Acta Math. Hungar.
DOI: 0

MINIMUM PAIR DEGREE CONDITION FOR
TIGHT HAMILTONIAN CYCLES IN
4-UNIFORM HYPERGRAPHS

J. POLCYN', CHR. REIHER?, V. RODL*>', A. RUCINSKI"!, M. SCHACHT?** and
B. SCHULKE?

1Faculty of Mathematics and Computer Science, Adam Mickiewicz University, Poznan, Poland
e-mails: joaska@amu.edu.pl, rucinski@amu.edu.pl

2Fachbereich Mathematik, Universitdat Hamburg, Hamburg, Germany
e-mails:
christian.reiher@Quni-hamburg.de, schacht@math.uni-hamburg.de, bjarne.schuelke@uni-hamburg.de

3Department of Mathematics, Emory University, Atlanta, USA
e-mail: vrodl@emory.edu

(Received March 1, 2020; revised May 7, 2020; accepted May 17, 2020)

Dedicated to Endre Szemerédi on the occasion of his 80" birthday

Abstract. We show that every 4-uniform hypergraph with n vertices and
minimum pair degree at least (5/9 + 0(1))n?/2 contains a tight Hamiltonian cycle.
This degree condition is asymptotically optimal.

1. Introduction

We study hypergraph generalisations of Dirac’s theorem for graphs. For
hypergraphs several extensions were considered and Endre Szemerédi has
been an integral part and driving force for these developments. All but
the last author already had the pleasure to collaborate with and learn from
Endre, while working on related (and unrelated) problems.

1.1. Background and main result. G.A. Dirac [2] showed that ev-
ery (finite) graph G = (V, E) on at least 3 vertices with minimum degree
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d(G) > |V'|/2 contains a Hamiltonian cycle. This result is clearly best possi-
ble, as exemplified by slightly off-balanced complete bipartite graphs. Sev-
eral hypergraph extensions were suggested and considered in the literature.
Here we focus on tight Hamiltonian cycles in uniform hypergraphs and we
briefly review the relevant notation.

For an integer k > 2, a k-uniform hypergraph is a pair (V, E), where the
verter set V is a finite set and the edge set E C V) — {UCV: |Ul =k}
is some collection of k-element subsets of V. A tight Hamiltonian cycle in
a k-uniform hypergraph H = (V| E) is given by a cyclic ordering of V' such
that every k consecutive vertices (in the cyclic ordering) span a hyperedge
from E. As usual for kK = 2, we recover the notion of finite, simple graphs
and Hamiltonian cycles.

For k > 2, large part of the research concerns sufficient minimum degree
conditions in hypergraphs that guarantee the existence of tight Hamilto-
nian cycles (see, e.g., the surveys [13,18] and the references therein for a
more thorough discussion). For a set of vertices S C V, the degree in H is
defined by

di(S)=|{e€ E:5Ce}|

and for an integer j with 1 < j < k the minimum j-degree is defined by
§;(H) = min{dp(S): S € VU .

The minimum 1-degree 01(H) is often called minimum vertex degree and
sometimes (in particular, in the context of graphs) we may omit the sub-
script. Moreover, for j = 2 we often refer to do(H) as the minimum pair
degree.

Lower bounds on the minimum j-degree bear more information and re-
strictions for larger values of j and, in fact, sufficient minimum (k — 1)-degree
conditions for tight Hamiltonian cycles were considered first in the literature.
This line of research was initiated by Katona and Kierstead [7]. In joint work
with the two senior authors, Endre [15] established the following asymptot-
ically optimal result for k-uniform hypergraphs (see also [14] for an earlier
result for 3-uniform hypergraphs and [16] for a sharp version of that result).

THEOREM 1.1 [15]. For every integer k > 3 and o > 0, there exists an
integer ng such that every k-uniform hypergraph H on n > ng vertices with
Sk—1(H) > (3 4+ a) n contains a tight Hamiltonian cycle.

Theorem 1.1 can be viewed as an approximate generalisation of Dirac’s
theorem from graphs to hypergraphs and, in fact, the lower bound construc-
tions, that show the optimality of this result, exhibit a similar bipartite
structure.
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TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 3

Given the ‘monotonicity’ of the degree conditions, as a next step it seems
natural to consider an extension of Theorem 1.1 with a minimum (k — 2)-
degree condition. For such an extension we have to restrict ourselves to
k-uniform hypergraphs for £ > 3. Improving a series of partial results by
several authors, for 3-uniform hypergraphs the following asymptotically op-
timal result was recently obtained by Endre in collaboration with the middle
four authors [11].

THEOREM 1.2 [11]. For every o > 0, there exists an integer ng such that
every 3-uniform hypergraph H on n > ngy vertices with §,(H) > (% + a) "72
contains a tight Hamiltonian cycle.

Again there are lower bound constructions, showing that the number
5/9 in Theorem 1.2 is best possible. In fact, three structurally different
examples can be found in [11, Example 1.2]. Here we extend Theorem 1.2 to
4-uniform hypergraphs with a minimum pair degree condition and establish
the following result.

THEOREM 1.3. For every a > 0 there exists an integer ng such that every
4-uniform hypergraph H on n > ng vertices with 62(H) > ( 8 + a) %2 contains
a tight Hamiltonian cycle.

Theorem 1.3 is also asymptotically best possible as the following exam-
ples of Han and Zhao [5] show:

(a) For simplicity let n = V| be divisible by three and consider a par-
tition X WY =V with |X|=2n/3. Let H be the 4-uniform hypergraph
H = (V,FE) with e € V® being an edge of H if, and only if,

(1.1) len X|#2.

2

It is easy to check that H satisfies do(H) > (5 — o(1)) %-.

Suppose for the sake of contradiction that H contains a tight Hamilto-
nian cycle C'. Since every vertex of C' is contained in precisely four edges
of C', we have

> linx|=4ix].
fee(0)

Hence, the average intersection of an edge of C' with X is 8/3. In particular,
there exist two edges f and f’ in C such that

fnXx[<2=[§] and [f'NX|>3=T§]

and the definition of H implies that f shares at most one vertex with X.

On the other hand, the sizes of the intersections in X of two consecutive
edges in C' (in the induced cyclic order) can differ by at most one. Conse-
quently, the lack of edges in F intersecting X in exactly two vertices makes
the occurrence of the edges f and f’ in C' impossible.

Acta Mathematica Hungarica



4 J. POLCYN, CHR. REIHER, V. RODL, A. RUCINSKI, M. SCHACHT and B. SCHULKE

(b) The same construction with (1.1) replaced by |e N X| # 3 yields an-
other hypergraph exemplifying a matching lower bound for Theorem 1.3 by
a similar argument.

The type of construction used in (a) and (b) above generalises to arbi-
trary uniformities £ > 3. In fact, if 3| k then this gives rise to three struc-
turally different lower bound constructions and if 31k then two hypergraphs
arise (see [5, Corollary 1.6] for details). Those examples show that the
optimal minimum (k — 2)-degree for tight Hamiltonian cycles in k-uniform
hypergraphs on n vertices is at least (g - 0(1)) "72

The results discussed so far address special cases of the following more
general problem: Given integers k > r > 1, determine the infimal real num-
ber ol € [0,1] with the property that every k-uniform hypergraph H =
(V, E) satisfying the minimum r-degree condition

5, (H) > (a® + o)) [V[F"/(k —r)!

contains a Hamiltonian cycle. Thus Dirac’s theorem and Theorem 1.1 assert
a,(f_)l = 1/2 for k > 2, while the Theorems 1.2 and 1.3 entail ag?’) = agl) =

5/9. These results might indicate that a,(ﬂk) might be determined by the
difference d = k — r, which leads to the following question.

QUESTION 1.4. Given a positive integer d, does there exist a constant By

such that a,(cl?d = B4 holds for every k > d+1°¢

We are not aware of any counterexample and for d = 1 Theorem 1.1 states
that 81 = 1/2. Moreover, very recently Theorems 1.2 and 1.3 were extended
for arbitrary £ > 5 in [8,10] and B2 = 5/9 was established. The lower bounds

on ol obtained by Han and Zhao [5] might be optimal for all k¥ > r > 1.
In this case, all numbers 55 would exist and the next problem would be to
decide whether 5 = 5/8.

1.2. Overview and organisation. The proof of Theorem 1.3 is based
on the absorption method. This method has been introduced more than a
decade ago in [14] (see also the survey [17] of Endre Szemerédi) and since
then it has turned out to be a versatile tool for solving a variety of problems
concerning the existence of spanning structures in graphs and hypergraphs.
Proofs based on the absorption method usually decompose the problem at
hand into several more manageable subproblems. In results on Hamilto-
nian cycles in hypergraphs such as Theorem 1.3 most of the effort is usually
directed towards showing a connecting lemma, an absorbing lemma, and a
covering lemma.

The complexity of the first two ingredients has evolved over time. For
instance, in the proof of Theorem 1.1 for k£ = 3 in [14], the connecting lemma
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TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 5

just said that every pair of vertices can be connected to any other pair of
vertices by means of a relatively short tight path. An analogous result is
not available when proving Theorem 1.2 (see [11]). Instead, one defines a
sufficiently broad class of so-called connectable pairs of vertices and, roughly
speaking, the connecting lemma of [11] asserts that any such connectable
pair can be reached from any other connectable pair by means of a short
tight path. This idea will be reused below, so we shall define a notion of
connectable triples in 4-uniform hypergraphs of large pair degree and our
connecting lemma (Proposition 3.3 below) claims that any two such triples
can be connected by means of a short tight path.

As for the absorbing lemma (see Proposition 5.1), one needs to estab-
lish the existence of a so-called absorbing path P4 capable of absorbing any
“small” set of left-over vertices Z. More precisely, no matter which small
set Z of vertices needs attention in the end of the argument there always is
a path with vertex set V(P4) U Z which starts and ends with the same ver-
tices as Py itself. Such a path P4 is usually constructed by taking several
small building blocks called absorbers and connecting them by appealing to
the connecting lemma. Proving the existence of suitable absorbers has often
been among the main difficulties in applying the absorption method. Re-
cently, the first two authors, while studying a related problem, observed that
in many cases this problem can be reduced to a degenerate Turdn-type prob-
lem [9]. In fact, ignoring for a moment the issue that the absorbers need
to be connectable into a tight path, their existence is a direct consequence
of a classical extremal result of Erdés [3], for the small price that the size
of Z needs to satisfy an additional divisibility assumption (see Section 5.1
for more details).

Finally, the covering lemma (see Proposition 6.1) asserts, in particular,
that the minimum pair degree condition considered in Theorem 1.3 ensures
the existence of an almost perfect path cover. Then the connecting lemma
allows us to connect the paths from the cover together with P4. In fact,
there even exists a cycle C' containing paths from the cover and the ab-
sorbing path P4 for which the (small) set Z = V(H) \ V(C) of remaining
vertices satisfies the aforementioned divisibility condition. Now, to complete
the proof of Theorem 1.3 one just needs to absorb the vertices outside C'
into the absorbing path.

As mentioned above, the proof of Theorem 1.3 presented here reuses
some ideas and results from [11] and we collect the relevant material in
the next section. Sections 3—6 establish the connecting lemma, absorbing
lemma, covering lemma, and the so-called reservoir lemma, which ensures
that the short tight paths used for the connections are always vertex disjoint
from the rest. In Section 7 we then present the somewhat standard proof of
Theorem 1.3 based on these lemmata.
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2. Preliminaries

2.1. Notation. Besides graphs, we mainly consider 3-uniform and 4-
uniform hypergraphs, and here we briefly recall some relevant definitions.
For simplicity, if there is no danger of confusion we sometimes omit paren-
theses, braces, and commas and denote edges {z,y}, {z,y, 2}, or {z,y, z,w}
in graphs and 3- and 4-uniform hypergraphs by xy, xyz, or zyzw, respec-
tively.

Walks, paths, and cycles. We shall only consider tight walks, paths, and
cycles and for simplicity we omit the word tight from now on. The length
of a walk, a path, or a cycle is measured by its number of edges.

For 3-uniform hypergraphs a walk W of length £ > 0 is given by a se-
quence (z1,...,2Tp42) of vertices such that e € E(W) if and only if e =
Z;Tiy1Tiro for some ¢ € [¢]. The ordered pairs (z1,z2) and (xp41,xp42) are
the end-pairs of W and we say W is a (21, x2)-(2p11, Ter2)-walk. This def-
inition of end-pairs is not symmetric and implicitly fixes a direction of W
and sometimes we may refer to (z1,x2) and (zsy1,Tp12) as starting pair and
ending pair, respectively. The vertices x3,...,xy are the inner vertices of W
and in the context of walks we count the inner vertices with their multi-
plicities, i.e., for £ > 2 a walk of length £ has £ — 2 inner vertices. We often
identify a walk with the sequence of its vertices x1xs ... zp1o and refer to it
as a T1x9-Te+12e4o-walk.

A walk W is a path if all the vertices x1,...,zp10 are distinct and it is
a cycle if the vertices z1, ..., 2y are distinct and zpy1 = z1 and x40 = x9.

These definitions extend to 4-uniform hypergraphs in a straightforward
way. In this context a walk of length ¢ is given by a sequence of £ + 3 ver-
tices and the end-triples are the subsequences of the first and the last three
vertices.

Links of vertices and pairs. We recall that the link graph of a vertex v
of a 3-uniform hypergraph H is defined to be the graph H, with the same
vertex set as H and with

E(H,) ={zy:vzy € E(H)}.

