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ABSTRACT. Haviland and Thomason and Chung and Graham were the first
to investigate systematically some properties of quasi-random hypergraphs. In
particular, in a series of articles, Chung and Graham considered several quite
disparate properties of random-like hypergraphs of density 1/2 and proved
that they are in fact equivalent. The central concept in their work turned
out to be the so called deviation of a hypergraph. They proved that having
small deviation is equivalent to a variety of other properties that describe
quasi-randomness. In this paper, we consider the concept of discrepancy for
k-uniform hypergraphs with an arbitrary constant density d (0 < d < 1) and
prove that the condition of having asymptotically vanishing discrepancy is
equivalent to several other quasi-random properties of H, similar to the ones
introduced by Chung and Graham. In particular, we prove that the correct
‘spectrum’ of the s-vertex subhypergraphs is equivalent to quasi-randomness
for any s > 2k. Our work may be viewed as a continuation of the work of
Chung and Graham, although our proof techniques are different in certain
important parts.

1. INTRODUCTION AND THE MAIN RESULT

The rich interplay between the investigation of deterministic combinatorial struc-
tures and random combinatorial structures has been an important feature of modern
combinatorics. One aspect of this interaction focuses on the study of deterministic
structures that ‘mimic’ the behavior of random ones, from certain specific points
of view.

In this paper, we are interested in ‘quasi-random’ hypergraphs, in the sense
of Chung and Graham [5, 6]. Haviland and Thomason [9, 10], Chung [4], and
Chung and Graham [5, 6] have already established the fundamental results in this
area. Babai, Nisan, and Szegedy [3] have implicitly found a connection between
communication complexity and what is known as ‘hypergraph discrepancy’, a key
concept, as we shall see, in the study of quasi-random hypergraphs. This connection
was explored further by Chung and Tetali [7]. Here, we carry out our investigation
very much along the lines of Chung and Graham [5, 6], except that we focus on
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hypergraphs of arbitrary constant density, making use of different techniques in
certain delicate parts.

In the remainder of this introduction, we carefully discuss a result of Chung and
Graham [5] and state our main result, Theorem 1.3 below.

1.1. The result of Chung and Graham. We need to start with some definitions.
For a set V and an integer k > 2, let [V]* denote the system of all k-element subsets
of V. A subset G C [V]* is called a k-uniform hypergraph. If k = 2, we have a
graph. We sometimes use the notation G = (V(G), E(G)). If there is no danger of
confusion, we shall identify the hypergraphs with their edge sets. In particular, we
write |H| for the number of edges in H. Throughout this paper, the integer k is
assumed to be a fixed constant.

For any [-uniform hypergraph G and k > [, let K (G) be the set of all k-element
sets that span a clique K ,il) on k vertices. We also denote by Kj(2) the complete
k-partite k-uniform hypergraph whose every partite set contains precisely two ver-
tices. We refer to Ky (2) as the generalized octahedron, or, simply, the octahedron.

We also consider a function jg,: [V]* — {—1,1} such that, for all e € [V]*, we
have

(€) = -1, ifee™

PR = 1, ifeg M.

Let [k] = {1,2,...,k} and let V¥ denote the set of all 2k-tuples (vi,va, ..., vax),
where v; € V (1 <4 < 2k). Furthermore, let Hgf): V2 — {—1,1} be given by

k
H’(}—()(ulv"'auk’7vl7"'7vk): H /L'H(sla"'agk)a
e=(gi)F_,
where the product is over all vectors ¢ = (g;)%_; with &; € {u;,v;} for all i and we

understand py; to be 1 on arguments with repeated entries.
The deviation dev(H) of H is defined by

1
dev(H) = —+ Z Hgf)(ul,...,uk,vl,...,vk).

2k
w;,v; €V, 1€[k]

Note that the quantity m?* dev(H) is essentially the difference between the number
of 2k-tuples that induce an even number of edges and the number of 2k-tuples that
induce an odd number of edges.

For two hypergraphs G and H, we denote by (791) the set of all induced subhy-

pergraphs of H that are isomorphic to G. We also write (g)w for the number of
weak (i.e., not necessarily induced) subhypergraphs of H that are isomorphic to G.
Furthermore, we need the notion of the link of a vertex.

Definition 1.1. Let H be a k-uniform hypergraph and x € V(H). We shall call
the (k — 1)-uniform hypergraph
H(z) ={e\{z}: e € H, x e}
the link of the vertex x in H. For a subset W C V(H), we define H(W') by
HW) = [ Hx).
zeW

For simplicity, if W = {x1,...,zr}, we write H(z1,...,2k).
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Observe that if H is k-partite, then H(x) is (k — 1)-partite for every z € V.
Furthermore, if k& = 2, then H(z) may be identified with the set of all vertices
connected to z, i.e., H(z) is the neighborhood of z; furthermore, H(x, z') is the set
of all vertices connected to both = and 2/, i.e., H(z, ') is the ‘joint neighborhood’
of z and z’.

In [5], Chung and Graham proved that if the density of an m-vertex k-uniform
hypergraph M is 1/2, i.e., [H| = (1/2+ o(1)) ("), where o(1) — 0 as m — oo, then
the following statements are equivalent:

Q1(8): for all k-uniform hypergraphs G on s > 2k vertices and automorphism

group Aut(G),
(g)‘ —(1+ o<1>)<?>2(’i)m’

Q>: for all k-uniform hypergraphs G on 2k vertices and automorphism group

Aut(G), :

Q3: dev(H) = o(1),

Q4: for almost all choices of xz, y € V, the (k — 1)-uniform hypergraph
H(x)AH(y), that is, the complement [V]¥=1\ (H(z)AH(y)) of the sym-
metric difference of H(z) and H(y), satisfies Q2 with k replaced by k — 1,

Qs: for k—1 <r <2k and almost all z, y € V|

(D) = (7).

The equivalence of these properties is understood in the following sense. For two
properties involving o(1) terms P = P(o(1)) and P’ = P’(0(1)), the implication
“P = P’” means that for every ¢ > 0 there is a § > 0 so that any k-uniform
hypergraph H on m vertices satisfying P(d) must also satisfy P’(¢), provided m >
MO (E)

Chung and Graham [5] stated that “it would be profitable to explore quasi-
randomness extended to simulating random k-uniform hypergraphs G,(n) for p #
1/2, or, more generally, for p = p(n), especially along the lines carried out so
fruitfully by Thomason [12, 13].” Our present aim is to take the first steps in
this direction. In this paper, we concentrate on the case in which p is an arbitrary
constant. In certain crucial parts, our methods are different from the ones of Chung
and Graham. In fact, it seems to us that the fact that the density of H is 1/2 is
essential in certain proofs in [5] (especially those involving the concept of deviation).

1.2. Discrepancy and the subgraph counting formula. The following concept
was proposed by Frankl and Rédl and was later used by Chung [4] and Chung and
Graham in [5, 6]. For an m-vertex k-uniform hypergraph H with vertex set V', we
define the density d(H) and the discrepancy discy/o(H) of H as follows:

a(H) = 1 (’Z)
1

discrp(H) = - max | IHNKw(G)] — [HNKx(G)]

and

; (1)
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where the maximum is taken over all (k — 1)-uniform hypergraphs G with vertex
set V, and H is the complement [V]* \ H of H.
To accommodate arbitrary densities, we extend the latter concept as follows.

Definition 1.2. Let H be a k-uniform hypergraph with vertex set V with |V| =
We define the discrepancy disc(H) of H as follows:

1
di = — NnK —d K , 2
isc(M) = — B IH N Kk(G)] - d(H)IKw(9)]] (2)
where the maximum is taken over all (k — 1)-uniform hypergraphs G with vertex
set V.

Observe that if d(H) = 1/2, then disc(H) = (1/2)disc;/2(H), so both notions
are equivalent. Following some initial considerations by Frankl and R&dl, Chung
and Graham investigated the relation between discrepancy and deviation. In fact,
Chung [4] succeeded in proving the following inequalities closely connecting these
quantities:

(i) dev(H) < 4%(discy j(H))/?",

(id) discy (M) < (dev(H))V/2".

For simplicity, we state the inequalities for the density 1/2 case. For the general
case, see Section 5 of [4].

Before we proceed, we need to introduce a new concept. If the vertex set of a
hypergraph is totally ordered, we say that we have an ordered hypergraph. Given
two ordered hypergraphs G- and H~/, where < and <’ denote the orderings on
the vertex sets of G = G and H = H~s, we say that a function f: V(G) — V(H)
is an embedding of ordered hypergraphs if (i) it is an injection, (i¢) it respects the
orderings, i.e., f(x) <" f(y) whenever z < y, and (i) f(g) € Hifand only if g € G,
where f(g) is the set formed by the images of all the vertices in g. Furthermore, if

G =G- and H = H</, we write
< > < -</>
g ] g

for the number of such embeddings. We use the same symbol ‘<’ for the orders
involved in case this causes no confusion.

As our main result, we shall prove the following extension of Chung and Graham’s
result (in the sense that the density of H is allowed to be different from 1/2).

Theorem 1.3. Let H = (V, E) be a k-uniform hypergraph of density d on m
vertices. Then the following statements are equivalent:
Py: disc(H) = o(1),
Ps: disc(H(z)) = o(1) and d(H(z)) = (1 + o(1))d for all but o(m) vertices
x € V and disc(H(z,y)) = o(1) and d(H(z,y)) = (1 + o(1))d? for all but
o(m?) pairs z, y € V
Ps: disc(H(x,y)) = o(1) and d(H(x,y)) = (1+o0(1))d? for all but o(m?) pairs
x,yeV,
Py: the number of non-induced copies of Ki(2) in H is asymptotically mini-
mized among all k-uniform hypergraphs of density d; indeed,

()

= (14 0(1) g™ (3)
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Ps: for every s > 2k and all k-uniform hypergraphs G on s vertices with e(G)
edges and automorphism group Aut(G),

‘(Z) _a+ 0(1))(7:) 9 (1 — d)(Z)E(g)|Aust!(g)’

P;: for every ordering H< of H and for every fized integer s > 2k, every
ordered k-uniform hypergraph G- on s vertices with e(G) edges is such that

Pg: for all k-uniform hypergraphs G on 2k vertices with e(G) edges and auto-
morphism group Aut(G),

H m 2k _ (2k)!
= (1+o0(1 (@ (1 — g)(¥)-e@) =5
(6)] =@+ omn(G)roa-at-o e
Pg: for every ordering H~: of H, every ordered k-uniform hypergraph G on

2k vertices with e(G) edges is such that
H m 2k

— (1+o(1 e(9) (1 — q)(%)—e(@).
() |=a+om(g)roa-a

The equivalence between properties is understood in the sense of Chung and
Graham’s approach.

