, and that J is a (to,t1,€)-equitable

(k — 1)-complex with density vector (dg_1,...,ds) whose clusters each have size m > my.
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Let X be a set of k clusters of J. Then
) k-1 *)
Ke(J)l = (1% Bym* [ .
i=2

and for any proper subset X' C X we have
s G0
(T = @£ 8)m ™ ]d; 7.

=2

t

Given a (tg, t1,€)-equitable (k—1)-complex J and a k-graph G on V(J), we say that G
is (ex, r)-reqular with respect to a k-set X of clusters of J if there exists some d such that
G is (d, e, 7)-regular with respect to the polyad Jx. We also write d’7(X) for the relative
density of G with respect to Jx, or simply d*(X) if 7 is clear from the context, which will
usually be the case in applications. Note in particular that Fact [3 then implies that tlle
number of edges of G which are supported on Jy is approximately d*(X)m* []/-) dl(l)
We now give the key definition of the Regular Slice Lemma.

Definition 4 (Regular slice). Given ¢, > 0, r,to,t1 € N, a k-graph G and a (k —1)-
complex J on V(G), we call J a (tg,t1,€,ex,1)-reqular slice for G if J is (to,t1,€)-
equitable and G is (ey,r)-reqular with respect to all but at most ey, (Z) of the k-sets of
clusters of J, where t is the number of clusters of J.

It will sometimes be convenient not to specify all of the parameters: we may write that
J is (-, -, e)-equitable, or is a (-, -, g, g, 7)-slice for G, if we do not wish to specify ¢y or ¢;
(as will be the case if we specify instead the density vector d and the number of clusters
t).

Given a regular slice J for a k-graph G, it will be important to know the relative
densities d*(X) for k-sets X of clusters of J. To keep track of these we make the
following definition.

Definition 5 (Weighted reduced k-graph). Given a k-graph G and a (tg, t1, €)-equitable
(k—1)-complex J on V(G), we let R7(G) be the complete weighted k-graph whose vertices
are the clusters of J, and where each edge X is given weight d*(X) (in particular, the
weight is in [0,1]). When J is clear from the context we often simply write R(G) instead
of R7(G).

In applications we will usually take J to be a regular slice for G. In this case we
will want to ensure that G is regular with respect to all k-sets X of clusters of J with
d*(X) > 0, which can be achieved by the simple expedient of deleting all edges of G
lying in k-sets with respect to which G is not regular; the definition of a regular slice
implies that there are few such edges. The reason that we do not specify this in the
definition of a regular slice, or specify that only k-sets with respect to which G is regular
are given positive weight in the weighted reduced graph, is that we will also make use
of this definition in the process of proving that a certain equitable (k — 1)-complex is in
fact a regular slice. Note that although different choices of 7 may well produce different
weighted reduced k-graphs (and only some of these will have ‘good’ properties), since J
will always be clear from the context we will speak of ‘the’ reduced k-graph R(G) of G.

In general, it is not very helpful to know that 7 is a regular slice for a k-graph G; the
reduced graph of G with respect to J does not necessarily resemble G in the way that the

reduced 2-graph of a 2-graph H with respect to a Szemerédi partition resembles H. The
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Regular Slice Lemma states that there is a regular slice J with respect to which R(G)
does resemble G, in the sense that densities of small subgraphs (part @ of the Regular
Slice Lemma) and degree conditions (part are preserved. Furthermore, all vertices of
G are in some sense ‘represented’ on J (part |(¢))—this is useful for embedding spanning
subgraphs. In order to make this precise, we need the following further definitions.

Given hypergraphs G and H, we write ngy(G) for the number of labelled copies of H
in GG. In order to extend this definition to weighted k-graphs G, we let

(@)= Y ] @)
&V (H)=V(G) eeE(H)

where ¢ ranges over all injective maps and d* is the weight function on E(G). We then
define the H-density of G as

(i) o)

In other words, dy(G) is the expectation of [[, .y d*(é(e)) for an injective map ¢ :
V(H) — V(G) chosen uniformly at random. In the special case that H consists of a
single edge, we will write simply d(G), and speak of the density of G or the edge-density
of G.

Now let G be a k-graph on n vertices. Given a set S C V(G) of size j for some
1 <j<k—1,and asubset X C V(G), the relative degree deg(S; G, X) of S in X with
respect to (G is defined to be
— eceGISUX|:SCe
deg(S;G, X) == i [ (X\S|]) < el

k—j
In other words, deg(S; G, X) is the proportion of k-sets of vertices of G[X US| extending
S which are in fact edges of G. To extend this definition to weighted k-graphs G, we
replace the number of edges in G[X US| including S with the sum of the weights of edges
of G[X U S] including S. Finally, if S is a collection of j-sets in V(G), then deg(S; G, X)
is defined to be the mean of deg(S; G, X) over all sets S € S.

Given a k-graph GG and distinct ‘root’ vertices vy, ..., v, of G, and a k-graph H equipped
with a set of distinct ‘root’ vertices xq,...,xy, we define the number of labelled rooted
copies of H in G, written ng(G;vy,...,v), to be the number of injective maps from
V(H) to V(G) which embed H in G and take z; to v; for each 1 < j < {. Then the
density of rooted copies of H in G is defined to be

7,I/H(Gva U1y .- 71)[)
dy(G;vq,. .., = )

This density has a natural probabilistic interpretation: choose uniformly at random
an injective map ¢ : V(H) — V/(G) such that ¢(x;) = v; for every j € [(]. Then
dp(G; vy, ..., v,) is the probability that ¢ embeds H in G. Next, we define H*** to be
the (k — 1)-complex on V(H) — ¢ vertices which is obtained from the complex H gener-
ated by the down-closure of H by deleting the vertices x1, ..., x, (and all edges containing
them) and deleting all edges of size k. Given a (to,t1,¢)-equitable (k — 1)-complex J
on V(G), the number of rooted copies of H supported by J, written ny(G;vy, ..., v, J),
is defined to be the number of labelled rooted copies of H in G such that each vertex
of H* lies in a distinct cluster of J and the image of H*** is in J (but note that we
do not require the edges involving vy, ..., v, to be contained in or supported by 7, and

indeed typically they will not be). We also define 7/, ....(J) to be the number of labelled
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copies of H**¢ in J with each vertex of H** embedded in a distinct cluster of 7. Then
the density dy (G; vy, ..., v, J) of rooted copies of H in G supported by J is then defined
by
TLH(G;Ul,---,'Ug,j)

n;_lskel (\7) .

Again we have a natural probabilistic interpretation: let v : V(H**!) — V(G) be an
injective map chosen uniformly at random, and extend ¢ to a map ¢ : V(H) — V(G)
by taking ¢'(z;) = v; for each i € [(]. Then dy(G;vy,...,v,,J) is the conditional
probability that ¢/ embeds H in G given that ¢ embeds H*** in J with each vertex
of H**! embedded in a different cluster of 7.

We can now state the Regular Slice Lemma. We remark that for many applications it
suffices to take ¢ = s = 1, with Q being the trivial partition of V' with one part.

dH(G;Ul,...,Ug,j) =

Lemma 6 (Regular Slice Lemma). Let k > 3 be a fized integer. For all positive integers
q, to and s, positive €y and all functionsr : N — N and e : N — (0, 1], there are integers t;
and ng such that the following holds for all n > ng which are divisible by t1!. Let V be a
set of n vertices, and suppose that G, ..., Gy are edge-disjoint k-graphs on V', and that Q
is a partition of V into at most q parts of equal size. Then there exists a (k — 1)-complex
J on V. which is a (to,t1,(t1), ek, 7(t1))-reqular slice for each G;, such that the ground
partition P of J refines Q, and such that J has the following additional properties.

(a) Foreach 1 <1 <'s, any k-graph H with v(H) < 1/¢j, and each set X of at least et

clusters of J (where t is the total number of clusters of J ), we have

d (R(G)[X]) — dy (Gi {U X])] <er.
(b) Foreach1<i<s, each1 <j<k—1, each setY of j clusters of J, and each set
X of clusters of J for which | J X is the union of some parts of Q, we have
|deg(Y'; R(G)), X) — deg(Jy: G, | X)| < ek

(¢) For each 1 < i <'s, each 1 < { < 1/ey, each k-graph H equipped with a set of
distinct root vertices x1,...,x; such that v(H) < 1/ek, and any distinct vertices
v1,...,00 1V, we have

‘dH(Gz‘;Ul, v J) —dg (G, >W)‘ < €k -

To understand this lemma consider first the special case of regularising only one graph
G = Gy, i.e. s = 1, with Q being the trivial partition with one part, i.e. ¢ = 1, and
where (for properties @ and H consists of a single edge (in the latter case, rooted
at one vertex v). Then the result is that J is a regular slice for GG, with not too few
clusters (bounded below by ¢y) but also not too many (bounded above by ¢;), with very
strong regularity properties (typically e is much smaller than any density d;) and G is
(e, r)-regular with respect to J. This looks so far very much like the ‘usual’ hypergraph
regularity (see Lemma later for a statement) except that the statement that G is
regular with respect to J says something only about a very small part of G. Then
property |(a )| states that R(G) ‘looks like” GG in that edge densities on large sets agree.
Property |(b )| tells us that degree conditions on G transfer to R(G). Finally property
says: for every vertex v of G, the fraction of (k — 1)-sets of V(G) which make edges with
v is close to the fraction of (k — 1)-edges of J which make edges with v. That is, vertex
degrees in GG are inherited when we consider only extensions supported on 7.

We note that it is often necessary to estimate (for example) the number of edges of G

which have one vertex in each of some pairwise-disjoint sets X, ..., Xy rather than just
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the number of edges in a set X: provided that each of the X; is large, it follows by use of
the inclusion-exclusion principle and the ability conferred by @ to estimate the number
of edges in a large set X that we can also make such estimates.

For embedding subgraphs, it is important to distinguish dense regular k-sets (i.e. k-
sets on which G is dense and regular with respect to J). In order to state our Cycle
Embedding Lemma we therefore give the following variation of the definition of the
reduced graph.

Definition 7 (The d-reduced k-graph). Let G be a k-graph and let J be a (to,t1,€,€x,7)-
reqular slice for G. Then for d > 0 we define the d-reduced k-graph Rq(G) to be the
k-graph whose vertices are the clusters of J and whose edges are all k-sets X of clusters
of J such that G is (e, r)-reqular with respect to X and d*(X) > d.

The next lemma states that for regular slices J from Lemmal[f, H-densities and degrees
are also preserved by R,;(G), allowing us to work with this structure also.

Lemma 8. Let G be a k-graph and let J be a (to,t1,¢€, ek, r)-reqular slice for G with t
clusters. Also let X be a set of clusters of J. Then for any k-graph H we have

B epe(H) (Z)

(%)
k
and for any set'Y of at most k — 1 clusters of J we have

deg(Y; Ry(G), X) > deg(Y; R(G), X) — d — ((Y),

where ((Y') is defined to be the proportion of k-sets of clusters Z with Y C Z CY U X
which are not (e, r)-reqular with respect to G.

Proof. Observe that we can transform R(G) to Ry(G) by editing the edge-weights of R(G)
in three stages. First, for any edge S of R(G) with d*(S) > d, we increase the weight of S
from d*(.S) to 1. Second, for any edge S of R(G) with d*(S) < d, we decrease the weight
of S from d*(S) to zero. Finally, for any edge S of R(G) such that G is not (e, r)-regular
with respect to S, we reduce the weight of S to zero. Note that the number of k-sets S
of the latter type is at most ey (Z) since J is a (to, t1, €, &, r)-regular slice for G.

To prove the first equation, we consider the effect of each of these changes on the

quantity dy (R(G)[X]). Recall that this was defined to be the average of [ ., d*(¢(e))

taken over all the (‘f')h! injections ¢ : V(H) — X, where h := |V(H)|. If the weight of
any edge of R(G) is increased, this average cannot decrease. Likewise, if the weights of
any subset of edges of R((G) are decreased from at most d to zero, then this average will
decrease by at most d also. Finally, if the weights of some set of m chosen edges of R(G)
are reduced to zero, then this reduces [[.., d*(¢(e)) by at most one for each of the at

most e(H)m('f‘__kk) (h —k)!k! injections ¢ for which ¢(e) is a chosen edge for some e € H.
So dy (R(G)[X]) decreases by at most
e(H)ym(5ER) (h— k) e(H)m
X — T /XhN
() (%)
Combining these changes for the three steps described above, we obtain the first equation.
_ Similarly, for the second equation we consider the effect of each change on the quantity
deg(Y; R(G), X), which was defined to be the average of d*(Z) over all k-sets Z with
Y C Z CYUX. As before, increasing the weight of any edge of R(G) cannot cause

this average to decrease, and decreasing the weights of any subset of edges of R(G) by

at most d will cause this average to decrease by at most d. Finally, since d*(Z) must be
11
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between zero and one for any Z, reducing the weight of a (-proportion of the k-sets Z to
zero will reduce this average by at most (; combining these changes for the three steps
gives the second equation. O

4.3. Cycle Embedding Lemma. A standard and very useful result (originally proved
by Luczak [22]) in extremal graph theory is that for all d > 0 and sufficiently small
e > 0, the following holds. Given a graph G and a partition of V(G) into clusters of
equal size, let Ry(G) be the graph whose vertices correspond to clusters and where an
edge indicates that the bipartite graph induced by the corresponding clusters is e-regular
with density at least d. If there is a connected component of R;(G) which contains a
matching covering at least (a+d)v(Rq(G)) of the vertices of R;(G), then there are paths
and even cycles in G of each length up to av(G). In fact, a stronger result is true, as
observed by Hladky, Kral and Piguet (see [6], where this idea was also used): we need
only a fractional matching with weight (a 4+ d)v(R4(G)). In this subsection we state the
corresponding result for tight paths and cycles in k-graphs.

Let G be an n-vertex k-graph. Then a matching in G is a set M C E(G) of vertex-
disjoint edges of G, and the matching number v(G) denotes the maximum size of a
matching in G. A fractional matching M in G assigns a weight w, € [0, 1] to each edge
e € G so that for every vertex v € V(G) we have ) . w. < 1. The weight of M is
the sum of all the edge weights, which must lie between zero and n/k. We say that M is
perfect if it has weight n/k.

Next, we define a tight walk W in G to be a sequence of vertices of GG such that each
set of k consecutive vertices induces an edge of G. For edges e, f € G we say that W
is a walk from e to f if W begins with the vertices of e (in some order) and concludes
with the vertices of the vertices of f (in some order). If such a walk exists then we say
that e and f are tightly connected. This gives an equivalence relation on the edges of G.
To see this, observe that if e and f are edges of G with |e N f| = k — 1, then given
any (k — 1)-tuple in e and (k — 1)-set in f, there is a tight walk in G whose first k — 1
vertices are the chosen (k — 1)-tuple in e (in order) and whose last k£ — 1 vertices are the
chosen (k—1)-set in f (in some order which we cannot choose). Applying this observation
repeatedly establishes the transitivity of the ‘tightly connected’ relation, and moreover
shows that the observation still holds if we replace the assumption |e N f| = k — 1 by the
weaker assumption that e and f are tightly connected in G. A tight component of G is
an equivalence class of this relation, that is, an edge maximal set C' C G such that each
pair e, f of edges in C are tightly connected (recall we identify this edge set with the
subgraph of G' with vertex set |JC and edge set C'). A tightly connected matching in G
is a matching in which all edges are tightly connected (that is, they all lie in the same
tight component of G). Finally, a tightly connected fractional matching is a fractional
matching in which the same is true of all edges of non-zero weight.

We can now state our main embedding result, which we prove in Section Q.

Lemma 9 (Cycle Embedding Lemma). Let k, r,ng, t be positive integers, and 1, ds, ..., dy, €, &g
be positive constants such that 1/d; € N for each 2 < i < k—1, and such that 1/ny < 1/t,

i<< 1,€<<€k,d2,...,dk,1 and €k<<1/1,dk,l.
No r k
Then the following holds for all integers n > ny. Let G be a k-graph on n vertices, and
J be a (-, - ¢, ex,1)-reqular slice for G with t clusters and density vector (dy_1,...,ds).
Suppose that Ry, (G) contains a tightly connected fractional matching with weight ji. Then
G contains a tight cycle of length { for every ¢ < (1 —)kun/t that is divisible by k.
12



5. ERDOS-GALLAI FOR HYPERGRAPHS

In this section we aim to demonstrate the value of the tools presented in the previous
section by proving Theorem []

Our strategy is simple: by Lemmas [6] and @ it is enough to show that any k-graph G
with edge density « contains a tightly connected matching with at least av(G)/k edges.
To obtain this, we show (Proposition [[0) that any G with edge density « contains a tight
component G* with e (G*) > aer—1(G*), and then that any k-graph which satisfies this
inequality contains the desired matching (Lemma [TT]).

We first justify our assertion that there is a dense tight component.

Proposition 10. Let G be a k-graph on n vertices. Then there is a tight component G*
of G such that
6k71(g*)

(kﬁl)

where G* denotes the k-complex generated by the down-closure of G*.

Proof. Let Gy,...,Gg be the tight components of GG, and let G; denote the k-complex
generated by the down-closure of G;. Fix ¢ € [s] which maximises ex(Gy)/ex—1(Gr). By
the definition of tight components we have Zie[s} er—1(G;) < (kﬁl) Hence

e(Gr) er(Gr) n
Zek gz = e 1(g€) Z@wl(gi) < W(k _ 1) .

iep) €r—1

ex(G%) = e(G),

We next state the lemma guaranteeing that a dense k-graph has a large matching.
Lemma 11. Let k,r be any natural numbers and let G be a k-complex in which
1) ex(@) > (r = Dep1(9) + 1.
Then V(Q(k)) >r.

The proof of this lemma proceeds inductively and uses a classical concept from extremal
set theory called compression. Let H be a hypergraph on vertex set [n], and choose
i,j € [n] with @ < j. Then the ij-compression S;; performs the following operation on
H. For every edge e € E(H) such that i ¢ e, j € e and {i} Ue\ {j} ¢ E(H), delete e
from E(#H) and replace it by {i}Ue\ {j}. We denote the resulting hypergraph by S;;(H).
If S;;(H) = H for every i < j, then we say that H is fully-compressed.

The next proposition sets out various properties of compressions of complexes which
we shall use.