Similarly, for a 4-uniform hypergraph H the link H, of a vertex v is a
3-uniform hypergraph on the same vertex set with E(H,) = {zyz : vryz
€ E(H)}. Moreover, for an unordered pair of distinct vertices u and v the
link of the pair uv is the graph H,, with vertex set V(H,,) = V(H) and
edge set

E(Hyy) = {zy :uvzy € E(H)}.
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2.2. Robust subgraphs. Both in the 3-uniform predecessor [11] of
this work and here the connecting lemma is deduced from certain connectiv-
ity properties of 2-uniform link graphs. In the present subsection we discuss
the graph theoretic result we shall require for this purpose. We begin with
the key notion in this regard (cf. [11, Definition 2.2]).

DEFINITION 2.1. Given 8 > 0 and ¢ € N a graph R is said to be (5, /)-
robust if for any two distinct vertices x and y of R the number of z-y-paths
of length £ is at least 8|V (R)[*~L.

The main point is that graphs whose density is larger than 5/9 pos-
sess sufficiently dense robust subgraphs containing more than two thirds of
the vertices. The following result along those lines is a slight strengthening
of [11, Proposition 2.3] and below we shall only indicate how the arguments
in [11] can be modified so as to yield the present version.

PROPOSITION 2.2. Given «, > 0, there exist 5 > 0 and an odd integer
€ > 3 such that for sufficiently large n, every n-vertex graph G = (V, E) with
|E| Z (8 + a) "72 czontaz'ns a (B, €)-robust induced subgraph R C G satisfying

@) [V(R)| = (5 +§)n,

(ii) eq(V(R),V N V(R)) < un?,

() and o(R) > (§ + §) %5 — @D > (41 20) 2

PrOOF. We may assume « < 4/9, for otherwise there are no n-vertex
graphs (V| F) satisfying |E| > (8 + a) "72 and there is nothing to show. The
proof of [11, Lemma 3.2] shows for every fixed u/ < /72 that every graph
G = (V,E) on n > 1/ vertices such that |E| > (2 + «) "72 has an induced
subgraph R satisfying (i),

(2.1) ec(V(R),V\V(R)) < 4u'n?,

and the first estimate in (iii) which, moreover, has a property called p'-
inseparability (see [11, Definition 3.1]). For the purposes of [11] it was enough
to apply this fact to p/ = «/72 itself, but here it will be more convenient to
set p/ = min{u/4, «/72}, which causes (2.1) to imply (ii). The second esti-
mate in (iii) is an immediate consequence of (i) and of o < 4/9 < 2/3.

It remains to show that R is indeed (3, ¢)-robust for some constants /3
and ¢ that only depend on a and g but not on n. As the proof of [11,
Proposition 2.3] shows, this follows from the p/-inseparability of R combined
with the fact that (i) and (iii) allow us to bound the density of R from below.
In fact, it is enough to let £ be the least odd integer such that

112 1 /166
—,> 4+1 andtoset p[B=_— <&> . g
1

€>8( 72\ 2
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The next result will assist us (indirectly via Lemma 2.10) in Section 5
when we wish to ensure that the end-triples of our absorbers are connectable.
Notice that the assumptions on R are like clause (i) and the special case
1= a/4 of clause (ii) of Proposition 2.2.

LEMMA 2.3. Given >0, let G = (V, E) and G' = (V, E") be two graphs
on the same n-element verter set, each with at least (5/9 + a)n?/2 edges.
Let R be a subgraph of G induced by a set U =V (R) CV with |[U| > 2n/3
that satisfies eq(U,V \U) < an®/4. Then

(2.2) { (u,v) € U?:uww e ENE and dg(v) > n/3}| > zan2.
PRrROOF. Let Z = {z € U : dr(z) > n/3}. We shall show
3
(2.3) nyEEﬁE’:x,yeUand{x,y}ﬁZ#@}‘zzanQ.

Since every (unordered) edge zy counted here corresponds to one or two
ordered pairs (u, z) counted on the left side of (2.2) (depending on whether
only one or both of x, y are in Z), this will imply the desired estimate (2.2).
For the proof of (2.3) we let n € [2/3,1] and 7 € [0, 1] be defined by

[Ul=nn and |Z|=1n.

We consider two cases depending on the value of 7.
First Case: 7 > 2/3. Owing to

) €eV2iaye ENEY >2|E|+2|E'|—n?> (1 +2a)n?
{ (z,y) y 5
and |V \ Z|2 = (1 — 7)?n? < n?/9 we have

{ (z,y) cV?:zyec ENE and {z,y}NZ +# o} > 2an?.

Recall that Z CU. So if {z,y} N Z # &, but {z,y} € U, then one of the
vertices x, y is in U while the other one is in V' ~\. U, whence

{(z,y) eV?:iaye B {x,y} NZ # &, and {z,y} Z U}
<2eq(U,V\U) < %n2.
Consequently, the number of (unordered) edges xy considered on the left-

hand side of (2.3) is at least 3(2an® — an?/2) = 3an?/4, as desired.
Second Case: T < 2/3. Notice that

2e(R) > 2(e(G) — ec(U,V ~U) —eq(V~U)) > (gm— 3 (1=n)? ).
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TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 9
Together with (1 —n)(2/3 —n) < 0 this yields
5« 2 2 a 1
2.4) 2 >(_ & g+ (1- (—— ))2:<— @ —)2.
@) 2e(R) > (C+ 5=+ 0-n(c-n))? =G+ 5+ D)n
On the other hand, the definition of Z leads to

(25)  2e(R)= dr(z)+ Y. dr(z) <> dr(z)+ ( = ) 2.

z2€Z zeUNZ z€Z

Comparing (2.4) and (2.5) we deduce

n N—T\ o 2 a T\ 4
2 dr(?) 2+3 5 )" = \gTat3)"
z€Z

By the assumption of the case we have

Tn2 - T2n > |Z]
3 2 2

San)= (5 +5)+ (7))

z€Z

and this shows that

which in turn implies
Z
{azyeE:z,ycUand{z,y}nZ#2}| > ;d <| |>Z<9+g>n2.

Finally, the sieve formula yields

nyEEﬂE':x,yEUand {x,y}ﬂZ;ﬁ@}‘

2 ()5 (Gra)y - (5) 20t

which is more than what we need for establishing (2.3). O

2.3. Connectable pairs and bridges in 3-uniform hypergraphs.
In this subsection we discuss the 3-uniform connecting lemma from [11] to-
gether with some related results. Roughly speaking, this lemma asserts
that in any sufficiently large 3-uniform hypergraph H = (V, E) with 6;(H)
> (5/9+ a)|V|?/2 any two pairs of vertices possessing a special property
called connectability can be connected by many short paths. The definition
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of our connectability notion presupposes that for every vertex v € V(H), one
has fixed a robust subgraph of its link graph as obtained by Proposition 2.2.
We collect these assumptions in the following setup.

SETUP 2.4. Suppose that a € (0,1/3), that u, 8 > 0, that £ > 3 is an
odd integer, that H = (V| F) is a sufficiently large 3-uniform hypergraph
with 61(H) > (5/9 + «)|V|?/2, and that for every vertex v € V, Proposi-
tion 2.2 located a (3, £)-robust induced subgraph R, C H, of its link graph
satisfying

() V(R = (3+9)IVI.

(ii) €H, ( ( )7V ~ V(R )) < M|V‘27

ay V]2 V|—|V(R, V)2

(111)6(Rv)_(8—|—5)|2‘ _( |\2( )D? ( + a)|2|

We remark that for most part of this section condition (ii) with p = a/4
of this setup suffices. In fact, the results in [11] were obtained for this re-
stricted version of the setup and below we (mostly) recapitulate and apply
them in this form. A stronger form, with a smaller value of u, of Proposi-
tion 2.2 (ii) will be useful in Lemma 2.10 below and for the construction of
the absorbing path in Section 5. The following notion of connectable pairs
is taken from [11, Definition 2.5].

DEFINITION 2.5. Given Setup 2.4 and ¢ > 0, an unordered pair zy of
distinct vertices of H is said to be (-connectable if the set

Uy ={veV:ayeER,)}

satisfies |Uzy| > ¢|V|. An ordered pair (z,y) is ¢-connectable if its underlying
unordered pair xy is.

We are now ready to state the 3-uniform connecting lemma from [11,
Proposition 2.6].

PROPOSITION 2.6 (connecting lemma for 3-uniform hypergraphs). Given
Setup 2.4 (with p = «/4) and { > 0, there exists 9 = ¥, 5,£,() > 0 such
that the following holds.

If (a,b), (x,y) are two disjoint (-connectable pairs of vertices of H, then
the number of ab-zy-paths in H with 30+ 1 inner vertices is at least 9|V |3+,

For later use we also state the following simple fact (see [11, Fact 4.1]).

LEMMA 2.7. Given Setup 2.4 (with i = «o/4) and ¢ > 0, there are at most
CIV3 triples (z,y,2) € V3 such that xy € E(R,), but xy is not (-connectable
in H.

To extend these notions and results to 4-uniform hypergraphs we need
a new 3-uniform concept.
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DEFINITION 2.8. Given Setup 2.4 and ¢ > 0, a triple (z,y,2) € V3 is
called a (-bridge in H if zyz € E and xy and yz are both (-connectable
in H. We say a path z12y...2;_12; starts (resp. ends) with a (-bridge, if
x1x2x3 (resp. xj_oxj_1x;) is a (-bridge.

It will be useful to estimate the number of bridges in a dense 3-uniform
hypergraph.

LEMMA 2.9. Given Setup 2.4 (with p = «/4) and ¢ > 0, the number of
triples (z,y,z) € V3 with xyz € E that fail to be a (-bridge in H is at most
(2/9+ /2 +20)|V|3. In particular, if ¢ < a/4, then there are more than
|V [3/3 ¢-bridges in H.

PROOF. Starting with A = {(z,y,2) € V3 : zyz € E} we note that the
minimum degree assumption yields |A| > (5/9 + a)|V|>. We consider four
exceptional subsets of A, namely

Pl = {(.T,y,Z) €A: ry QE(RZ)},
Q1 ={(x,y,2) € A~ P; : zy is not (-connectable} ,
Py = {(az,y,Z) € A: Yz ¢ E(Rx)}v
Q2 = {(z,y,2) € A~ P»:yz is not (-connectable} .
Notice that every triple in A~ (PLUQ1U P, UQ2) is a (-bridge in H.

Lemma 2.7 yields the upper bounds |Q1|, |Qz2| < ¢|V 2. Moreover, the first
two clauses of Setup 2.4 and o < 1/3 lead to

|P1‘ < Z (2 eHz(V(Rz)a VN V(Rz)) + (n - ‘V(RZ)DQ)
zeV

<(5+G-3))vr=G+mr

The same upper bound applies to |P|. These upper bounds on |@Q1], |Q2|
and |Py|, | P| yield the desired upper bound on |P; U Q1 U Py U Q2| for the
first part of the lemma.

The second part is a direct consequence, since A\ (P, UQ1 U P, U Q2)
is a subset of all ¢-bridges in H and

5 2 VI
AN (AUQURUQ)| > (2+a) vt - (242 +2) vy > UL

as long as ( < /4. O

The next lemma implies that every two 3-uniform hypergraphs H and H'
on the same vertex set V' with minimum vertex degree (5/9 + o(1))|V'|?/2
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12 J. POLCYN, CHR. REIHER, V. RODL, A. RUCINSKI, M. SCHACHT and B. SCHULKE

have the property that H' contains many bridges of H as edges. (For tech-
nical reasons it will be convenient to allow that the vertex sets of H and H’
differ slightly.) Note that the lower bound on the number of bridges in
Lemma 2.9 falls short of implying such an assertion. In fact, the proof of the
following lemma will rely on the structural properties of hypergraphs and
bridges.

LEMMA 2.10. Given Setup 2.4 with p = ‘i‘—; for a 3-uniform hyper-
graph H = (V,E) with |V|=n, let ¢ € (0,a%/9), and let H' = (V', E') be
a 3-uniform hypergraph with §;(H') > (5/9 + a)n?/2 and [VAV'| < an/18.
Then the number of (-bridges (x,y,z) € V3 in H such that xyz € E' is at
least an? /2.

PrOOF. Let H = (V,E) and H' = (V', E') satisfy the assumptions of
the lemma. In particular, for every vertex v € V we fixed a robust subgraph
R, C H,. We consider the following set of triples

T={(zy,2) € V3.xy e BE(H,)NE(H.), 2,y € V(R.),
and dg, (z) > (3 — Z)n} .

We shall appeal to Lemma 2.3 for a lower bound on |T'|. For that we have to
restrict to the subhypergraphs and subgraphs induced on W =V NV’'. We
consider

TW] = {(z,y,2) € W’ : zy € E(H.[W]) N E(H.[W]),
z,y € V(R)NW, and dg_wy(x) > [W|/3} .

Note that the bound on the symmetric difference VAV’ guarantees a mini-
mum vertex degree of at least (5/9 +8a,/9)n?/2 for H[W] and H'[W]. More-
over, for every z € W we have

and

WJV@)mWWAJ«R»<emmmmxvxvma)
a3

2

< pn’

Consequently, for every z € W we can apply Lemma 2.3 to G = H,[W],
G' = H.[W], and R = R,[W] C H,[W] and (2.2) tells us that

3 8 3 8 a\d 4 5
TWll > 2. SawpP > @--) > 2 an3.
[TW]| 2 7-galWP =75 18 g "
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The definitions of T and T[W] imply T[W] C T and, hence, we arrive at
5 3
(2.6) |T| > g

We shall bound the sizes of the following ‘bad’ subsets of T

St = {(az,y, z) € T : xy is not a (-connectable pair in H}
and

So = {(x,y, z) € T : yz is not a (-connectable pair in H}

By definition of T', every triple (z,y, z) € T corresponds to an edge in EN E’
and by definition of S; and S, every triple in 7'\ (S1 U S3) is a (-bridge
in H. Hence in view of (2.6), the conclusion of Lemma 2.10 will follow from
the estimates

3 2

3 a3
(2.7) |S1] < ¢n” and |S| < (C—i— 13 + 3 )n

combined with o < 1/3 (cf. Setup 2.4) and ¢ < a?/9.