Note that, similarly to the case where k = 2 (see, e.g., [1, 2]), the equivalence
among the above properties may be used to develop a fast algorithm for checking
whether a given hypergraph is quasi-random. While it is hard to check whether
disc(H) < § directly from the definition of disc(H), one may check property Py in
O(m?F) time. This may be further improved using techniques from [1, 11].

Some of the implications in Theorem 1.3 are fairly easy or are by now quite
standard. There are, however, two implications that appear to be quite difficult.

The proof of Chung and Graham that dev,,o(H) = o(1) implies P5 (the ‘sub-
graph counting formula’) is based on an approach that has its roots in a seminal
paper of Wilson [14]. This beautiful proof seems to make non-trivial use of the
fact that d(H) = 1/2. Our proof of the implication that small discrepancy implies
the subgraph counting formula (P, = P!) is based on a different technique, which
works well in the arbitrary constant density case (see Section 6).

The second implication with a rather technical proof is P, = P;. This proof is
based on the observation that in k-uniform k-partite hypergraphs the regularity of
links and pair-links implies the regularity of the whole hypergraph. For details, we
refer the reader to Sections 3.1 and 4.

Remark. Let us make some remarks on the asymptotic notation that we shall use.
Unless otherwise stated, we understand by o(1) a function approaching zero as the
number of vertices of a given hypergraph goes to infinity. We also use z ~ y if
x=(14o0(1)yand z 2 y if z > (1 + o(1))y. Finally, we write O;(x) for a term y
such that |y| < x.

2. DEFINITIONS

Besides introducing some definitions and notation, our aim in this section is to
argue that, for most of the purposes of this paper, we may restrict ourselves to the
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case of k-partite k-uniform hypergraphs. To this end, we first set up a few facts
concerning k-partite hypergraphs.

2.1. Definitions for partite hypergraphs. For simplicity, we first introduce the
term cylinder to mean partite hypergraphs.

Definition 2.1. Let kK > | > 2 be two integers. We shall refer to any k-partite
l-uniform hypergraph H = (V4 U --- U Vi, E) as a k-partite l-cylinder or (k,l)-
cylinder. If 1 = k — 1, we shall often write H; for the subhypergraph of H induced
on ;4 Vj. Clearly, H = Ule H;. We shall also denote by K,il)(Vl, ..., V&) the
complete (k,l)-cylinder with vertex partition V; U --- U V.

Definition 2.2. For a (k,!)-cylinder H, we shall denote by K;(H), I < j <k, the
(k, j)-cylinder whose edges are precisely those j-element subsets of V(H) that span
cliques of order j in H.

Clearly, the quantity |K;(H)| counts the total number of cliques of order j in H.
In the case in which | = 1, the (k,j)-cylinder K;(H) is the complete k-partite
Jj-uniform hypergraph on JH = ¢y h-

When we deal with cylinders, we have to measure density according to their
natural vertex partitions.

Definition 2.3. Let H be a (k, k)-cylinder with k-partition V =V, U---UV;. We
define the k-partite density or simply the density d(H) of H by
_m

Vil Vil

To be precise, we should have a distinguished piece of notation for the notion of
k-partite density. However, the context will always make it clear which notion we
mean when we talk about the density of a (k, k)-cylinder.

We should also be careful when we talk about the discrepancy of a cylinder.
Definition 2.4. Let H be a (k, k)-cylinder with vertex set V=V, U---UV,. We
define the discrepancy disc(H) of H as follows:

1
= Tl o, [N Ks(9)] = d() K (9] (4)

d(H)

disc(H)

where the maximum is taken over all (k,k — 1)-cylinders G with vertex set V =
Viu---uV.
We now introduce a simple but important concept concerning the “regularity”
of a (k, k)-cylinder.
Definition 2.5. Let H be a (k,k)-cylinder with k-partition V. = V3 U--- UV
and let 0 < a be two positive real numbers. We say that H is (d, a)-regular if the
following condition is satisfied: if G is any (k,k — 1)-cylinder such that
IKr(G)] = 6|Val ... [Vil, (5)
then
(a = 8)Kk(9)] = THNKk(G)] < (a4 8)|Ki(G)]- (6)

One should observe that the (4, a)-regularity of a hypergraph H does not imply
that H has density a; we may only conclude that the density of a (4, a)-regular
hypergraph is between o — § and « + §. Moreover, the following simple facts hold.

Fact 2.6. Let H be a (0, a)-reqular (k, k)-cylinder. Then disc(H) < 24.
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Fact 2.7. Suppose H is a (k,k)-cylinder with k-partition V.=V, U---U V. Put
a = d(H) and assume that disc(H) < 6. Then H is (612, a)-regular.

2.2. The k-partite reduction. Suppose H is a k-uniform hypergraph and let H’
be one of its k-partite spanning subhypergraphs. In this section, we try to relate
the deviation and the discrepancy of H’ to those of H.

Definition 2.8. Let H = (V, E) be a k-uniform hypergraph with m vertices and let
P = (V;)k be a partition of the vertex set V. We denote by Hp the (k, k)-cylinder
consisting of the edges h € H satisfying |h N V;| =1 for all i € [k].

The following proposition holds.

Proposition 2.9. For any partition P = (VZ)’lC of V', we have
(i) disc(H) > |d(Hp) — d(H)||V4]...|Vi|/mF, and
(i) disc(Hp) < 2disc(H)m*/|Vi|...|Vi|.

Proof. Let P = (%)If be any partition of V. Observe that Hp consists precisely of

the vertex sets of those copies of K,ikil) in K = K,gkfl)(Vl, ..., Vi) which are also

edges in H; that is, Hp = HNK(K). Since |Kp(K)| = e (K" (V... Vi) =
[Vil...|Vk|, this implies the first part of the proposition by taking G = K in (2).

On the other hand, let Gy C [V]*~! be a (k, k — 1)-cylinder for which the max-
imum is attained in (4), the definition of disc(Hp). Observe that Hp N Kr(Go) =
H N Kk(Go). Then

. 1
disc(Hp) = 7“7-(7; NKik(Go)| — d(HP)Wk(go)H
[Vil...|Vi]
1
< ————|IH N Kx(Go)| — d(H)|Kw(G
oy 10 Kk (Go)| = (R IR (G|
1
+ ——d(H)|Kr(Go)| — d(Hp)| Kk (G
T e [APOIKRGo)| = )i (Go)|
< mikdisc(H)-q-;VC (Go)| |d(H) — d(Hp)|
> |V1||Vk:| |‘/1|‘Vk| k\Y0 P
mt disc(H d(H) — d(H
< —  di + _
S Ty Gse(H) + () — d(Hp)]
2m¥
< ——————disc(H),
S WaT. v 4
where in the last inequality we used (7). 0

We shall also need the following fact, which follows easily from, say, Chebyshev’s
inequality.
Fact 2.10. Let H = (V,E) be an m-vertex k-uniform hypergraph. Then (1 —
o(1))k™ partitions P = (VZ)]lc of V' satisfy

(4) Vil = (14 o(1))m/k for alli € [K],

(ii) [Fp| = (1+ o(1)) (k! /K¥)[H], and

(iid) d(Hp) = (1+ o(1))d(H),
where o(1) — 0 as |H|/m*~1 — oco.

An immediate consequence of the previous proposition and Fact 2.10 is the fol-
lowing.



8 Y. KOHAYAKAWA, V. RODL, AND J. SKOKAN
Claim 2.11. If disc(H) = o(1), then disc(Hp) = o(1) for (1 — o(1))k™ partitions
P =)} of V.

With some more effort, one may prove a converse to Claim 2.11.

Claim 2.12. Suppose there exists a positive real number v > 0 such that disc(Hp) =
o(1) for vk™ partitions P = (Vz)]f of V. Then disc(H) = o(1).

Proof. Let S be a set of partitions P for which disc(Hp) = o(1) and |S| > k™.
Suppose disc(H) > 0 for some fixed § > 0, and let Gy be a (k — 1)-uniform hy-
pergraph for which the maximum is attained in (2), the definition of disc(H). Let
P = (V;)lf € 8 be a partition satisfying the conclusion of Fact 2.10 with respect to
H, HNKk(Go), and Ki(Go). Such a partition must exist since y&™+ (1 —o(1))k™ >
k™. Observe that, then,

[Hp 0K (G0)| = (.0 il Go) ol = (1+ o(1)) 13 [H 1 K(Go)l,
and
KGN KD (Vi Vi)l = (Kx(G0))p| = (1-+ 0(1)) b K (Go)l.
and, from (iii) of Fact 2.10,
d(Hp) = (1-+ o(1))d(H).

For convenience, put K = K ,ik_l)(Vl, ..., V). We use an approach similar to the
one in Proposition 2.9 to get

dise(M) = [ [H 0 Ki(Go)] — d(H) K(Go) |

1 Kk Kk
= — |(L+ o)) 77 [Hp N K (Go)| = (1+ 0(1))d(Hp) 771Kk (Go N K|

1
mk

kk
T 1M 0Kk (K 1 Go) | = d(Hp) Kk (Go N K|
1k

—— 0
mk k!

<

(1) (IHp N K (K N Go)| + d(Hp)|Kk(Go N K)I)

. 1 k" m 2 2k*
< (1+ 0(1))E disc(Hp) + Wgoﬂﬂ(k) < o disc(Hp) + Wo(l).
Since by our assumptions disc(Hp) = o(1), we immediately obtain that disc(H) < §
for large enough m, which is a contradiction. O

We now state the k-partite version of a part of our main result, Theorem 1.3.

Theorem 2.13. Suppose V.= Vi U--- UV, [Vi| = -+ = |Vi| = n, and let
H = (V,E) be a (k,k)-cylinder with |H| = dn*. Then the following four conditions
are equivalent:
Ci: H is (o(1),d)-regular;
Cs: H(z) is (o(1),d)-regular for all but o(n) vertices x € Vi, and H(x,y) is
(o(1),d?)-regular for all but o(n?) pairs z, y € Vi;
Cs: H(x,y) is (o(1),d?)-regular for all but o(n?) pairs x, y € Vi;
Cy: the number of copies of Ki(2) in H is asymptotically minimized among
all such (k, k)-cylinders of density d, and equals (1 + o(l))n%ko/Qk.
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Remark. The simplifying condition |V;| = -+ = |Vi| = n has the sole purpose of
making the proof more readable and transparent. The immediate generalization of
Theorem 2.13 for Vi, ...,V of arbitrary sizes holds.