Proposition 12. Let H be a k-complex on vertex set [n]. Then for any 1 <i < j<n

we have that

(a) Sij(H) is a k-complex with e,(Si;(H)) = ei(H) for any ¢,

(b) v(Sy(H®)) < v(HW), and

(¢) if H is fully-compressed, then for any edge e € H such that j € e and i ¢ e we have
that {i} Ue\ {j} € H.

Proof. @ is immediate from the definition, whilst @ follows from Lemma 2.1 in [14],
or is easy to prove directly. Finally follows since in this case S;;(H) = H. O

The second proposition needed to prove Lemma [l shows that if G satisfies (II) and
some edge of G is contained in few higher-level edges of G, then removing this edge and

all edges containing it from G gives a subcomplex which also satisfies ().
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Proposition 13. Let k,r be any natural numbers and let G be a k-complex in which
ex(G) > (r—1)ep_1(G)+1. Fiz 0 < j < k—1, and suppose that e € E(GY)) lies in fewer
than (k— j)r edges of GUTY . Let G' be the k-complex obtained by deleting e and any edge
of G which contains e from G. Then ex(G') > (r — D)er_1(G’) + 1.

To prove this we use the local LYM inequality, which can be found in e.g. [3].

Theorem 14 (Local LYM inequality). Let G be an i-complex on n vertices. Then
€z‘—1(g) > n+2+1€l<g> U

Proof of Proposition[I3. Let A = {x € V(G) : eU {2} € GU+Y}. By assumption we
have |A| < (k — j)r — 1. Let H be the (k — j)-complex on vertex set A with edge set
{/\e:e Ce¢e e G} Note that when we delete e and all edges containing it from G,
we delete exactly d := e;,_;(H) edges from G and exactly d’' = e,_;_1(H) edges from
G%=1Y_ By Theorem [I4],

i’zek_j_l(r}{) > k‘—] > k‘—j
d e (M) TJA—k+j+1 " (k—jyr—1—k+j+1
k—j 1

k—jr—1) r—1’
Thus the complex G’ obtained from our deletions satisfies

er(9) = er(G) —d = ex(G) — (r = 1)d’
>(r—1)ep1(G)+1—(r—1)d = (r—1)er_1(G") +1

where we used the assumption that ex(G) > (r — 1)ex_1(G) + 1 for the second inequality.
U

The case 7 = 0 of Proposition [[3 immediately gives the following corollary, which we
use in the proof of Lemma [IT]

Corollary 15. Let k,r be any natural numbers and let G be a k-complex in which ey (G) >
(r—1)ex—1(G) + 1. Then |V(G)| > kr. O

We now give the proof of Lemma [Tl

Proof of Lemmalldl. Let G be a k-complex on vertex set [n] in which ex(G) > (r —
1)ex—1(G) + 1. First, we perform repeatedly the following two operations. If for some
¢ € [k — 1] there is an edge e € G¥) which is contained in fewer than (k — £)r edges
of G¥+Y | we delete it and all its supersets from G. If there are 1 < i < j < n such
that S;;(G) # G then we replace G with 5;;(G). Eventually we reach a complex H where
neither operation is possible.

Observe that Proposition [I2] part @ and Proposition [13] together tell us that, since
we started with a complex G satisfying ([l), H satisfies () also. Moreover, Proposition [[2]
part @together with the trivial fact that deleting edges from a complex does not increase
the matching number of any level of the complex implies that V(H(k)) < u(g(’“)). By
definition, H is fully-compressed. Now given 1 < ¢ < k — 1, let e be an edge of H.
Because ¢ is in H, there are at least (k—/)r edges of H*1 containing e, and in particular
there is some j > (k — £)r such that e U {j} is in H“*Y. Now Proposition [2 part
states that for any i < j with i ¢ e we have {i} UeU{j}\{j} € "V, and thus we have

(2) {iYUeeH"V foreach ie [(k—0)r] suchthat i¢e.
We will now show by induction on ¢ that the /-edges

eomi={(k=0Or+m,(k—C+1)r+m,....(k—1)r+m}
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for m = 1,...,r form a matching in H¥. Note that for any ¢ € [k] the sets e, for
m € [r] are by definition pairwise-disjoint; it remains to show that all es,, are edges of
H.

The base case ¢ = 1 is trivial, since we are looking only for distinct vertices, and the
singletons (k — 1)r + 1, (k — 1)r + 2,..., kr are in H by Corollary

Now for some 1 < ¢ < k — 1 and m € [r] suppose that e, is an edge of HO . Tet
i=(k—0—1)r+m < (k—{)r. By definition we have i ¢ e;,, and so by ([2)) we have
eor1m =i} Uepm € HAD | as desired.

We conclude that the sets ey ,, for m € [r] form a matching in H*®), so r < I/(H(k)) <
v(G™®) as desired. O

We note that Lemma [I1] is tight. Indeed, for any k and r, let K be the k-complex
generated by the down-closure of the complete k-graph K ,gill on kr — 1 vertices. Then

a®) = (") = -0 2] = 0= Decao),

and V(K(k)) =r—1.
We can now complete our proof of Theorem [Il which we restate for the convenience of
the reader.

Theorem [l For every positive § and every integer k > 3, there is an integer n, such
that the following holds for all o € [0,1]. If G is a k-uniform hypergraph on n > n,
vertices with e(G) > (a+6)(7), then G contains a tight cycle of length { for every { < an
that is divisible by k.

Proof. Given k > 3 and 6 > 0, we choose d, = /3, to = 24k/6 and ¢» = §/8. We
let € < 6/12 be sufficiently small for Lemma @ We choose functions e(-) tending to
zero sufficiently rapidly, and r(-) growing sufficiently rapidly, so that for any ¢t € N and
dy,...,dx_1 > 1/t we may apply Lemma [0 with r(¢), e(¢). Obtain ¢; and ny by applying
Lemma [ with inputs ¢, e, 7(+) and ¢(+) (taking ¢ = s = 1); for the rest of this proof we
write r and € for r(¢;) and £(¢;) respectively. Then by Lemma [@], for any k-graph G on n
vertices, where n > ng is divisible by ¢!, there is a (to, t1, €, €k, r)-regular slice for G such
that d(R(G)) > d(G) — €. Finally, we choose n; > ng sufficiently large for us to apply
Lemma [ with t; in place of ¢, n; in place of ny and all other constants as above, and
also such that ¢;!(,") < () /12.

Set n, := ny+1t;!, and let G’ be a k-graph on n’ > n, vertices with e(G’) > (a+9) (Z)
Delete at most ¢;! — 1 vertices from G’ to obtain a k-graph G on n vertices, where n
is divisible by ¢;!. By choice of ny we have e¢(G) > (a + 116/12)(}). So Lemma
gives us a (fo, t1,¢€, €x, r)-regular slice J for G with ¢ clusters (where t, <t < ;) such
that d(R(G)) > d(G) — e, > a + 106/12. Finally by Lemma B we have d(Rq, (G)) >
d(R(G)) — di, — e > a + 56/12.

The total number of edges in Ry, (G) is therefore at least (a+53/12)(;). It follows by
Proposition [I0] that there is a tight component R of Ry, (G) such that the k-complex R
generated by the down-closure of R satisfies

2 5 03 () 2

49 6k71<’R’)
> -
> (a + 12) t 2

where the final inequality is guaranteed by ¢ > ¢, = 24k /0.
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By Lemma [I1] it follows that R contains a matching of at least (a + d/4)t/k edges.
Since this matching is contained in R it is tightly connected. Lemma [0 then implies that
G contains a tight cycle of length ¢ for every ¢ at most (1 —)k((a+ 0/4)t/k)n/t > an
which is divisible by k (where the inequality follows from 1 = §/8). O

6. CYCLES IN k-PARTITE HYPERGRAPHS

In this section we will prove Theorem Bl As in the previous section, our strategy is
to show that the partite codegree condition implies the existence of a sufficiently large
(this time fractional) matching in a connected component of R,(G), after which applying
Lemma [ will give the existence of the desired tight paths and cycles in G. Unfortunately,
while the minimum codegree of G transfers to R(G) by Lemma[f, as we saw in Lemma[§
it does not transfer perfectly to R;(G): some (k — 1)-sets of clusters may lie in many
irregular k-sets of clusters, and so have small relative degree in R4(G). To handle this,
we follow the approach of Keevash and Mycroft [I8], moving to non-uniform hypergraphs
R in which an edge of R*~Y corresponds to a (k — 1)-set of Ry4(G) which does acquire
the desired codegree from (G, and the presence of an edge of R of size j < k — 1 implies
that most of the (j + 1)-supersets of this edge are also edges. The hypergraph-theoretic
core of our proof of Theorem [2] is Lemma [I7}; to prove this we use the following special
case of Lemma 7.2 of [I8], which was proved by a straightforward application of Farkas’s
Lemma.

Lemma 16. Let H be a k-partite hypergraph whose parts X, ..., Xy each have size t.
Suppose that ) € H and that for any 0 <i < k —1 and j € [k], any edge of HY which
does not intersect X; is contained in at least t — it/k edges of HEHD which do intersect
Xj. Then HE) admits a perfect fractional matching. O

Lemma 17. Given 0 < a < 1 and § > 0, let R be a k-partite hypergraph with vertex
classes X1, ..., Xy of size t with the following properties.
(i) 0 € R, and {v} € R for anyv € V(R) = Uiep Xi-
i) Forany 1 <i<k—2andj € k], any edge of R® which has no vertex in X; is
(i) y j , any edg j
contained in at least (1 — B)t edges of RU+Y which intersect X;.
(iii) Each edge of R*V is contained in at least (a + (28 4+ 1)B)t edges of R™.
Then
(a) R¥) contains a tightly connected matching of at edges, and
(b) if a > % then R™) contains a tightly connected perfect fractional matching.

Proof. First note that for any 1 < i < k, if some edge e € R® does not include any
edge of RU~Y as a subset, then deleting e from R yields a subgraph which also meets
the conditions of the lemma. So we may assume that every edge in R includes at least
one edge of R~ as a subset.

The edges f € R™ for which every subset of f is an edge of R are the most useful in
the sense that for each subset of f we can apply the degree conditions and . We
say that such edges are excellent. We will show that each tightly connected component
of R contains a matching of at excellent edges, giving @

Claim 18. Each edge of R is tightly connected to an excellent edge of R™.

Proof. Let e = {v1,...,v;} be an edge of R with v; € X; for each i. Since every edge
in R™ includes at least one edge of RO~V as a subset, we may assume without loss of

generality that the subsets {vy,...,v;} are in R for each 1 < j < k—1. Choose w;, € Xj,
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such that {vy,...,v;,w} is in R for each 0 < j < k — 1. This is possible because
{vi,...,v;} isin R for each j, and so at most (k—2)Bt+ (1 —a— (2 +1)8)t < ¢ vertices
in X}, do not satisfy the given condition. Now for each : = k — 1,...,1 in that order, we
choose a vertex w; € X; such that {vq,...,v;,5} is an edge of R foreach 0 < j <i—1
and each subset S of {w,...,w;}. Again, since 2718t + (1 — a — (28 + 1)B)t < ¢ this

is always possible. Then the sequence of edges of the form {wvy,..., v;, w;rq,..., wi} for
0 <i <k is a tight walk between e and {wy,...,w;} in R (since by construction each of
these k-sets is in R) and also by construction {wy,...,w;} is an excellent edge. O

We next show that for any small vertex set S and any excellent edge e, there is a tight
walk from e to another excellent edge outside S.

Claim 19. Given any set S of vertices of R such that |S N X;| < at for each 1 <1 <k,
and an excellent edge e, there is a tight walk from e to an excellent edge € of R™) with

e€ns=10.

Proof. Let e = {uy,...,u;}, where u; € X; for each i. For each i =1,..., k in that order,
we wish to choose v; to be a vertex of X; \ S such that {vy,...,v;,uit1,...,ux} is an
excellent edge. This means that for each subset T" of {vy,...,v;_1, uiy1, ..., ur}, we need
to guarantee that 7"U {v;} is an edge of R. In total, at most

gt + (1 —a— (2" +1)B)t <t —at — Bt

vertices of X; are not suitable. Thus at least (a + 8)t > |S N X;| vertices are suitable,
and it is always possible to choose v; € X;\ S as desired. Now the sequence of edges of
the form {vy, ..., v;, uisq, ..., u,} for 0 <i < k is a tight walk from e to an excellent edge
e/ ={vy,...,vx} which does not intersect S as desired. O

Next we show that any tight component of R*) has a matching with at least at edges.
So let C' be a tight component of R*): then C' contains at least one edge. Since by
Claim [§ any edge of R* is tightly connected to an excellent edge of R*), C contains
an excellent edge e;.

We construct a matching in C' as follows. We let M; = {e;}. Now for each 2 < i < at,
let e; be the edge returned by applying Claim [[9 with e = e; ;1 and S consisting of all
vertices covered by M, 1, and let M; = M; 1 U{e;}. Then M, is the desired matching in
C'. (In fact, this process actually returns a tight path in C' on at vertices. The matching
M, consists of every kth edge of this path.)

To complete the proof we show that in the case a > % we have more: R™ is tightly
connected and admits a perfect fractional matching. For the latter we use Lemma
Indeed, any edge of R*~Y is contained in at least at > t/k =t — %t edges of R™*),
the edge of R (i.e. ) is contained in the edges {v} € RW for v € V(R), and for any
1 <i< k-2, any edge of R® which does not intersect some part X is contained in
at least (1 — )t > (k — 1)t/k >t — it edges of RO which do intersect X; (the first
inequality follows from o + (271 +1)3 < 1). So R meets the conditions of Lemma [I6]
from which we deduce that R*) admits a perfect fractional matching.

To show that R™*) is tightly connected, it is by Claim enough to show that any
two excellent edges are tightly connected. Given two excellent edges {us,...,ux} and
{v1,..., v}, where u;,v; € X; for each i, we have that both e := {uy,...,ux_1} and
f:={vi,...,vs_1} are edges of R: in particular there are at least 2(a+ (28 +1)8)t —t >
(2% + 1)t vertices in X which form edges with both e and f. Of these, all but at most
2 . 2k-13¢ form excellent edges with both e and f, so we can choose a vertex wy € X

so that e U {w;} and f U {w;} are both excellent edges of R*). We repeat the same
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process for each © = k—1,...,1 in that order to find w; € X; which forms excellent edges

with each of {uy,...,u;—1,wit1,...,wr} and {vy, ..., v, 1, Wit1,...,wr}. We have thus
constructed tight walks from each of {us,...,ux} and {vy,..., v} to {wy,..., wi}, and
thus the two edges are tightly connected, as desired. U

We now prove Theorem 2 which we restate for the reader’s convenience. We note that
an ordering of constants and functions:

1/77,1 < 8(')7 1/T<) < 1/t1 e K 67 d/mw < 57 1/k
would be enough in the proof, but for convenience we will give values explicitly.

Theorem [2l For every positive § and every integer k > 3 there is an integer n, such

that the following holds for each o € [0,1]. If G is a k-uniform k-partite hypergraph with

parts of size n > n,, such that any collection of k — 1 vertices, one in each of k — 1 parts

of G, lies in at least (o + 0)n edges of G, then

(a) G contains a tight cycle of length € for every ¢ < akn that is divisible by k, and

(b) if « > § then G contains a tight cycle of length € for every ¢ < (1 — 6)kn that is
divisible by k.

Proof. Given 0 < § < 1 and k > 3, we choose

0 ) 1)
w 287 dk 77 /B 7<2k+1)’ tO
We let -
[o )
S g

be sufficiently small for applying Lemma [O with constants 1, ), and dj. Next we choose
functions r : N — N growing sufficiently rapidly and ¢ : N — (0, 1] tending to zero
sufficiently rapidly so that for any ¢t € N we can apply Lemma [0 with ¢, as chosen
above, r(t), (t) and any ds,...,d; > 1/t. Now Lemma [0 returns ¢; and ng such that
for any n > ng divisible by #;!, any kn-vertex k-graph G and any partition Q of V(G)
into k parts of size n, there is a (to,tl,5(t1),5k,7’(t1))—regular slice for G' which satisfies
conditions @ and @ of Lemma [6] and whose ground partition refines Q. Fix this ¢y;
for the rest of the proof we will write ¢ and r for €(¢;) and r(¢;) respectively. Finally we
choose ny > max (ng, 7t;!/0) to be sufficiently large to apply Lemma [9 with ¢; in place of
t, nq in place of ng and all other constants as above.

Let G’ be a k-partite k-graph with parts U], ..., U}, of size n’ > n, := n; +t;! such that
any (k—1)-set of vertices, one in each of k—1 parts of G', lies in at least (a+6)n’ edges of
G'. Choose n divisible by ¢! with n’ —¢;! < n < n' and a subset U; C U/ of size n for each
i € [k], and let G be the subgraph of G" induced by |J;c Ui- Let Q denote the partition
of V(@) into the classes U;. Since at most ;! vertices were deleted from each vertex class
of G', and n’ > ny > Tt;!/6, any Q-partite (k — 1)-set S of vertices of G lies in at least
(o +66/7)n edges of G, so deg(S;G,U;) > a + 65/7, where U; is the part of Q which
S does not intersect. By Lemma [6]l we may choose a (to, t1,€, Ek, r)—regular slice J for G
which has the properties @ and @ of Lemma [l and whose ground partition refines Q.
Since each cluster of J has the same size, and the same is true of the parts of Q, the
number of clusters of J must be divisible by k. So let ¢ be such that kt is the number of
clusters. Then each cluster has size m := n/t, and since J is (to, t1, €)-equitable we have
to < kt < 1.

Let Qg denote the natural partition of the clusters of [J; so the parts of Qg are

Vi,..., Vi, where V; consists of all clusters which are subsets of U;. Observe that we
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have |V;| = ¢, and that the reduced k-graph Ry, (G) is Qg-partite. We would like to
immediately apply Lemma [[7to the k-complex generated by the down-closure of Ry, (G),
but unfortunately this complex may not satisfy the required degree conditions. Instead
we obtain a subcomplex which does satisfy the necessary conditions.

To do this, consider a Qr-partite set X of k — 1 clusters. There is exactly one vertex
class V; which X does not intersect, and we say that X is good if there are fewer than
dt/7 clusters X € V; such that G is not (g, r)-regular with respect to the k-set X U {X}
(for convenience, we henceforth refer to such k-sets simply as irreqular k-sets). Next, for
¢ =k—2,...,0 (in that order) we say that a Qg-partite set X’ of ¢ clusters is good if it is
contained in at most ft/2 Qg-partite sets of £ + 1 clusters which are bad, i.e. not good.