The desired upper bound on the size of Sy is a direct consequence of
Lemma 2.7. In fact by definition of T, for every (z,y,z) € T we have xy
€ E(H,) and z, y € V(R,). Since R, C H, is an induced subgraph, it follows
that zy € E(R,) and Lemma 2.7 applies.

In order to prove the second inequality of (2.7) we note that xy € E(H,)
is equivalent to yz € F(H,) and thus we can apply the same argument as
above to the subset

Sy ={(z,y,2) € S2:y € V(R;) and z € V(R,)}

and Lemma 2.7 tells us S5 < (|V[?. Next we bound the size of Sy \ S} by
splitting it into the sets

Sy ={(z,y,2) € S2:y ¢ V(R,) and z € V(Ry)}
and
Sy ={(z,y,2) €S2:2¢ V(Ry)} .

Summarising the discussion above, we note that the proof of (2.7) reduces
to showing that

a? a?
(2.8) |S§'| < En?’ and |S§”‘ < §n3.

For the bound on |S)| we appeal for every x € V' to part (ii) of Setup 2.4
for R, C H,. For every vertex x € V there are at most un? = a®n?/18
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pairs (y,z) € (VN V(Ry)) x V(R;) with yz € E(H,). Since the definition
of T 2 S5 ensures zy € E(H,) and, hence, by symmetry also yz € E(H,),
the desired bound on |SY| stated in (2.8) follows.

For the bound on [S%’| we consider the set of pairs

P={(z,2) € V?:dg.(z) > (3 —2)nand z ¢ V(R,)}

and we observe that the definitions of T and S}’ yield | SY’| < |P|-n. For
the bound on P we consider an arbitrary vertex x € V. Since

dr.(z) < dp.(2) = du(z,2) = dp,(2)

we are interested in the number of vertices z & V(R,) with dg, (z) >
(3 — 2)n. Owing to part (i) of Setup 2.4 for R, C H, there are at least

dp,(z) — |V N V(Rx)| > (% - 51—4)0477, = gan

edges of By, (V(Rg),V ~V(R,)) incident to such a vertex z. Therefore,
part (ii) of Setup 2.4 implies that for every fixed x there are at most

er, (V(R:),V N V(R,)) - a®n?/18 < a_2n
26an/54 ~ 26an/54 — 8

choices of z. Consequently, |P| < a?n?/8 and the bound on |S5'| from (2.8)
follows. This concludes the proof of Lemma 2.10. [

An interesting feature of Proposition 2.6 caused by the proof strategy
pursued in [11] is that the number of inner vertices in the connections it
provides is necessarily congruent to 1 modulo 3. In Section 2.4 below it
will be convenient to employ connections whose numbers of inner vertices
are in other residue classes modulo 3. As the following result shows, such
connections can be accomplished by going “via bridges”.

COROLLARY 2.11. Given Setup 2.4 (with u = «a/4) and ¢ >0, there
exist three integers (1,0,03 < 120 with ¢; =i (mod 3) for all i € [3] and
¥ =9(a, 5,¢,() > 0 such that the following holds.

If (a,b), (x,y) are two disjoint (-connectable pairs of vertices of H, then
for every i € [3], the number of ab-xy-paths in H with ¢; inner vertices is at
least V|V |%.

Proor. We set

3
G=30+1, 6=60+5, (3=90+9, and ﬁ:%,

Acta Mathematica Hungarica



TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 15

where ¢ is provided by Proposition 2.6. Since £ > 3, we have £ < {5 < {3
< 12¢. We already know that ¢ has the desired property by Proposition 2.6
and we shall verify the corollary for ¢5 and /3.

Starting with the argument for /o, we let any two disjoint (-connectable
pairs (a,b) and (z,y) be given. Notice that if (u,v,w) is a (-bridge, abPuv
is an ab-uv-path with ¢; inner vertices, and vwQxy is a vw-zy-path with £
inner vertices, then abPuvwQxy is an ab-xy-walk with /1 + 3 + ¢1 = {5 inner
vertices.

By Lemma 2.9 for sufficiently large |V| there are |V |?/4 possibilities to
choose the bridge (u,v,w) in such a way that {a,b,z,y} N{u,v,w} = @ and
for every such choice of the bridge in the middle, Proposition 2.6 delivers
91|V [© possibilities for P as well as 91|V |[** possibilities for Q. So altogether
the number of ab-zy-walks with /5 inner vertices is at least ¥2|V|* /4. Since
at most O(|V|71) of them fail to be paths due to containing the same ver-
tex multiple times, this proves that £, has the desired property for ¥ < ¥2/5
and sufficiently large |V].

For /3 we can repeat the same argument once more and get the same
conclusion for the choice of ¥ = ¥3/25 above. [

2.4. Path covers in 3-uniform hypergraphs. Preparing the proof
of the 4-uniform covering lemma in Section 6 we shall now prove the follow-
ing 3-uniform covering principle.

PROPOSITION 2.12. For all a, & € (0,1/3) there is an infinite arithmetic
progression P C 3N such that the following holds.

Given Setup 2.4 (with p = a/4), a collection B C V3 of &-bridges in H
with |B| > &V |2, and M € P, we can cover all but at most £|V'|+ M wvertices
of H by vertex-disjoint paths of length M each of which starts and ends with
a bridge from AB.

Let us remark that while the vertex set V in this statement is assumed
to be much larger than o~! and ¢!, the quantification in Proposition 2.12
allows to consider M to be a function of |V|. In the application we have in
mind, M will be about ©(y/|V]). Before we come to the proof of Proposi-
tion 2.12 itself, we would like to give a brief overview. First of all, in [11]
we proved (somewhat implicitly) a similar result, where M is a constant
and |V is very large. Moreover, there everything related to 2 is omitted,
but instead of this one can demand that the end-pairs of the constructed
paths should be (,.-connectable for a sufficiently small constant (4 < o, &
(see Lemma 2.14 below). The idea here for obtaining longer paths (say of
length \/m ) is that in the beginning of the proof we put a small reservoir
set aside, so that in the end we can connect many short paths into a smaller
number of longer ones. To this end we require a somewhat standard reser-
voir lemma (see Lemma 2.13 and Fig. 2.1). The length of the longer paths
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R N () N

%

%

— .)l |<K/\+1

Fig. 2.1: Collections of small paths, reservoir R, and some bridges from A form the set X

we obtain in this manner depends linearly on the number of short paths we
connect, and hence the possible such lengths form an arithmetic progres-
sion P. Now we still need to ensure that the paths we construct start and
end with bridges from Z. This is achieved by putting sufficiently many such
bridges aside that are vertex-disjoint among themselves and to the reservoir.
At the end of the proof we will then be able to connect the selected bridges
to our paths by making further uses of the reservoir.

LEMMA 2.13. For all « € (0,1/3) and Oy, (u > 0 there exists Uy > 0
with the following property.

Given Setup 2.4 (with p = «/4) and the integers {1, 03,03 < 12 provided
by Corollary 2.11, there is a reservoir set R C V with 592|V| < |R| < 92|V|
such that for every R’ C R with |R'| < Uu|R|, every i € [3], and any two
disjoint (ux-connectable pairs (x,y) and (z,w), there is a xy-zw-path with ;
inner vertices all of which belong to R~ R/.

ProOOF. Without loss of generality we may assume (., < 1/4. We fix an
auxiliary constant n and choose 9,, appropriately to obey the hierarchy 9.,
& 1 K Yy, CGex, . Consider a random subset R C V including every vertex
v € V independently with probability %193. It follows from Corollary 2.11
along the lines of the proof of [11, Proposition 2.7] that such a set a.a.s. has
the desired size $92|V| < |R| < ¥?|V| and possesses the property that for
all disjoint (4,-connectable pairs (x,y) and (z,w) and all ¢ € [3], the number
of zy-zw-paths with ¢; inner vertices all of which belong to R is at least
nR i Fix a reservoir set R C V with this property. Now, if in addition to
the pairs (x,y), (z,w), and to i € [3], also a set R C R with |R'| < 9,4|R|
is given, we know that at most £;|R’||R|% 1 < 1200, |R| < n|R|% of these
paths can contain an inner vertex from R’, meaning that the desired path
with inner vertices only from R \ R’ exists. 0O
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LEMMA 2.14. For all o« € (0,1/3) and ¥, with 0 < 9, < « there is a
Cex € (0,04) such that for every sufficiently large M € N with M = 2 (mod 3)
the following holds.

Given Setup 2.4 (with p=«/4), a reservoir set R CV as provided by
Lemma 2.13, and a set X CV N R with | X| < 9,|V|, one can cover all but
at most 202|V| wertices of H — (RU X) by disjoint M -vertex paths whose
end-pairs are Cu-connectable.

PRrOOF. This is implicit in [11, Section 7], where an almost spanning
path in H is constructed that avoids the absorbing path. More precisely, [11,
Lemma 7.1] asserts that for a certain set X called V(Py4) there, there is a
path Q C H — X satisfying

(2.9) V(H) N (RUXUV(Q))] < 93|V

and two further statements that are immaterial for our present concerns.
The only property of X used in the proof of [11, Lemma 7.1] is that it con-
sists of no more than 9,|V| vertices and thus we can repeat the entire proof
with an arbitrary such set. In the beginning of the proof we fixed a suf-
ficiently large M € 3N+ 2 and below we will assume, in particular, that
M > 9.2

Next we recall that () is constructed so as to contain many subpaths
belonging to the set

P ={PCH-(XUR):Pisan M-vertex path
whose end-pairs are C**—connectable} .

In fact, there is a set ¥ C & of mutually vertex-disjoint paths such that
Q starts and ends with a path from &2 and between any two “consecutive”
members of € appearing in () there is either at most one vertex or there are
only vertices from R (cf. clauses (b) and (c) in the definition of candidates
in the proof of Lemma 7.1 in [11]). This property of @) guarantees

‘V(Q)\< Jv) UR>‘ <My,
M
Pe¥
which combined with (2.9) yields
‘V(H) N <RUX u Y V(P))‘

Pev

< |VH)~ (RUXUV(Q))| + ‘V(Q) N ( U vp) UR)‘ < 20?|V|.
Pe%

In other words, % is the desired collection of paths. [J
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PROOF OF PROPOSITION 2.12. Given a, & € (0,1/3) we apply Lemma
2.14 with « and 9, < £, @ and obtain (. € (0,9,). With this value of (4
we appeal to Lemma 2.13, thus getting some ¥, > 0. Next we pick some
M > 971 9! with M =2 (mod 3) which is so large that the conclusion of
Lemma 2.14 holds. Finally we take ng > M, £, 91,9, so large that we can
apply the Lemmata 2.13 and 2.14 when |V| > ny.

We shall prove that the infinite arithmetic progression

P={M eN:M >npand M'=9¢+15 (mod M +1+3()}

has the desired property. Since 9¢ 4+ 15 and M + 1 + 3¢ are divisible by 3, so
are all members of P. Now let Setup 2.4, a collection & C V3 of &-bridges
with || > ¢|V|? as well as a natural number M’ € P be given. We are
to cover all but at most £|V|+ M’ vertices of H by vertex-disjoint paths
consisting of M’ vertices which start and end with a &-bridge from 2. If
|[V| < M’ we can just take the empty collection of paths, so we may as-
sume |V| > M’ > ng from now on. Let R C V be a reservoir set as obtained
from Lemma 2.13. Consider a maximal sequence by, ..., b, of &-bridges
from £ such that R and these bridges are mutually vertex-disjoint. Since
the reservoir and the selected bridges together involve |R| + 3r vertices, we
have 3(|R| + 37)|V|? > | 2| > €|V |3, whence

_ _ 2
s VISR (€38

> 0 |V]|.

In particular, we can choose x = |9,|V|/3] bridges in % that are vertex-
disjoint both from each other and from the reservoir. Define X C V to be
the set of the 3x vertices occurring in such a list of £-bridges.

By Lemma 2.14 there is a collection % of disjoint M-vertex paths in
H — (X UR) covering all but at most 292|V| vertices of V(H)~ (X UR)
which start and end with (,,-connectable pairs. Due to M’ > ng > M,/ the
natural number k defined by

M' = (M +1+30)k+ (92 + 15)

satisfies k > /ng. Take an arbitrary partition ¢ = 61 - - - U6 U641 such
that |61| = --- = |6\| = k > |6 +1|. For every j € [\], we want to connect
the £ paths in ¢ by means of £ — 1 connections through the reservoir to
a path P;. For each of these connections, we want to use 3/+ 1 vertices
from R, so we will have

v(Pj) = kM + (k—1)(3¢+ 1) = M’ — (12 + 16)
for every j € [\]. Altogether, these connections require at most

M<%

<
(BC+1)[%] < (30+ 1) < 2[R
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vertices from the reservoir, so there is no problem in choosing them one by
one.

