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This paper deals with a combinatorial problem concerning colourings of uniform hypergraphs

with large girth. We prove that if H is an n-uniform non-r-colourable simple hypergraph then its

maximum edge degree A(H) satisfies the inequality
AH) > ¢! n(Inlnn)?

Inn

for some absolute constant ¢ > 0.

As an application of our probabilistic technique we establish a lower bound for the classical
van der Waerden number W (n,r), the minimum natural N such that in an arbitrary colouring of
the set of integers {1,...,N} with r colours there exists a monochromatic arithmetic progression
of length n. We prove that
_ (Inlnn)?

Wn,r) =c-r" -

2010 Mathematics subject classification: Primary 05C15
Secondary 05D40, 05D10

1. Introduction

The work deals with an extremal problem on colourings of uniform hypergraphs with large girth.
One of the basic facts of graph theory is that the chromatic number of an arbitrary graph with
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maximum vertex degree d is at most d + 1. A natural generalization of this fact for edge degrees
can be stated as follows: if A(G) < 2r —4 then G is r-colourable. Both bounds are tight since in
each case we have equality for the complete graph.

The situation in the case of uniform hypergraphs is much more complicated. In particular,
the best known quantitative bounds for the chromatic number in terms of the maximum edge
(or vertex) degree are not sharp. A fundamental result in this field was obtained by Erdés and
Lovasz in their classical paper [5]. They showed that if H is an arbitrary n-uniform hypergraph
with maximum edge degree A(H) satisfying

7 (1.1)

then H is r-colourable. This result does not provide a tight bound for the maximum edge degree.
The restriction (1.1) has been successively weakened for different values of the parameter r in
a series of papers. The results were obtained by Radhakrishnan and Srinivasan [17] for r = 2,
Shabanov [20] for » = 3, and Kostochka, Kumbhat and Rodl [11] for » > 3. Recently, for fixed
r > 2, the last two bounds have been improved by Cherkashin and Kozik [4], whose approach is
based on the algorithm proposed by Pluhar [16].

The first analogue of the Erd6s—Lovasz statement for simple hypergraphs was proved by Szabd
[24] in 1990. Recall that a hypergraph is said to be simple if every two distinct edges do not share
more than one common vertex. In fact he gave a lower bound for the maximum vertex degree
in an arbitrary n-uniform non-2-colourable simple hypergraph. Later, using a similar technique,
Kostochka and Kumbhat [10] established the following extension of his result.

Theorem 1.1 (Kostochka and Kumbhat [10]). For any € > 0 and r > 2 there exists ny =
ny(&,r) such that, for any n > n,, every n-uniform simple hypergraph H with maximum edge
degree at most

A(H) <rnfln178 (12)

is r-colourable.

Since the parameter € in Theorem 1.1 can be taken arbitrarily small, one can replace it in
(1.2) with an infinitesimal positive function €(n,r) tending to O with growth of n for any fixed
r. In their final comment in [10], Kostochka and Kumbhat asserted that for fixed r, the bound
(1.2) holds for some function €(n,r) = ©(Inlnlnn/Inlnn). However, the calculations in their
proof allowed for a better choice of €(n,r): €(n,r) = Q({/Inr/Inn). Theorem 1.1 was re-
fined by Shabanov [21], where he proved that, for fixed r, the function €(n,r) can be taken
of order y/Inlnn/Inn. We emphasize that each of these results holds only when n is suffi-
ciently large, and for r (and fixed n) they do not improve the classical bound of Erdés and

Lovasz.
The main result of the current paper is the following Erdés—Lovasz-type theorem for simple
hypergraphs.
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Theorem 1.2. Supposen > 9, r > 2, and H is an n-uniform simple hypergraph. There exists an
absolute constant ¢ > 0 such that if

.1 n(Inlnn)?

A(H)<c-7r (1.3)

Inn

then H is r-colourable.

The bound (1.3) improves the results of Kostochka and Kumbhat [10] and Shabanov [21]
stated above, since the right-hand side of (1.3) is equal to 7"~ 'n!~¢ for some € = &(n,r) = (1 +
o(1))Inlnn/Inn. It is moreover within a factor of n((Inn)(Inr)/(Inlnn)?) of the best possible
bound, since Kostochka and Rodl [12] proved that for any n,r > 2, there exists an n-uniform
non-r-colourable simple hypergraph with

AH) <" 'Inr.