The proof of Theorem 2.13 will be given in Sections 4 and 5.

3. THE DERIVATION OF THE GENERAL CASE

In this part, we prove Theorem 1.3. We divide this proof into five sections. In
Section 3.1, we show the equivalence of properties Py, P, and P3. The proof of
Py, = P; is in Section 3.2. Both sections use Theorem 2.13 as the main tool. In
Section 3.3, we prove P; = P using the ‘subhypergraph counting formula’ from
Section 6. Then we show that P = P5 = Ps and P, = Pj = Ps (see Section 3.4).
Finally, we prove Ps = P, in Section 3.5. The flow of the whole proof is described
in the following diagram.

P, = P3 = P

T U
P Pé <~ é
T 4 4

P, < Pﬁ = P5

3.1. Proof of P, & P & P3. We are now ready to show that, in the first part of
the proof of Theorem 1.3, we may assume the hypergraph H to be k-partite. To be
more precise, we show that the equivalence P; < P, < P3 in Theorem 1.3 follows
from Theorem 2.13. We shall illustrate this on P; = P»; the other implications are
handled similarly. In fact, we shall be somewhat sketchy; we shall only indicate the
double counting argument that gives this result.

Suppose that we have a k-uniform hypergraph H with density d such that
disc(H) = o(1). From Fact 2.10 and Claim 2.11 we know that for all but o(1)k™
partitions P of V we have disc(Hp) = o(1) and d(Hp) = (1 + o(1))d. For ev-
ery partition P, denote by X(P) the set of all vertices € V such that either
disc(Hp(z)) # o(1) or disc(Hp) # o(1). From Theorem 2.13 and Facts 2.6 and 2.7,
we know that for all but o(1)k™ partitions P, we have |X(P)| = o(m). For the
remaining o(1)k™ partitions P, we use | X (P)| < m. For a vertex z € V, we define
P(z) to be the collection of all partitions P for which z € X(P). One can easily

see that
SIXP) =D P@)
P

zeV
Let S be the set of vertices x € V' for which |P(z)| > (1/2)k™. Then

o(1)k™m + o(m)k™ > S [X(P) = ¥ [P(@)) > %|S|km,
P

zeV

hence |S| = o(m). This means that, for almost all vertices x € V, we have
disc(H(x)p) = disc(Hp(x)) = o(1) for at least (1/2)k™ partitions P. By Claim 2.12,
it follows that disc(H(x)) = o(1) for all but o(m) vertices x € V. We proceed sim-
ilarly in order to show that disc(H(z,y)) = o(1) for all but o(m?) pairs =, y € V.
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3.2. The minimization of the number of octahedra. The aim of this section
is to show that property P; can be derived from property P, using the equivalence
of the k-partite properties C7 and Cy. We start with the following lemma.

Lemma 3.1. Suppose a k-uniform hypergraph H on m vertices with density d =
d(H) is such that
(i)
Kk(2)

Then, for almost all partitions P of V.=V (H),

(KZ@))W‘ - )

m2k ok

holds for n = m/k.
Proof. Put

xP) = ’(KZ@))W |

We consider X as a r.v. on the uniform probability space of all partitions P of the
vertex set V of H. Clearly, we may write X as a sum of 0-1 indicator random

variables as follows:
YoYxe
K

where the sum is over all K C H with K & K;(2) and X (P) = 1 if and only
if X C Hp. Note that P(Xx = 1) = P(K C Hp) = klk™=2*/k™. Therefore,
using (7), we have

m2k & k!kmf2k n2k "

X)= Xi) = Xe=1)~ d? ~—d*. 9

E(X) ZK:]E( K) ZK:]P’( x=1) R T = ok 9)

We now invoke a lemma that will be proved in Section 5.1. Indeed, Claim 5.2 states
that g \v ok

n k
> —d’ 1
(Kk(2)) ~ o2k 10

for all (k, k)-cylinders G of density d with n vertices in each of its vertex classes.
Comparing (9) and (10), we deduce that the expectation of X is asymptotically
equal to min X, and hence

2%k

P (X > (1+ n)%—kcﬂ’“) = o(1)

for any fixed n > 0. This completes the proof of Lemma 3.1.

|
We turn to the proof of the implication Py = P;.
Proof of Py = P;. Let H be a k-uniform hypergraph on m vertices such that
H v ka k
~ ——d? 11
(i) |~ 5o 4

where d is the density d(H) of H. Lemma 3.1 then implies that almost all vertex
partitions P = (V;)¥ are such that

’ <K7:Z)2))W‘ - T;i:dzk’ (12)
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where n = m/k. The implication Cy = C; of Theorem 2.13 gives that, then, the
(k, k)-cylinder Hp is (o(1),d(Hp))-regular for almost all P. We now use Fact 2.6
to conclude that Hp satisfies disc(Hp) = o(1) for a.a. P. We may then apply
Claim 2.12 with, say, v = 1/2, to deduce that disc(H) = o(1); in other words,
property P; holds for H. O

3.3. Proof of P; = P. In this section, we prove that any k-uniform hypergraph H
with disc(H) = o(1) must be such that any k-uniform hypergraph G on s vertices
must occur as an induced subhypergraph of H as many times as one would expect
if H were a truly random hypergraph with density d. Our proof will be based on a
certain technical result, the ‘subhypergraph counting formula’, which will be proved
in Section 6.

Proof of Py = P.. We need to show that for every given integer s > 2k, real number
e > 0, and density d € (0,1), there exists a real number § > 0 such that property
Py (0) (i.e., property Py with o(1) replaced by ¢) implies property Pg(e,s) (i.e.,
property P with given s and o(1) replaced by O;(g)).

Let 69 = do(d,€) be the positive real number determined by Corollary 6.13 and
dyp = min{d, 1 — d}. Choose § > 0 of the form 1/t3* where t € N, satisfying

1 5 \*
0= < (5()) 7 (13a)

(¥)
12k _ 1 edy 1
o= P S 1002 = 5 (13b)
Let m > m(d,€) be an integer divisible by ¢ and set n = m/t.

Suppose that H = H~/ and G = G are two ordered k-uniform hypergraphs such
that V(H) = {v1 <" va <" -+ <" v}, V(G) = {w1 < wa2 < -+ < ws}, d(H) = d,
and disc(H) < 6.

For every i € [t] set Vi = {vjin@-1): J € [n]} and note that V(H) = Ui, Vi
is a partition of V(H). An s-tuple {ui,...,us} is crossing, or transversal, if
[{u1,...,us} NVi| <1 for all i € [t]. Note that the number of non-crossing s-
tuples is bounded from above by

n\ (m—2 1 m m— 2\ (8)2
= — _— 1 _—
t<2)<5—2) Qm(t ><5—2)(5)2
_m(m —t) (s\ [m—2) (m): <l s\ (m
tim)y \2)\s—2/ (s)2 ~ t\2)\s )’
Since the number of crossing s-tuples is (2) n®, we have the following fact.

Fact 3.2. (7) — ()n® < (5)(7) /2.

S

and

For I C [t], put Hr = H [U,c; Vi] and observe that H; is an (|I|, k)-cylinder.
One can mimic the proof of Proposition 2.9 and obtain the following fact.

Fact 3.3. For every I € [t]*, we have d(H;) = d + O1(6'/?) and
disc(Hr) < 26 x t* = 25%/2,
Consequently, owing to Fact 2.7, the cylinder Hy is (26*/*, d)-regular.
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Thus, the (s, k)-cylinder H; satisfies the assumptions of Corollary 6.13 for every
I € [t]°. Therefore, there exist (1 + O;(¢))d*9) (1 — d)(Z)fe(g)nS transversal copies
of G in each H; (I € [t]®).

Let I = {i; <ia <--- < is} € [t]® and consider one transversal copy of G in H
on vertices u; < up < -+ < u,, where u; € V;, for every j € [s]. Then the mapping
w: V(G) — V(H) defined by p(w;) = u; (i € [s]) is an injection preserving order,
and preserving edges and non-edges of G; thus, ¢ € (2‘)< In view of the previous
paragraph, we have

(1+01()d“@ (1 — d)(B) =@ <t> (14)

such mappings.

On the other hand, let ¢ € (g)< The s-tuple {p(w;) <" p(wy) <’ --- <" p(ws)}
is either crossing or not.

In the first case, this s-tuple induces a transversal copy of G in H, and, therefore,
equation (14) yields the number of mappings ¢ for which this case occurs. In the
second case, {p(w1) <" p(wz) <" -+ <" p(ws)} is not crossing. By Fact 3.2, there
are at most (3)("')/t mappings ¢ yielding this case.

Combining these two cases together implies that

‘ @‘) |=us O1())d9 (1 — d) (D) =e@)ps » @ L0, G (;) (’:)) .

To complete the proof, it suffices to show that

(1+01(e))d" @ (1 = ) (D)~ @ o G @ @))

-1 +01(25))(

Owing to (13b), we have

) <)oo o

and

S g
s — 5 > 5 - s, 16b
<2> ~ " 7 100 (16b)

Since (16a) holds, (15) follows from the following inequality

(1 —5/2)(7:) <n @ <(1+e/2) (?)