At the end of this process we have labelled each individual cluster as good or bad.
Suppose that at least 5t/2 clusters are bad. Then we can construct an irregular k-set in
R(G) by choosing any one of these bad clusters, any of the at least ft/2 clusters with
which it forms a bad pair, and so on up to any of the at least §t/7 irregular k-sets which
contain the bad (k — 1)-set so constructed. Since we could construct a given irregular
k-set in at most k! ways, we conclude that R(G) contains at least (8t/2)k1(5t/7)/k!
irregular k-sets. Since g, < 716/(7-2%1), this is greater than (), contradicting the
fact that J is an (to, t1,€, €k, T)-regular slice for G.

We conclude that fewer than [t/2 clusters are bad. So for each 1 < ¢ < k we may
choose a set V; of t' := (1 — 3/2)t clusters from V;, all of which are good. We now define
a k-partite hypergraph R on V' := V] U---UV/ as follows. For each 0 < j <k —1 we
take R\ to consist of all good j-sets of clusters (so in particular, ) € R and {v} € R for
any v € V'). For R® we instead take all edges of Ry, (G) which are contained in V.

We want to apply Lemma [ with ¢ and a + §/7 in place of ¢t and « respectively.
Observe that condition is satisfied. For condition note that by definition of R,
forany 1 < i < k—2and j € [k], any edge X € R(® which does not intersect Viis
contained in at least |V/| — 8t/2 > (1 — )’ edges of RU"™) which do intersect V.

We now check condition Consider any edge X of R*™V so X is a good set of
k —1 clusters, and let j be such that X does not intersect V;. Recall that deg(S; G, U;) >
a+66/7 for any Q-partite (k—1)-set of vertices of G which does not intersect Uj; it follows
that deg(Jx; G, U;) > a+66/7. By property[(b)]of LemmalBlwe have |deg(X; R(G),V;)—
deg(Jx; G, Uj)| < ek, so deg(X; R(G),V;) > a+56/7. Since X is good, the proportion of
clusters X in V; for which X U {X} is an irregular k-set is at most 0/7, and so Lemma
implies that deg(X; Ry, (G),V;) > deg(X; R(G),V;) —dy — /7 > a+35/7, and therefore
deg(X; Ry, (G), V) > a+20/7. As (28 41)8 = 6/7, it follows that any edge X of RE-1)
lies in at least (o + 6/7 + (28 + 1)3)t’ edges of R™).

So R also satisfies condition of Lemma 7 It follows that R"*) has a tight
component with a matching containing (a+ /7))t = (o +0/7)(1 — 5/2)t > (v + 6/14)t
edges. Since R is a subgraph of Ry, (G), by Lemma[ G contains a tight cycle of length
¢ forany k < £ < (1—v)(a+3d/14)kn which is divisible by k. Since (1—v)(a+4d/14)kn >
akn this completes the proof of@. fa> % then Lemma [I7 also shows that R*) admits
a tightly connected perfect fractional matching, and @ follows analogously. O

7. STRONG HYPERGRAPH REGULARITY

In this section we introduce the Strong Hypergraph Regularity Lemma and some related

tools.
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7.1. Families of partitions and the Strong Hypergraph Regularity Lemma. In
order to state the Strong Hypergraph Regularity Lemma we need some more notation.
Fix k£ > 3, and let P partition a vertex set V into parts Vi,...,V;. For any A C [t], we
denote by Crossa the collection of P-partite subsets S C V of index i(S) = A. Likewise,
we denote by Cross; the union of Crossy for each A € ([;.]), so Cross; contains all P-
partite subsets S C V of size j. Note that Cross, and Cross; are dependent on the choice
of partition P, but this will always be clear from the context. For each 2 < j < k—1 and
Ae ([]t]) let P4 be a partition of Cross,. For consistency of notation we also define the
trivial partitions Py = {V;} for s € [t] and Py := {0}. Let P* consist of the partitions
Py for each A € ([;J) and each 0 < j < k — 1. We say that P* is a (k — 1)-family of
partitions on V if whenever S,T € Cross, lie in the same part of P, and B C A, then
SNU,ep Vs and TN U5 V; lie in the same part of Pp. In other words, given A € ([;])’
if we specify one part of each Pg with B € (jfl), then we obtain a subset of Crossyu
consisting of all S € Crossy whose (j — 1)-subsets are in the specified parts. Thus the
partitions Pg give a natural partition of Cross,, and we are saying that P4 must refine
it.

We refer to the parts of each member of P* as cells. Also, we refer to P as the ground
partition of P*, and the parts of P (i.e. the vertex classes V;) as the clusters of P*. For
each 0 < j<k—1let PU) denote the partition of Cross; formed by the parts (which we
call j-cells) of each of the partitions P4 with A € ([;J) (so in particular P = P).

The cells of P* naturally form (k — 1)-complexes on V. Indeed, for any 0 < j <k —1,
any A € ([?) and any ()’ € Crossy, let Cg denote the cell of P4 which contains @'
Then the fact that P* is a family of partitions implies that for any ) € Cross; the union
J(Q) == Ugicq Cq of cells containing subsets of () is a k-partite (k — 1)-complex. We
say that the (k — 1)-family of partitions P* is (to, 1, €)-equitable if

(a) P partitions V into t clusters of equal size, where to <t < t,

(b) for each 2 < j < k — 1, PU) partitions Cross; into at most t; cells,

(c) there exists d = (dg_1,...,d2) such that for each 2 < 7 < k —1 we have d; > 1/t
and 1/d; € N, and for every Q € Crossy the k-partite (k — 1)-complex J(Q) is
(d,e, e, 1)-regular.

Note that conditions [(a)|and [(¢)]imply that J(Q) is a (1, ¢y, €)-equitable (k — 1)-complex
(with the same density vector d) for any @) € Crossy.

Next, for any P-partite set @ with 2 < |Q| < k, define 15(@; P*) to be the |Q|-partite

(|Q| — 1)-graph on Vjg) with edge set UQ'e(‘ 2 ) Cor. We refer to P(Q; P*) as a polyad;

Ql-

when the family of partitions P* is clear from the context, we write simply p(Q) rather
than P(Q;P*). Note that the condition for P* to be a (k — 1)-family of partitions can
then be rephrased as saying that if 2 < || < k — 1 then the cell Cy is supported on
P(Q). Moreover, we will show in the proof of Lemma B (Claim 2R) that if P* is (o, t1, €)-
equitable for sufficiently small ¢, then for any 2 < 7 < k — 1 and any ) € Cross; the
number of j-cells of P* supported on P(Q) is precisely equal to 1/d;.

Now let G be a k-graph on V', and let P* be a (k — 1)-family of partitions on V. Let
Q € Crossy, so the polyad P(Q) is a k-partite (k—1)-graph. Recall (see Section EZT)) that
G is (g, r)-regular with respect to P(Q) if there is some d such that G is (d, e, r)-regular
with respect to f’(Q) We say that G is (eg,r)-reqular with respect to P* if there are
at most 5k(|‘,§‘) sets @ € Crossy, for which G is not (g, r)-regular with respect to the
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polyad P(Q) That is, at most an eg-proportion of subsets of V' of size k yield polyads
with respect to which G is not regular (though some subsets of V' of size k£ do not yield
any polyad due to not being members of Crossy). Similarly, we say that G is perfectly
(eg, T)-regular with respect to P* if for every set @) € Crossy, the graph G is (e, r)-regular
with respect to the polyad P (@), i.e. there are no polyads with respect to which G is not
regular.

Finally, we define the notion of a slice through a family of partitions. Indeed, if P* is a
(k —1)-family of partitions, then a slice through P* is a (k—1)-complex J on V such that
for each 0 < i < k—1 we may write J@ = UAE<[¢]> C(A), where each C'(A) is a cell in P4.

That is, a slice consists of a single cell from each Py, but the requirement that 7 should
be a (k — 1)-complex requires that the choices of cells are ‘consistent’, meaning that each
chosen 3-cell is supported on the chosen 2-cells, and so forth. Observe in particular that
any slice through P* must be P-partite. Moreover, if P* is (to, t1, €)-equitable then any
slice through P* must be (to, 1, €)-equitable also, and the polyads of any slice through P*
are also polyads of P*. The reason for the term ‘regular slice’ should now be apparent:
we take a slice through a (k — 1)-family of partitions P* so that the chosen slice has
desirable regularity properties.

We are now ready to state the Strong Hypergraph Regularity Lemma. The form we
consider, due to Rodl and Schacht, is Lemma 23 in mﬁ

Lemma 20 (Strong Hypergraph Regularity Lemma). Let k > 3 be a fized integer. For all
positive integers q, to and s, positive ey, and functions r : N — N and ¢ : N — (0, 1], there
exist integers t1 and ng such that the following holds for all n > ng which are divisible
by t1!. Let V be a vertex set of size n, and suppose that Gy,..., G are edge-disjoint
k-graphs on V', and that Q is a partition of V into at most q parts of equal size. Then
there exists a (k — 1)-family of partitions P* on V' such that

(a) the ground partition of P* refines Q,

(b) P*is (to, t1,e(t1))-equitable, and

(¢) for each 1 <i<s, G; is (eg,7(t1))-reqular with respect to P*. O

Similar results were proved previously by Rodl and Skokan [33] and Gowers [11]. In
applications of Lemma 20, the regularity parameter ¢, of the graphs G; is typically
much larger than the entries of the density vector of P*, which may cause substantial
technical difficulties. The next result, also due to Rédl and Schacht (the form we state
is Theorem 25 in [32]), is a Regular Approximation Lemma, in which the regularity
parameter may be taken to be much smaller than the densities of P*. However, the price
for this is that it is not our k-graph G which is regularised, but instead a k-graph G’
which differs from G only in a small number of edges.

Lemma 21 (Regular Approximation Lemma). Let k > 3 be a fized integer. For all
positive integers q, ty and s, positive v and functions € : N — (0, 1], there exist integers t;
and ng such that the following holds for all n > ng which are divisible by t1!. Let V be
a vertex set of size n, and suppose that Gy, ...,Gs are edge-disjoint k-graphs on V', and
that Q is a partition of V into at most q parts of equal size. Then there exist k-graphs
e, GLoon'Voand a (k — 1)-family of partitions P* on V' such that

(a) the ground partition of P* refines Q,

(b) P* is (to, t1,e(t1))-equitable,

%In fact, their lemma allows for an initial family of partitions rather than just a partition Q of the
vertex set V.
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(¢) for each 1 <1i <'s the graph G is perfectly (¢(t1), 1)-regular with respect to P*, and
(d) for each 1 <i < s, we have |GIAG;| < vn*. O

In fact, in order to prove Lemma [0l we need a slightly strengthened version of the Strong
Hypergraph Regularity Lemma, which we deduce from Lemma 211

Given families of partitions P* and 77*, such that the ground partition P of P* is a
refinement of the ground partition P of P*, we say that P* is generated from P* by P
if every P-partite j-cell of P* is an induced subgraph of a j-cell of P*. Note that this

condition does not determine a unique P*, since the j-cells of P* which are not P-partite
are not determined. However, if P* has many clusters, it does determine most j-cells of
. If J is a slice through P* and X is a set of clusters of P, then J[X] is the subset
of elements of J supported on X. Next, given a set X of ¢ clusters of P*, we say that
a set X of clusters of P* is X -consistent if X has precisely ¢ members, each of which is
a subset of precisely one member of X. Finally, given such X and X, for any slice J
through P* we say that J[X] is contained in J[X], and write J[X] C J[X], if every
j-cell of J[X] is an induced subgraph of a cell of J[X].

The Strengthened Regularity Lemma we require follows. The difference between this
lemma and Lemma 20 is the appearance of a ‘coarse’ family of partitions P* containing
the ‘fine’ family of partitions P* on which we guarantee regularity properties. This lemma
guarantees that the neighbourhood of some root vertices looks about the same on a part
of the coarse family of partitions as on any of the corresponding parts in the fine family
of partitions.

Lemma 22 (Strengthened Regularity Lemma). Let k > 3 be a fized integer. For all
positive integers q, to and s, positive ey, functionsr : N — N, e : N — (0, 1] and monotone
increasing functions p : N — N, there exist integers t}, t1 and ng with t; = p(t})t] such
that the following holds for all n > ng which are divisible by t,!. Let V be a vertex set
of size n, and suppose that G,...,Gs are edge-disjoint k-graphs on V', and that Q s
a partition of V' into at most q parts of equal size. Then there exist (k — 1)-families of
partitions P* and P* on V with ground partitions P and P respectively such that

(a) P refines Q,

(b) P* is generated from P* by P,

(c) P hast = p(t})t parts, where t is the number of parts of P,

(d) P* and P* are (to, t1,e(t1))-equitable with equal density vectors, and all densities are
at least 1/t7,

(e) foreach 1 <i<s, G; is (eg,(t1))-reqular with respect to P*,

(f) foreach1 <i<s, each1 < <1/ey, each k-graph H equipped with a set of distinct
root vertices Ty, . ..,y such that v(H) < 1/ey, any distinct vertices vy, ..., v in 'V,
any slices J through P* and J through P*, any (v(H) — ()-set of clusters X of P*
and any X -consistent (v(H) — 0)-set X of clusters of P* such that J[X] C J[X],
we have

di(Gis v, .. v, T[X])) = du(Gisvn, . v, T[X]) £ 6 -

We will prove Lemma 22] in Appendix [Bl However, it is worth noting that we need it
only for proving property - (c)| of Lemma [6l The only use of this property in this paper
is in the sketch proof of Theorem [B9 given in Section [I0, so the reader whose interest
lies only in verifying Theorems [Il and @] can safely forget Lemma 22] and pretend that

Lemma 200 provides the (k — 1)-family of partitions P* in the proof of Lemma [6l
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7.2. Tools for working with regularity. We will need various standard results in the
proofs of Lemmas [0l and [0, which we present here.

We start with the Hypergraph Counting Lemma. The version we present here is slightly
modified from a result in [§], which in turn was derived from [31, Theorem 9]. We sketch
in Appendix [Al how this modified version can be obtained. Similar results were also
proved previously by Gowers [IT] and by Nagle, Rédl and Schacht [25]. We remark that
Fact Blis a special case of this lemma. Note though that in contrast to Fact B, Lemma 23]
allows for a k-graph G on top of the equitable complex [J, whose regularity e, with
respect to J can be bigger than the entries of the density vector of 7.

Lemma 23 (Counting Lemma, [8, Lemma 4]). Let k, s,r,mq be positive integers, and let
dy, ..., dy_1,€ €k, B be positive constants such that 1/d; € N for any 2 <i <k —1 and

1 1 1
— KL —eKeg,dy, ..., dp_ and g, KL [, —.
mo T S

Then the following holds for all integers m > mg. Let H be a k-graph on s wvertices
1,...,s, and let H be the k-complex generated by the down-closure of H. Also let J be a
(+, -, &)-equitable (k—1)-complex with s clusters Vi, ..., Vs each of size m and with density
vector d. Finally, let G be a k-graph on UZe 5] Vi which is supported on J*=Y such that
for any edge e € H the graph G is (e, r)-reqular with respect to the k-set of clusters
{V; :j € e}. Then the number of copies of H in G such that i is in V; for each i is

<Hd* (V;:jee}) iﬁ) <Hd"’“> :

ecH

O

A key property of regular complexes is that the restriction of such a complex to a
large subset of its vertex set is also a regular complex, with the same relative densities
at each level of the complex, albeit with somewhat degraded regularity properties. The
next lemma states this property formally. Tts proof is as sketched for Lemma 4.1 in [21]
(the quantification there is slightly different but this does not affect the proof).

Lemma 24 (Regular Restriction Lemma). Suppose integers k,m and real o, €, ey, do, . . ., dg >
0 are such that
1 1
— KL eKep,dy, ..., d_1 and g, <L a, —.
m k
For any r;s € N and d, > 0, setd = (dg,...,ds), and let G be an s-partite k-complex
whose vertex classes Vi, ..., Vs each have size m and which is (d, ey, €, r)-regular. Choose
any V! C V; with |V/| > am for eachi € [s|. Then the induced subcomplex G[V{U---UV/]

is (d, /€, Ve, T)-reqular. O

Given a copy of some subgraph H' C H in G*®), how many ways are there to extend H’
to a copy of H in G®? The next lemma gives a lower bound on this number for almost
all copies of H' in G*). To state this precisely we make the following definitions.

Let G be an s-partite k-complex whose vertex classes Vi, ...,V are each of size m, and
let H be an s-partite k-complex whose vertex classes Xy, ..., X, each have size at most
m. We say that an embedding of H in G is partition-respecting if for any ¢ € [s]| the
vertices of X; are embedded within V;. We denote the set of labelled partition-respecting
copies of H in G by Hg. The Extension Lemma [8, Lemma 5] states that if H' is an
induced subcomplex of H, and G is regular with G*) reasonably dense, then almost all

partition-respecting copies of H' in G can be extended to a large number of copies of H
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in G. We present a slightly modified form of this lemma, implied by [2I, Lemma 4.6].
Again, we explain in Appendix [Al how the modification can be obtained.

Lemma 25 (Extension Lemma, [21, Lemma 4.6]). Let k, s, 7, 0,0/, m be positive integers,
where b < b, and let ¢, B, ds, ..., dy, €, be positive constants such that 1/d; € N for any
2<1<k-—1and

i<<E,E<<C<<é"J]g,CIZQ,...,Clk,l and 8k<<ﬁ,dk,l,l.

m r s b
Suppose that H is an s-partite k-complex on b vertices with vertex classes Xi,..., X,
and let H' be an induced subcomplex of H on b’ wvertices. Suppose that G is an s-partite
k-complex with vertex classes Vi, ..., Vs, all of size m, such that Uf:_ol GO s (-, ¢)-

equitable with density vector (dy_y,...,ds). Suppose further that for each e € H® with
index A € ([Z}), the k-graph G®[V4] is (d,ep,r)-reqular with respect to GE=V[V,] for
some d > dy. Then all but at most B|Hg| labelled partition-respecting copies of H' in G
extend to at least ecm®~Y labelled partition-respecting copies of H in G. O

8. PROOF OF THE REGULAR SLICE LEMMA

In this section we prove Lemma [0l We begin with an outline of the proof, considering
the case of regularising only one k-graph G = G;. Let P* be an equitable (k—1)-family of
partitions obtained from Lemma As previously noted, we will take a ‘slice’ through
P* so that the i-cells of this ‘slice’ are consistent. This can be done by the following
procedure: for each pair of clusters we choose one of the 2-cells of P* on these clusters.
We then throw out all other 2-cells and everything in higher levels of P* which is not
supported on our chosen 2-cells. Now for each triple of clusters we choose one of the
3-cells of P* on these clusters, and so on.