Our strategy to continue is that for every j € [A] we want to connect the
ends of the path P; to two of the {-bridges that have been put aside into the
set X. These connections are to be made through the reservoir and for one
of them we want to use 3¢+ 1 inner vertices, while the other one is supposed
to use f3 = 9¢ + 9 inner vertices. Thereby each path P; gets extended to a
path Q; with

v(Q;) =v(Pj)+ (9+9)+(30+1)+6=M".

There are indeed sufficiently many bridges contributing to X for this plan,
because

AV _ 2V _ VI _

2\ <
=Tk T yno - 4

In fact, we even have
(12¢ 4+ 10)|V| < V| < Vx| R
k T ¥ng T 2 ’
which shows that the reservoir stays sufficiently intact while we are con-

structing the paths Q1,..., Q. Finally, the number of vertices that these
paths fail to cover is at most

(1204 10)A <

‘V\ U V(P)‘ +

Pev

U V(P)‘ < R| +|X |+ 202|V| + M’
Pebxi1

< BRIV +M <V +M. O

3. Connecting lemma

In this section we establish appropriate extensions of Proposition 2.6 and
Corollary 2.11 for 4-uniform hypergraphs (see Proposition 3.3 and Corol-
lary 3.5 below). In particular, from now on H is a 4-uniform hypergraph.

3.1. Connectable triples in 4-uniform hypergraphs. Given a 4-
uniform hypergraph H = (V, E) with minimum pair degree

Ga(H) = (5/9+ )|V /2

we observe that the link H,, of a pair of vertices u, v € V is a graph with
edge density at least 5/9 + a. Consequently, Proposition 2.2 provides the
existence of a robust subgraph in every joint link and we collect this infor-
mation in the following setup.
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SETUP 3.1. Suppose that o € (0,1/3), 8 > 0, that £ > 3 is an odd inte-
ger, that H = (V| E) is a sufficiently large 4-uniform hypergraph with |V| =n
and 6o(H) > (5/9 + a)n?/2, and that for every {u,v} € V(? we have fixed a
(8, £)-robust subgraph Ry, C H,, of its link graph given by Proposition 2.2
applied with = o?/18.

Let us remark that in this situation the vertices u and v are isolated
in H,,, for which reason they cannot belong to the robust subgraph R,,.
Similarly, the vertex v is isolated in the (3-uniform) link hypergraph H,. So
to make the results of §2.3 applicable it turns out to be more convenient
to work with the 3-uniform hypergraph H, = H, — v obtained from H, by
removing the vertex v. Clearly this hypergraph has n — 1 vertices and it
satisfies the minimum degree condition

51(Hy) > (5/9+a)n?/2 > (5/9+ )|V (H,)[*/2.

Moreover, H, together with the family of graphs {Ruv Tu € V(FU)}
exemplifies Setup 2.4. Thus, whenever Setup 3.1, a constant ¢ > 0, and a
vertex v € V are given, we can speak of (-connectable pairs in H, and the
notion of a (-bridge in H, is defined as well.

We continue with the definition of connectable triples in 4-uniform hy-
pergraphs, which pivots on bridges in the 3-uniform links of vertices.

DEFINITION 3.2. Given Setup 3.1 and ¢ > 0, a triple (z,y,2) € V3 is
said to be (-connectable in H if the set

Uzy. = {v eV :(x,y,z) is a (-bridge in FU}

satisfies |Ugy-| > C|V].

In general, changing the ordering of x, y, and z can affect whether a
triple (x,y, z) is (-connectable. It is easy to see, however, that reversing the
ordering cannot have such an effect, i.e., (z,y,x) is {-connectable if and only
if (z,y, 2) is.

PROPOSITION 3.3 (connecting lemma). Given Setup 3.1 and { > 0, there
is ¥ > 0 such that if (a,b,c) and (x,y,z) are disjoint, {-connectable triples
in H, then the number of abc-zyz-paths in H with 8¢ + 10 inner vertices is
at least 9n8+10,

PROOF OF PROPOSITION 3.3. By monotonicity we may suppose that
(< %. Let 93 denote the constant obtained by applying Proposition 2.6 to
a, B, £, and ¢3. We shall prove that

1
(3.1) 9 — 5 (3H02e+4
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has the desired property. To this end we fix two disjoint (-connectable triples
(a,b,c) and (z,y, z). Consider the set T of all sequences

,q,7,w) € VT8

i}

(u,
with
TQ = (pb' .- ap3é+1)> 6 = (Q1,Q2>Q3aQ4)a and 7 = (T34+1>' .- 77'1)

such that the following six conditions hold:
(1) u# wand u € Ugpe, w € Uyyz,
(2) q spans a walk of length 3 in the robust subgraph R, of the link
graph Hy,,
(3) quqo is ¢3-connectable in H,,
(4) q3qq is (3-connectable in H,,,
(5) (b,c, D, q1,q2) spans a 3-uniform path of length 3¢+ 1 in the link H,,
(6) (3,44, 7,2,y) spans a 3-uniform path of length 3¢+ 1 in the link H,,.
We establish the following lower bound on the size of set T" defined above.

CLAIM 3.4. We have |T| > (302568,

PROOF. Our first step is to show that the set

S = {(u,a,w) eVl u#wue Uype,we Usyz,
and q spans a walk of length 3 in Ruw}

of all sextuples satisfying (1) and (2) satisfies
(32) S| 2 fy¢nt

In fact, in view of Definition 3.2 the (-connectability of (a,b,c) and (z,vy, 2)
ensures that there are {n - ({n — 1) possibilities to choose the pair (u,w).
Thus for the proof of (3.2) it suffices to show that for every pair (u,w)
€ Ugpe X Uzy. the number of 3-edge walks in R,,,, is at least en® for some ¢ >
1/12. A result of Blakley and Roy [1] (asserting the validity of Sidorenko’s
conjecture for paths) combined with Proposition 2.2 (iii) entails that the
number of these walks is indeed at least
(2e(Ryy))? - (4n2/9)3 B 43 4 n?

v(Ryw)? —  n?2 ®" 1

Thereby (3.2) is proved and we proceed by estimating the set

St = {(% qg,w) €S:qqis ¢3-connectable in H,

and q3q4 is C3—connectable in Fw}
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of all sextuples satisfying (1)—(4). By two successive applications of Lemma
2.7 we shall show

(3.3) IS~ S*| < 2¢3nS.

Indeed, for every fixed triple (u,q3,q4) € V3, Lemma 2.7 applied to H,, and
¢2 (in place of H and () tells us that there are at most ¢3n? triples 5 (1,92, w)
with q1go € E(Ry,) for which qigo fails to be ¢3-connectable in H,. Simi-
larly, for every fixed triple (q1,¢2,w) € V3, Lemma, 2.7 applied to H,, and ¢3
tells us that there are at most (3n3 trlples (u, q3,q4) with g3qs € E(Ryy) for
which g3y fails to be (3-connectable in H,,. So altogether we have |S \ S*|
< 2n3 - ¢3n3, which proves (3.3).
As a direct consequence of (3.2), (3.3), and ¢ < 75 we obtain

1
(3.4) |S*| > EC2n6 —203n°% > 2¢3n8.

Now by Proposition 2.6 and the definition of S*, for every sextuple (u, ¢, w)
there are at least ¥3(n — 1)3*+! sequences p as demanded by (5) and there is
at least the same number of sequences T as required by (6). Consequently,
we have

2 BD 2. 60+8
IT| > |S*(Fa(n = 1)**1) " > Cogn®
for sufficiently large n and this concludes the proof of Claim 3.4. [J

Now consider an auxiliary 3-partite 3-uniform hypergraph A with vertex
classes M, U, and W, where M = V56 while U and W are two copies
of V. We represent the vertices in M as sequences

Tﬁ = (pla"' yP30+1,491,42,493, 44, T30+415 - - - 7T1) = (ﬁaaaf) .

The edges of A are defined to be the triples {u,m,w} with m € M, u € U,
w € W, and (u, m,w) € T. Thus Claim 3.4 implies

(3.5) e(A) = |T| > (*93n*® = Co3|M||U|[W| .
For every vertex m € M we consider its (ordered) bipartite link graph
Am = {(u,w) e U x W : muw € E(A)}.

A standard convexity argument yields

Z | A |2 > |M|( |§\/_f|)>£+2 (?’25) (362t 80+10 1) 5 9p30+10
meM
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a b & P1 P2 P3 P4 Ps P3¢ D3¢t
L] L] L ] L ] [ ] L J L J LI L L ql
L]
q2
[} [ L d o
Uq Us Ug+1
Ug 2 °
We42 .
w1 Wy Wei
L] [ ] [ ] [
q3
[ ]
[ ] L] L] L] LI [ ] [ ] [ ] ] [ ]
q4
= Y x 1 T3¢-3 T3¢-2 T3¢-1 T3¢ T3¢+1
Fig. 3.1: Connecting (a,b,c) and (z,y, z)
As we will check below, if m € M and (uj,wi),..., (uo, weio) € Am,

then

abcup1pap3us . . -

Upg4+1P30+19192Up+2W4+243G4AT3¢4-1We173¢730—173¢—2W¢ - - - W1 XTYZ

is an abc-ryz-walk in H with 8/ + 10 inner vertices (see Fig. 3.1). By (3.6)
this argument produces at least 209n%*10 such walks and, as at most
O(nB*9) of them can fail to be paths, this will conclude the proof of Propo-
sition 3.3.

It remains to verify that any four consecutive vertices in the above se-
quence form an edge of H. Recall that (u;, m,w;) € T for every i€ [l + 2].
So (1) implies abcu; € E and wyzyz € E, respectively. Since bep; . .. p3er19192
is a 3-uniform path in each of the link hypergraphs H,,,... ,HWH by (5),
we have

bcu1p1, curp1p2, U1P1P2D3, P1P2PIU, - - -, P3+1q1G2U42 €

and a similar argument utilising (6) establishes

We2G394T30+15 3GAT3041We4 1, - - -, T1W1TY € B

It remains to note, that by (2) we have

142U +2We 42, U 42We42G3, Ug2Wey2q3qs € 1,

which completes the proof of Proposition 3.3. [

3.2. Other residue classes. The almost spanning cycle to be con-
structed in Section 7 will be obtained from an almost spanning path cover
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with the help of the connecting lemma. The number of inner vertices ap-
pearing in the last connection will determine in which residue class modulo
four the number of left-over vertices will lie. As the nature of our absorbing
mechanism requires that the number of left-over vertices should be divisible
by four, it will be useful to strengthen the connecting lemma as follows.

COROLLARY 3.5. Given Setup 3.1 and ¢ > 0, there exist natural numbers
01,02,03,04 < 500 with £; =i (mod 4) for alli € [4] and ¥ = I (o, 5,£,() >0
such that the following holds.

If (a,b,c), (x,y,z) are disjoint (-connectable triples of vertices of H,
then for every i € [4] the number of abc-xyz-paths in H with ¢; inner vertices
is at least V|V |%.

The proof will be established in almost the same way as Corollary 2.11,
the main difference being that, instead of bridges, we utilise connectable
triples to build connecting paths whose number of inner vertices is incongru-
ent to 2 modulo 4 (cf. Proposition 3.3). For the proof we first observe that
there are many connectable triples in the 4-uniform hypergraph H = (V, E)
under consideration.

LEMMA 3.6. Given Setup 3.1 and ¢ € (0,a/4), the number of (-connect-
able triples in H is at least (1/3 — 2¢)|V]3.

PROOF. Let N be the number of (-connectable triples in H = (V, E).
We will estimate the number

II=|{(v,e):eisa(bridge in H,}| .

in two different ways. First, Lemma 2.9 tells us that for every vertex v € V
there are at least (n — 1)3/3 different (-bridges in H,, which yields II >
n(n —1)3/3 > (1/3 — ¢)n* for sufficiently large n. Second, we have

HSN-n—i—n?’-Cn,

since every (-connectable triple e participates in at most n pairs (v,e) € II,
while every triple e that fails to be (-connectable can be a (-bridge in at
most (n link hypergraphs.

By comparing our estimates on Il we obtain

N> (1/3=(n® = (n® = (1/3 - 2¢)n°,

as promised. [

PRrOOF OF COROLLARY 3.5. By monotonicity we may suppose that { <
a/4 < 1/12 and let 91 > 0 be given by Proposition 3.3. We set
194
0 =3204+49, by =80+10, ¢3=160+23, {4 =240+ 36, and ¥ = 7—?{
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It follows from ¢ > 3 that fo < {3 < {4 < {1 < 50¢ and Proposition 3.3 di-
rectly asserts the conclusion of Corollary 3.5 for ¢ = 2.

For i = 3 we use the following argument. Given disjoint (-connectable
triples (a,b,c) and (x,y,z) Lemma 3.6 delivers for sufficiently large n at
least n3/6 different ¢-connectable triples (u,v,w) in H with {a,b,c,x,y,2}
N{u,v,w} = @. For each of them, Proposition 3.3 provides vin? abe-uvw-
paths of the form abcPuvw, where P consists of £y vertices. Similarly, there
are ¥1n® wvw-zyz-paths of the form wvwQzyz, where Q consists of £y ver-
tices as well. Altogether, this yields 9¥3n’ /6 abc-zyz-walks of the form
abcPuvwQzyz. Since at most O(n‘~!) of them fail to be a path due to
some overlap between P and (), the corollary follows for ¢ = 3.

For i =0 and 7 = 1 we argue similarly, exploiting ¢4 = {5 + ¢3 + 3 and
by = Ll3 + €3 + 3, respectively. [J

3.3. Bridges in 4-uniform hypergraphs. We conclude this section
with some results that will be helpful in Section 5. The following is a 4-
uniform analogue of Lemma 2.7.