While the right-hand side of this inequality is immediate, the left-hand side is
a consequence of (16b). O

3.4. Proof of P; = P; = Ps and P, = P5 = Pg. Implications P5; = Ps and
P} = Pj§ are trivial since Py (respectively, Pf) is a special case of Ps (respectively,
P!). Moreover, P, = Pg is a special case of P; = Ps, therefore, it suffices to prove
that P, = Ps.
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Proof of P, = Ps. Given two hypergraphs G and H, let us denote by (Z‘)inj the

set of injections ¢: V(G) — V(H) such that ¢(g) € H if and only if g € G.
Moreover, we write (791):” for the set of such injections such that ¢(g) € H when-
ever g € G. Thus, (g)inj is the set of embeddings ¢ of G into H such that ¢(V(G))
induces an isomorphic copy of G in H, whereas (Z‘) iv;j is the set of embeddings ¢

such that ¢(V(G)) induces a superhypergraph of G in H. If G has automorphism
group Aut(G), it is easy to verify that we have

@) il '(Z)\ | Aut(G)], (17)

.. H\W H\W
and similarly for (g)inj and (g) .
Suppose now that H is an ordered hypergraph with ordering <’. Then,

(Z> mi L) (7;:) (18)

where the union ranges over the set of all total orderings < of V(G). Furthermore,
a moment’s thought shows that the union in (18) is a disjoint union. Hence

H H
= _ 19
() =ZI(s2) @
Since P holds, we have

() -t (- -

for every total ordering < of V(G). Since there exist s! total orderings of V(G),
combining (17) and (19) yields Ps. O

3.5. Minimization of octahedra from subhypergraph counting. We now
prove that property Ps (which concerns a certain ‘subhypergraph counting formula’
for induced subhypergraphs) implies property P (which concerns the number of
(weak) subhypergraphs isomorphic to octahedra). The proof will have two parts.
In the first part we shall show that, for every hypergraph H with density d, the
number of copies of K (2) in H is bounded from below by

(see Lemma 3.5). In the second part, we shall prove that Ps implies the asymptotic
equality (3) given in property P, of Theorem 1.3. We start with the following
lemma.

Lemma 3.4. Suppose the k-uniform hypergraph H with m vertices and with den-
sity d = d(H) is such that Hp satisfies

Hp \¥ n2k
>
‘(Kk@)) ‘N o (20)

for almost all partitions P = (V;)¥ of the vertex set V.= V(H), where n = m/k.

Then b
’ <Kk:(2)>

mzk k
> QTMdQ ) (21)
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Proof. This lemma follows easily from a double counting argument. Let us consider
the family of pairs (K, P) such that

(i) Kp(2) =K CH,
(ii) P = (V;)¥ is such that (20) holds and |V;| ~n =m/k (1 <i < k),
and, finally,
(iii) K C Hp.
On the one hand, the number N of such pairs (I, P) is

> [{K: (i) and (iii) hold}|, (22)
P

where the sum is over all P for which () holds. Thus, because of our assumption
on H and Fact 2.10, we have that

2k
N> k™ ’;—dek. (23)

On the other hand, we have that

= : (44) and () hold}| ~ P ygme2n
Nlec:\{P.() d (iii) hold } | ’<Kk(2)> k2R (24)

where the sum is over all K that satisfy (). Above, we again made use of Fact 2.10
to estimate the number of relevant partitions P for each fixed K. Comparing (23)
and (24), we deduce (21). O

The proof of the lower bound on the number of Kx(2) in H is straightforward
now.

Lemma 3.5. For any m-vertex k-uniform hypergraph H with density d = d(H),
2k

’(Kﬁ?))w 2 g

~ 2FE)
Proof. We know that all but o(1)k™ partitions P satisfies |V;| = n ~ m/k and
d(Hp) ~ d (see Fact 2.10). By Claim 5.2 we know that

Hp >ﬁd2k
Ke(2)) |~ 284

and, therefore, by Lemma 3.4, (25) holds. O

(25)

Proof of Ps = Py. Let 'H be a k-uniform hypergraph on m vertices such that, for
any k-uniform hypergraph G on 2k vertices, we have

(@)~ @)ron-o® ol e

where d = d(H) is the density of H and Aut(G) is the automorphism group of G.
From (17) it follows that, for any such G, we have

().

~ () d® @) (1 — @) (¥) =@, @7)
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where, as usual, (a), = a(a —1)...(a — b+ 1). We are interested in estimat-

()| creanty,
(g) WJ - LQJ (3>J (28)

where the union ranges over all k-uniform hypergraphs G’ with the same vertex set
as G and G’ O G. Furthermore, a moment’s thought shows that the union in (28)

iS a dlS Oint union. Hence
inj

H w
(g>inj - Z
~ Z 2kdf‘(g (1 — d)(zk)—e(g/)

g/
:Z S ()@ - a) ()0
t20 e(G")=e(G)+t
Zk)

= Z (( Kk ; e(g)) (m)zkde(g)ﬂ(l _ d)(2kk,)7e(g)7t

t>0
m)od”9 Y " ( )>dt( _ ) (¥)-e@)-

t>0

ing

= (m)ad®9).

(kn).,

It now suffices to recall the analogue of (17) for weak subhypergraphs to conclude
the proof of Py, since | Aut(K(2))| = k!2F. O

Thus,

~ (m)ad®”

4. PROOF OF C7 & C>

In this section, we shall prove the equivalence of conditions C; and Cs in Theo-
rem 2.13. We start with a fairly standard proof of C; = Cs (see Section 4.1), and
then, in Section 4.2, we prove the converse Cy = Cf.

4.1. Proof of C; = C>. The proof follows from the two claims below.

Claim 4.1. Suppose 0 < /2> < d, V=ViU--- UV, |Vi|] =--- = |Vi| = n, and
let H = (V,E) be a (e,d)-reqular (k, k)-cylinder. Then for all but at most 2c'/?n
vertices x € Vi, the link H(x) is (¢'/2, d)-regular.

Proof. Let X~ be the set of all vertices x € Vi with the following property: there
exists a (k — 1,k — 2)-cylinder F,, with (k — 1)-partition V4 U---U Vj,_1 such that

|[Kr—1(Fz)| > el/2pk=1, (29)

but
H (@) N K1 (F)| < (d - 81/2) K1 (Fo)l. (30)
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We also define X to be the set of all vertices x € Vj satisfying (29) for which we
have

(@) N Ka(Fa)l 2 (d+2) [ ()]
Suppose that |X | > &'/2n and define a (k, k — 1)-cylinder G by
G=K" VWi, Vi) U | {eU{a}ee £
reEX ™
Observe that
Ke(@)| = D IKnoa(Fa)l = |X 7|20 = en,
reX ™
and, therefore, by the regularity of H,
HOKKG) = (d—e)[Ku(@)] = (d—¢) Y [Kn-1(Fa)l.
reX
On the other hand, from (30) we obtain
HOKKD = D H@) N K ()l < (d=e2) 3 Knea(F)l,
reX— reX—
which is a contradiction.
Hence | X | < ¢'/?n. Similarly we obtain |X+| < e'/2n. O
Claim 4.2. Suppose 0 < ¢ < 1/16, 2e'/2 < d, V=V, U---UV,, [Vi| = -+ =

Vil = n, and let H = (V, E) be a (g,d)-regular (k, k)-cylinder. Then, H(x,y) is
(51/4, d?)-regular for all but at most 4e™*n? pairs of vertices x, y € Vi,.

1/2p, vertices «
1/22 pairs

Proof. From the previous claim we know that there are at most 2¢
in Vj with (£/2, d)-irregular link H(z). These vertices form at most 2
and we shall exclude them from further considerations.

For a vertex « € Vj, denote by Y, the set of all vertices y € V;, with the following
property: there exists a (k—1, k—2)-cylinder F, with (k—1)-partition V;U---UVj_;
such that

Kt ()] > /b=, (31)
but
[H(ey) 1K (Fy)] < (&2 =) [Kia (). (32)
We also denote by Y, the set of all vertices y € Vj, for which there is a (k—1,k—2)-
cylinder F, that satisfies (31), but
[Hw,9) O Kioa(F)] > (@2 440 [ ().

Suppose there exists a vertex x € Vi with (¢'/2,d)-regular link H(z) for which
|Y,”| > e'/*n. Define a (k, k — 1)-cylinder G by

G =H(z)U U {eU{y}: e F,}.
yEY:
Then
Ki(G) = > [H(x) N Ki_1(F)].

yeEY,
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Note that (31) together with the (¢'/2, d)-regularity of H(z) implies that
(@) 11 (F)] = (4= 2) Ko (5]

for all y € Y, . Hence

K@) 2 7 (d=e?) 1K (F)

yeEY,
> (d - 51/2) Y, |e/4nkt > (d - 51/2) ek > enk. (33)
By the (e, d)-regularity of H and (33), we have
HOKG)| > (A= 2)Kn(@) = (d—2) (4=2) 3 IGa (Bl (34)

IS

On the other hand, the size of H N Kk (G) can be bounded from above using (32)
as follows:

HAKKG) = 3 H@p) N K (F)] < (=) 3 Kea(F)l (35)

YEY: YyEY,

Comparing (34) and (35), we get
(d—e¢) (d—51/2> < d* -t/

which implies
e/t < (54—51/2) d<e4e'/?

which is not true for e < 1/16.
Hence we have |Y,~| < e'/4n. We also obtain [Y,F| < e'/4n in exactly the same

way. Consequently, the number of “bad” pairs is bounded by 2¢'/2n2+2e/4nxn <
4e/4n?2, O

4.2. Proof of C3; = C;. The objective of this section is to prove the following
theorem.

Theorem 4.3. For every 6 > 0 and d > 0 there exist € > 0 and ng € N such
that the following holds. If H is a (k+ 1,k + 1)-cylinder with (k + 1)-partition
ViU---UVigy1 such that
(i) [Vi|=mn>mng for alli € [k +1],
(i) [H] = dn*+1,
(iii) H(z) is (e, d)-regular for all but at most en vertices v € Viy1, and
(iv) H(z,y) is (g,d?)-reqular for all but at most en® pairs z, y € Vi1,
then H is (0,d)-regular.

Remark. Here, we work with (k+ 1, k + 1)-cylinders to simplify the notation. With
this choice, we shall encounter (k + 1)-, k-, and (k — 1)-uniform hypergraphs.

Proof. Let H be a (k+ 1,k 4+ 1)-cylinder satisfying assumptions (i)—(iv). We shall
assume that

e=(0/4)*<d<d<1. (36)

Suppose that H is not (6, d)-regular, i.e., Definition 2.5 fails. Without loss of

generality (by taking complements) we may assume that the second inequality in
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(6) is not true, therefore, there exists a (k+1, k)-cylinder G = Ufill G; with (k+1)-
partition V3 U --- U V41 such that

Ks1(G)] > dnk ! (37)
bue 0 Keir (0)
N k1
—|ch+1(g)| >d+ 0. (38)

We now work on this ‘witness’ G for the irregularity of H.

Fact 4.4. There exist subcylinders G, C G; (i € [k]) such that G* =G/ U---UG, U
G411 satisfies the following four conditions:

(1) Ki(G*(z)) =0 or |Ki(G*(x))| > enk for all v € Viyy,
(2) H(z) is (g,d)-regular for all * € Vi1 with |Ki(G*(x))| > en,
(3) |Ker1(G)| = (8/2)n™ !,
(4) [HNKet1(G)] = (d+6/2)|Kps1(G7)]-
Proof. For every vertex x € Vjy1 with [Ki(G(z))| < en® or with (e,d)-irregular
link H(z), delete all edges in G that contain z. Notice that this operation does not
remove any edge from Gy and produces a subhypergraph G* = G{U---UG, UG 41
that satisfies conditions (1) and (2).