Since the family of partitions P* is (g, t1, )-equitable, the procedure described will
always output a (g, t1,€)-equitable (k — 1)-complex J. Because G is also regular with
respect to P*, we could hope that J will be a regular slice for G. But in order for
this to be true, it is necessary that we do not accidentally choose the (k — 1)-cells of
disproportionately many polyads P (@) such that G is not regular with respect to P (Q).
This already suggests our proof method: we will follow the above procedure, and when we
are required to pick an i-cell for some i-set of clusters, we will choose uniformly at random
from the 1/d; possibilities. It is easy to see that the expected fraction of irregular k-sets
of clusters of J is then equal to the fraction of irregular polyads in P*. So by linearity
of expectation there exists a regular slice for G, an idea which was previously observed
in the £ = 3 case by Haxell, Luczak, Peng, Rédl, Rucinski and Skokan [I3]. However, a
straightforward application of McDiarmid’s inequality shows that the fraction of irregular
sets is actually sharply concentrated, so that the (k — 1)-complex J obtained from the
random procedure is very likely to be a regular slice. A similar argument together with
the union bound guarantees that 7 is very likely to satisfy both properties @ and @
of Lemma

So far the properties of P* we used would also be guaranteed by Lemma 20 However,
this will not be true for the argument proving property The obstacle to obtaining
property is as follows: for any H we are asking for roughly n'/¢* distinct inequalities
to be satisfied, one for each choice of root vertices. Although each individual one of
these inequalities is very likely to be true, their success probability only depends on the
regularity e, and the number of clusters ¢, but not on n. Hence a union bound fails
miserably. In order to circumvent this, we make use of the coarse (k — 1)-family of

partitions P* given by Lemma P2 We will illustrate our strategy in the case that H is
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a k-edge, rooted at a single vertex. Fach vertex v of G defines a (k — 1)-graph, called
the link of v, whose edges are those (k — 1)-sets which together with v form edges of G.
Then in this case, property states that for each v € V(G), the density of the link of
v is close to the density of the link of v supported on J.

Observe that most (k—1)-sets in V(G) are P-partite, and the P-partite (k —1)-sets are
partitioned by P* into its (k — 1)-cells. These (k— 1)-cells are of approximately equal size
by Fact [3], and it follows that for each v the density of the link of v is close to the average,
over (k — 1)-cells C' of P*, of the density of the link of v on C'. Now each (k — 1)-cell C
of P* is partitioned by P into a large number of (k — 1)-cells of P*, and Lemma
guarantees that for each v the link density of v on each of these parts is close to the
link density of v on C. It follows that if J is a slice through P* whose (k — 1)-cells are
chosen with about equal frequency from the (k — 1)-cells of P* then J satisfies this case
of property . We can again prove that this is the likely outcome using McDiarmid’s
inequality.

The form of McDiarmid’s inequality we use is the following.

Theorem 26 (McDiarmid’s inequality, [23]). Let f : R™ — R be such that there exists a
vector (c1, ..., c,) € R™ with the following property. For each x, if X' differs from x only
in coordinate i then | f(x) — f(X')| < ¢;. Now if (Xi,...,X,) is a vector of independent
random variables, then for each a > 0 we have

2

Pr <‘f(X1,...,Xn)—Ef(Xl,...,Xn)} 2a> < 2exp <T:C$>

t

We will also make several uses of the following probabilistic statement which shows
that P(E | CN S) and P(E | S) are nearly the same when S ‘almost implies” C'.

Proposition 27. Let E,C and S be events in some probability space such that P(S) > 0
and P(C* | S) < e for some constant e < 1. Then P(E | CNS) =P(E | S) + 2.

Proof. Observe that P(CNS) =P(S)(1-P(C°|S)) > 0,s0 P(E | CNS) is well-defined,
and
P(ENS) - P(ENS)

P(ENCNS) _ B(ENS)—P(ENCeNS)
=PEICNS) = —perg 2 E)
> M]f(Q)S) . Pﬁ;;f) > P(E | 5) - =.

4

Proof of Lemmalf. Given integers ¢, ty and s, a constant ¢, and functions r : N — N
and € : N — (0, 1], we define further constants as follows. Without loss of generality we
assume that £, < 1, and define

" . 128k%  4096k!“ k2% gk 52
= Imax .
0 05 €z+2/5k+k7 5%

(3)

Next we choose a constant

2%k+1
Sk

4 * L .
(4) k= 405 - 2k
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so that €} is sufficiently small to apply Lemma 23] with €}, €;/100 and 1/ej in place of
€k, B and s respectively. We choose p : N — N to be any monotone increasing function
such that for all z € N we have

k—1 k—1
(5) 2exp (— 27 <) ] (2)°0)) < 2@ T (1),

j=2 j=2
It may not be immediately obvious that this is possible, but observe that if p(z) >
max (2z/c1(),2/cs(x)) then we have

2exp (— c1(2)p(2)?) < 2exp (— 22p(x)) < co(x)2 P

from which (@) follows by appropriate choice of ¢1,co. We choose strictly monotone
functions 7* : N — N and ¢* : N — (0, 1] such that
Ek 1

(6) €*(t1) < min (5(751), 10 927 27%) and r*(t1) > r(t1)

for any t; € N. Moreover, we make these choices so that for any t; € N we can apply
Lemma 23] to count graphs on up to 1/e; vertices, with 7*(¢1), €*(t1), 5 and €;/100 in
place of r, e, g, and f respectively, with 1/¢; in place of each d;, and so that we can
apply Fact Bl with €;/10 in place of 8 to any (¢§, t1, £*(¢1))-equitable (k — 1)-complex with
sufficiently large clusters. Let ng, tj and ¢; be obtained by applying Lemma with
inputs ¢, 5, s, 5 and functions 7*(-), €*(-) and p(-). Note that we have t; = p(¢})t] by
Lemma 221 Finally, let ny > nj be sufficiently large to apply Lemma 23] and Fact B with
mo = no/t; and all other constants as before. For the remainder of the proof we write ¢,
e*, r and 7* to denote £(t1), €*(t1), r(t1) and r*(¢;) respectively.

Let V be a set of n > ng vertices, where n is divisible by t;!, and let Q partition
V into at most ¢ parts of equal size. Let Gy,..., G, be edge-disjoint k-graphs on the
vertex set V. Then we must show that there exists a (k — 1)-complex J on V' which is
a (to,t1,¢, ek, r)-regular slice for each G;, whose ground partition P refines Q, and which
satisfies properties|(a )l |(6)]and|(c)|of the lemma. We start by applying Lemma 2] (with
the inputs stated above), which yields partitions P* and P* with the properties stated
in that lemma. In particular, P* and P* are both (£}, t;,<*)-equitable with the same
density vector d = (dy_1, . ..,ds), the ground partition P of P* refines Q, and each G; is
(e5, r*)-regular with respect to P*.

Claim 28. For each 2 <1 < k—1 and each P-partite set ) € (‘:)7 the number of i-cells
of P* supported on th~e polyafi 15(@,73*) is precisely equal to 1/d;. Moreover, the same
statement holds with P and P* in place of P and P* respectively.

Proof. We prove the claim for P*; the proof for P* is identical. Recall that part of

the definition of an equitable family of partitions implies that 1/d; must be an integer,
and that each i-cell of P* supported on P(Q) is (d;, €%, 1)-regular with respect to P(Q).
In particular, the number of i-sets in each of these i-cells is (d; &%)

Ki(P(Q))|. Suppose
for a contradiction that for some polyad P(Q), the number of i-cells of P* supported on
P(Q) is at least d%- + 1. Since these i-cells are pairwise-disjoint and cover K; (P(Q)), we
conclude that R R

|K:(P(Q)| > (4 +1)(di £ )| K (P(Q))] -
By Fact B this number is non-zero, hence 1 > (d% +1)(d; + ), which is a contradiction,
since we have d; > 1/t; and ¢* < 1/(2t3). A similar argument shows that the number of

1-cells of P* supported on p(Q) is bigger than % — 1, giving the desired result. u]
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We now construct our regular slice J, whose clusters are the clusters of P* (that is,
the parts of P), by applying Algorithm [[]to P*. We claim that with positive probability
J satisfies the conclusions of Lemma

Algorithm 1: Taking a slice
let 7 ={0Uu{{v}:veV}
foreach2<:<k—-1do
foreach X € (7:) do
let C:={C': C is an i-cell of P* and is supported on j)((z:l)};
choose C' € C uniformly at random;
let 7 :=JUC;
end
end
return J;

It is immediate from the algorithm that the output J is a (k — 1)-complex which is a
slice through P*. Since P* is (t§,t1,*)-equitable with density vector d = (dj_1, ..., ds),
J is also (t§,t1,e*)-equitable with the same density vector. Let ¢ denote the number of
clusters of J, so t§ <t < t;, and let m := n/t, so m is the common size of each cluster.

t
Note that by Claim 28 every slice through P* has probability precisely Hi:; dl(l) of being
selected as J.

To show that J is likely to be a regular slice for each G;, we must bound the number
of wrreqular polyads, that is, polyads Jx for which some G; with 1 < i < s is not (eg,7%)-
regular with respect to Jx. Since each G; is (e5,r*)-regular with respect to P*, the
nAumber of P-partite sets @) € (Z) for which G; is not (e}, r*)-regular with respect to
P(Q) is at most €}(}). On the other hand, since £* is chosen small enough so that we

can apply Fact Bl with £;/10 in place of 3, each polyad f’(Q) of P* supports
k-1 )
CESOE
i=2

P-partite members of (Z) It follows that the number of irregular polyads in P* is at
most

sei (1) (NG
(7) <E>§2$€k<k’)illdi :

k=1 43
(1= 56)m* i d;
By Claim the probability that a given polyad of P* is chosen for [J is precisely

k

Hf:_; d;"’. So by linearity of expectation, the expected number of k-sets of clusters
X such that Jx is an irregular polyad is at most 2sej (Z) By Markov’s inequality, we
conclude that with probability at least 1/2 this number is at most 4se; (};), which by () is
at most g, (Z) In particular, J is a (to, t1, €, g, 7)-regular slice for each G; with probability
at least 1/2. We stress however that later in this proof we will make use of the stronger
property that J contains at most 4sej, (Z) polyads with respect to which some G; is not
(e7,7*)-regular.

It remains to show that properties|(a )} |(b)| and |(¢)| each hold with high probability.

In each case, this amounts to verifying that some random variables are likely to all be
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close to certain values, and our proof in each case follows the pattern of first showing that
the expectations of these random variables are indeed close to the desired values, then
showing that the random variables are sufficiently concentrated to apply a union bound.
We begin with property [(a)]

The following Claim 29 shows that for any 7 the reduced k-graph R(G;) of G; (with
respect to J) has approximately the same H-density as G; for each small H in expecta-
tion, and that this remains true when considering the subgraph induced on a large subset
of the clusters. For this, we say that a copy of H in G; is P-crossing if it has at most
one vertex in any part of P.

If it happens to be the case that the density of H-copies in G equals the density of
P-crossing H-copies, and € and ¢ are zero, this claim is a triviality. The number of P-
crossing copies of H in G;[|J X] then equals the number obtained by applying Lemma 23]
to P*, which in this case means that dy (R(G;)[X]) equals dy (G [J X]) precisely.

Of course none of these assumptions are true, and consequently errors are introduced:
the proof of the following claim amounts to showing that since the assumptions are
‘almost’ true, the errors are small. It is convenient in the proof to use probabilistic
language: the probability that a random injective map from V(H) to V(G) is a graph
embedding is exactly the density of H-copies in G.

Claim 29. Let H be a labelled k-graph on h < 1/ej vertices, X be a set of at least et
clusters of J, and G = G; for some i € [s|. Then

B dy (R(G)[X]) ~ dy <G [U Xm < /2.

Proof. Let the vertices of H be labelled with the integers 1,...,h. Choose an injective
map ¢ : V(H) — |J X uniformly at random. Say that ¢ is P-crossing if no two vertices
of H are mapped to the same part of P, and let CROSS be the event that ¢ is P-crossing.
Also let EMB denote the event that ¢ is an embedding of H into G. We prove the claim
by calculating the conditional probability P(EMB | CROSS) (that is, the proportion of
P-crossing h-tuples which form P-crossing copies of H in G[J X]) in two different ways.

First, note that we have P(EMB) = dy (G| X]) by definition. Recall that m = n/t is
the size of each cluster of J. Then there are h! ( |Xh‘m) h-tuples in [ J X. At most A! (‘])f_'q”) hm
of these h-tuples are not P-crossing. Since t > t& > 20/} by @) and |X| > et we have
h <1/ep < egt < |X]|m/2. So the probability of the complement CROSS is at most

o B m h2m oM 2 g
FOROSS) < = ™ = W —h 1 = [X] S S 10°

We may therefore apply Proposition 271 with EMB, CROSS and the certain event in place
of E,C and S respectively, which gives

(8) P(EMB | CROSS) = P(EMB) i Tk dy ( [U X])

We now turn to the second way of evaluatmg P(EMB | CROSS), thls time in terms
of Bz dy (R(G)[X]). For any h-tuple C := (C4,...,C}) of distinct clusters of J, we say
that a copy of H in G is C-crossing if vertex j of H lies in the cluster C; for each j € [h].
Similarly, we say that ¢ is C-crossing if ¢(j) € C; for each j € [h], an event which we
denote by CROSS.

Fix some h-tuple C := (Cy,...,Cy), and let H be the k-complex generated by the
down-closure of H. For any slice J though P* and any e € H let J. denote the cell of

J on the clusters {C}: j € e}, and define J(H,C) := |J,cy Je (s0 if ¢ is C-crossing, then
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J(H,C) is the subcomplex of J consisting of all cells of J on sets of clusters to which ¢
maps an edge of H). We can then extend [J(H,C) to a slice through P* by appropriate
choices of cells on each remaining set of clusters, and by Claim 28, the number of such
extensions does not depend on 7. We therefore have

(9) EHd*{C jee}) = JE, Hd*{C jee}).

Let q7(mc) denote the number of C-crossing copies of H in GG which are supported on
J(H,C). Then for each fixed J(H,C) we have

P(EMB and ¢(H) is supported on J(H,C) | CROSS¢) = qj(h;:(:) :
m

Observe that for each C-crossing copy of H in G there is precisely one possibility for
J(H,C) on which this copy is supported. Moreover, by Claim 28 there are precisely

Hf ) d;” ) different choices for J (H,C), each of which is equally likely to occur. Hence

we have

P(EMB | CROSSc) = Z 47(He)
j(HC

1 ( — —e;(H)
mh ]1;[2 ! siiey O

If J has the property that G is (e}, 7*)-regular with respect to Jy for every k-set
Z C C, then, because we chose €}, €* and r* such that we can apply Lemma with
f = ex/100, the number of C-crossing copies of H in G which are supported on J(H,C)

q7(HC) = (H d*({Cj:jee}) £ 100) (H d" )

ecH
If on the other hand J does not satisfy this property, we also need some bound on
q7(m,c)- This number is obviously at least zero, and is at most the number of copies of H

(10)

in the k-graph whose edges are all k-tuples supported on [ J 7e(9) Jz. Since this k- graph

is automatically (ej,7*)-regular with respect to J, we can apply Lemma 23] to find that
the number of C-crossing copies of H in G supported on J(H,C) satisfies

k—1
qgure) < (1+ 15) (H a5 ) m" <2 (H d?(m> m",

j=2

and hence

q7(H, (H d({C;:jee}) i2> <Hde’(H)>

eeH
Now let ((C) be the fraction of slices J through P* for which G is not (e, 7*)-regular
with respect to Jz for some k-set Z C C. Putting the above two estimates for ¢z c)
together with (I0), we have

IP’(EMB|CROSSC)=< E Hd* {C; - JGG})) ( (Hm)

J(H,C)

@(End* {C;: yee})) ( ()ﬂo—o)

ecH
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We now condition on the event CROSS. Observe that there is then precisely one h-
tuple C = (C4,...,Cy) for which the event CROSS¢ occurs (i.e. ¢ is C-crossing). We
take C to be this k-tuple, so C is now a random variable. Moreover, since ¢ was chosen
uniformly at random and each cluster has equal size, the k-tuple C is chosen uniformly
at random among all possibilities, which implies that

(11)  P(EMB | CROSS) = (1;15; [[d(c:je e})) + (21;«0) + %) .

However, E¢ ((C) is simply the probability that our uniformly random C has the property
that G is not (e, r*)-regular with respect to Jz for some k-set Z C C. Taking a union
bound, this is at most (Z) multiplied by the probability that G is not (e}, r*)-regular with

respect to Ty for a k-set Z of clusters of X chosen uniformly at random. Since there are

(K
at least (El’;t) k-sets Z of clusters in X, and by (7)) there are at most 2{—:}23(;) Hf;; d; G)
i1 ()

i—p d;7", we find

irregular polyads of P*, each of which is chosen for J with probability ||
that

W 2¢;s(;) @ 2etsthnt @ ¢
(12) EC(C) < <k) (Ekt)k < L <30

k

Finally, since C is chosen uniformly at random, by definition we have dy (R(G)[X ]) =
Ee [een d*({C; : j € e}), and so

(13) Edu(R@)X]) =EE][d'({C;:j € e}

ecH

Combining equations (1), (IZ) and (I3)) we conclude that
Edy (R(G)X)) = P(EMB | CROSS) + %’“
and so by (8) we have

Edy (R(G)(X]) = du (G [UX]) + %k

O

We next show that the random variable dy (R(Gi)[X ]) is concentrated about its mean

using McDiarmid’s inequality. We will require enough concentration of dy (R(Gi)[X ]) to
make use of a union bound over all possible H and X.