LEMMA 3.7. Given Setup 3.1 and ¢ > 0, there are at most C|VI* quadru-
ples (a,b,c,d) € V* such that (a,b,c) is a (-bridge in Hg, but (a,b,c) is not
(-connectable in H.

PROOF. It follows from Definition 3.2 that for every triple (a,b,c) € V3
that fails to be (-connectable in H, there are at most |V choices of d such
that (a,b,c) is a (-bridge in Hy. Consequently, there are at most ¢|V|*
quadruples with the properties under consideration. [

Similarly to the notion of bridges in 3-uniform hypergraphs, which
was defined by containing connectable pairs (cf. Definition 2.8), we define
4-uniform bridges in terms of connectable triples.

DEFINITION 3.8. Given Setup 3.1 and ¢ > 0, a quadruple (a, b, c,d) € V*
is called a (-bridge in H if abed € E and (a, b, c) and (b, ¢, d) are both (-con-
nectable triples in H.

It will later become important for us that there are plenty of bridges

in H. The argument in the proof of the following lemma is very similar to
that in the proof of Lemma 2.9.

LEMMA 3.9. Given Setup 3.1 and { > 0 there are at least (1/9 —7¢)|V|*
(-bridges in H.

PROOF. Let A = {(a,b,c,d) € V*: abcd € E} be the set of all orderings
of the edges of H. Obviously, the minimum pair degree condition imposed
on H implies

Az (G+a)VEEVI-) 2 (F+a-¢) VI
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We consider two exceptional subsets of A, namely
Py ={(a,b,c,d) € A: (a,b,c) is not a (-bridge in Hy},
Q1= {(a, b,c,d) € A~ P : (a,b,c) is not (-connectable in H} )
It follows directly from Lemma 3.7, that
Qi] < ¢VIE.
Moreover, by Lemma 2.9 every d € V contributes at most
(2/9+a/2+2¢)(|V] - 1)°

quadruples to P;, which yields the upper bound

2 «
Pl < (5+5 +2) VI

By symmetry we obtain the same bounds for the sets
Py = {(a, b,c,d) € A: (b,c,d) is not a (-bridge in ﬁa},
Q2= {(a,b,c,d) € AN Py: (b,c,d) is not (-connectable in H} .

Since every quadruple in A~ (PLUQ1 U P, UQ2) is a ¢-bridge in H, the
lemma follows. [

4. Reservoir lemma

The connecting lemma, for 4-uniform hypergraphs from Section 3 allows
us to connect paths that start and end with a connectable triple. However, in
the process of building longer paths, we must not interfere with the paths al-
ready constructed. For that we put aside a randomly selected small reservoir
of vertices R. Moreover, due to the divisibility restriction of the absorbing
path lemma (see Proposition 5.1), we need to guarantee short connections
by paths of lengths in all residue classes modulo four. The existence of such
a reservoir set is given by the following proposition.

PROPOSITION 4.1 (reservoir lemma). Given Setup 3.1 and constants
Cxy Cow > 0, let integers £y, 0o, 03,0y < 500 and ¥, = Vo, B, 4,() and Vi =
Ha, 8,4, () be provided by Corollary 3.5. Then there exists a subset R CV
such that

() UiIV[/2 < [R| < 92|V

(ii) and for all disjoint, (s -connectable triples (a,b,c), (x,y,z) in H and
every i € [4], there are 94 |R|% /2 abe-xyz-paths with £; inner vertices, which
all belong to R.
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We often refer to the set R given by Proposition 4.1 as the reservoir set.

PrROOF. The existence of such a reservoir set R is established by a stan-
dard probabilistic argument. For that we set

3 4N 500
pzzﬁz and C = (g) ‘
and we consider a random subset R C V' with elements included indepen-
dently with probability p. Observe that |R| is binomially distributed with
expectation p|V| and Chebyshev’s inequality implies that a.a.s.

(4.1) GIVI< IR < Cplv].

In particular, our choice of C' shows that a.a.s. the set R satisfies part (i) of
Proposition 4.1.

For part (ii) we recall that for every pair of disjoint, (4-connectable
triples (a,b,c), (z,y,2) € V3, Corollary 3.5 guarantees for every i € [4] at
least U, |V|% abc-zyz-paths with ¢; inner vertices. Let X = X (i, (a,b,c),
(x,y,2)) be the random variable counting the number of such abc-zyz-paths
with all ¢; inner vertices in R. Clearly,

(4.2) EX > pb -0, |V|%.

Since including or not including a particular vertex into R affects the ran-
dom variable X by no more than £;|V'|%~1, the Azuma-Hoeffding inequality
(see, e.g., [6, Corollary 2.27]) asserts

(4.3) P(X < 20, (p|V])%) 4§2 P(X < 2EX)

EX)?2
< eXP<_ 18- |V|( (gi|)V|£i—1)2> = exp(—Q(|V|)) .

In view of (4.1) and ¢; < 50¢ our choice of C' implies that a.a.s.

4

2 1
(4.4) 3V PIV)" = S0uIR
Since there are at most 4|V'|% choices for the triples (a,b,c), (2,7, 2), and
for ¢, the union bound combined with (4.3) and (4.4) shows that a.a.s. the
set R satisfies part (ii) of Proposition 4.1. Consequently, a reservoir set R
with all required properties exists. [

In the proof of Theorem 1.3 in Section 7 we will repeatedly connect
connectable triples through the reservoir R provided by Proposition 4.1.
Whenever such a connection is made some of the vertices of the reservoir
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are used and the part of the reservoir that may still be used for further con-
nections shrinks. Although Q(|V]) such connections will be needed, we shall
be able to keep an appropriate version of property (ii) of the reservoir in-
tact throughout this process. We prepare for this situation by the following
corollary.

COROLLARY 4.2. Given Setup 3.1 and (i, Cux > 0, let integers 1,02, 03,04
<500 and Yy =, 5,4,(s), Vi = oy B,4,(es) be provided by Corol-
lary 3.5. Moreover, let R CV be a reservoir set provided by Proposition 4.1.

Then for every subset R' C R of size at most 194%?)}* V| the following holds.

For all disjoint, (ix-connectable triples (a,b,c), (x,y,z) in H and every
i € [4], there is some abc-zyz-path with ¢; inner vertices, which all belong to

RNR.

PRrOOF. It follows from the lower bound in Proposition 4.1(i) and the
bound on |R’| that
19**
2004
Moreover, every vertex in R’ is an inner vertex in at most ¢;|R|%~! different

abc-xyz-paths in H with all £; inner vertices belonging to R. Consequently,
it follows from Proposition 4.1(ii) and ¢; < 50¢ that there are at least

IR < oo IRI-

-
2

19** .
RIS — |R/|- 4;|RI5 > - IR|

such paths with all inner vertices from R ~R'. O

5. Absorbing path lemma

5.1. Outline and main ideas. In this section we establish the exis-
tence of an absorbing path P4, which at the end of the proof of Theorem 1.3
will allow us to ‘absorb’ an arbitrary (but not too large) set Z of left-over
vertices with a size divisible by four.

PROPOSITION 5.1 (absorbing path lemma). Given Setup 3.1, there is
some (o = Co(a) > 0 such that for every (. € (0,(y) and for 9, = I, 5,4,()
provided by Proposition 3.3 the following holds. For every set R CV of size
at most 92|V |, there exists a path P4 C H — R satisfying

(i) [V(Pa)| < 94|V,

(ii) the end-triples of Py are (,-connectable,

(iii) and for every subset Z CV \V(Pa) with |Z| < 29?n and |Z| =0
(mod 4), there exists a path Q C H with the same end-triples as Py and
V(Q) = V(Pa)UZ.
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a

G [O (o) (o) o) D]

xT

Fig. 5.1: Both a and x form a 4-uniform path together with the 3-uniform path in He N Hy

The absorbing path P4 will be built by connecting many so-called ab-
sorbers (see Definition 5.5). Similarly as in [11], the absorbers used here
consist of two parts. Roughly speaking, the first part allows us to “swap”
any given vertex a with a different vertex x, which then can be absorbed
by the second part of the absorber. In other words, we can move from an
arbitrary vertex a, which we may need to absorb, to another vertex x that
enjoys better properties. For the first part this can be easily achieved if a
and x share a 3-uniform path with six vertices in their joint link H, N H,
(see Fig. 5.1). Note that our degree assumption on H implies that the 3-
uniform link of every vertex has density at least 5/9 > 1/2 and, hence, the
joint link of any two vertices has positive density and the existence of the
6-vertex paths follows from [3].

Having replaced x with a we need to ensure that x itself can be absorbed.
For that, in the context of 4-uniform hypergraphs, one usually showed that
many vertices x have the property that their links contain a 3-uniform path
on six vertices with the additional property that its vertices span a 4-uniform
pathin H. In particular, these six vertices form a path on its own and can ab-
sorb z in the middle, building a 7-vertex path with the same end-triples (see
e.g. [11], where this strategy was implemented for 3-uniform hypergraphs).

While working on a related problem, the first two authors [9] suggested a

different approach for the second part of the absorber. For that we note that
(4)

every complete 4-partite 4-uniform hypergraph K 3,4373,3 contains a path on 4s
vertices. However, any four consecutive vertices in that path are crossing in
the Kgfls),&s and removing them gives rise to a copy of Kﬁ)l’s_Ls_Ls_l, which
again contains a spanning path on the remaining 4(s — 1) vertices. More-
over, if s > 3 then these paths have the same end-triples. Actually it suffices
already to start with a Kég’w and we will follow that route. Again the
existence of Kéfg,w’s in 4-uniform hypergraphs of positive density follows
from [3]. However, due to the 4-partiteness, with this absorption mechanism
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ay ag as a,

b11 b12 b1 I b4 b1s bis b21 bao bag I b2y bos bag b31 b2 bas I b3y bas bss ba1 bao bag I baa bas bag
e ®© © @ o o o e o o @ o o o ® ®© o @ o o o ® ®© o O & o o
T ) | |l‘3 )

o 0 . ) o D D

(25 U us Uy wy Wo Ws
b11 b12b13 b14 b15 b1s b21 bao bas b24 b2 bas b31 bao bas b34 b3s b3s ba1 bao bas ba4 bas bas
LR R e o 00 ¢ 0o o e o ¢ @ 0 0o o0 e o ¢ @ ¢ 0 o

ay as as ay

Uy Uy U Uy w, Wy Ws

Fig. 5.2: Absorber for (a1,...,as) before and after absorption

we can only absorb four tuples of vertices (z1,...,24), which in turn implies
that we have to start with four vertices aq,...,a4 at the beginning. This is
the reason for the divisibility condition on |Z| in part (iii) of Proposition 5.1.

As a result for any given (ai,...,as) € V* our absorbers will consist of
35 vertices, which split into five 7-vertex paths (see Fig. 5.2). Four of the
paths are of the form bilbiniga?ibi4bi5biG for ¢ S [4], where bilbnbigbi4bi5bi6 is
a 3-uniform path in the joint link Hai N H,, (cf. first part of the absorber
outlined above). The fifth path wu; ... ugwiwows is given by the vertices of a

Ké 2) 2,17 which together with z1,...,z4 span a K?(, ?3 3.2- In order to connect
these paths into one absorbing path P4, we shall also require that the end-
triples of these paths are connectable (see Lemmata 5.3 and 5.4 below).

5.2. Proof of the absorbing path lemma. Roughly speaking, the
following lemma shows that the joint 3-uniform link H, N H, of (almost) all
pairs of vertices a, z € V contains Q(|V|?) connectable triples. Consequently,
a result of Erdés [3] implies that the joint link contains Q(|V(%) 3-uniform
paths on six vertices with connectable end-triples (in fact all triples will be
connectable), which shows the abundant existence of the first part of our
absorbers for every vertex a € V' (see Lemma 5.3 below).

LEMMA 5.2. Given Setup 3.1 and ( >0, there is a set X CV of
size | X| < \/Cn such that for all a € V and every x € V \. X there are at
least (/3 — /Q)|V|? triples (b,b,b") € V3 with bb'b" € E(H,) N E(H,) and
(b,b',b") being ¢-connectable in H.
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PROOF. The lemma is trivially true for ¢ > o?/9 and, hence, we may
assume ¢ < a?/9. First, we define the set X. For a vertex v € V let

B(v) = { (b,¥/,b") € V3 : (b,V/,b") is a (-bridge in H,,
but it is not (-connectable in H }

and we note that Lemma 3.7 asserts

> B(v)| < ¢nt.

veV
We define

X ={veV:|BWw)|>+(n3}.

and |X| < /Cn follows.

It is left to show that V'~ X has the desired property. For that let a € V'
and z € V ~ X. An application of Lemma 2.10 with H = H, and H = H,
yields for sufficiently large n at least

! a 4

triples (b,b',b") € V3 such that
(5.1) W't € E(H,)NE(H,) and (b,b,b") is a ¢-bridge in H,.

Since z ¢ X, we have |[B(x)| < v/(n® and, therefore, all but at most /¢ n?
of the triples (b,¥',b") satisfying (5.1) are (-connectable. [

Lemma 5.2 combined with a result of Erdés from [3] implies the follow-
ing.

LEMMA 5.3. Given Setup 3.1 and ¢ € (0,02/36), there is some & =
&(a) >0 and a set X CV of size at most \/Cn such that the following
holds.

Foralla € V and x € V \ X, there are at least £'n® sextuples (b, ..., bg)
€ VO such that

(i) biby ... bg is a 3-uniform path in Hy, N Hy,

(ii) and (by,ba,b3), (bs,bs,bs) are (-connectable in H.