Moreover, every removal reduces the size of K;11(G) (and H N Ki4+1(G)) by at
most en® if |Kr(G(z))| < en® or by at most n* if H(x) is (e, d)-irregular. Since
there are at most en vertices x with (g, d)-irregular link, we obtain that

Kr+1(G)] = [Kis1(G)] = n x en® —en x n®,
and
H N Kry1(G%)| > [HNKe1(G)| —n x en® —en x n¥,
The first inequality together with assumption (37) shows that
Kra1(GF)] 2 [y (G)] — 2en®H > onH —2(5/4)*2 01 > (6/2)n" .
Similarly, the second inequality, (37), and (38) yield
H O Krr1(G¥) = [0 K (G)] — 26 > (d + 6)| K1 (G)] — 2(5/4)P 0
> (d+6/2)|Kry1(G)] + (5/2)0n 1 — 2(5/4)32nk+1
> (d+6/2)IKk+1(97)1,
and the proof is complete. O

We have to work on G* further to obtain a witness with more structure. We
shall need the following definition.

Definition 4.5. For each e € G4 define two parameters g(e) and h(e) by
g(e) = [{z € Viyr: {z} Ue € Kiy1 (G},
h(e) = [{z € Vipr: {2} Ue € HN K1 (G}

Fact 4.6. Put &' = 6%/16. Then there exists a subcylinder Gy, C Gri1 such that
G'=GU---UG UG, where the G (i € [k]) are taken from Fact 4.4, satisfies
the following five conditions:

(1) Kp(G'(x)) =0 or |Ki(G'(z))| > en® for all z € Viyq,

(2) H(x) is (g,d)-regular for all x € Viy1 with |Ki(G'(z))| > en*,

(3) [Krs1(G")| = a'nFH,
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(4) h(e)/g(e) > d+36/4 for alle € G,
(5) gle) > d'n foralle € Gy ;.

Proof. We decompose G+1 into two subcylinders Gy, U Gi%, where

h(e) )
= T —=>d+ -
Grh {669k+1 ok +4}
and
Gri1 = Grer1\Git1-
Let G* be as in Fact 4.4. Observe that

Fact 4.4 (3)
Yo 9@ =IKen(G9) = (§/2)n
e€Gri1
and
Fact 4.4 (4)
> ohle) =HNKra () = (d+6/2)|Kisa(G7)]-

e€Gk11
Then for G** = Gj U--- UG, UGt we have

Kien(@) = D gle)= Y hle)= > hle)= Y hle)

e€Gt, e€Grt, €e€Gk+1 e€Gy .,
5 ) 5
> (a4 5) k@)= (a+5) 3 a0
e€Grt1

2

1) 1) ) 1)
_ (d+ 5) Kra (6°)] <d+ z) Knar (6] = SMia (@) = St

Note that at least (2/16)n* edges e of G, must have g(e) > (62/16)n, otherwise
we would have
2 2 2
Kin (@) < Sonntnt - 2o = St

which would be a contradiction. Remove all edges e with g(e) < (62/16)n from
Git 1 and obtain G ;. Then, G}, satisfies condition (4) because of the definition
of Gi%y D G- It satisfies condition (5) because all edges e with g(e) < (6%/16)n
have been removed, and G’ also satisfies condition (3) because

|K:k+1(g/)| > |1Ck+1(g**)| _ nk X 6—277/ > ﬁnk+1 _ ﬁnkﬂ — ﬁnk—i-l.
- 16 — 8 16 16

Finally, G’ must satisfy (1) and (2) because we did not change any of G/ (i € [k]). O

Before we come back to the proof of Theorem 4.3, we state an auxiliary lemma.
Let 0 < o <1and 0 < g <1 be given. Let G be a bipartite graph with vertex
classes X1 U X5 and let H be a subgraph of G. We call an ordered pair of vertices
(z,y) € X1 x X3 good if

|H(x) NG(y)| = a(l+ O1(1))|G(x, y)] (39)
and
[H(z,y)| = o® (1 + O1())|G(z, y)|. (40)
We also call a pair bad if it is not good.
The auxiliary lemma is as follows.
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Lemma 4.7 (Dementieva, Haxell, Nagle, and Rodl [8]). Let 0 < o < 1 and 0 <
u <1 be given. Suppose the bipartite graphs G and H are such that

> G(z,y)] < A=ata? +a2 > o (41)

bad (z,y)€X1xX1 z€Xo
Then
> (H(2)| = alG(2)])* <B5ua® Y |G(2). (42)
z€Xo z€Xo

The following corollary of the above lemma holds.

Corollary 4.8. Let 0 < a <1,0< u <1, and v > 0 be given. Let G and H be
bipartite graphs as in Lemma 4.7. Denote by W the set of all vertices z € Xo such
that |H(z)| > (o + v)|G(z)|. Then

STIGG)] < (5u/v?) 7 1X1|Xel. (43)
zeW

Proof. Clearly, 5ua® Y- x, |G(2)* < 5ua®|X1[*|Xa| < 5u]X1[*[X2|. On the other
hand,

S (H )| - alG(2))? = Y ([H(2)| - lG(2)))> = v* > |G(2)

z€Xo zeW zeW
2
IGR)|| > = IG(2)| | -
2 1] (Z e 2
Finally, using inequality (42), we get (43). O

We now turn back to the proof of Theorem 4.3. We define two auxiliary bipartite
graphs G = (X1 U Xy, E(G)) and H = (X; U Xo, E(H)) in the following way:

- Vk+17
X2:V1 X XXk,
E(G) = {(z,e): e € Ki(F'(2))},
E(H) = {(z,e): e € H(x) N Kx(G'(x))}.
Notice that |X;| = n and | X3| = n*. Then
> IG@I= Y16 = Y 16O = [Kia(@)] = 0'ntH = x| Xl
z€X1 e€Xs e€Gy
(45)
Now we prove that the graphs G and H defined by (44) satisfy the assumptions
of Corollary 4.8 with a = d, p = ¢'/? and v = 0/4. Indeed, observe that

o if |ICh(G'(2,9))| > en® and H(x) is (e, d)-regular, then |H(x)NKx(G'(z,y))| =

(d+ 01()) Kk (G' (z, )] Le.,
[H(z) N G(y)| = d(1 + O1(2))|G (=, y),

and

o if |Ki(G'(2,y))| = en® and H(w,y) is (¢, d*)-regular, then [H(z, y) Kk (G' (2, y))|

(d? + 01(e))IKi(G'(,))], e,
[H (z,y)| = d*(1+ 01(/%))|G(z,y)|-
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Denote by I; the set of all pairs (z,y) such that |G(x,y)| < €|X2|, by I» the set of
all pairs (z,y) such that H(z,y) is (e, d?)-irregular, and by I3 the set of all pairs
(z,y) such that H(x) is (e, d)-irregular.

Both observations above imply that every pair (z,y) € X; x X such that H(x)
is (g,d)-regular, H(z,y) is (&,d?)-regular, and |G(z,y)| > €| X2| is good. In other
words, the set of bad pairs is a subset of I; U Is U I3 and, therefore,

Y Gyl< Y [Gayl+ Y Gayl+ Y |Gy
bad (z,y) (z,y)€lL (z,y)€l2 (z,y)€ls
One can easily see that |I1| < |X;1|?, |I2] < e|X1|?, |I3] < e|X1] x | X1], and
o Y |G,y <elXy| x I < e X [?| Xal,

(z,y)elh
o Y Gy <|Xa| x || < el X1 Xs),
(z,y)€l2
o Y G,y <Xl x |I3] < | X1 Xs.
($7y)613
Consequently, Z |G(x,y)| < 3¢|X1)?| X2
bad (z,y)
Suppose that condition (41) of Lemma 4.7 is not satisfied, i.e.,
2el/2
> 6wz s X 6P
bad (z,y) z€X2

. 2
Since 3. x, [G(2)]” = (X.ex, IG(2)])" /1Xzl, we get

d2e1/2 2 ) )
m Z |G (2) < 3e| Xy [*[ Xof"

z€Xo

In other words,

2 . 2\ /2
Z |G(2)] < <3€ ((1d_2;?/2+d )> | X1 [ X2l

z€Xo

On the other hand, we know (see (45)) that > _ . |G(2)] > (6%/16)|X1[| X2, and,
therefore, comparing both inequalities yields

P _ (35((1d)2+d2)>1/2'

16 — d2el/?

This is a contradiction since 3ex ((1 — d)? 4 d?) /(d?e'/?) < e'/2/d? = (6/4)'6/d® <
(6/4)1 < §1/256. Thus, G and H also satisfy condition (41) of Lemma 4.7.

Set W = Gj, ;. Then, because of property (3), clearly |W| > (62/16)n**!/n =
(62/16)n* = (02/16)| X2, and for every e € W we have |H(e)| > (d + 6/4)|G(e)|.
We apply Corollary 4.8 and obtain that

80e1/2\ /2
S 16) ( )|X1||X2|.

zeW
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On the other hand, since |G(e)| > (62/16)| X, ] for every e € W, we get

52
> 1G(E)] = W] x 761Xl 2
zeW

— | X4]| X

This is a contradiction because
80s1/2\ '/? (Y o
02 - 4 256

5. PROOF OF C; & C3 < Cy

Sections 5.1, 5.2, and 5.3 are devoted to the proofs of C3 = C4, C4 = Cs,
and C3 = C3 (note that implication Ca = Cj trivially holds). In these sections,
we shall be sketchy in places because the arguments are standard or somewhat
repetitive.

5.1. Proof of C3 = C4. We start with a standard “cherry counting lemma” for
bipartite graphs (a cherry is a path of length 2).

Claim 5.1. Let G = (X UY, E) be a bipartite graph with |X| =n, |Y| =m, and
assume that |[E| = dmn. For z, ' € X, put dy »» = |G(x,2")|/m. Then

Z{dJHC v, € X, x#2'} > (dn)
Proof. Observe first that

> IG@)=E =) _|G(y)

reX yey
and
X G Y
> |G =3 (I ; )I>,
yey

where we write Zi;m, for the sum over all pairs {z,z'} of distinct vertices from X.
Then

my L ot = Z;/ G, )]
- Z; (IG;w) > m(m—l Zuer G<y>|) _ m(dgn)’

where, naturally, we used the convexity of (3). O

Claim 5.2. Let H = (Vi U--- U Vi, E) be a (k,k)-cylinder with |E| = dnF,
where |V;| =n for all i € [k]. Then the number of copies of Ki(2) in H is bounded
from below by (1 + o(1))(n2*/2%)d2" .