Claim 30. Let H be a k-graph on h < 1/ey vertices, X a set of at least it clusters of
J, and G = G; for some i € [s]. Then the probability that dy (R(G)[X]) deviates from
Edy (R(G)[X]) by more than /2 is at most

o—(ek)g—2t

Proof. We want to apply McDiarmid’s inequality, which holds for a random variable which
can be written as f(x) for a vector x whose entries are independent random variables.
Hence we first argue that dpy(R(G)[X]) is of this form. We put an arbitrary order on
the j-cells of P*. Let Y be a j-set of clusters. Then observe that when Algorithm [
chooses the j-cell of J for Y, we have already chosen the cells of 7V~ so, by Claim B8]

Jy is chosen uniformly at random from the exactly dj_1 j-cells supported on JU=D[Y].
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Equivalently, we choose a number p from 1 to dj’1 uniformly at random and take the pth
j-cell supported on JU~Y[Y] in P*. It follows that we can write

dir (R(G)[X]) = f(x)

where x is a vector of integers whose first (l)?( ‘) coordinates are chosen independently
uniformly at random in [d,"'], whose next (‘)3( |) coordinates are chosen independently and
uniformly at random in [d3'], and so on.

We now want to bound | f(x) — f(x)| for two vectors x,x’ differing in only one coordi-
nate. In other words, we want to bound the change ¢y of dy (R(G)[X]) when we change
the choice of the j-cell on the set Y € ()]() in Algorithm [Il Observe that this change

can only affect weighted copies of H which use the j-cell Y. Moreover, t >t} > 2/e3 by
definition of ¢, and therefore e,t > 2/ > 2h?. Consequently we have

|X|h*j th=i th=i

(14) cy < (‘?) Tl < (sﬁt) B < (ext — h)

3 < 25,;ht_j

We therefore have

k—1 @ k—1 + e k—1 A
(15) DS () (2677)2 < 3 e < dkep e
=) oY

Hence using Theorem 28], the probability that f(x) differs from E f(x) by more than
/2 is at most

2 2+2h 42
2exp <8k5k2ht—2> =20 ( 32k ) < 2ew (E)
1 .
< exp <€—k) exp ( — 2t> < 27(1/kk)2_2t,
k

where the first inequality holds since h < 1/e — k and t > t§ > 128k:2/5z+2/6’“+k by
definition of ¢§. O

We can now prove that property @ holds with high probability by taking a union

bound over the s different k-graphs G;, the at most 2 choices of X and the 2<1/'5 *) choices
of H. Applying Claims 29 and B0 we deduce that with probability at least 1 — s27% we
have that dy (G;[UX]) = du(R(G;)[X]) £ e for all 1 < i < s, all k-graphs H with at
most 1/¢; vertices and all sets X of at least g4t clusters.

Next we show that @ holds with high probability also. This is achieved through a
similar but simpler argument as for @, so we will be brief. Note first that since each
part of Q has equal size, any set X of clusters for which |J X is the union of some parts
of Q has size at least t/q. So fix some 1 < 7 < k — 1, a set X of at least t/q clusters
of J, a j-set Y of clusters of 7, and some k-graph G on V. We first prove an analogue
of Claim 29, that the expected value of deg(Y; R7(G), X) conditioned upon the choices
of all cells on subsets of Y, is within £;/2 of deg(Jy; G,|JX). To prove this we choose
uniformly at random an edge {vy,...,v;} of Jy (which is fixed since we are conditioning
on the choice of cell for Y'), and also choose uniformly at random vertices v;41, ..., v
from |J X so that the vertices v; with 1 <1 < k are all distinct. Let e = {vy, ..., v}

By definition deg(Jy; G,|JX) = P(e € G). Let CROSS be the event that e is P-partite.
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Using the fact that the set {vy,...,v;} is automatically P-partite, we have, similarly as
in the proof of Claim 29] that

P >1—L>1——>1——k
(CROSS) 2 (‘XIJTJ‘_]) - | X|m—k+1~ 10’
and therefore
(16) deg(Jy: G, JX) =P(e € G | CROSS) + Z

For each i € [j] let C; be the cluster containing v;. Now fix any (k — j) distinct clusters
Cjt1, ..., Ck, and define C to be the k-tuple (C1, ..., Cy). Recall that J[C] was defined to
be the subcomplex of J consisting of all cells of 7 which are supported on the clusters of
C. By definition of relative density and Fact [3] the number of edges in F¢ corresponding
to any given choice of J[C] is

k-1,
A0 (C)| K (Te) | = (1 4 %) J[c}(C)dei)mk,
i=2
Let E¢ consist of the edges f € G which have precisely one vertex in each cluster of C

and which satisfy fNY € Jy. Then for each fixed C, summing over all possibilities for
JIC] we have

‘EC‘ - Z (1 + 6k) J[C}(C) ﬁd@@mk

JIC] i=2

—((")=(
The second line comes from observing that by Claim[28], Fe is partitioned into Hf:_; d, (©)-0)
sets according to the choice of J[C], and the distribution over choices of J[C] given by J
is uniform, which also gives the third line. The total number of possibilities for e which

give C is | Jy|m*7, and by Fact Bl we have

J J
| Ty |mF7 = (1 + ) dei)mk .

1=2

We conclude that, writing CROSS, for the event that ¢(v;) € C; for each i € [k], we have

| Ee|
| Ty [m*=
We now condition on the event CROSS. This implies that there is precisely one choice
of distinct clusters Cj4q,...,Cy of X \ 'Y for which the event CROSS; occurs; we now
take C to be given by this choice. Since v;4q,..., v, were chosen uniformly at random,
and each cluster has equal size, it follows that the (k — j)-set {Cj41,...,Ck} is chosen
uniformly at random from all (k — j)-sets in X \ Y. This implies that

P(e € G | CROSS) = EE[d(0)] + 4/4.
32
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Furthermore, by definition we have Ec(d%(C)) = deg(Y; R7(G), X), so
E[deg(Y: Ry(G), X)] = B(e € G| CROSS) + % T deg(nia | Jx) £ 2,

proving the analogue of Claim 29|

Next, we prove an analogue of Claim B0, namely that for any k-graph G on V', any
1 <j<k-—1,any j-set Y of clusters of J and any set X of at least t/q clusters of J,
with high probability the random variable deg(Y; R7(G), X) conditioned on the choice
of all cells on subsets of Y is within £;/2 of its expectation conditioned on the choice of
all cells on subsets of Y. This argument is very similar to the proof of Claim As
there, we can write deg(Y; R (G), X) conditioned on the choice of all cells on subsets of
Y as a function f’(x) where the entries of x are integers corresponding to the choice of
1-cell on each 7-set in X UY not contained in Y, for each 2 <1 < k — 1. Again, for each
Z C X UY of size between 2 and k — 1 not contained in Y, we let ¢z bound the difference
} fl(x)— f'(x )} for pairs of vectors differing only on the entry corresponding to Z. The
value of f'(x) is the average value of d%(C) for sets C of clusters in X containing Y, and

changing the cell on Z affects only those containing Y U Z, so we have
( |X\Z| )
k—|YUZ|

Cz >
()

< 2kI| X |12V

where the last inequality is obtained by using |X| > t/q and the choice of t > t§ >
10¢"k*e;" in [@)). Note that |Z\ Y| > 1 by assumption, so summing over all choices of Z
(where we write |Z \ Y| = j) we have

AkI2 2k
Zc <ZQY< )4!{;'2\X| < AR E2Y X fq

where the final inequality uses | X| > t/q and |Y| < k.

By Theorem 26 we find that the probability that deg(Y; R(G), X) fails to be within
ex/2 of Es[deg(Y; R(G), X)] (and therefore also the probability that deg(Jy; G, |JX)
differs from deg(Y; R(G), X) by more than &) is at most

—eqt
2exp (32k!2k2kq

For property @ there are only at most 27 possibilities for X (since we required that
|J X is a union of parts of Q), and at most (i) 4+t (k 1) < th=1 possibilities for Y.
So we can take a union bound over all G = Gy, ..., G, all sets Y of between 1 and k— 1
clusters of J, and all sets X of clusters such that | J X is a union of parts of Q, to deduce
that property @ holds with probability at least 1 — th=19-v1t,

To complete the proof, we need to show that property holds with high probability;
the argument for this splits into two parts. The ‘probabilistic’ part is to show that J
takes about the same fraction of every slice (regular or otherwise) through P*. Let us
briefly sketch how this helps us. We want to show that the density of rooted copies of H
is about equal to the density of rooted copies of H supported on J. The former density
is easily seen to be close to the average over slices J through P* of the density of rooted
copies of H supported on J. Now Lemma f)|implies that if J is any slice through P+,
and X is any P-consistent collection of # clusters of P, then the density of rooted copies
of H supported on J is close to the density of rooted copies of H supported on J [X].

Finally, since J contains about the same number of subcomplexes of the form J[X] for
33
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each J, the density of rooted copies of H supported on 7 is close to the average over J
of the density of rooted copies of H supported on J, which is what we want to show.

The proof of the following ‘probabilistic part’ follows the same pattern as we saw for
parts @ and @, showing that a certain random variable has the desired expectation,
and then using McDiarmid’s inequality to establish concentration. We remark that the
latter depends on the fact that the number of clusters of J is much greater than the
number of slices through P* by choice of p(-).

Claim 31. With probability at least 1 — 27", for each slice J through 75f, the number of
sets X of t clusters of P*, one in each cluster of P, such that J[X] C J, is

an) (14 2 T

<.
Il
¥

Proof. Let J be a slice through P*. If X is a fixed set of ¢ clusters of P*, one in each
cluster of P*, then, by Lemma EH0)} J[X] C J exactly if for each 2 < j < k — 1
and set Y of ()j), we happened to choose the one j-cell on Y which is a subset of the
corresponding j-cell in J. Conditioning on having done this for j’-cells for j/ < j, the
probability of doing so for any given Y is d; by Claim 28] and these choices for different
members of ()]() are independent. It follows that the probability that J[X] C J is

The total number of choices of X is p(t7)!, since each cluster of P* is split into p(¢7)
clusters of P* by Lemma (¢ )l By linearity of expectation, the expected number of sets
X such that J[X] C J is

as desired. Similarly as for parts @ and , we can write the number of P-consistent
sets X of ¢ clusters of P* such that J[X] C J in the form f”(x), where x represents the
choice of j-cell on Y for each YV € (7;) and each 2 < j < k — 1. As before, we let ¢y
be the maximum change in f”(x) which can be obtained by changing the choice of cell
on Y. Observe that if Y contains two or more clusters from the same part of P then we
have ¢y = 0, while otherwise changing the cell on Y can only affect those P*-consistent
sets X such that Y C X, of which there are exactly p(t’{)i_‘y‘. So we have

S < X () )ty (o) < 2ty

and hence by Theorem 28, the probability that the number of sets X with J[X] C J
deviates by more than



from its expectation is at most

220 (1%)2E () k—1 (1)
2exp< (1) HJ 2 4; )§2exp —271 93 p(; 2I_I(t*) ’ :

2 162 2t (t*)2t 2 i

where the inequality follows from Lemma and [(d)} which imply that d; > 1/t} for
each j and ¢ < t;. Since we chose p(-) to satisfy (&) (which we apply with ¢} in place of
), and we have ¢ < ¢; = p(t})t; by Lemma PX(c)] this probability is smaller than

k—1 (') k-1 .
e 1\\s _ (%)
t7)t t
2?(1)1||(t_*) §2 ||dj]
j=2 N1 j=2

We can therefore take a union bound over the (by Claim 28)) Hf 21 d; ™~ () choices of J to

obtain the desired conclusion. o

We want to show that if the likely event of Claim [31]holds, then using Lemma 22 f)| we
can deduce property [(¢)] So fix G = G; for some i € [s]. Now for any fixed 1 < ¢ < 1/¢,
any fixed k-graph H equipped with a set of distinct root vertices zq,...,x, such that
h =wv(H) < 1/e, and any fixed set of distinct vertices vy,..., v in V, we would like to
show that the density dy(G;; v, ..., v) of rooted H-copies in GG is within e; of the density
dy (G, ... v, J) of rooted H-copies in G supported on 7. Recall that the vertex set
of H*e consists of all vertices of H except for x1,...,z,. Choose uniformly at random
a map ¢ : V(H*) — V(G), and define ¢/ : V(H) — V(G) by taking ¢'(z;) = v; for
any j € [(] and ¢'(z) = ¢(z) for any x € V(H*!) (note carefully that, unlike for the
previous cases, we do not insist that v is injective, and that even if 1) is injective the
same may not be true of ¢/'). Let INJ denote the event that ¢’ is injective, and let EMB
denote the event that /' is an embedding of H into G (so EMB is a subset of INJ). Next,
let CROSSp denote the event that 1 is P-crossing, meaning as before that each vertex
of H**! is mapped to a distinct part of P, and similarly let CROSS; denote the event
that 1 is P-crossing. Finally, for any (k — 1)-complex £ on V let SL, denote the event
that ¢ is an embedding of H***! into £. Then by definition we have

(18) dH(G“l)l,,’Ug) :]P)(EMB | INJ),
and
(19) dH(Gi;Ul,...,’Ug,j) :]P)(EMB | SLJQCROSSP),

and our aim is to show that these two conditional probabilities differ by at most g,. We
shall frequently refer to events of the form SL, N CROSS; for some (k — 1)-complex £
on V, so for brevity we denote this event by SL7.

Our first goal is to show that conditioning on CROSS; instead of on INJ in () and
on CROSSp in (I9) has an insignificant effect on the probabilities expressed in these
equations, since these events are all highly probable (even after conditioning on SL).
Indeed, similarly as before we have

(i)h/D) _ h(h—On/T _ 20> @ &

(")  n—htl+1 4 = T00°

(20) P(CROSSS) <

Now observe that 1) can be obtained by selecting a uniformly-random image ¥ (z) fo

r
each z € V(H**) in turn. The event INJ will occur unless for some x we select ()
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to be one of the at most h — ¢ previously-chosen images or one of the vertices vy, ..., vy.
Taking a union bound, it follows that for any X € X we have

h h? Ek
21 P(INJ) < (h—{)— < — < —.
(21) (INJ) < (h- 07 < = < &
By ([20) we may apply Proposition 271 with EMB and CROSSj3 in place of E and C
respectively, and by (21]) we may apply the same proposition with EMB and INJ in place
of £ and C respectively (in each case we take S to be the event which always occurs and

105 in place of €). This gives our approximation for (I8), namely

(22) P(EMB | INJ) = P(EMB) + % = P(EMB | CROSS;) + ZE.

We turn now to (), beginning with the next claim. We define X to be the set of all
‘P-consistent sets X € (7;) (Recall that this means that X is a set of ¢ clusters in P, one
contained in each part of P).

Claim 32. Let L be a slice through P*. Then
(CL) ]P(SLL | CROSS']}) — (1 :l: = ) Hf‘:—; dei(HSkel)’

100
(b) P(SLe | CROSS) = (1+ 5 T ™), and
(¢) for any X € X we have P(SLyy | SL;) = (1 + 55)p(t7) "

Furthermore, for any slice J through P* we have P(SL; | CROSSp) = (14+:%) | s ci(Hkel).

100

Proof. Identify the vertices of H***! with the integers of [h—¢]. Then for any (h— f)-tuple
C = (Cy,...,Ch_y) of distinct clusters of £ (i.e. parts of P), we say that a copy of H** in
L is C-distributed if for each j € [h — (] vertex j of H*** lies in cluster C; of £. Likewise,
we say that ¢ is C-distributed if ¢(j) € C; for each j € [h — (], an event which we denote
by DISTc. Note that if we condition on the event DIST¢, then for each j € [h — ¢] the
image () is a uniformly-random vertex in C;. It follows that P(SL, | DIST¢) is equal
to the number of C-distributed labelled copies of H**¢! in £ divided by m"~¢ (the number
of possibilities for ¢ given that DIST¢ occurs). So by Lemma 23 we obtain the estimate

(23) P(SL, | DIST) = (1 + <) H Gl

Since the events DIST¢ partition the event CROSSp, this implies (a). Similarly we obtain
(b) since the event CROSS is partitioned by the events DIST¢ for those (h — ¢)-tuples C
for which each Cj is a subset of a distinct part of P. Now, fix X € X, and let DIST y be the
event that ¢ maps each vertex of H*** to a distinct member of X (so DISTy € CROSS3).
Then the event DIST y is partitioned by the events DIST¢ for (h — ¢)-tuples C of distinct
sets in X, each of which is equally likely to occur. Summing ([23) over all such k-tuples

C,we obtain
k-1 y
P(SLzy | DISTx) = P(SL; | DISTx) = (1 + %) Hd?m )
i=2

Together with the fact that P(DISTx | CROSSz) = p(t;)~ "9 (since ¢ was chosen
uniformly at random), this gives

k—1
¥ N N —(h— e; skel
P(SLyx | CROSSz) = (1 £5)p(t5)~ "= T ar™ .
=2
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Since SL7(y) € SL;, this equation and part (a) together prove (c). Finally, the proof of
the final statement is almost identical to the proof of (a); the only differences are that we
instead consider k-tuples C of parts of P, and that the term m”~* is replaced by (n/t)"~*
(but this term is, as above, cancelled by the output from Lemma 23]). u]

Note that P(CROSSp NSL7) = P(SLs | CROSSp)P(CROSSp) < P(SLs | CROSSp),
and Claim part (a) gives an approximation for this probability. Similarly we have
P(CROSSs N SLy) = P(SLy | CROSSz)P(CROSS3), which we can approximate by
Claim B2 part (b) and (20). So, since CROSSs € CROSSp, we obtain
P(CROSS;s N SLy)

P(CROSSp N SLy)

k—1 jei(HFe)
( B 1%) Hz 2 d ( — 1%)
(14 ) TT,

€
> 12

We may therefore apply Proposition 27 with EMB, CROSSp» NSL 7 and CROSSj in place
of E, S and C respectively to obtain

P(EMB | CROSSp N SLy) = P(EMB | CROSS; NSLy) £
Combining this equation with (I8), (I9), [22) and the definition of SL’; as SL ;NCROSS3,

we conclude that it is sufficient to prove that

(24) P(EMB | CROSS5) = P(EMB | SL?,) + 2

P(CROSS; | CROSSp N SLy) =

Vv

We begin with the left hand side of (24). Recall that there are precisely []%_. d»_<")

~ - Jj=2"7
slices J through P*, and observe that if the event CROSSp occurs then by Claim

e skel
i 2 jj (ret)=(;) slices 7 through P* for which the event SL occurs.