PROOF. Let X be given by Lemma 5.2 and fix two vertices a € V
and x € V . X. We consider the auxiliary 3-partite 3-uniform hypergraph
B=(UWU WU" Ep) whose vertex classes are three disjoint copies of V
and edges b’V € Eg with be U, b € U’, and b € U” correspond to (-
connectable triples (b,¥',b") of H with bb'v" € E(H,) N E(H,). Lemma 5.2
and ¢ < a?/36 tell us that |Ep| > an®/6 and it follows from [3] that B
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contains any complete 3-partite 3-uniform hypergraph of fixed size. In par-
ticular, there is a copy of K2(32)2 in B and by the so-called supersaturation

phenomenon (see, e.g., [4]) there are at least 2¢nS such copies for some
constant ¢ = &’(a). Each such copy of K§32)2 contains a walk bibs ... bg in

H, N H, satisfying (i) and, consequently, there are at least 26n% — O(n?)
> ¢'nS paths satisfying (i) and (ii). O

Next we focus on the second part of the absorbers.

LEMMA 5.4. There is some £ > 0 such that for every ¢ € (0,1/126) the
following holds. Given Setup 3.1, there are €"n'' 11-tuples (uy,. .., ug, 21, . .,
T4, w1, wo, w3) € VI so that

(i) wp...uqzy ... 2pwwows and uy...ugwiwows are 4-uniform paths
in H

(i1) and (u1,ug,us), (w1, ws,ws) are (-connectable triples in H.

The proof of Lemma 5.4 is very similar to that of Lemma 5.3. How-
ever, instead of an auxiliary 3-uniform hypergraph of connectable triples in
the shared link of two vertices, we shall consider a 4-uniform hypergraph of
bridges.

PROOF. We consider the 4-partite 4-uniform hypergraph B = (V; U
Vo U V3 W Vy, Ep) whose vertex classes are four disjoint copies of V' and
whose edges vivav3vy € Ep with v; € V; for i € [4] correspond to (-bridges
(v1,v2,v3,v4) of H. By Lemma 3.9 and our choice of (, there are at least

4

(5-7n'>

(-bridges in H and, hence, |Ep| > n*/18 edges. Similar as in the proof of
Lemma 5.3, this implies that there are at least 26”n'! copies of the complete

4-partite 4-uniform hypergraph K?ng in B for some universal constant

&” > 0. Passing through the vertices of each such copy of K. 3(:27372 (by start-
ing in a vertex in V; and then passing cyclically through the other vertex
classes) leads to a 4-uniform path wuj ... u4z ... x4wwows in B. In partic-

ular, 1 ...z4 is an edge in B, and owing to the completeness of K?Ejlg,?,g we
see that after removing the vertices x1,...,x4, the remaining vertices still
form a 4-uniform path uq ... ugwiwows in B.

By definition of B every such path uy ... u4x1 ... x4wiwows corresponds
to a walk in H. Consequently, H contains at least 2¢”n!! — O(n!?) > ¢"nt!
11-tuples uy ... ugxq ... z4wiwows that satisfy part (i) of Lemma 5.4. More-
over, recalling that edges of B correspond to (-bridges in H it follows that
(u1,ug,us3), (wy,ws,ws) are (-connectable in H for every such 11-tuple, i.e.,
part (ii) holds as well. O

Acta Mathematica Hungarica



TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 33

Next we define the absorbers, which will be the building blocks of the
absorbing path P4 in Proposition 5.1.

DEFINITION 5.5. Given Setup 3.1, ¢( > 0, and a = (a1,...,a4) € V4, we
say that a tuple (by,..., by, 4,2, w) € V3 with

gi:(bil,...,biG)fOI‘iE[4], ﬁ:(ul,...,U4),

= (x1,...,24), and w = (w,ws,ws3),

is an a-absorber in H, if

(a) all its 35 vertices are distinct and different from those in @,

(b) b; satisfies properties (i) and (ii) of Lemma 5.3 for a; and z; for every
i €[4,

(c) and (u,z,w) satisfies properties (i) and (ii) of Lemma 5.4.

Formally, an a-absorber is defined to be a septuple. However, since it
consists of 35 vertices we may refer to it sometimes as a 35-tuple from V3°.
Similarly, in part (c) we refer to (u, T, w) as an 11-tuple.

We note that if @ = (aq,...,a4) consists of four distinct vertices, then an
a-absorber can be used to absorb the set {a1,...,a4} as follows (see Fig. 5.2).
The 35 vertices of an a-absorber (b1, ..., by, u,Z,w) can be partitioned into
five 4-uniform paths

b;1bi2b;3x;biabisbig for 1 € [4] and uq...ugwiwows,

in H, each of which starts and ends with a (-connectable triple. If all five
of these paths are segments (not necessarily consecutive) of the absorbing
path P4, while all ay,as,as,as are not on P4, then one can replace these
five paths by

bﬂbigbigaibi4bi5bi6 for ¢ c [4] and UL ... U4TTL . . . T4WTWRWS

i.e., replace x; with a; in the four “b-paths” and include x1,...,x4 in the
middle of the fifth path.

Below we easily deduce from Lemmata 5.3 and 5.4 that there are (n3%)
absorbers for every fixed 4-tuple a € V4. This fact will play a key role in
the proof of the absorbing path lemma.

LEMMA 5.6. Given Setup 3.1, there are constants (j = ({(a) and § =
£(a) > 0 such that for every ¢ € (0,¢}) and for every a € V* the number of
a-absorbers in H is at least £n.

PROOF. For a fixed a € (0,1/3) let £'(a) > 0 and £” > 0 be provided by
Lemmata 5.3 and 5.4. We set

<6=min{(§—;)2, f“—;6} and €= 4(€)¢"
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and let ¢ € (0,¢}) and @ = (a1, ...,a4) € V* be given. Moreover, let X C V
be the exceptional set of vertices of size at most v/{n given by Lemma 5.3.

Lemma 5.4 yields &’n!! distinct (4,2,w) € VY with @ = (ug,...,us),
T = (x1,...,24), and w = (wy,wq,ws) satisfying properties (i) and (ii) of
the lemma. Obviously, at most

11(]X| +4)n'% < 11/¢n't + 44010

of these 11-tuples share a vertex with X U {aq,...,a4}. Consequently, our
choice of ¢}, > ¢ guarantees that for sufficiently large n at least £"n'!/2 of
these 11-tuples are disjoint from X and from a.

Next, for such a fixed 11-tuple (u,z,w) we apply Lemma 5.3 for every
i € [4] to a; and x;. Each application yields ¢'n® sextuples (b;1, ..., big) sat-
isfying properties (i) and (ii) of that lemma. Taking into account that we
insist that all the vertices b;; for i € [4] and j € [6] need to be distinct and
different from the already fixed vertices of a, Z, u, and w this gives rise to at
least %(5’1@6) * such choices of bi,..., by for every fixed (u,z,w). Summing
over all possible choices of (u, Z,w) leads to at least

1 1
55’%11 % 5 (glnﬁ) 4 > £n35

a-absorbers in H. 0O

After these preparations we conclude this section with the somewhat
standard proof of the absorbing path lemma. In the proof we first find a
suitable selection of 2(n) disjoint 35-tuples that contain many a-absorbers
for every a. In the second and final step we then utilise the (-connectable
end-triples to connect these 35-tuples, each consisting of five disjoint paths
of length four, into one absorbing path avoiding the given set R.

PROOF OF PROPOSITION 5.1. For a € (0,1/3) let £ > 3 be given by
Setup 3.1 and let ¢, = ¢{(«) and £ = () be given by Lemma 5.6. Set

o §
‘0= mm{go, 12- 140052} ’
and for { € (0,(p) let ¥, along with a sufficiently large 4-uniform hyper-
graph H = (V, E) and R C V of size at most 92n be given. Without loss of
generality we can assume that v, < (.

Applying Lemma 5.6 with (, yields for every @ € V4 at least £n? a-ab-
sorbers in H. However, since the absorbing path is required to be disjoint
from R, only absorbers disjoint from R are useful here. Let A(a) be the set
of all a-absorbers disjoint from R and note

(5.2) | A(@)| > &n® - 35|R[n* > 2n™.

DO [y

n
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Let A=JA(a) C (V \R)% be the set of all absorbers outside R, where
the union runs over all four tuples a € V4.
We set
4€019*
P e

and consider a random collection A, C A, where every absorber from A is in-
cluded independently with probability p. Standard applications of Markov’s
inequality and of Chernoff’s inequality show that with positive probability
the random set A, satisfies the following three properties

(5.3) | A,| < g3-pn™®,
(5.4) 1{(A4,4) € .Af, : A and A’ share a vertex}| < ¢3- 35%p*n% |

(5.5) and for every a € V* we have | A, N A(a)| > % -p| A(a)] .

Consequently, there exists a collection By C A satisfying (5.3)—(5.5) with By
replacing A,. We further pass to a maximal subcollection B C Bj of mu-
tually disjoint absorbers. The choices of p and (y combined with (5.2) and
Uy < (& < (o allow us to transfer (5.3) and (5.5) to the set B as follows

1260, 9,

35
(5.6) ‘B‘g?)-pn ¢ n_14OO£2n

and for every @ € V* we have

N (54) 1 R
(5.7) |Bﬂ.,4(a)‘ > 3 -p|A(a)| —3-35%p°n®

16292
> (odn — 3352 Cg x

n > %ﬂfn

It remains to connect the absorbers from B into a path. Recall that
every 35-tuple in B consists of five 7-vertex paths with (,-connectable end-
triples and that all those 5|B| paths are mutually vertex disjoint. Let P be
the collection of all these 7-vertex paths.

Finally we construct the absorbing path by connecting all paths from P.
For that we consider a maximal family of paths P* C P for which there
exists a path P} C H — R, containing all the paths from P*, whose end-
triples are (s-connectable and such that

) 9,

>3 (5.6
(58) V(PO =7 [P+ (IP*| = 1)- (8¢+10) < 700B| < .
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Clearly, P* # @ and thus, P} # @. Assume for the sake of contradiction
that there is some P € P~ P* and let (z,y,z) be the starting triple of P.
Moreover, let (a,b,c) be the ending triple of P}. Since both triples (a,b, c)
and (x,y,z) are (-connectable, Proposition 3.3 tells us that there are at
least 9,n3 10 abe-zyz-paths with 8¢ 4 10 inner vertices in H. Since (5.8)
combined with [R| < ¥2n yields

9,nSH10 — (80 +10) (| V(PR)] + |R|)n* T2 >0,

there is at least one connecting path disjoint to V(P}) UR giving rise to a
path P}* C H — R containing P* U {P}. This contradicts the maximality
of P* and consequently the desired path P4 containing all paths from P
does really exist.

In fact, Property (i) of Proposition 5.1 is a consequence of (5.8) and
part (ii) is also clear from the definition. For part (iii) of Proposition 5.1,
let Z be a set outside Py of size at most 29?n with |Z| =0 (mod 4). It fol-
lows from (5.7), that one can successively absorb quadruples of distinct ver-
tices of Z into the path, at least 92n/2 times, always having at least one
unused absorber at hand. O

6. Path cover lemma

The goal of this section is to establish the following 4-uniform variant of
Lemma 2.14.

PROPOSITION 6.1 (path cover lemma for 4-uniform hypergraphs). For
every a € (0,1/4) there is a constant Jg(a) > 0 such that for every positive
¥y < Yo(a) there are a constant (4 = Con(a, 95) > 0 and arbitrarily large nat-
ural numbers M with M = 3 (mod 4) such that the following holds.

Given Setup 3.1 and a set X CV with |X| < 29,n we can cover all but
at most ¥2n vertices of H — X by disjoint M -vertex paths that start and end
with a Cee-connectable triple.

We would like to remark that the constants in this statement can be
thought of as forming a hierarchy a > 19, > (. > M~ > n~!. In our in-
tended application, the set X will be the union of the reservoir and the
vertex set of the absorbing path. Moreover, it will be important that we
have the liberty to take M to be substantially larger than the reciprocal of
a further constant 1J,, obtained by applying the connecting lemma to (.

PRrROOF. Recall that Setup 3.1 involves a constant 3 > 0 as well as a nat-
ural number ¢ > 3. We will assume throughout that «, 3,071 > 9, > (.,
without calculating these dependencies explicitly. Let P C 3N be the infi-
nite arithmetic progression which the 3-uniform Proposition 2.12 delivers for

Acta Mathematica Hungarica



TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 37

a/4 and (., here in place of a and ¢ there. Now let M > (! be a suffi-
ciently large natural number with M =3 (mod 4) and 3(M + 1) € P. The
number M will play two different roles and hoping to enhance the visibility
of this fact we set m = M.