Proof. We proceed by induction on k. For k = 2, the statement follows from the
previous claim and the Cauchy—Schwarz inequality. Indeed, let G = (X UY, E) be
a bipartite graph with |X| = |Y| = n, and assume that |E| = dn?. For z, 2’ € X,
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put dg »» = |G(z,2’)|/n. Here and below we use the notation Zi;w, introduced in
the proof of Claim 5.1. Then the number of copies of K5(2) in G is given by

o) =25 (57 =2 ()

By the Cauchy—Schwarz inequality and Claim 5.1, we have

()| = 2o (757) o (5) 7,
> (1+0(1)) (Z; d) > (14 o(l))(d;f (46)

=1 +0(1))%d4.

We now proceed to the induction step. Suppose k > 3, suppose that the claim
is true for k — 1, and let H = (V1 U--- U V4, E) be a (k, k)-cylinder such that
|E| = dn*. Consider an auxiliary bipartite graph with bipartition X = V; and
Y =V x--- x Vi_1 and edge set

E={(x,y) e X xY:yeH(x)}.
Then |X| = n and |Y| = m = n*~L. For z, 2/ € X, put dy v = |G(z,2')|/m.
i:l/Qk*l copies of

Kj_1(2). Furthermore, from the previous claim we know that Zi;x/ dy o > (dQ")

Using the induction assumption, H(z,2’) contains > n2*~1q

Then
()
> (1+0(1)) Z;m, 2(k=1) 2k1_ e
> (1+ 0(1))”;’“:11) (721> ((d;) /(Z) >2k1
= (1 o) S
as required. .

The proof of C3 = Cj is then straightforward.

Proof of C3 = C4. The first part (i.e., the inequality) follows from the previous
claim. To obtain the asymptotic equality in the case in which the joint links are
almost all (g, d?)-regular, we observe the following.

For k = 2 we use the fact that (e, d?)-regularity of joint links means that Az ~
d? for almost all pairs of vertices x, 2’ € Vj. Then we have the asymptotic equality
at every step of equation (46), which is exactly what we need to show.

For k > 2, since H(z,2') is (¢, d?)-regular for almost all pairs of vertices x, 2’ €
Vi, by the induction assumption H(z,z’) contains (1 + 0(1))712(’“1)(d2)2k_1/2"3’1
copies of Kj_1(2). Hence the number of copies of Kj(2) containing x, 2’ is

1 gk—1

(1+ 0(1))”2(k71)2,€7_1(d2) )
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and so, summing over all z, ' € X with x # 2/, we have that the number of copies
of K(2) in H is

(o) (5 )2 s )

as required. O

ok—1 n2k

= (14 o(1)) g d”,

5.2. Proof of C4 = Cj3. The proof of this implication will be based on Claims 5.1
and 5.2 and on a standard application of the Cauchy—Schwarz inequality.

Proof of Cq4 = C3. For k = 2, this implication follows from the following. Let
G = (XUY, E) be a bipartite graph with | X| = |Y| = n, and |E| = dn?, and assume
that G contains (1+o(1))nid*/4 copies of K»(2), ie., ’(sz))‘ — (14 0(1))nd*/4.
But then we must have equality everywhere in (46), which means that d . ~ d?
for almost all pairs of vertices z, ' € X. This shows, however, that G(z,z’) is

(g, d?)-regular for almost all pairs of vertices z, 2’ € X.

Assume now we have k > 2. Let H = (V4 U---UVg, E) be a (k, k)-cylinder with
|V;| = n for all i € [k] and |E| = dn*. Suppose that H contains (1 +0(1))n2kd2k/2k
copies of K(2).

Consider an auxiliary bipartite graph with bipartition X = V; and Y = V; X

- X Vi—1 and edge set

E={(z,y) e X xY:yeHx)}
Then |X|=n and |Y|=m =n*"1. For z, 2’ € X, put d, ,» = |G(x,2')|/m. From

Claim 5.1 we obtain
e = (5
- x,x’ 9 )

2k 1 n
dw x’/
s ()05
gk—1
n
= (2)
X

(( )/( )) Z(l-l—o(l))%Qko. (47)
We apply Claim 5.2 to H(z,

") and obtain that it contains at least
(1+o(1))n?F=Dd2 " ok

and so

2k—1

copies of Kj_1(2). Consequently

X
‘(KZQ)) ’ = Zm#, |{copies of K(2) containing z, x’}|

X n2(k71) ok—1

= (1+o0(1)) Zz#, =1 e (48)
(47) n2k=1) p2
2k
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On the other hand, by C4 we have that

From (48) and (49) we conclude that d, ,» ~ d? for almost all pairs z, 2/ € X =
Vi, and therefore that H(z, ') contains (1 4 o(1))n2*=1(d2)2"" /25=1 copies of
Ki—1(2). In view of the induction assumption this means that H(z,2’) is (e, d?)-
regular for almost all pairs x, ' € Vj, i.e., C3 holds. O

5.3. Proof of C3 = C3. We start with the following claim.

Claim 5.3. Let ¢ > 0 be a fized constant. Let G = (X UY, E) be a bipartite graph
with | X| = n, |Y| = m, and assume that |G(x,2')| ~ ¢*m for almost all pairs z,
' € X. Then |G(x)| ~ em for almost all vertices x € X.

Proof. Indeed, suppose that |G(x)| > (c+e)m for all vertices x € X', where X' C X

is “big”. Let G’ be the subgraph of G induced on X' UY and let |G’ (y)| = ¢y|X’|

for all y € Y. Note that |G'(z,2')| = |G(z,2')| for all z, 2’ € X’. Then we have
X/

1
S G~ smlX P

where we write Zi;m, for the sum over all pairs {z, 2’} of distinct vertices from X’.
On the other hand,

X! G (y)] L o yrp2
S cwa= 3 (93) ~ X g
yey yey

Hence yey y ~ ¢?m which implies, by the Cauchy-Schwarz inequality, that
~ ¢ for almost all y € Y. But then,

emlX'|~ 3 | X | = BE) = Y |6/@)| 2 (e +eml X,

yey zeX’

which is a contradiction. The same applies to the set of all vertices x € X for which
G(z)| < (¢ —e)m. O

Now we give a proof of the implication Cg = Cs.

Proof of C3 = C3. We proceed by induction on k. For k = 2, the statement follows
from Claim 5.3.

Let & > 2 be given. We shall prove that C3 = Cag holds for k. Thus, assume
that the link H(z,y) is (g, d?)-regular for almost all z, y € Vi. We shall prove that
for almost all « € V4, the link H(z) is (¢/, d)-regular, where ¢/ — 0 as ¢ — 0.

Consider an auxiliary bipartite graph G = (X UY, E) with bipartition X = Vj
and Y = [V3]2 x -+ x [V}_1]? and edge set

E={(xz,y) € X xY: y spans a copy of Kj_1(2) in H(x)}.

Then [X| = n and Y| = ( )k t n?(k=1) /2k=1 " TLet x and 2’ be such that
H(z,2') is (g, d?)-regular. Since H(z,2’) is a (k — 1,k — 1)-cylinder, we may apply
the implication C3 = C4 that we have already proved to deduce that H(z,z’)
contains ~ n2(k=1)(¢2)2" " jok=1 = p2(k=1) 42" j9k=1 copjies of Kj,_1(2). This means
that almost all pairs of vertices z, 2’ € X have their common neighborhood of size
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IG(z,2)| ~ n2=Dg2" /2k=1  Setting m = (g)kil and ¢ = @2, one may apply
Claim 5.3 to infer that

St n2(E=1)

~ 2k—1

for almost all x € X. For each x € X, set d, = |H(x)|/n*~1. Using Claim 5.2, we
get that

1G(2)] (50)

ok—1 n2(k—1)

|G(z)| 2 d; =

for all  and hence d 2 d, for almost all x € X. However,

dn* =H| =) [H(z)| =) dn",

zeX rzeX

whence dn =}y d,. We may conclude that d, ~ d for almost all z € X.

This, in view of (50), means that H(x) satisfies condition Cy for (k—1)-cylinders.
Since Cy4 = Cj holds for (k — 1)-cylinders (already proved), C3 = C2 holds for
(k — 1)-cylinders (induction assumption), and Cz = C4 holds for (k — 1)-cylinders
(already proved), we conclude that H(x) is (¢’, d)-regular for almost all x € X, as
required. ([l

6. PROOF OF THE SUBHYPERGRAPH COUNTING FORMULA
The heart of the proof of P, = P! is in proving a counting lemma, which we
now formulate. We shall need several definitions and further notation.
Definition 6.1. Let s and k, s > k > 2, be two integers. An (s,k)-complex H is
Ak
a system {H(l)}izl such that
(a) HW is a partition ViU --- U Vi,
(b) H® is an (s,4)-cylinder with s-partition H") for every 1 < i <k,
(c) HY) underlies HOHY for every 1 <i < k, i.e., HUTY € Kipy (H®).
Now we define the notion of regularity for a (k,k)-cylinder with respect to an
underlying (k, k — 1)-cylinder.

Definition 6.2. Let G be a (k, k — 1)-cylinder underlying a (k, k)-cylinder H. We
say that H is (g, d)-regular with respect to G if the following condition is satisfied:
whenever G' C G is a (k,k — 1)-cylinder such that

|Ke(G")] > 5"Ck(g)’7
we have
(d—e)|Ke(G")] < [HNKR(G)| < (d+€)|Kr(G)].
Note that this definition coincides with Definition 2.5 if ¥ = 2 or if G is the

complete (k, k — 1)-cylinder on V3 U---UV}. We extend the above definition to the
case of (s, k)-cylinders H.

Definition 6.3. Let G be an (s, k — 1)-cylinder underlying an (s, k)-cylinder H.
We say that H is (e, d)-regqular with respect to G if H {UJEI Vj} is (e, d)-regular with

respect to G [UJEI VJ} for all I € [s]*.