By definition we have SL*J C CROSS3 for any such slice, so summing over all slices J

there are precisely H

through P* we obtain

(25) P(EMB | CROSS) = [[d'”)~

o

—

sk:el
ej(H

ZIP’ EMB | SL%)P(SL%; | CROSS )

<

(14 <) E:P@mHHSL}%

100
7j=2

where the final equality holds by the final part of Claim 32

We next show that for any slice J through P* and any X € X the probabilities
P(EMB | SL’;) and P(EMB | SLJ[X ) are roughly equal. To do this, fix any X € X', and

for any set }7 of h — ¢ parts of P, let Y be the (unique) Y-consistent subset of X. Then
for any choice of Y, Lemma P2 f)| states that we have

PKENHB\SLJWQ P(EMB | SLYy,) & ¢

Since the events SL 7] forY e ( ) partition the event SL*., the events SL*J[Y} partition

the event SL and g5 < 7& by @), we may sum over all Y € ( ) to obtain

JX)

(26) P(EMB | SL7;) = P(EMB | SLY, ) + .
37



Turning to the right hand side of (24)), we next show that P(EMB | SLY) is close to the
average of P(EMB | SL7 ;) over all of the p(t7)" sets X € X'. Observe that the events

SL7(x) for X € & cover SL7, with each ¢ € SLY; covered exactly Pt times. We
thus obtain

(27) P(EMB | SL}) = p(t)"+~ 3" B(EMB | SLj ) B(SLyx, | SLY)
Xex
= (145) (1) Y PEMB | SLyx) ) -
Xex

where the second equality holds by Claim B2 part (c).

Finally, we want to connect the averages in (25) and ([217). Observe first that for any
X € X there is~precisely one slice J through P* such that J[X] C J, and for this J we
have J[X] = J[X], which implies

8)

(28) P(EMB | SLyy,) = P(EMB | SL% ) = P(EMB | SLY) +

JIX] ) 06

Since the last term does not depend on X, we only need to know, for each J, how many
sets X € X satisfy J[X] C J. If J satisfies the good event of Claim [31] then the answer
is given by (), and so by summing ([28) over all X € X we obtain

STPEMB |[SLy) =Y. Y. (P(EMB | SL7) + 100)
Xex J Xex:J[X|C
k=1 ;
= Z (1+ ) fHdJ(J)(IP(EMB |SLY) +

=2

100)

<.

where the sum is over all slices J through P Together with (27)), this implies that

]()( P(EMB | SLY) + )

:] |

[|
N

P(EMB|SL;) + % =) (1+ ;?k)
J

J

(li_[d ZIP’ EMB | SL* ))

which together with (28) implies (24]). This Completes the proof that if 7 has the good
event of Claim Bl then it satisfies property of Lemma [G]

Finally, we conclude that the probability that 7 satisfies all the conclusions of Lemma [6]
is at least 1/2 — 527t —th=12-VI _ 9=t Since ¢ > ¢, by choice of ¢ in (B) this probability
is strictly greater than zero, and so some J exists as required. O

9. EMBEDDING TIGHT CYCLES

Our aim in this section is to prove Lemma Q. We start with some definitions.

Recall the definition of a tight walk W from Section .3l As we did for tight paths,
we define the length (W) of W to be the number of edges in W (i.e. the number of
consecutive k-sets of vertices). We refer to the first s vertices of W, ordered as they
appear in W as the initial s-tuple of W, and similarly to the final s vertices as the
terminal s-tuple of W. Initial and terminal (k — 1)-tuples have particular importance,
as given tight walks W and W' for which the terminal (k — 1)-tuple of W is identical to

the initial (k — 1)-tuple of W’  we may concatenate W and W’ to form a new tight walk,
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which we denote W + W’; when doing so, we always include the common (k — 1)-tuple
only once, so the edges of W + W’ are precisely the edges of W followed by the edges of
W’. In particular, we have ((W +W') = {(W)+£(W'). Note that this definition includes
the case where W and W’ are tight paths, in which case W + W’ is also a tight path
provided that W and W' have no common vertices outside this common (k — 1)-tuple.

Before giving the full proof of Lemma [0 we briefly sketch our approach. We show that
for any k-tuple X = (Xi,..., X}) of clusters of J which forms an edge of R := Ry, (G),
we can find a long tight path ‘winding around’ the & clusters in G [Uie[k} X;] by repeated
use of the Extension Lemma. Indeed, we proceed in steps, at each time j > 1 keeping
track of a tight path PU) and a set 2\ of ‘possible extensions’ of PU): the latter are
short tight paths whose initial (k — 1)-tuples are equal to the terminal (k — 1)-tuple of
PU)| and whose terminal (k — 1)-tuples are all distinct. The Extension Lemma tells us
that at each time step j there must exist some P € V) so that, taking PYU*Y to be
PU) 4 P, there is a family 22U+ which are possible extensions of PU*Y (this argument
is formalised in Claim [33]). This procedure, which we refer to as ‘filling the edge X’, can
be continued until only few vertices remain in each cluster of X.

Of course, for large ¢ we need to cover more vertices than are contained in any k
clusters; this is the point at which the connectedness of the fractional matching comes
into play. By assumption we can find a tight walk W in R which visits every edge e € R
whose weight w, is non-zero. Starting at some such edge e, we proceed to ‘fill’ this edge
as described above, stopping when our tight path PY) covers around a w,.-proportion of
the vertices of each cluster. We then extend PU) by ‘traversing the walk W’ to the next
edge ¢’ of non-zero weight. Since this extension of PU) is short, few vertices are used in
total in walk-traversing steps. So the final proportion of vertices covered by our tight
path in any cluster X; is approximately the sum of the weights of edges of R containing
X;. Overall, this gives a path covering sufficiently many vertices for the bound given in
the lemma. To obtain a shorter tight path, we simply stop ‘filling” each edge at an earlier

stage.
Finally, it remains to ‘join the ends’ of our tight path to form a tight cycle. For this, at
the very start of the argument we set aside some large subsets 71, ..., Z; of some clusters

Xi1,..., Xy which form an edge of R. We then choose our first path P so that, as well

as there being many extensions Z© suitable for use to form PM), there are also many

(k—1)-tuples f in Zi, ..., Z;_, which can be extended to the initial (k — 1)-tuple of P(©),
We now present the full details of the proof.

Proof of Lemmal9. We set

(29) a:% and = 55
We will want to apply Lemma [24] to k-partite k-complexes (i.e. with s = k) with « as
given in (29) and with e playing the same role here as there. Also, we will want to
apply Lemma 23] to both k-partite and (2k — 1)-partite k-complexes (i.e. with s = k and
with s = 2k — 1) whose top levels have relative density at least dj, with each choice of
1 <0 <b< 3k, with 3 as given in (29), and with /g in place of ;. We require 5, > 0
to be small enough for each of these applications.

Given ds,...,d;_1, the various applications of Lemma mentioned above require
various sufficiently small positive values for ¢. We take ¢ > 0 to be the minimum of these
values (we will have a bounded number of choices of parameters, hence this minimum is

well-defined).
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We now require € < ¢? to be small enough for each of the applications of Lemmas

and 28 mentioned above to k-complexes whose underlying (k — 1)-complex is (-, -, 1/€)-
k—1

equitable with density vector d = (dj_1, ..., ds). In addition, we require £ < % Hf:_; di( )
to be small enough that we can apply Fact Bl with % in place of § to (-, -, /€)-equitable
k-partite k-complexes with density vector d. We require r to be large enough for the
above mentioned applications of Lemma 25l We also choose mg > 16(k —1)/¢ to be large
enough so that any m > am, is acceptable for all of these applications.

Given t, we set

200k 8k 2(k+ 1)t

e TayE’ a ) '

Now let G be an n-vertex k-graph, where n > ng, and let J be a (-, -, &, &, r)-regular
slice for G with t clusters and density vector d. Let R := Ry (G), and let m := n/t,
so each cluster of J has size m. We write G for the k-complex obtained from [J by
adding all edges of G supported on J*~1 as the ‘k-th level’ of G. So for any edge
X € R, GUyexX'is a (d°(X),di1,...,da, e, e, 7)-regular k-partite k-complex with
d*(X) > di. Furthermore, for convenience of notation, for any s-tuple X = (Xj,..., Xj)
of clusters of J and any subsets Y; C X; for j € [s] we write G(Y7,...,Y;) for the s-
partite s-graph Gy [Uje[s] Y;], that is, whose edges are the edges of G**) with one vertex

(30) ng = t - max <m0,

in each Y;. In addition, we say that an s-tuple (v1,...,v;) of vertices of G is an ordered
edge of G(Y1,...,Y) if {v1,..., v} is an edge of G and v; € Y for each j € [s].

Since J is a regular slice for G, for any set X of k clusters Xy,..., Xy of J the k-
partite (k —1)-complex j[Uje[k} X;]is (d, e, ¢, 1)-regular. By adding all sets of k vertices

supported on the polyad Jx as a ‘k-th level’, we may obtain a (1,dg_1,...,ds, &, &k, 7)-
regular k-partite k-complex, whose restriction to any subsets Y; C X of size |Y;| = am
for each j € [k] is then (1,dy_1,...,ds, \/€,/E, 1) by Lemma 24l We conclude by Fact
that for any subsets Y7, ..., Y. 1 of distinct clusters of 7, each of size am, we have

(31) e(g(Yl,...,Yk_l)) > embl,

The heart of our embedding lemma is the following claim. We will use it in steps when
we fill an edge of R with ¢ = 0, and in walk-traversing steps with ¢ = 1.

Claim 33. Let {X,..., X} be an edge of R, and choose anyY; C X; for each j € [k] so
that |Yi| = -+ = Y| = am. Let & be a collection of at least £ e(G(Y1,..., Y 1)) tight
paths in G (not necessarily contained in Uje[k] Y; ) each of length at most 2k+1 and whose
terminal (k — 1)-tuples are distinct members of G(Y1,...,Yr_1). Then for each i € {0, 1}
there is a path P € &2 and a collection &' of 1% e(G(Yis1, ..., Yirk_1)) tight paths in G,
each of length k + i, all of whose initial (k — 1)-tuples are the terminal (k — 1)-tuple of
P, whose terminal (k — 1)-tuples are distinct members of G(Yiy1,...,Yiik_1), and where
the jth vertex of each path in &' lies in'Y; and, if j > k, is not contained in P.

One might expect to prove this claim by trying to extend the terminal (k£ — 1)-tuple
of a path in & in many different ways using Lemma 23 But it turns out to be hard
to show that these many different ways really go to many different terminal (k — 1)-
tuples, and so what we actually do is show the stronger statement that most pairs of
disjoint (k — 1)-tuples are joined by many paths. That is, we apply Lemma 23 with H
the k-complex formed by a tight path and ‘H’' the subcomplex induced by its initial and
terminal (kK — 1)-tuples.
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Proof. We take H to be the k-complex generated by the down-closure of a tight path of
length k + i (so ‘H has 2k — 1 + ¢ vertices), and consider its k-partition in which the ith
vertex of the path lies in the vertex class V; with j = modulo k. We take H' to be the
subcomplex of H (with empty kth level) induced by the first and last k — 1 vertices of
H. By our assumptions on our various constants and by Lemma 24} G[U;,, Y] satisfies
the conditions to apply Lemma 25 Consider the pairs (e, f), where e is an ordered
(k — 1)-edge of G(Y1,...,Y,_1) and f is an ordered (k — 1)-edge of G(Yii1, ..., Yiik_1).
For any such ordered edge e there are at most km*~2 such ordered edges f which intersect
e, so by ([B0) and (31]), at most a 1/200-proportion of the pairs (e, f) are not disjoint.
On the other hand, if e and f are disjoint, then (the down-closure of) the pair (e, f)
forms a labelled copy of H' in G[U;cy, Y], so by Lemma 25 with b = 2k — 1 + i and
b = 2k — 2, for all but at most a 1/200-proportion of the disjoint pairs (e, f) there are at
least c(am)™ > \/z(am)™! extensions to copies of H in G[Ujepm Y- Each such copy of
‘H corresponds to a tight path in G of length k414 with all vertices in the desired clusters.
We conclude that at least a 99/100-proportion of all pairs (e, f) of ordered edges are
disjoint and are linked by at least this many tight paths in GG of the desired type; we call
these pairs extensible.

Let us call an ordered edge e € G(Yi,...,Y,_1) good if at most one-twentieth of the
ordered edges f € G(Yii1,...,Yiik—1) do not make an extensible pair with e. Then at
most one-fifth of the ordered edges in G(Y7,...,Y,_1) are not good. In particular, there
must exist a path P € &2 whose terminal (k— 1)-tuple is a good ordered edge e. Fix such
a P and e. Given any ordered edge f in G(Yii1,...,Y;1r_1) which is disjoint from P,
suppose the pair (e, f) is an extensible pair. By definition there are at least /z(am)*™!
tight paths in G from e to f where the jth vertex of each path lies in Y;. We claim that
at least one of these paths has the further property that if 7 > k, then the jth vertex is
not contained in P (and we can therefore put this path in &?’). Indeed, as f is disjoint
from P, if ¢+ = 0 it suffices to show that one of these paths has the property that its kth
vertex is in Y3 \ V/(P). This is true because there are only V(P) < 2k + 1 < /e(am)
(where the last inequality is by (B0)) paths which do not have this property. If on the
other hand ¢ = 1, then we need a path whose kth and (k + 1)st vertices are not in V'(P),
which is possible since 2(2k + 1)(am) < v/z(am)? by (30).

Finally, consider the ordered edges f € G(Yii1,...,Yiix—1). Since by [B0) and (31
we have 20| P|(am)*2 < em* ! <e(G(Yii1, ..., Yisn_1)), at most one-twentieth of these
edges f intersect P, and by choice of e at most one-twentieth of these edges f are such
that (e, f) is not extensible. This leaves at least nine-tenths of the edges f remaining;
choosing a tight path for each such f as described above gives the desired set &2’ u]

Now, let eq, ..., es be the edges of non-zero weight in our fractional matching in R, and
let wy,...,ws be the corresponding weights. For each i € [s] let n; be any integer with

(32) 0<mn; <(1-3a)wm.

We next construct tight walks W; in R for ‘traversing’ from e; to e; 1 foreach 1 <17 < s—1.
Since our fractional matching is tightly connected, we may choose a minimum length tight
walk W, from ey to es. Then for each 2 <7 < s—1, we may take a minimum length tight
walk W; from e; to e;1; whose initial (k — 1)-tuple is the terminal (k — 1)-tuple of W;_;.

Finally, we construct a tight walk W from e to e; whose initial (k — 1)-tuple is the
terminal (k—1)-tuple of W,_; and whose terminal (k—1)-tuple is the initial (k—1)-tuple of
W1. We do this construction differently in order to ensure that our final cycles have length
divisible by k. Indeed, let W’ be the concatenation Wi+ -+W,_ 1, s0 W' = (Ay,..., Ap)

is a tight walk in R from e; to e;. Now we let W, be the sequence of clusters given by
41



writing down the terminal (k£ — 1)-tuple of W', that is, Ay 1o, Ap_gi3, ..., Ap, followed
by the penultimate (k—1)-tuple Ap_g11, Ap_gyo, ..., Ap_1, and so on until we eventually
write the initial (k—1)-tuple. Now any k consecutive vertices of Wy come from two (k—1)-
tuples in W’ which share k& — 2 vertices. Since W' is a tight walk in R, the vertices of
the two (k — 1)-tuples make an edge of R. In other words, W is a tight walk in R. Note
that by construction the terminal (k — 1)-tuple of Wy is the initial (k — 1)-tuple of W7,
and also that we have

—_

S—

(W) = (k= DEW') = (k= 1) p_(W;).

1

Note that any given (k — 1)-tuple can appear at most once (consecutively) in a minimum
length tight walk between two edges of R, or else we could contract the walk. It follows
that each of the walks W; has length ¢(W;) < t*~!. Since R has at most (;) edges we
conclude that 335 ¢(W;) = k3521 £(W;) is a multiple of k and is at most t2*.

Let (X3,...,X}%) be the initial k-tuple of W; (so Xi,..., X} are the clusters of e; in
the order in which they appear in W;). Given any subsets Y; C X; of size |Y;| = am for
J € [k], we say that an edge e € G(X1,..., Xy_1) is well-connected to (Y1,...,Yr_1) via
Y}, if for at least nine-tenths of the (k — 1)-tuples f in G(Y7, ..., Yi_1) there exist distinct
vertices u,v € Y} such that the concatenations e + (u) + f and e + (v) + f are tight
paths in G of length k. Now fix a subset Z; C X, of size am for each j € [k], and write
Z=U icr) Zi- We reserve the vertices of Z for joining together the ends of the tight path
we will construct to obtain a cycle; the following claim establishes the properties we will
need to do this.

Claim 34. For any subsets Y; C X, of size am for j € [k] such that each Y} is disjoint
from Z; the following statements hold.
(a) At least nine-tenths of the (k — 1)-tuples e in G(Z1, ..., Zx_1) are well-connected to
(Zl, ey Zk—l) via Zk
(b) At least nine-tenths of the (k — 1)-tuples e in G(Zy, ..., Z,_1) are well-connected to
(Y1,..., Y1) via Y.
(c) At least nine-tenths of the (k — 1)-tuples e in G(Y1,...,Yr_1) are well-connected to
(Zl, ey Zk—l) via Yk

Proof. Observe that @ was in fact proved in the proof of Claim B3 (in the case i = 0),
with Yy, ..., Y, there corresponding to Zi,..., Z; here. We here modify this argument
to prove @; a near-identical argument proves We apply Lemma 23 as in Claim [33]
with H being the k-complex generated by the down-closure of a tight path of length &
(that is, with 2k — 1 vertices), and H' the subcomplex induced by its initial and terminal
(k — 1)-tuples. However, we now regard H as a (2k — 1)-partite k-complex, with one
vertex in each vertex class. The role of G in Lemma 25 is played by the (2k — 1)-partite
subcomplex of G with vertex classes Z1,..., Z5_1,Ys, Y1,..., Y, 1; the first vertex of H
is to be embedded in Z, the second in Z5, and so forth. So by Lemmas and 28] the
proportion of pairs (e, f) for which there is no path as in [(0)]is at most 1/200, and the
remainder of the argument then follows exactly as in Claim [33] 0

We are now ready to construct our cycle. Arbitrarily choose a subset X j(p) C X of
size am which is disjoint from Z; for each j € [k]. By Claim and [(0)] we may fix a
(k—1)-tuple e € G(Zy, ..., Zy_1) such that e is both well-connected to (71, ..., Z;_1) via
7). and well-connected to (Xl(o), o ,X,go_)l) via X,go). Set P to be the tight path with no

k-edges consisting simply of the vertices of e in their given order. By choice of e there is
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a set 2 of tight paths of the form e + (v) + f for v € X ) and fe Q(Xf0 ,...,X,go_)l)
for which the terminal (k — 1)-tuples of paths in 2 are all distinct and constitute at
least half of the ordered edges of G (Xl(o), X ,EOJI). We now describe the algorithm we
use to construct the desired cycle. Set the initial state to be ‘filling the edge e;’. We
proceed for each time j > 1 as follows, maintaining the following property (7).