Now let a 4-uniform hypergraph H = (V, E) on n > M vertices satis-
fying the minimum pair degree condition do(H) > (g + a) "72 as well as a
family {Rm, Tuv € V(z)} of robust subgraphs of its link graphs exemplifying
Setup 3.1 be given. Set

P = {PQH—X : P is an M-vertex path

whose end-triples are {H-connectable}

and consider a maximum collection ¥ C & of vertex-disjoint paths. We are
to establish that the set

U=V~ <XU U V(C’)>

ce?

of uncovered vertices satisfies
(6.1) \U| < 92n.,

so for the rest of the proof we can assume that (6.1) is false. Our strategy
for obtaining a contradiction is that we find up to m appropriate paths in ¢
and show that the union of their vertex sets with U spans at least m + 1
vertex-disjoint paths from &2. For a vertex u € U to have some chances to
participate in this rerouting its link hypergraph should be somewhat “typ-
ical” and our next step is to identify a set Up,q C U of bad vertices which
we will not use for incrementing %

Recall that, as discussed between Setup 3.1 and Definition 3.2, for every
u € U the link hypergraph H, and the family {Rm, veV {u}} of (5,4)-
robust graphs realise Setup 2.4. Due to ¥, < ¢!, 3, and our assumption
| X| < 29,n it follows that the hypergraph H, — X and the family

U={Rw-X:veV(XU{u}}

of (B/2,)-robust graphs exemplify Setup 2.4 with (a/2,3/2,a3/9) here in
place of («, 3, 1) there. In particular, we can speak of (,,-connectable pairs
and (,-bridges with respect to the constellation (H, — X, ¥) and in the
sequel we shall call them (s, X )-connectable pairs in H, — X and (Cu, X)-
bridges in H, — X, respectively. To clarify the relation between these con-
cepts, we remark that every (2., X)-connectable pair of distinct vertices
from H, — X is, in particular (..-connectable in H,. Consequently, every
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(2Csx, X )-bridge in H, — X is a (,,-bridge in H,. Now the vertices that we
will not touch while refuting the maximality of € are those in the set

Ubad = {u € U : the number of (2(,, X)-bridges in H, — X

which are (,,-connectable in H is at most n3 / 8} .

CrLAM 6.2. We have |Upaq| < 8Cusn.

ProOOF. Consider the set

II = {(u, €) € Upaq X V3 : the triple e is a (2,4, X)-bridge in H, — X,
but not (,-connectable in H } .
Since for u € Upaq every (2(u, X)-bridge in H, — X is a (4 bridge in H,,
Lemma 3.7 tells us that
|H| < C**n4 .

On the other hand, for every u € Upaq the number of (2., X)-bridges
in H, — X is at least (n — |X|)3/3 by Lemma 2.9 and by the definition of
Upaq all but at most n3/8 of them fail to be (4x-connectable in H, whence

(XD Y Wl

Comparing our estimates on |II| we obtain indeed that |Upaq| < 8Cun. O

Useful societies. Denote the vertex sets of the paths in our maximum
collection ¢ by Bj,..., By and fix an arbitrary partition

U:B‘ch_lU'“UBVUB/
with
|Big|t1|l =---=1|B,| = M > |B'|.

The sets belonging to the family & = {Bjy,...,B,} will be referred to as
blocks. The size of their union B = By U By - - -J B, is bounded from below
by

(6.2) |IBl=n—|X|—|B'|>(1-29)n—M > (1-39)n.

By a society we mean a set consisting of m blocks and we shall write & for
the collection of all (;:l) societies.
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LR

By By By Big|11 B, B, B

B
Fig. 6.1: Block partition of V . X for given €

DEFINITION 6.3. A society S € & with S =JS is useful for a vertex
weUNSif ,
(i) S1(Hu[S]) > (5 + §) 5™,
(ii) the family of graphs { R,.[S] : # € S} exemplifies Setup 2.4 for H,[S]
with (a/4,3/2,a/16) here in place of (a, §, u) there,
(iii) and there are at least Cm3M? triples in S3 that are (,4-connectable
in H and (,,-bridges in H,[S] with respect to the robust graphs in { Ry;[S5] :
zeS}.

We shall argue that if a society S is useful for many vertices in U, then
UUlJS spans m + 1 disjoint paths from &7, contrary to the maximality
of |€|. The following claim provides a first step in this direction.

CLAM 6.4. If a society S € S is useful for a vertexu € U and S =S,
then there exist m + 1 wvertex-disjoint 3-uniform paths in H,[S] each of
which has %(M + 1) vertices and starts and ends with a triple which is (e -
connectable in H.

PROOF. We can apply Proposition 2.12 with («/4, (4) here in place of
(v, €) there to the hypergraph H,[S], the family { Ry,[S]: @ € S} of robust
graphs, the set

== {e € 53 :eis a (,-bridge in H, [S] and (,,-connectable in H}
of bridges and to %(M + 1) here in place of M there. This yields a collec-
tion # of vertex-disjoint 3-uniform 2 (M + 1)-vertex paths in H,[S] with
‘s ~ U V(W)‘ < CuMm+ M
wew

such that every path in # starts and ends with a triple from Z. In partic-
ular, the paths in # start and end with triples which are (,x-connectable
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in H. It remains to show |[#'| > m + 1, which follows from the fact that due
to M = m > 15 we have

9
(1—§**)Mm—M> l_oMm_Mzgm——>m. 0

W\ >
7= 3(M+1) - M 8 4

To conclude the proof of Proposition 6.1 we need another result on useful
societies whose proof we postpone.

CLAIM 6.5. For every u € U ~\ Upqq there are at least §|6\ useful soci-
eties.

Since we assume that (6.1) is false, Claim 6.2 yields

192
U N Ubad| = (97 — 8(u)n > 7*71

By Claim 6.5 and double counting there exists a society & which is useful
for at least 2|U \ Upaa| > 9¥2n/3 vertices from U. Next, Claim 6.4 allows us
to choose for every such vertex u a collection #,, of m + 1 paths in H,[5]
each of which consists of %(M + 1) vertices and starts and ends with a triple
that is (.-connectable in H. As there are no more than (Mm)! possibilities
for #,,, there exist a collection #  of 3-uniform paths on S and a set U’ C U
such that %, = # for every u € U’ and

\U'| > 19’2*7” > l(M—?))(m—l—l)

~3(Mm)! T 4 ’

where the second inequality uses n > M = m. Now we augment every path
in # by inserting (M — 3)/4 vertices from U’ in every fourth position (see
Fig. 6.2), thus obtaining m + 1 mutually disjoint 4-uniform M-vertex paths.
As the m + 1 paths obtained in this way start and end with (,,-connectable
triples, the new paths are in &?. Thus, if we remove from % the paths
whose vertex sets belong to the useful society & and add the newly con-
structed paths, we obtain a collection of paths contradicting the maximality
of €. This contradiction proves the validity of (6.1) and, hence, concludes
the proof of Proposition 6.1 based on Claim 6.5.

PrROOF OF CLAIM 6.5. Fix a vertex u € U \ Uppq. We shall prove that
the probability that a society S € & chosen uniformly at random fails to be
useful for u is exp(—€(m)), where the implicit constant only depends on «,
B, £, 9, and (4. So a sufficiently large choice of M = m allows us to push
this probability below 1/3, as desired.

We will apply Corollary A.3 several times to the partition

V=B U---UB,J (B UX)
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Fig. 6.2: Augmenting a %(M + 1)-vertex 3-uniform path to an M -vertex 4-uniform path

or to a partition derived from it by relocating up to three of the blocks B,
..., By, to the exceptional set. By (6.2) we can take n = 49, in all these
applications. It will be convenient to write B, for the block containing a
vertex x € B.

We begin by estimating the probability of the unfortunate event &; that
the minimum vertex-degree condition in Definition 6.3 (i) fails for our ran-
dom society, i.e.,

¢ = {3 € &6, (H,[9]) < (g + %) Mzmz}.

Since u is isolated in H,,, this event occurs whenever u € S and we have

(6.3) P(¢;) <P(ueS)
5  a\M?*(m—1)>2
zeB~{u}
where the reason for excluding the set B, is that conditioned on x € S the
random variable eg, (S \ B;) is more pleasant to work with than ey, (S).
For a fixed vertex x € B \ {u} we want to derive an upper bound on the
probability summed in (6.3) by applying Corollary A.3(b) with &k = 2 to the
graph H,,. Our assumption on H yields
) n?
2 ()’
e(Hyg) > 5 T3
and given the event x € S, or equivalently B, € S, the variable e, (S \ By)

is determined by a random selection of m — 1 blocks from % \ {B;}. So by
Corollary A.3 (b) with m — 1 in place of m and £ = a/2 we obtain

Pen. (5 B,) < (24 2) Mm =10

513 ‘ x € S) < exp(—2(m)).
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Together with (6.3) this yields

P(¢;) < % + ( Z P(x € S)> exp(—Q(m)) < % + Mmexp(—Q(m))

zeB~{u}
and for sufficiently large n > M = m this shows that
(6.4) P(¢;) < exp(—Q(m)).

Proceeding with the second item in Definition 6.3 we let €5 be the bad
event that, for our fixed vertex u € U \ Upaq, the family of graphs {Rux [S]
T € S} fails to exemplify Setup 2.4 for H,[S] with (a/4,5/2,a/16) here
in place of («, 3, ) there. We analyse &, by considering for every fixed
x € B~ {u} the event &,(x) that R,;[S] fails to be (5/2, ¢)-robust and the
event €)(x) that one of the estimates required by Setup 2.4 fails. Observe
that in the present context these estimates read as follows:

o [V(Ruz)NS| > (2+4%)Mm,

o e, (V(Ruz) NS, SN V(Ry)) < %GaM2m2, and

¢ o(Ru) 2 (§4§) Mt - IRl > (5 4 fa) 2,

Consider a fixed vertex x € B~ {u}. For any two distinct vertices
Y,z € V(Ryz) we let Py, C V1 be a set of (¢ — 1)-tuples encoding the
inner vertices of the /-edge paths in R, from y to z and we let B,,. be the
event that | Pyy. NS~ < 28|V (Ry,:) N S[*~1. By the law of total probability
we have

(6.5) P&)|zeS)< Y Py,z€S)P(Puy: | z,y,2€5).
Yyz€V (Ryz )@

Let us look at a fixed pair yz € V(Ry;)®. Since Ry is (3,£)-robust, we
know that |Pyy.| > B|V (Ry:)|*~! and, therefore, the set

P, =Py.0(V~(B,UB,UB,)) "

Tyz

corresponding to those paths in P, that avoid B, U By U B, satisfies

) _
‘Pm,yz| > éﬁ(gn)e 17

where ¢ = [V (Ryz)|/n > 2/3. For d = |{B,, By, B.}| € [3] we deduce from
Corollary A.3 (a) (by moving B,, B,, and B, into the exceptional set) that

(6.6) P(|P.,.NS" Y <28(oMm)! | z,y,2€8) <P(|P,

yz yz

< 3B3(oM(m — al))é_]L | z,y,2 € S) <exp(—Q(m)).
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Similarly, Corollary A.3(a) applied with k=1 to the set A =V (Ryuz) \
(B U By, U B,) yields

( AN S|

0B Lo es) <m0t

In particular, the random variable pg = |V (Ryz) N S|/(Mm) satisfies

(6.7) P(los — ol > o

o, ‘x,y,z € S) < exp(—Q(m)).

Now if both of the likely events [Py, . N NS > 28(oMm)*~"! and |0 — 0] <
1/(8¢) hold, then ps > 1/2 and

P, NS~ 2 2 IN-1 2, 134
68) S S>3 > 5(es—g) 234 (1-g) 2

Adding (6.6) and (6.7) we deduce from (6.8) that

P(|Py,. N S < %B(QSMm)Z_l | z,y,2 € §) < exp(—Q(m)),

whence

]P)(m:cyz) < eXp(—Q(m)) .
As this holds for every pair yz € V(Ryz)? we conclude from (6.5) that

P lees) < Y Pzes))en(-a0m)

yz€V (Rya )@
< (MQm> exp(—Q(m)).
Summarising the argument so far, we have proved
P(€)a) | 2 € 5) < exp(—0m))

for every z € B\ {u}. Similar but easier considerations based on Corol-
lary A.3 show that

P(&(z) | z € 5) <exp(—Q(m))

holds as well and we leave the details of this derivation to the reader. Return-
ing now to the event &, that the family { Ry,[S]: 2 € S} fails to exemplify
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Setup 2.4 for H,[S] with («/4, 5/2,a/16) here in place of (o, 8, p) there we
obtain

P(€) <PucS)+ Y P(&x)ue(z)|zes)
zeB~{u}

< = + Mmexp(—Q(m))

(6.9) P(€&s) < exp(—Q(m)).

It remains to analyse the adverse event €3 that the third clause of Def-
inition 6.3 fails. Consider any pair of vertices yz € (B~ {u})? which is
(2(4x, X )-connectable in H, — X. Recall that this means that a certain
set Uy, CV X of witnesses definable from the family of robust graphs
{Ruw—X:veV~(XU{u})} satisfies |Uy.| > 2¢|V \ X| and, hence,
|Uy> \ (By U B.)| > (3/2)C|V ~ X|. Corollary A.3 (a) applied to V \ X,
the block partition with exceptional set B'U B, U B,, and with the con-
stants 7 = (2,, € = (,./4 shows that

P(|(Uy: N S) N (ByUB.)| < GuMm | y,z € S) < exp(—Q(m)).
As this holds for every (2(,, X )-connectable pair yz, it follows in the usual
way that
P(ﬂQfg and some (24, X )-connectable pair belonging to S®
is not (4x-connectable in H, [S]) < exp(—Q(m)),

where the reason for adding the conjunct =&, is that it makes the notion of
connectable pairs in H,[S] meaningful. Due to the definition of bridges in
terms of connectable pairs it follows that

P(ﬂQfg and some (24, X)-bridge belonging to S*
is not a (,.-bridge in H, [S]) < exp(—Q(m)).
Since u & Uy,q the set
o, = {e € V3. eis a (,-connectable (2Csxs X)-bridge}

has size |®,| > n3/8 and a final application of Corollary A.3 (a) with k = 3
shows that this set scales appropriately to S in the sense that

P(|®, N S| < M*m?/16) < exp(—Q(m)).
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Together with (?7?) this proves P(—€y & €3) < exp(—(m)) and by adding
(6.4) as well as (6.9) we finally obtain

P(S is not useful for u) < exp(—Q(m)).