Now we are ready to introduce the concept of regularity for an (s, k)-complex H.
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Definition 6.4. Let d = (da,...,dy) be a vector of positive real numbers such that
0<d; <1foralli=2,... k. We say that the (s, k)-complex H is (0, d)-regular if
HOHD is (8, diy 1 )-regular with respect to H) for every 1 < i < k.

Let H™*) be an (s, k)-cylinder with s-partition V; U---UV,. We say that a copy
of a k-uniform hypergraph G € H*®) is transversal in H*) if |V(G) N V;| < 1 for all
1 <4 <'s. Our key counting result is as follows.

Theorem 6.5. Fiz 2 < k < s. For any € > 0 and any ds,...,d; > 0, there
ezist o9 > 0 and ng € N for which the following assertion holds. If § < g and H is
a (0, d)-regular (s, k)-complex on V1U- - UV, whered = (da, ... ,dy) and |V;| = n >

no for alli, then the number of transversal K& in H®) s (1401 (e))d,*" .. .d2'2 ns.

In the proof of this theorem, we shall need the following notions of “link” and
“extended link” for complexes.
Definition 6.6. Let H be an (s, k)-complex on V1 U---UV;, where s > k, and x €
Vs. We~d¢ﬁne H(z) = {HD (x)}fZQ and, if s > k, we also set H(x) = {ﬁ(zl)}le,
where HY) (i € [k]) is the i-uniform hypergraph defined by

‘ H®) N (HP) () ifi = k.

In (51) above, H)(x) is the usual link of the vertex x in the (s,4)-cylinder H),
and H®) N K (H® (z)) denotes the (s — 1, k)-cylinder formed by the edges of H®*)

that are cliques in the link H®)(z). Note that H(z) can be viewed as an extension
of H(x) in a sense that

H(x) = H(z) U {H® NI (HF) (2))).

It is easy to see that H(z) is an (s — 1,k — 1)-complex and H(x) is an (s — 1, k)-
complex. Indeed, since H is an (s, k)-complex, for 1 < i < k, we have HOHD
Kir1(H®) (cf. Definition 6.1). Hence, for every vertex z € Vi, we have

HT (2) €Ki (K (2)),

(51)

and, therefore,
Hg+1) - ICH_l(HS))
For i = k, we have

HP = H® 0K (HP (2)) € Ki(HP (2)) = Ki(HED)

x
directly from Definition 6.6.
The proof of Theorem 6.5 is based on the following two propositions.

Proposition 6.7. For any 2 < k < s, any 6 >0, and any do,...,dx > 0, there
are constants 6 > 0 and ng € N for which the following assertion holds. Let
H be a (0,d)-regular (s, k)-complex on V4 U --- UV, where d = (da,...,d;) and
\Vi| =n > ng for alli € [s], and let d = (dads, . . ., dy_1dy, di). Then, for all but at
most én vertices x € Vs, the extended link H(z) is a (8, d)-reqular (s—1, k)-complex.
Proposition 6.8. For any k > 2, any &' > 0, and any da,...,dx > 0, there are

constants & > 0 and ng € N for which the following assertion holds. Let H be
a (0,d)-regular (k + 1,k)-complex on V4 U --- U V41, where d = (dg,...,d) and
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Vil =n > ng for alli € [k +1], and let d' = (dads, ...,dx_1dy). Then, for all but
at most 'n vertices ¥ € V11, the link H(x) is a (8, d’)-regular (k, k —1)-complez.

For our induction to work, we shall prove Theorem 6.5 and Propositions 6.7
and 6.8 simultaneously.

Proof of Theorem 6.5 and Propositions 6.7 and 6.8. For given s > k > 2, we de-
note the statement of Theorem 6.5 by S(s,k) and for s > k > 2, we denote the
statement of Proposition 6.7 by L(s, k). We shall prove (i)—(vi) below.

(i) The statement S(2,2) is true.

i) The implication S(k,k — 1) = S(k, k) holds for every k > 3.

) The implication S(s, k), L(s+1,k) = S(s+1, k) holds for every s > k > 2.
(iv) The statement L(3,2) is true.

) The implication L(k+ 1,k) = L(s, k) holds for every s > k > 2.

) The implication S(k,k — 1), L(k+ 1,k — 1) = L(k + 1, k) holds for every
k> 2.
From (¢)—(vi), one may easily deduce by induction (see the diagram below) that

Theorem 6.5 holds for every s > k > 2 and Proposition 6.7 holds for every s > k >
2.

(iii, v) (#ii, v) (#ii, v)

5(3,2), L(4,2)

l(ii, i)

5(3,3), L(4,3)

S5(2,2), L(3,2) 5(4,2), L(5,2)
—_——

(7, 1)

(iii, v) (iii, v)

5(4,3), L(5,3)

l(n’, i)

S(4,4), L(5,4)

(iii, v)

The purpose of Proposition 6.8 is to simplify the proof of (vi) (this is also the
reason why we prove this proposition for (k 4 1, k)-complexes only). Indeed, if we
denote by L’(k) the statement of Proposition 6.8, we shall prove the following:

(vi') The implication S(k,k —1), L(k+ 1,k — 1) = L'(k) holds for every k > 2.

(vi"”) The implication S(k,k — 1), L'(k) = L(k + 1, k) holds for every k > 2.
Clearly (vi') and (vi”) imply (vi).

Moreover, from (i)—(vi) one can deduce that L'(k) holds for every k& > 2, that
is, Proposition 6.8 holds as well.

Now we prove statements (i)—(v), (vi’), and (vi").

(i) (Proof of S(2,2)) Statement S(2,2) follows directly from the definition
of regularity: a (4, ds)-regular (2,2)-cylinder H®) contains (dy + O1(8))n?
edges.

(ii) (Proof of S(k,k —1) = S(k,k)) Suppose now that S(k,k — 1) is true
for some k > 3 and let H be a (J,d)-regular (k,k)-complex. Observe
first that {H(i)}f:_ll forms a (9, (da, . ..,dy_1))-regular (k,k — 1)-complex;

therefore, if § < ¢/, the number of transversal K,ikfl) in H*=1 s (1 4+

k k
01(5’))d,(€’°_’11) ...d§2)nk. Furthermore, we know that H*) is (4, dj)-regular
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with respect to H*~1). In particular, this means that
(dr — &) (D) < [HO 0 Ky ()| < (i +0) \/@(H“‘”)] :

Since |H*) N Ky (H*E1)| counts the number of transversal K®) i

k k k
we conclude that this number is (1 4+ O (E))d,(f) d,g"_’ll) . dg )n Jifel < e
and 6 < min{e, dy}.

(iii) (Proofof S(s,k), L(s 4+ 1,k) = S(s + 1,k)) Assume that S(s, k) and
L(s+1, k) are true for some s > k > 2 and consider a (4, d)-regular (s+1, k)-
complex H on V4 U--- UV, where |V;| =n > ng for all ¢ € [s + 1] and
np is a large positive integer.

From L(s+1, k) we know that H(z) is a (6 d)-regular (s, k)-cylinder for
all but on vertlceb T € V;H, as long as § < 4. From S(s, k) we immediately
have that H*) N IC,,(H*)(z)) contains

(14 01())d™ () (-0 .. (dads) @) (dan)®

transversal Ks ) for any such ‘good’ z if 6 < ¢’. Each such transversal
K% in H® K (H® (2)) together with @ span a transversal K§+)1 in

H™. Hence, the total number of transversal K in H(*) is bounded from
below by

(1= &)1 = 8ynd ™ (didi 1)) . (dsdn) ) (dom)?
=(1-¢)1- ) ( )+ (2 ) .ng)Jr(i)ns-H (52)
(

s+l>

( k S;r) 5+1
< (1—e)d, ..d

For the upper bound we get

(14 )nd ™ (ded_1) (40 .. (dada)® (dan)® + dn x n°

_ (14 ey D6 e e (53)

541 s+1

< (1+s)d,(c +) ..dg st
provided that max{e’, 0} < min{e,dy, ..., ds}.

(iv) (Proof of L(3,2)) Let H® be a (4, dy)-regular (3,2)-cylinder and, for
z€Vsandi =12 set V/ = H?(x). It follows from Claim 4.1 that
(do — 8)n < |V/| < (da + &)n, i = 1,2, for all but 25'/%n vertices = € V5.
We shall show that H® [V} UVy] is (26'/2, dy)-regular.

Indeed, let U; C V{, Uy C V3, such that |Ko(Uy U Us)| > 26%/2|V]||Vy].

Note that 25%/2|V/||V4| > 26Y2(dy — 6)?>n® > dn? = §|Vi||Va|, where we
used the fact that § < dy. The (6, ds)-regularity of H?) concludes the
argument.

(v) (Proof of L(k + 1,k) = L(s,k)) This fact follows from the simple ob-
servation that every (s, k)-complex H can be viewed as a union of (szl)
many (k + 1, k)-complexes that contain V.

(vi’) (Proof of S(k,k — 1), L(k+ 1,k —1) = L’(k)) Assume that state-
ments S(k,k — 1) and L(k + 1,k — 1) are true and let H = {H®}*_| be
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a (0, d)-regular (k + 1, k)-complex on V4 U -+ U Vi1, where |V;| =n > ng
for all i € [k + 1] and ng is a large positive integer.

To prove L'(k), it suffices to show that for all but at most é’n vertices
x € Viy1, the link H(z) is a (&, d')-regular (k,k — 1)-complex, where
d = (dods, ... ,dx_1dy) and &' — 0 as § — 0.

Observe first that {HD}* " is a (6, (da, d3, . . ., di_1))-regular (k+1,k—
1)-complex. Thus, we can apply statement L(k + 1,k — 1) on {H®}F=!
and obtain that (cf. (51))

(a) {HD(2)}F =) is a (0, (dads, . . ., dg_odi_1))-regular (k, k — 2)-complex,
and

(b) HED N KCp(HE=D(z)) is (8, dj_1 )-regular with respect to H* =1 (z)

for all but at most dn vertices = € Vi41,where 5 —0asd— 0.

Hence, the only thing remaining to prove statement L’(k) is the reg-
ularity of H*)(x) with respect to H*~1(z). We do this by showing
that for all but 4k6'/2n vertices x € Vi1 satisfying (a) and (b), the link
HE) (z) is (20'/2, dp_1dy,)-regular with respect to H*~1 (z). Consequently,
H(z) is a (&', d)-regular for all but at most §'n vertices x € Vi1, where
§' =0 +4kd'/? — 0 as § — 0.