(1) The termmal (k — 1)-tuples of the paths 22U) constitute at least half of the ordered
edges G(X{,..., X)),

Suppose first that our current state is ‘filling the edge e;” for some i. If we have
previously completed n; steps in this state, then we do nothing, and immediately change
state to ‘position 1 in traversing the walk W;’. Otherwise, since () holds for j — 1, we
may apply Claim with 4 = 0 to obtain a path P € 20U~Y and a collection V)
of & e(g(ij_l), . ,X(j 1))) tight paths of length k, all of whose initial (k — 1)-tuples
are the terminal (k — 1)-tuple of P, whose terminal (k — 1)-tuples are distinct members
of Q(Xl(j_l), e ,X,gj__ll)) and are disjoint from V(P), and whose remaining vertex lies in

XUV V(P). We define P9 to be the concatenation PU~1 + P. For cach 1 < p < k
we generate Xlgj ) from Xlgj b by removing the (at most two) vertices of P in Xlgj b
and replacing them by vertices from the same cluster which do not lie in Z or in PU).
We will prove in Claim 5 that this is possible and that (1) is maintained.

Now suppose that our current state is ‘position ¢ in traversing the walk W,” for some
i. Since () holds for j — 1, we may apply Claim B3] with ¢ = 1, which returns a path
P e 207V and a collection 2 of 2 e(g(Xéj_l), e ,Xlgj_l))) tight paths of length
k + 1, all of whose initial (k — 1)-tuples are the terminal (k — 1)-tuple of P, whose
terminal (k — 1)-tuples are distinct members of G (XQ(j X ,gj 71)) which are disjoint
from V(P), and whose two remaining vertices lie in X(j_1 \ V(P) and X G=1) \ V(P)
respectlvely Exactly as before we define PU) to be the concatenation PU~1 + P. We also

(4 1)
form X ) from Xerl o

and replacing them by vertices from the same cluster which do not lie in Z or P, If we
have now reached the end of W;, meaning that the (k — 1)-tuple of clusters containing

Xl(j), . ,X,gjjl (in that order) is the terminal (k — 1)-tuple of W;, then we choose the set

X lgj ) as follows. If i < s then we let X ,gj ) be a subset of the remaining cluster of e;;
(that is, the cluster not included in the terminal (k — 1)-tuple) which has size am and

is disjoint from PU) U Z. If i = s we let X,gj) be a subset of X (which is the remaining
cluster of e;) of size am disjoint from PY U Z. We then change our state to ‘filling the
edge e;41" if © < s, or ‘completing the cycle’ if i = s. Alternatively, if we have not yet

reached the end of W;, we instead choose X ,gj )

for each 1 < p < k —1 by removing the vertices of PU~1 in X,

to be a subset of size am of the cluster at
position ¢ + k in the sequence W;, again chosen so that X ,gj ) does not intersect PY) or Z.
This ensures that for each p € [k], X,Sj ) is a subset of the cluster at position p + ¢ in the
sequence W;: in particular, these clusters form an edge of R since W; is a tight walk. In
this case we now change our state to ‘position ¢ + 1 in traversing W;’. Again, we prove
in Claim [BH that these choices are all possible and that (f) is maintained.

Finally, if our state is ‘completing the cycle’ then X (- 1) o X ,gj Y must be subsets
of X1, ..., Xy respectively. So by (1) and Claim B¢ )| we may choose a path P €¢ 220U~
such that the terminal (k — 1)-tuple f € Q(X{j_l), . ,X,gj__ll)) of P is well-connected to

(Zy, ..., Z)_1) via X,gjfl). Let PU) be the concatenation PU~Y + P, and recall that we
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chose e, the initial (k — 1)-tuple of PU~Y to be well-connected to (Z1, ..., Zy_1) via Z.
Together with the well-connectedness of f, and the fact that V' (P)N X, = 1, this implies
that we may choose a (k — 1)-tuple €’ in G(Z1,..., Zx_1) and vertices v € X,gjfl) \ V(P)
and v’ € Zj, such that ¢’ is disjoint from e and both @ := f+(v)+¢€ and Q' := €'+ (V') +e
are tight paths in G. Return PY) + Q + @’ as the output tight cycle in G.

Claim 35. The algorithm described above is well-defined (that is, it is always possible to
construct the sets Xlgj)), maintains (1), and returns a tight cycle of length

B4+ mi | kA | Y W) | - (k+1).

1€[s] i€]s]
In particular, this length is divisible by k.
Proof. To see that the output is indeed a tight cycle, recall that we always chose X 1(j ), o X ,gj )
to be disjoint from Z and PY), and the vertices added to PU) to form PU*D are always
taken from Upe[k (] Y. S0 by construction, the final PU) is a tight path which only
meets Z in its 1n1t1al (k — 1)-tuple e and does not contain the vertex v used in the ‘com-
pleting the cycle’ step. Since when completing the cycle €’ is chosen to be disjoint from
e, no vertices are repeated, and so the output is indeed a tight cycle.

To see that (1) is maintained, observe that applying (BI) we have e(G (X", U X ,gj )1)) >

em*~1 for each j. Fix some j. By construction, for either A, := = XY™ or A, XISle)
(according to our current state) we obtain sets Aj, ..., Ak,l each of size am such that

the terminal (k — 1)-tuples of 22U) constitute at least nine-tenths of the ordered edges of
G(Ay,..., Ax_1), and for each 1 < i < k—1 the set XZ-(]) is formed from A; by removing at

most two vertices and replacing them with the same number of vertices. Since each vertex
is in at most m*~2 ordered (k — 1)-edges of either G(Ay,..., Ax_1) or Q(le, . ,X,g]_)l),
we conclude that the fraction of ordered (k — 1)-edges of Q(Xl(j X ,@1) which are
terminal (k — 1)-tuples of paths in 22U is at least
9 e(g(Al, ceey Ak—l)) — 2(k? — l)mk’Q
e(G(x,... . x7))
N 2e(g(x?,...,x) — 20k = Ymh?) — 2(k — Hm*
(Gt X))

9 4(k—1m*2 _ 1
> W T >
— 10 emb-1 -2
where the final inequality is because we have m > mg > 16(k — 1)/e. Thus (}) holds for
7 as desired.

To see that we can always construct the sets XISJ ), observe that it is enough to check
that at termination every cluster still has at least 2am vertices not in PU), as then there
are at least am such vertices outside Z. Observe that at each step we choose a set of
paths 20U) | precisely one member of which is then used to extend PY) to PU*tY in the
subsequent step. In each walk-traversing step each path in 22U) contains precisely k + 1
new vertices (i.e. vertices outside PY), and the total number of walk-traversing steps
is precisely Zie[s]ﬁ(ﬂ/i). Recalling that this number is at most #?*, and using ¢t < t;,

by B0) we have (k + 1)t?* < am/2, so in particular fewer than am/2 vertices are added

to PY) as a result of walk-traversing steps. On the other hand, we remain in the state
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“filling the edge e;” for precisely n; steps, and in each of these steps each path in 22U
contains precisely k new vertices, one from each cluster of e;. So for any cluster C,
the number of vertices of C' which are added to PY) as a result of edge-filling steps is
Doi e, i < D cee, (1 = 3a)wym < (1 — 3a)m, where the first inequality holds by (32])
and the second by definition of a fractional matching. Together with the &k — 1 vertices
of PO and the k vertices of the chosen path in 2© . we conclude that in total at most
(1—2a)m vertices of any cluster are contained in the path PU) at termination, as desired.

Finally, the total length of the cycle is equal to the number of vertices it contains,
which we can calculate similarly. Recall that our initial P®) contained k — 1 vertices,
to which k vertices were added from some member of 22 in the first step to form P'.
Each of the Zie[s} n; edge-filling steps resulted in k new vertices being added to PY) in

the subsequent step, and each of the > }E(W) walk-traversing steps resulted in k& + 1

i€[s
new vertices being added to PY) in the subsequent step. Finally, when completing the
cycle we used k 4 1 vertices which were not contained in our final path PY) (namely v, v’

and the vertices of €’). In summation, the cycle formed has length

(k=1 +k+ [ D n | k4D W) |- (k+1)+(k+1),

1€[s] i€[s]

giving the claimed expression. Since . ¢(W;) is divisible by k, the same is true of
this length. u]

Recall that 3, ((W;) < t?*. So if we take n; = 0 for every i € [s] then we obtain a
tight cycle of length at most 2kt?*. On the other hand, if we take the n; to be as large
as permitted, so n; = (1 — 3a)w;m for each i € [s], then, since > 7  w; = u, we obtain
a tight cycle of length at least (1 — 3a)ukm > (1 — ¢p)kun/t. Clearly by choosing the
n; appropriately we may obtain tight cycles of any length between these two extremes
which is divisible by k. So it remains only to prove the lemma for cycle lengths £ < 2kt?*.
Note that 2kt?* < m, so the number of vertices in such a cycle is fewer than the number
of vertices in any cluster. Hence, we need only use one edge of the reduced graph to find
the desired tight cycle in this case.

More precisely, fix any edge e; = { X7, ..., X} of R. If £ > 3k, then we may proceed as
before with ny := ¢/k—3. That is, we choose a (k—1)-tuple e, disjoint sets Z;, XJ(O) C X,
of size am, and a set of extensions () of P = ¢ as previously, then enter state ‘filling
the edge e;’, where we remain for ny steps. Following this, we move directly to the state
‘completing the cycle’ (since there is no walk to traverse), which proceeds as before. By
similar arguments as before, this process gives a tight cycle of length kn; 4+ 3k = ¢, as
required.

Finally, if ¢ = 2k, we simply apply Lemma 23 with H the complex generated by the
down-closure of a tight cycle of length 2k, and H’ the subcomplex induced by any k — 1
consecutive vertices of this cycle, to G(X7, ..., X), where X,... X} are the clusters of
any edge of R. This gives a cycle of length 2k in G. O

To conclude this section, we note that by a similar approach it is possible to find
paths of specified lengths whose initial and terminal (k — 1)-tuples lie in specified sets of
(k — 1)-tuples. We will not need this result here, but we state it for future convenience.
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Lemma 36. Let k,r,ng,t, B be positive integers, and 1, ds, ..., dy, €,V be positive
constants such that 1/d; € N for each 2 <i <k —1, and such that 1/ny < 1/t,
11 1 1
—, =<K - eKeg,do, ..., di_1 and e <Y, dy, v, —.
ng B r k
Then the following holds for all integers n > nyg.

Let G be a k-graph on n vertices, and J be a (-,-,&,ex,7)-reqular slice for G with t
clusters and density vector (dy_1, ...,ds). Let M be a tightly connected fractional match-
ing of weight j1 in R := Ry, (G). Also let X and Y be (k — 1)-tuples of clusters which lie
in the same tight component of R as M, and let Sx and Sy be subsets of Jx and Jy of
sizes at least v|Jx| and v|Jy| respectively. Finally, let W be a tight walk in R from X
toY of length at most t**, and let p = ((W).

Then for any € divisible by k with 3k < € < (1 —)kun/t there is a tight path P in G
of length ¢ + p(k + 1) whose initial (k — 1)-tuple forms an edge of Sx and whose terminal
(k—1)-tuple forms an edge of Sy, where the orders of these tuples are given by the orders
of X and Y respectively. Furthermore P uses at most u(C)n/t + B wvertices from any
cluster C, where 1(C') denotes the total weight of edges of M containing C.

Proof. We need to be able to apply Lemma 25 with 5 = min(»/40,1/100) rather than
1/100, and we need o < v, but the remaining constants only have to satisfy the given
order of magnitude hierarchy. We use the same notation as in the proof of Lemma
So, writing X = (Xi,..., X;_1) and Y = (Y7,..., Y1) we can rewrite our assumption
on Sy and Sy in a more familiar form: that Sy constitutes at least a v-proportion of
G(X1,..., X, 1) and Sy constitutes at least a v-proportion of G(Y7,..., Y, 1). Let X} be
the cluster following X in W, and let Y}, be the cluster preceding Y in W, so { X1, ..., X;}
and {Y1,...,Y;} are edges of R. Then we choose subsets Z; C Y and X](»O) C Xj of size
an for each j € [k]. A similar argument as in the proof of Lemma [Q implies that we may
choose e € Sy so that for at least half the members f of G(Zy,..., Z;) there is a tight
path of length £ in G from f to e whose remaining vertex lies in Z;. Similarly, we may
choose a (k — 1)-tuple P in Sy and a set 2 of tight paths of the form P© + v + ¢’
with v € Y3 and ¢’ € G(Y1, ..., Y1) so that the members of 22(¥) have distinct terminal
(k — 1)-tuples which together occupy at least nine-tenths of G(Yi,...,Y;_1). We then
proceed by exactly the same algorithm as in the proof of Lemma [9] to repeatedly extend
PU) whilst avoiding Zi, ..., Z and e. The only difference is that now in the ‘completing
the cycle’ state, when we identify tight paths @ and @)’ which together connect our final
PU) to e, this does not yield a tight cycle but rather a tight path whose initial (k—1)-tuple
lies in Sy and whose final (k — 1)-tuple lies in Sy, as claimed.

It remains only to check the lengths of tight paths which can be obtained in this way.
As in Lemma [ the shortest tight path is achieved by never entering the state of ‘filling
an edge’, in which case we obtain a tight path of length 3k + p(k 4+ 1). On the other
hand, exactly as for Lemma [0 by extending W to include all edges of R of non-zero
weight before we implement the algorithm, we can obtain tight paths of length up to
(1 —)kun/t, but without using more than u(C)n/t + B vertices from any cluster, where
B = B(t, k) does not depend on n. O

10. CONCLUDING REMARKS

Towards an extremal theorem for tight paths and cycles. We mentioned in the
introduction that our result is an approximate analogue of the Erdos-Gallai Theorem.

The exact analogue is the following, which we conjecture.
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Conjecture 37. For any (, all n-vertex k-graphs with more than %(kﬁl) edges contain

a tight path on € vertices, and all n-vertex k-graphs with more than Z’Tl Zj) edges have

a tight cycle of length at least (.

As we saw in Section [3] for any fixed ¢ this conjecture is sharp for n satisfying certain
divisibility conditions. We also observed there that if p < n~¢%/=1) then a random
hypergraph of density p has fewer (-vertex tight cycles than edges, so we can easily delete
all short cycles without significantly altering the density. Hence we cannot ask for the
existence of cycles of lengths up to ¢.

Recall that Gyéri, Katona and Lemons [I2] proved that more than (¢ — k)(,",) edges
suffices to guarantee the existence of an (-vertex tight path, which is weaker than the
conjecture both in that it only deals with tight paths and in that a factor £ more edges
than conjectured are required. However their result holds for all £ < n. Our result is off
by a factor only (1 + 0(1)) from the conjectured number of edges, but we require ¢ to be
linear in n. Possibly one could even prove the conjecture exactly in our range of ¢ using
the Stability Method, but we do not believe an attempt to do so is worthwhile, for the
following reason.

For large cycles we do not believe Conjecture [37 is best possible. It is easy to check
that if & > n~/2 then no designs (or even set systems with nearly as many edges as a
design) with sets of size an and without pairwise intersections of size two or greater exist:
The lines of IFZQ) for prime p ~ n'/? form a design with all pairs covered exactly once, so
this is optimal.

The best lower bound we know of in this range of « is the simple construction presented
in Section Bl in which we take all edges meeting a fixed (an/k — 1)-vertex set. There
is a substantial gap between this lower bound and Conjecture B7 It would be very
interesting—but also, we suspect, very difficult—+to close this gap. In fact, we think that
it is already difficult to solve the following problem for some fixed a € (0, 1).

Problem 38. Determine the limit of the maximum edge density of n-verter 3-graphs
which do not contain an-vertex tight paths.

We have no suggestions of good candidates for extremal structures, which would also
be interesting to obtain. For « close to 1, it even seems possible that the construction
presented in Section ] in which we take an (an — 1)-vertex clique and all further edges
which meet it in less than k& — 1 vertices could be extremal.

Spanning structures and stability. Let us support our claim that Lemma [G prop-
erty can be useful for proving results involving spanning subgraphs. For this purpose
we first briefly sketch a proof of R6dl, Rucinski and Szemerédi [29] giving the following
Dirac-type condition for tight Hamilton cycles in k-graphs, and then explain how their
approach can be simplified with the help of Lemma [Gl

Theorem 39 ([29], Theorem 1.1). For each k > 3 and v > 0 there exists ng such that for
each n > ng the following holds. If G is a k-graph on n vertices and each (k — 1)-set of
vertices of G is contained in at least (1/2 + v)n edges of G, then G has a tight Hamilton
cycle.

The strategy of Rodl, Rucinski and Szemerédi is as follows. First, they show that
the codegree condition implies that for each vertex u of G, there are @(n%’z) ‘absorb-
ing structures for u’, that is, vertex tuples (vy,...,vo_2) such that both of the tuples
(U1, ..., V9p_2) and (v1, ..., Vk_1,U, Vg, ..., Ug,_o) form tight paths in G. Second, they use
a probabilistic argument to show that there is a collection of pairwise-disjoint (2k — 2)-

vertex tight paths which cover a small fraction of V' (G) and which have the property that
47



for each u € V(G), ©(n) of these tight paths are absorbing structures for u. Third, they
establish a Connecting Lemma which allows them to connect the collection of (2k — 2)-
vertex tight paths into one ‘absorbing path’, which is a tight path P such that for any not
too large set S C V(G)\V(P), there is a tight path on the vertices V (P)US with the same
endpoints as P. Fourth, they show that P can be extended to an almost-spanning tight
cycle. Then setting S = V(G) \ V(C') and using the absorbing property of P completes
their proof.

In their approach, the Regularity Lemma is used only to complete the fourth step, and
most of the work is in proving the Connecting Lemma. We can use Lemma [d] to simplify
this approach. Property implies that since each u € V(G) has many absorbing
structures, so each u also has many absorbing structures supported on the regular slice
J returned by Lemma [0 and the same probabilistic argument as in their second step
then gives a collection of (2k — 2)-vertex tight paths supported on J with otherwise the
same properties. But now their third step can be replaced by showing that the reduced
graph R(G) is (after deleting a few vertices) tightly connected. This, however, is easy
and can be obtained as in our proof of Theorem 2 Their fourth step can be carried out
in more or less the same way on 7, and the proof is then completed exactly as before.