This concludes the proof of Claim 6.5 and, hence, the proof of Proposi-
tion 6.1. [

7. The proof of the main result

In this section we give the routine derivation of Theorem 1.3 from the
results in Sections 3—6.

PrROOF OF THEOREM 1.3. We can assume that « > 0 is sufficiently
small. Now we choose an appropriate hierarchy of constants

a> B0 >G> 00> G > V> M > ng !

We recall that Corollary 3.5 yields four natural numbers ¢y, {5, {3, ¢4 < 50£.

Let H = (V, E) be a 4-uniform hypergraph on |V| = n > ng vertices sat-
isfying the minimum pair degree condition d2(H) > (2 + o) %2 We need
to construct a Hamiltonian cycle in H. Appealing to Proposition 2.2
with ;1 = a3 /18 we choose for every pair uv € V) a (8, £)-robust subgraph
R, C Hy, of its link graph. Notice that H and the family of robust graphs

{Ryy:uwv e V(Q)}

realise Setup 3.1. Proposition 4.1 allows us to choose a reservoir set R with
|R| < 92n which by Corollary 4.2 has the property that if a subset R’ C R
with |R’| < ¥2,n has “already been used”, then for every i € [4] we can still
connect any two disjoint (,.-connectable triples by a path through R ~ R/
having ¢; inner vertices. Next we apply Proposition 5.1 to obtain an (ab-
sorbing) path P4 C H — R such that

(i) [V(Pa)| < 0.m,

(ii) the end-triples of P4 are (,-connectable,

(iii) and for every subset Z C V \ V(P,4) with |Z| < 29¥2?n and |Z]| =0
(mod 4), there is a path @ C H with the same end-triples as P4 and V(Q) =
V(P A) uZz.

As the set X = R UV (Py) satisfies | X| < (9, + 92)n < 209,n, Proposi-
tion 6.1 yields a collection € of M-vertex paths starting and ending with
(wx-connectable triples such that the set

J=V~ <V(PA)URU U V(P))

Pe¥

of uncovered vertices satisfies |J| < 9¥2n.
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Now we want to form an almost spanning cycle in H by connecting the
paths in € and P4 through the reservoir. For each of the first || of these
connections we want use ¢ vertices from the reservoir, which altogether re-
quires

504
0| < == < #in

vertices from the reservoir. In other words, there arises no problem if we
choose these connections one by one, thus creating a path T possessing
|€ (1 + M)+ |V (Pa)| vertices. Moreover, the set V(T) N'R of used vertices
is so small that we can still make a last connection to close the desired cycle.
For this last connection we use ¢; inner vertices, where ¢ € [4] is determined
in such a way that : = n — |V(T')| (mod 4). In this manner, we obtain a cy-
cle C containing the absorbing path P4 such that the set Z =V ~\ V(C) of
left-over vertices satisfies

Zl=n—|V(C)|=n—-|V(T)|—ti=i—¥¢;=0 (mod 4)
as well as
|Z| = |Z~R|+|ZNR| < |J|+|R| < 29n.

So by property (iii) of the absorbing path we can absorb Z into Py4, thus
arriving at the desired Hamiltonian cycle. Thereby Theorem 1.3 is proved.
O

Appendix A. A weighted Janson inequality

In the proof of Claim 6.5 we use a probabilistic concentration result that
follows from the following weighted variant of Janson’s inequality (see [12,
Remark 3] — we include a proof for completeness in this appendix).

LEMMA A.1 (weighted Janson inequality). For a nonempty set V and
p €[0,1] let V), be the binomial subset of V including every element of V
independently and uniformly at random with probability p. Let w: P(V) —
R>o be a weight function and let

X: Z w(A)]lAgvp
Aep(V)

be the random variable giving the total weight of £(V,). Setting

A= > wAwB)P(AUBCV,)

A,BepR(V)
ANB#2
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we have

P(X <EX —t) < exp(—%)

for every t € [0,EX].

It is straightforward to check that Janson’s original proof (see e.g. [6])
extends to this weighted setting but for the sake of completeness we give the
details.

PROOF. Let ¥: R>, — R-q be the function s — E[e™**]. Clearly,
V¥ is differentiable with the derivative

(A1) —W(s) =E[Xe ] = 3 w(A)P(AC V)Ele ¥ | ACV;).
ACV

For every A CV we split X = Y4 + Z4, where
Y4 = Z w(B)]lBng and Z4 = Z w(B)]lBg/p .
ANB+£@ ANB=g
Now the FKG inequality yields
E[e X |ACV,] >E[e™*™ |ACV,] -E[e*/ |ACYV,],

where in view of the independence of A C V,, and Z4 the second factor is at
least W(s). Applying the trivial estimate e™* > 1 — x to the first factor we
obtain

E[e™X|ACV,] >E[1—sYa| ACV,] - U(s)
for every A C V' and by plugging this into (A.1) we arrive at

v'(s) > Y w(A)P(ACV,)E[1—sY,4 | AC V)
U(s) Acy

=Y wAPACY,)-s Y wAwB)P(AUBCV,) =EX —sA.
ACV ANB#@

Integrating over s and taking ¥(0) = 1 into account we conclude

uNyl(g U ’LL2
log (W(u)) :/0 \I\IJJ((S)) ds§/0 (sA —EX) ds:TA—uEX

for every u € R>¢. Finally, Markov’s inequality implies
P(X <EX —t) = P(e_“X > e“(t_EX)) < exp(u(EX —t)) E[e~"X]
<exp(u(EX —t) + u?A/2 —uEX) = exp(u®A/2 — tu)
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for every u € R>( and the optimal choice u = % discloses

2
P(X <EX 1) <exp(—55). O
(X< ) < exp(—3x
For bounded weight functions we deduce the following version.

COROLLARY A.2. Suppose that |V|>m >k > 1, where V is a finite set
and k is an integer. For p=m/|V| let V,, CV be the binomial subset of V
including every element independently and uniformly at random with prob-
ability p. If w: V*) — [0,1] denotes a bounded weight function, then the
random variable X =3 4 ;a0 w(A)Lacy, satisfies

2

P(|X —EX| > ¢m*) < 3exp(—f2—zg>

for every £ € (0,1).

PROOF. In order to make Lemma A.1 applicable we set w(A) =0 for
every A € (V) ~ V¥ Now for t = ém* we obtain

2,2k

(A.2) P(X <EX —ém*) < exp(—fgz ).

where

A= Y w@wBPAUBCY,)< > pBlL

A,BeV(® A,BeV
ANB#@ ANB#@

Since for every i € [k] there are at most |V[**~% pairs (4, B) € V¥ x V(¥)
with the property |A U B| = 2k — i, we are thus lead to the upper bound

A< zk: |V [2Rip2h—i < fop 21
i=1

Therefore (A.2) implies
k &m
(A.3) P(X <EX —émF) <exp(—2")
and to conclude the argument it suffices to prove
k &m
(A.4) P(X > EX +¢m") < 2exp(—255 ).
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To this end we apply (A.3) to the weight function w(A) =1 —w(A) and
to /2 instead of £, thus learning that the random variable

Y= (1-w)lacy,= (“,/5‘) - X

AeV (k)

satisfies

&m

P(Y <EY - fem¥) <exp(— ).

Rewriting this in terms of X and taking into account that the expected value
of ('Vk”‘) is pk(“];') we obtain

(A.5) ]P’(X >EX + ("2”') —pk<|‘]j> + gm’f) < exp(—i—;n) .

As we shall prove below, the number m* = m(1 + %) satisfies

(A.6) <”}L:> - pk<|‘2|> N %m'“'

Assuming this estimate for a moment, we conclude from (A.5) that

IP(X > EX + &mF and [Vp| < m+)
m* w1V £ & + &m
< > — 2> < <
IF’(X EX+<I<:> p<k>+2m and |V,| m> exp( 8k‘>'

Together with Chernoff’s inequality this yields

P(X > EX +&m") <P(|V,| >m") +P(X > EX +&m” and |V,| <m™)

€2m>

< 2GXP(—W

which concludes the proof of (A.4) and, hence, of Corollary A.2.

Now it remains to deal with (A.6). Since p=m/|V| <1 we have
p(|[V|—j) > m—j for every j € [0,k — 1] and multiplying these estimates
we infer pk(“;') > (’z) Thus it suffices to prove

(A7) <”;+> _ <TZ> < g ok
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Applying the mean value theorem to the increasing function x —— (z) we

obtain
(V) - ()= ==

so (A.7) is a consequence of

(L+%)Ml§kh

which is clear for £ = 1 and which for k > 2 follows from
ENFY _ em1))2k
S, < < < .
(1 +3 k) <e <+Ve<2. 0O

The following consequence of this result is utilised multiple times in Sec-
tion 6.

COROLLARY A.3. Let m >k and M be positive integers, and let n €
(O, ﬁ) Suppose that V' is a finite set and that

V=B U---UB,UZ

is a partition with |Bi| = --- = |B,| = M < n|V|, |Z] <n|V|, and v > m. Let
S C{By,...,B,} be an m-element subset chosen uniformly at random and
set S=JS.

(a) If Q C V* has size |Q| = d|V|*, then
2

P(“Qm5k|_d(Mm)k‘ Z{(Mm)’“) §12\/Eexp<—%)

holds for every real & with max(8k®n, 16k%/m) < & < 1.
(b) Similarly, if G denotes a k-uniform hypergraph with vertex set V and
d|V|k/k! edges, then
P(|eq(S) — d(Mm)*/kl| > ¢(Mm)F/k!) <12y/m __&m
e m > m N < mexp| — ook

holds for every & with max(8k?n,16k?/m) < & < 1.

PROOF. Notice that (a) implies (b). Indeed given a k-uniform hyper-
graph G we apply (a) to the ordered version of its set of edges defined by

Q={(x1,....3p) e VF: {&1,..., 24} € E(G)}
and we obtain (b) immediately.

Acta Mathematica Hungarica



TIGHT HAMILTONIAN CYCLES IN 4-UNIFORM HYPERGRAPHS 51

So it remains to verify (a). Intending to invoke Corollary A.2 we move
from the hypergeometric distribution involved in choosing the set S to a
binomial distribution, where we include every block B; independently from
the other ones with probability p = m/v. For this transition we introduce
the following notation.

Write # = {Bj, ..., By} for the set of blocks and consider the event

X= {Sg%:the set S:US satisfies HQﬂSk| —d(Mm)k| > §(Mm)k}

Let S, € % be an m-element set chosen uniformly at random and let S, C
2% be a binomial subset containing every block independently and uniformly
at random with probability p = m/v. Pittel’s inequality (see, e.g., [6, eq.
(1.6)]) informs us that — without any assumptions on the event X C (%) —
we have

P(S,, € X) < 3VmP(S, € X),

so it suffices to show

&m

We will exploit that most k-tuples in @) are crossing in the sense that their
entries belong to k distinct blocks. More precisely, if Q. C @) denotes the
set of theses crossing k-tuples, we contend that

(A.9) = %)(Mu)k <1Qu < (d+ %) (M)t

To justify the lower bound we remark that at most k|Z||V|*~! members
of  can have an entry in Z and at most k2M |V [*~! members of Q can have
two entries from the same block, whence

Qel 2 11— HIZ|IV I —RMIVE > (d—hn— )V > (a- ) (Mw)*.

For the upper bound we exploit
(M)t =V 21" > 1= VIF > (1= kn)|V|*,

which yields

Qul < 1Q1 = dIv]* < (4 + )~ kv < (a4 2) (a1t

Thereby (A.9) is proved. Now we decompose

Qo] = > W (i(1),...,i(k)),
{i(1),....i(k)}E[p]®
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where for every k-element set {i(1),...,i(k)} € [¥]*®) the number of k-tuples
in Q. with one entry from each of the blocks By, ..., Bjy) is denoted by

W (i(1),...,i(k)). These numbers are bounded by
0 < W(i(1),...,i(k)) < k!M".
Bearing in mind that Corollary A.2 requires normalised weights, we set

W (i(1),...,i(k))

w(i(1),...,i(k)) = L
for every k-set {i(1),...,i(k)} € [1]®). As a consequence of (A.9), the ex-
pectation of the random Varlable
S5 N Qo]
X= ) w@lacy, = ViR

A€[]®

where S, = |JS,, is

Qulp* _ (d &/ ym?

k!N k!

Therefore, Corollary A.2 applied to £/(2k!) here in place of £ there yields

EX =

MH%qu—aMmmzNWQaMmﬁyg%mﬁnﬁﬁL).

A8k2k+2
So to conclude the proof of (A.8) is certainly suffices to show
kA > kY < __my
P([SEN(@~ Qo) = (1/0E(Mm)") < exp(—125 )

Now Chernoff’s inequality yields

P(|S,| > (14 1/k)m) < exp(—&)

and for this reason it suffices to prove the deterministic statement that for
every o/ C % with |&/| < m(1+ 1/k) the set A =]« satisfies

| AFN(Q N Qo)| < (1/4)¢(Mm)*.

Since the k-tuples counted on the left side contain two entries from the same
block, we have indeed

| AP N (Q N Qo)| < B2MIAFY < (1 + 1/k)" > M (Mm)~—?
< (4K%/m)(Mm)* < (¢/4)(Mm)",
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where the last inequality uses our assumed lower bound on &. [
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