Suppose that there exist ¢ > 20120, vertices Z1,...,x¢ satisfying (a)
and (b) for which H® (z;) is not (26/2, dg_1dy,)-regular with respect to
HE=D(z;), i € [t]. More precisely, suppose that for every i € [t], there
exists a (k — 1,k — 2)-cylinder G; ¢ H*~1(2;) such that

[Kr1(G:)| = 2612 KCpa (R ()] (54)

and
HE) (2) N Kg—1(Ga)| < (di—1dye — 26"2) |Ki—1(Gi)- (54b)
Suppose further that these (k — 1,k — 2)-cylinders have (k — 1)-partition

ViU---UVi_1. We define a (k, k — 1)-cylinder G by

t
g:H(kfl)[VlU'-~UVk_1]UU{ine:eegi}.

i=1
It is easy to see that
t
k(@) = IH* D N K1 (Ga)) (55a)
i=1
and
t
H®P N K@) = D HM (@) N Kr-1(G2)]- (55b)
i=1

We combine equations (54b) and (55b) and obtain

t
H® A Kk ()] < (di—ady —26"%) Y Kk—1(Gi)l-

i=1
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On the other hand, we shall show that

t
|H(k) NKr(G)| > (dk_ldk — 251/2) Z IKrk—1(Gi)l, (56)

i=1

which will be a contradiction. Thus, t < 26'/2n. The same applies to the
cases in which all the (k — 1,k — 2)-complexes G; have the same (k — 1)-
partition V; U- - UV \ V; for some j € [k], or when we consider the opposite
inequality in (54b).

Now we deduce (56). Using assumption (b), (54a), G; € H* =V (z;), and
261/2 > §, we obtain that for every i € [{],

[HE™ A k1 (Gi)] > (di—1 = 8)Kr—1(G))|

(54a) . ~ (57)
> 2512 (dj_y — 8)| Ky (H* D ()]

Consequently, combining (55a) and (57) yields

t

Ku(G)] = 262 (d—1 = 8) Y 1K1 (HF D ()], (58)
i=1
For k > 3, by (a), the (k,k — 2)-complex {H®(x)}*=} restricted on
ViU---UVi_qisa (d,(dads,...,dg_odr_1))-regular (k—1, k — 2)-complex,
and hence by S(k — 1,k — 2) we have

Kkt (O )| = (14 01 (1/4) (g g 2) ) - ()2 ) (dym)

= 1+ 0y (1/andiVal ) i,

provided that § < min{ds, ..., dg_1,1/4}. It follows from (0, dy)-regularity
of H® that this equation holds also for & = 3. We may assume that
S(k — 1,k —2) is true since this has already been verified in our inductive
proof of S(k,k — 1) (see the proof diagram above). Hence,

K@) = ¢ x 28/2(dyoy — §) x (1 1/0d Pl a1 (59)
> 25d a2 e,

Since, {HO[V1U---UVj_ 1 UVis1]} it is a (6, (da, . . ., di_1))-regular (k, k—
1)-complex, using S(k,k — 1), we obtain

k

i (DA U UV UV = (14 O (1/4)d%) . dPnk, (60)

provided that 0 < min{ds,...,dg_1,1/4}.
Combining (59) and (60) yields

Ku(@) 2 5 [l (HEDIA U+ Uiy U Vi) (61)
We apply (8, dy,)-regularity of H*) with respect to H*~1) and obtain
H® N Kw(G)] = (di — 6)IKk(G)]- (62)
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Putting equations (55a), (57), and (62) together yields

HE N KR(G)] > (dr = 0) x (di—1 =) Y [Ki-1(Gi)]

=1
t
> (dkdk—l — 251/2) Z "Ck—l(gi”,
=1

provided that § < 4.

(vi"”) (Proof of S(k,k — 1), L’'(k) = L(k + 1,k)) Assume that statements

(di—

S(k,k—1) and L' (k) are true and let H be a (9, d)-regular (k+1, k)-complex
on V1 U---UVgy1, where |V;| = n > ng forl all ¢ € [k+ 1] and ng is a large
positive integer.

To prove L(k+1, k), we need to show that for all but at most on vertices
2 € Vii1, the extended link ﬁ(m) is a (9, J)—regular (k, k)-complex, where
d = (dyds, ..., dx_1dy,dy,) and § — 0 as § — 0.

Our assumption that L' (k) is true means that {Hm)}k ' = {HO (2)}k,
= H(z) is a (&', (dads, . .., dp—1dy))-regular (k,k — 1)- complex for all but
at most ¢'n vertices x € V11, where & — 0 as § — 0.

Hence, the only thing remaining to prove L(k + 1,k) is the regularity of
HE = H® N K (H®) (2)) with respect to HE = H®)(z) for almost all
vertices © € Vi11. We prove this by showing that H® N KCp(H*) (2)) is
(26’1/2, dy,)-regular with respect to H*¥)(z) for every € V4, for which the
link H(z) is (&', (dads, . . ., dj_1dy))-regular. Then, H(z) is a (8, d)-regular
for all but at most dn vertices = € Vik+1, where 5=28"% L 0asd — 0.

Suppose that G is a (k, k — 1)-cylinder, G € H*)(x), such that |K(G)| >
2(5’1/2UC;€(H(’“)(3:))|. We need to show that

26"7%) [KK(@)] < [P 0 (KB (@) N Kk(9)| < (de+26"%) IKk(G)]. (63)

Since G € H®)(z) and, therefore, Ki(G) C Kr(H"®) (z)), we have
’H(’“) A KR(H® (2)) N /ck(g)‘ - ’H(k) NKLG)| .

(64)
Consequently, (63) is simply
(de = 28") [k (G)] < [P N Ku(G)] < (i +26 ) k(@] (65)

Observe first that
e since {H" (2)}r_, isa (0, (dads, . . ., dx_1dx))-regular (k, k—1)-complex,
by S(k,k — 1) we have

16k (HO@)) | = (L4 01 (1) (i) W5 - (dyda) D dam), (66)

provided that ¢' < min{dg, . dk, 1/4};
o similarly, {HO[V,U---UVi ]Vl is a (6, (da, . . ., dg_1))-regular (k, k —
1)-complex; thus, using S(k, k — 1) again,

k k
e (AU U= 4 Ou(1/a)d =) L alP k. (67)
provided that § < min{da,...,d,1/4}.



HYPERGRAPHS, QUASI-RANDOMNESS, AND REGULARITY 33

Now we use equations (66) and (67) to derive (65). Indeed,

k
2

IKk(G)| > 25’1/2\1Ck(7-{(k)(z))|(626) 261/2(1 — 1/4) (dpdp_1) 51 .. (d3da)(2) (don)*

> 0(1+ 1/4)d,(j_i;) . .dég)nk(g) b ’le (H“H)[Vl U---u Vk])’ , (68)

k k
provided that d,gk’l) ... ng)d’; > §1/2, This last condition is satisfied since
we assume that § < min{da, ..., d;}. Finally, the (8, dy)-regularity of H*)
with respect to H*~1) gives (65), as long as § < §'.

O

In Definition 6.3, we assumed that for every I € [s]*, the restriction H [Ujel VJ}
is (e,d)-regular with respect to G [Ujel VJ} In other words, the density d; of the

subgraph H [U el VJ} is roughly the same for every I € [s]*. Now we allow different

values of d; (I € [s]¥) and state a straightforward extension of Theorem 6.5. We
start with some definitions.

Definition 6.9. Let G be an (s, k—1)-cylinder underlying an (s, k)-cylinder H and
let d = (dr)e[s be a list of (Z) positive real numbers dy, where 0 < dy < 1. We

-

say that H is (e,d)-regular with respect to G if H {Ujel V]] is (e,dy)-regular with
respect to G [Ujel VJ} for all I € [s]*.

Definition 6.10. For every integer i (2 < i < k) let d; = (dr)refs) be a list of
(%) positive real numbers d;, where 0 < d; < 1, and put d=(dy,...,d). Wesay
that the (s, k)-complex H is (6, d)-regular if HO+Y) is (8, d; 41 )-regular with respect
to H® for every 1 <i < k.

Now we are ready to state an extension of Theorem 6.5.

Corollary 6.11. Fizx 2 < k < s. For any € > 0 and any afg,...,cfk as described
in Definition 6.10, there exist 6o > 0 and ng € N for which the following asser-
tion holds. If § < &y and M is a (6,d)-regular (s, k)-complez on Vi U --- UV,
where |V;| = n > ng for all i, then the number of transversal Ks(k) in H®) s

(14 O1(e)) H;C:Q [Lrepq dr x n°.

The proof of this corollary follows the lines of the proof of Theorem 6.5 and we
omit it here. For us, the most interesting case occurs when all underlying cylinders
are complete, that is df = 1 for every I € [s]’ and 2 < i < k. In this case, the
number of transversal K in H® is (14 O01(e)) [ 1¢[gr dr x n®. We restate this
observation in the following corollary.

Corollary 6.12. Fiz 2 < k < s. For any e > 0 and any list d = (dr)iejs)e of ;)
positive real numbers dy, where 0 < dy < 1, there exist §o > 0 and ny € N for which

the following assertion holds. If § < 8o and H is a (6, d)-regular (s, k)-cylinder on
ViU - UV, where |V;| = n > ng for all i € [s], then the number of transversal

ng) m H is (1 + 01(5)) Hle[s]k d] X ns.
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Let G be an arbitrary k-uniform hypergraph on s vertices vy, ...,vs. We define
an (s, k)-cylinder H in the following way. For every I € [s]*, we set

~ | _ JH[Uier Vi if {v;:i€1} e EQ),
H U Vi H=(TTic; Vi) \ H [Uic; Vi] otherwise.

el

Observe that every transversal copy of G in ‘H corresponds to exactly one transversal

copy of ng) in H. Consequently, applying the the previous corollary on H, we
deduce the following counting formula.

Corollary 6.13 (Subhypergraph counting formula). Fiz 2 < k < s. For
any ¢ > 0 and any 0 < d < 1, there exist 69 > 0 and ng € N for which the
following assertion holds. If the hypergraph H is a (9,d)-regqular (s,k)-cylinder
on Vi1 U---UVs, where |V;| = n > ng for alli € [s] and § < by, and G is an
arbitrary k-uniform hypergraph on s vertices, then the number of transversal G in
M is (14 O1(e))de@) (1 — d)(K) =@ ps.

Clearly, one may generalize Corollary 6.13 above to the case in which the (s, k)-
cylinder H has a non-constant density vector d = (dr) cg-
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