Besides simplifying the proof, we also believe it would be much easier to prove a
‘stability version’ of Theorem using our approach, because the tight connectivity of
R(G) we use is a comparatively easy concept to work with. It appears more challenging
to prove a stability version of the Connecting Lemma in their approach.

Furthermore, it would be interesting to prove similar results for more general ‘tight-
path-like” hypergraphs. To do this one will need a suitable ‘embedding lemma’ which can
complete the fourth step (in either approach) and this does not currently exist. Given
such an ‘embedding lemma’, it would be easy to modify our approach to complete the
proof of such a result.

Entropy preserving regular slices. We note that one can ask for the slice J provided
by Lemma [0] to satisfy further properties. In particular, one property which is useful in
enumeration is that entropy is preserved.

The binary entropy of a number x € (0,1) is defined to be H(z) = —zlogyz — (1 —
x)logy(1 —z), and we define H(0) = H(1) = 0. Given a weighted reduced k-graph R, we
define the binary entropy H(R) of R to be the average over all e € (V(kR)) of H(d*(e)).
Then we can ask for the following additional property of Lemma [6l The number of n-
vertex k-graphs G whose reduced graph R(G) given by Lemma[@ has H(R(G)) < x is at
most 22(d)en”

We define the binary entropy H(G, P*) of G with respect to a family of partitions P*

to be the average of H(d(G | P(Q))) over the polyads P(Q) of P* (where d(G | P(Q))

~

is the relative density of G with respect to P(Q) as defined in Section F.T]). Then the
method used in the proof of Lemma[f(a )| can be used to show that H(R(G)) is with high
probability close to H(G, P*), where P* is as given in the proof of Lemma [6l Hence we
may ask that Lemma [0 returns a regular slice J such that H(R(G)) ~ H(G, P*). Then
a standard and easy enumeration argument yields the desired conclusion.

Regular slices and the Hypergraph Blow-up Lemma. Recently, Keevash [I7] pro-
vided a new major tool for extremal hypergraph theory, the Hypergraph Blow-up Lemma.
However, while our Regular Slice Lemma, Lemma [@] is based on the Strong Hypergraph
Regularity Lemma, Lemma 20, the Hypergraph Blow-up Lemma requires the stronger
regularity properties given by the Regular Approximation Lemma, Lemma 21l Hence

Lemmal@lis not suitable for an application together with the Hypergraph Blow-up Lemma.
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We remark though that Lemma [6] can be modified appropriately to allow for such an
application. The proof of such a modified version is almost identical to the proof of
Lemma [0 but uses a version of the Strengthened Regularity Lemma, Lemma 22] which
gives regularity properties of comparable strength to those in Lemma 21l It is easy to
modify the proof of Lemma 22 to obtain this.

APPENDIX A. DERIVATION OF LEMMAS 23] AND

We first describe the differences between Lemma23 and the Lemma provided by Cooley,
Fountoulakis, Kiithn, and Osthus [8, Lemma 4]. Firstly, their version also allows to count
copies of H in which multiple vertices of H may be embedded within the same cluster.
We do not need this strengthening, so we omit it for notational convenience.

Secondly, their lemma includes an additional constant dj with e, < dj and 1/d; € N,
and requires for any edge e € H that G is (dy, ex, r)-regular with respect to Jx, where
X = {V; : j € e}, whereas our lemma only requires that G is (d, ey, r)-regular with
respect to Jy for some d which may depend on X. We now describe how this apparently
stronger result may be derived.

Introduce a constant dj, with d, < [, and also a constant v with e < v < €y, ds, ..., dp_1.
Let X be any k-set of clusters of J. The version of the Dense Extension Lemma [8]
Lemma 7], applied with 7 in place of G and H \ H*~Y in place of H, implies that at

A ei(H)—(} .
most | K;(Jx)| edges of Gx are contained in more than Hf;; d; 00-(5) copies of H.

Also, the Slicing Lemma [§, Lemma 8] implies that we can partition Gy into subgraphs
GY%, G, ..., G2 for some integer px, so that |G%| < di|Ki(JTx)| and G is (dy, 24, 7)-
regular with respect to jX for each ¢ > 1. However we choose qx € [px]| for each X
we may then apply [8, Lemma 4] to establish that there are (1 £ 5/3)m?* HfZQ dfi(H)
copies of H in |J, G%. Different choices of ¢x give distinct copies of H, so summing

over all possible choices we obtain (], ., d*(e) £ 25/3)m* Hi:; 45 copies of H in

7
G, having counted all copies except for those which contain an edge from some GY.

A k
Fact [ tells us that for any X there are at most dp|K;(Jx)| < di Hi:; d(l)mk such

(2
. .. — () (% .
edges, each of which lies in at most Hf:; d: (0 (Z)ms_k copies of H, except for at most

VK(JTx)| < dp [T dfi(mmk edges, which each lie in up to m*=* copies of H. Overall
this adds at most (3/3)m* [[}2, dfi(m further copies of ‘H in G, giving Lemma 23

Similarly, [2I, Lemma 4.6] differs from our Lemma 23] in that it requires that for each
A € ([Z}) such that there is an edge of H with index A, the graph G®[V,] is regular
with density exactly dj with respect to G*~Y[A], whereas we require density at least
d. Moreover, [21, Lemma 4.6] also gives a formula for the typical number of extensions,
whereas we give only a lower bound. This latter difference makes it elementary to reduce
our lemma to theirs by applying the Slicing Lemma [8, Lemma §].

APPENDIX B. PROOF OF LEMMA [22].

Let us first justify why we need Lemma P21 As we saw in the proof of Lemma [G
Lemma is used to ensure that the link of every vertex of GG is represented in the
regular slice. It may not be clear why Lemma 20| is not good enough for this purpose.
But observe that if G is a k-graph and P* a family of partitions obtained by applying
Lemma 20, then we can construct a k-graph G’ from G by associating to each slice J
through P* a vertex vy of V(G), and then removing all edges of G of the form {vs} Ue

where e € J®=1. Then G’ is also regular with respect to P*, but whatever slice J
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through P* is chosen, the link of v7 in G’ is not represented on 7, so J does not satisfy
Lemma [6( ¢ )|

Now we turn to the proof of Lemma The basic idea is simple. We will apply
the Regular Approximation Lemma, Lemma 2Tl to our k-graph G to generate a family
of partitions P* with ¢ < t7 clusters. We will then take a random equipartition of each
cluster into p(t}) parts to obtain a partition P, and let P* be a refinement of P+ generated
by P. We will show that deterministically G has the desired regularity with respect to
P*, and that with high probability, for any set X of clusters of P* and any X-consistent
set X of clusters of P*, the rooted H-densities on X of any slice through P* are close to
the densities on X of the corresponding slice through P*.

Let us explain why it is necessary in this proof to apply Lemma [21] rather than
Lemma to obtain P*. The reason is that typically p(+) grows fast and we must
therefore split each cluster into parts which are too small to control using any regularity
obtainable from Lemma 20

To analyse the random equipartition we need the following standard concentration
inequality for the hypergeometric distribution.

Theorem 40 (see [I5, Theorem 2.10]). Given a set V and a subset W of V', let V' be

chosen uniformly at random from all {-subsets of V. We have IP<|V’ NW| = €||‘V/V|‘ + t)

1—26Xp<—$‘2/|>. U

Proof of Lemma[22. Assume we are given integers ¢, ty and s, a constant &, functions
r:N— Nande: N — (0,1] and a monotone increasing function p : N — N. Without
loss of generality, we may assume that r is also monotone increasing while ¢ is monotone
decreasing. We set

v=¢e;/(16k!) and ;= max (to,4k*/ey).

We let €* : N — (0, 1] be a monotone decreasing function such that for each = we have

(33) £*(z) < min (e (p(a:):c)Q, L))J :

167 (p(z)x
We further require £*(+) to be small enough that we can apply Lemma R4l with o = 1/p(x),
and Lemma 23 with 8 = & and any s < 1/, to (d,e*(z),e*(x), 1)-regular k-complexes,

provided that each d; is at least 1/x.

Let t] and n{ be returned by Lemma 2] with inputs ¢, t§, s, v and €*(-). Let ¢; :=
p(t)ts, e == &*(t}), € := e(t;) and r := r(t;), so in particular we have e* < % by
definition of £*. Let my > ng be large enough for the above applications of Lemmas
and [24] with = = ¢7 and clusters of size m > mg. We then choose ng > mygt; sufficiently
large for the union bound at the end of the proof.

Let V' be a set of n > ng vertices, where n is divisible by ¢;!, and let Q partition V' into
at most g parts of equal size. Let Gy,..., G, be edge-disjoint k-graphs on the vertex set
V We start by applying Lemma [2]] (with the inputs stated above), which yields k-graphs

., G with |G;AGY < vn for each 1 <4 < s, and a (k — 1)-family of partitions
73* on V which is (t§, ], €*)-equitable, whose ground partition P refines Q, and which is
such that each G’ is perfectly (e*,1)-regular with respect to P*. Let the density vector
of P* bed = (da,...,dr_1). By definition of ‘equitable’, the entries of d are all at least
1/t3.

We let the partition P of V be obtained by partitioning each cluster X of P* uniformly

at random into p(t:) parts of equal size. We let £ be the number of clusters of P, and ¢
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be the number of clusters of P. Thus we have t = p(t%)t, which is property . Since P
refines Q, so also P refines Q, giving property @

We now obtain a family of partitions P* with ground partition P as follows. For each
2 < i< k-1 and each i-cell C'in P* on the i clusters C of 75, we put into P* each of
the ¢-uniform induced subgraphs of C' obtained by choosing ¢ clusters of P, one in each
cluster of C. We then need to add further 2-cells between pairs of clusters in P which
were both contained in one cluster of P. We do this by choosing for each such pair X7, X,
of clusters in P an arbitrary equipartition of the complete bipartite graph with vertex
classes X; and X into 1/d; cells which are each (dy, /*, 1)-regular with respect to the
1-graph formed by the vertices of X; and X5 (for example, it is not hard to show that a
random partition has this property with high probability). We then need to choose all
those 3-cells whose supporting clusters do not lie in distinct parts of P, and so on. We
do this in the same way, while also ensuring that we are consistent with the 2-cells we
just chose, and so on, so that we obtain a family of partitions. By construction P* is
generated from P by P, giving property @ Now consider any 75—partite set Q) € (Z),
let J(Q) be the k-partite (k — 1)-complex whose edge set is the union of the cells Cy of
P* which contain proper subsets of Q, and similarly let J(Q) be the k-partite (k — 1)-
complex whose edge set is the union of the cells Cg of P* which contain proper subsets
of Q. The fact that P* is (t}, 1%, *)-equitable implies that 7(Q) is (d,e*, &*, 1)-regular,
whereupon Lemma 4] implies that J(Q) is (d, v/e*,v/z*, 1)-regular. It follows that for
any 2 < i < k — 1 and any -cell C' of P*, if C' was obtained as an induced subgraph of
an i-cell of P*, then C is (d;, v/€*, 1)-regular with respect to the (i — 1)-cells of P* on
which it is supported. On the other hand, if C' was not obtained in this manner, then
by construction C is (d;, v/*, 1)-regular with respect to these (i — 1)-cells. Since t > to,
t; = p(t)t; >t and Ve* < g, we conclude that P* is (to,t1,€)-equitable with density
vector d. This establishes property .

We next want to establish property Fix a graph G = G;, and let G’ = G). The
next claim shows that if G is not (e, r)-regular with respect to some P-partite polyad of
P*, then GAG' is dense on that polyad.

Claim 41. For any P-partite k-set Q € (Z), if G is not (eg,r)-reqular with respect to

the polyad P = P(Q; P*) of P*, then d(G'AG | P) > (£1,/2)2.

Proof. Let W = (W4, ..., W,) be any collection of r subgraphs of P such that | K(W)| >
ex| Ki(P)|. We split these r subgraphs into large subgraphs W; with | K, (W;)| > ve*| Ki(P)),
and the remaining small subgraphs.

Since Q is P-partite, Lemma 24 implies that G’ is (v/e*, 1)-regular with respect to P,
so on any large W; we have d(G'|W;) = d(G'|P) £ /*. On the other hand the total
number of k-cliques supported on small subgraphs W; is by definition of ‘small’ less than

rv/e*| Ky, (P)|. Tt follows that
/ _ T 2ry/e*
d(G'|W) = d(G'|P) £ == .

If d(G'AG|P) < (g,/2)%, then by definition we have d(G'|P) = d(G|P) + (4/2)
Furthermore, since we assumed |K;(W)| > ;| K (P)|, we have

| K(P)|

d(G'|W) = d(G|W) + d(GIAG\P)W
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Putting these together we have
~ 82 /" c A
AGIW) = d(G|P) £ (F + 25 + %) B a(G|P) £ e,
hence G is (5, 7)-regular with respect to P. O

Let B be the set of all polyads P = P(Q;P*) of P* for which Q € (Z) is P-partite and

G is not (g, r)-regular with respect to P. Now using the fact that e(GAG’) < vn* and
Claim (1] we have

vk =Y d(GAG' | P)|Ki(P)| > (e1/2)° > | Ki(P)

PeB PeB

9

and hence the number of P-partite sets Q € (Z) such that G is not (e, r)-regular with

respect to P(Q; P*) is at most vnF(e,/2)"2 < 1e,(}), where the inequality is by choice

of v and ng. Moreover, the number of k-sets () € (Z) which are not 75—partite is at most

(kfl) (k;})", which by choice of ¢ is at most %5k (Z) Putting these together we see that
0
1%

there are at most ¢, (Z) P-partite sets ) € (k) such that G is not (eg,r)-regular with
respect to P(Q,P*) In other words, G is (e, r)-regular with respect to P*, proving

property

It remains to show that property holds with positive probability. To that end, fix
a k-graph G = G;, 1 <0 < 1/ey, a k-graph H equipped with roots x1,...,z, such that
v(H) < 1/ey, vertices vy, ..., v, in V, aslice J through P* and a v(H**)-tuple of clusters
X of P*, and let h := v(H*). Now for any permutation ¢ of 1,..., h, the rooted copies
of H in G supported on J[X], with the ith vertex of H** in the ¢(i)th cluster of X,
correspond to a h-uniform P-partite hypergraph F,. Let X be an X-consistent h-tuple
of clusters of P*. Then we want to show that for any fixed slice J through P* such that
J[X] € J[X], with high probability we have

dH<G, V1, ...,0y, j[X]) = dH<G, Viy..., 0y, j[X]) + Ek -

By Lemma 23 the number of labelled #**-copies in J[X] for which no two vertices of
He e Tie in the same cluster of j is

k
% e (n) v (H) ei(Hoke!
nf}_[skel(j[X]> - h'(l :l: 1—8) (?) Hd’l ( ) ,
=2
where the h! term is the number of possible allocations of vertices of He el to clusters of
J. Similarly
i {0\ VD) T seg(poke!
n;.lskel(j[X]) — h'(l :l: ﬁ) (?) Hdl ( ) .
=2
It therefore suffices to show that with high probability, for each of the h! permutations ¢
we have
o ke o
k ei(Hke
(34) d(Fy) = d(EolX)) £ 555 ][ & S
V=2

Fix any permutation ¢, and for each 0 < j < h, let F}; denote the subgraph of F} given

by taking the first j clusters from X and the last h — j clusters from X. Thus we have
Fy = Fy and F, = Fy[X]. Observe that for each j, the distribution of the jth cluster

of X is the uniform distribution over all n/t-subsets of the jth cluster of X. We can
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thus use the following claim to show that for each 1 < j < h, with high probability the
densities d(F;_,) and d(F}) are close.

Claim 42. For each s,p € N and each § > 0, let B be an s-partite s-uniform hypergraph
with parts Vi, ..., V. Choose uniformly at random a subset V' C Vi of size |V1|/p, and
let B = B[V', Vs, ..., Vi]. Then with probability at least

54|V1\) :

4
1—5exp(— 322

we have d(B') = d(B) + 6.
Proof. We partition the vertices V; into sets Wy, W1, ..., Wy)s, with the property that all
vertices in W; have degree in B in the interval
((j—1)5|V2|-'-\Vs| j5\Vz\~“|Vs\]
2 ' 2 '
Let V' be a random subset of Vj of size ¢ = |Vi|/p, and B" = B[V’ V,,...,Vi]. By
Theorem [0, for each 1 < j < 2/§ we have

PV AWy =M £4) >1 - 2exp (-

2
)
Taking ¢ = 6%|V;|/(4p) and using a union bound, we conclude that we have
Wil 82V
‘V/QWH _ | ‘:I: le1|
for each 1 < j <2/ with probability at least

%
1 e (- 342)
Conditioning on this likely event, we have
2/6
. 8|Val-| Vs
=AW (G- )
2/6
w. 562 5|V | Vs
= Z (| il 4 |v1|> (j — 1 1) dalive)
2/5

_ Wil (s 1 1\oVal[Vs| 4 &
=D 5 (- 3£3) L Vi |V
=1

2/6

(ZWJ 8|Val - |VS> \V\ V4|

:,%e< )£ 1Al
which gives the desired conclusion. u]

Applying Claim @2 to B = F;_; and B’ = Fj for each 1 < j < h, with

1 — e.(g{skel)
- dc
2h(h) " g i ’

p=p(t7) and

we conclude that with probability at least

= e (= )

we have d(Fy) = d(Fj) £ 0h. By choice of ¢ this implies that the equation (34]) holds for
the permutation ¢.
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Now we take a union bound over the s choices of G = G;, the 1/e; choices of ¢, the at
1/e o — E
most 2(%*) choices of rooted H, the at most n'/¢* choices of vy, ..., vy, the Hk L. G)

Jj=2"7
~ = ~ —(t
choices of J, the at most (1 /tek) choices of X, the Hf;; d; (5) choices of J, the at most

(1/2—,6) choices of X, and the h! < (1/g;)! permutations ¢ of 1,..., h. Since we have the

lower bound d; > 1/t for each j, the total number of events over which we take a union
bound is polynomial in n. The failure probability of each good event is exponentially
small in n, so if ng was chosen sufficiently large, with positive probability all good events
hold. In other words, with positive probability holds, which completes the proof. [
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