Extremal results concerning colourings of uniform hypergraphs can often be applied to various
problems of Ramsey theory. In the next section we shall discuss the application of our main result
to the problem of determining the van der Waerden numbers.

2. Bounds for the van der Waerden numbers

In 1927, van der Waerden [25] proved his famous theorem on arithmetic progressions. It states
that for any integers n > 3 and r > 2, there exists the minimum number W (n,r) such that
any colouring with r colours of the set of integers {1,...,W(n,r)} contains a monochromatic
arithmetic progression of length n. The values W (n,r) from the van der Waerden theorem are
called the van der Waerden numbers.

The best known upper bounds for W (n,r) were derived from results concerning densities of
sets of integers without an arithmetic progression of length n. For each N > n, let r,,(N) denote
the maximum density of a subset of {1,...,N} without an arithmetic progression of length n,
that is,

1
ra(N) = Nmax{|A| :AC{l,...,N}, A does not contain APs of length n}.

It is easy to understand the following relation between the van der Waerden numbers and r,,(N):
1
if r,(N) < —, thenW(n,r) <N.
r

Indeed, every r-colouring of {1,...,N} has a colour class of size at least N/r. If r,,(N) < 1/r then
its density is greater than r,(N), and by the definition of r,(N) this colour class should contain
an arithmetic progression of length n. So, the upper bounds for r,(N) imply upper bounds for
W(n,r).

The best known bounds on r,(N) were obtained by Sanders [18] in the case n = 3, by Green
and Tao [9] in the case n = 4, and by Gowers [7] in general. These upper bounds have the
following form: an exponent of r(Inr)> for n = 3,

W(3,r) < exp{cr(ln r)s};
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a double exponent of (Inr)? for W (4,r),
W(47 r) < eec(]nr)Z :
a tower of six numbers in the general case,

+9
22"

W(n,r) <2 . 2.1

By using a simple probabilistic approach, a lower bound for the van der Waerden number

W (n,r) was obtained by ErdGs and Rado [6] in 1952. By using the simple probabilistic approach
they established that

W(n,r) = /2(n—1)rm1. (2.2)

In 1960 this bound was improved for large values of r (in comparison to n) by Moser [14], who
gave an explicit construction of an r-colouring of the integers containing no long monochromatic
arithmetic progression, and derived that

W(n,r) >n-rer (2.3)

for some absolute constant ¢ > 0. The result (2.2) of Erdés and Rado was improved by Schmidt
[19] in 1962. He showed that there exists an absolute constant ¢ > 0 such that

W (n,r) > p"-cvninn, 2.4)
In the case when p is a prime number and r = 2, Berlekamp [3] established the relation
W(p+1,2) > p2*. (2.5)

Further advances concerning lower bounds for W (n,r) were made employing the results and
methods of hypergraph colouring theory. How are the van der Waerden numbers connected with
colourings of hypergraphs? For any integers N > n, consider a hypergraph H,(N) = ([N], E,(N)),
where [N] = {1,2,...,N} and E,(N) denotes the collection of all arithmetic progressions of
length n contained in [N]. Clearly, H,(N) is an n-uniform hypergraph. Note that H,(N) is an
induced subhypergraph in H,(N + 1) and so

X (Hy(N)) < 2 (Hy(N+1)).

It is easy to see that in terms of hypergraph colouring theory an equivalent definition of the
van der Waerden numbers can be formulated as follows:

W(n,r) =min{N : y(H,(N)) > r}.

Thus, to establish the inequality W (n,r) > N for some N, we have to show that the hypergraph
of arithmetic progressions H,(N) is r-colourable. One of the natural ways to do this is to use
quantitative relations between the chromatic number and other hypergraph characteristics. For
example, applying the bound (1.1) of Erdés and Lovasz, one can easily get the following bound:

n—1
Wnr) =" (1 — 1). (2.6)

en n

Indeed, for any x € [N], there are at most n(N — 1)/(n — 1) arithmetic progressions of length n
from [N] containing x, since any such progression is uniquely defined by the position of x in the
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progression and by the difference of the progression. Thus, if

P! 1
velo(1-7)+1

n

then the maximum edge degree of H,(N) does not exceed ! /e, and by (1.1), H,(N) is r-
colourable, so the bound (2.6) is proved. Note that it improves the result (2.4) of Schmidt
mentioned above.

Proving Erd6s—Lovéasz-type results for hypergraphs with large girth is of special interest for
the studies of the van der Waerden numbers. In 1990 Szab6 [24] proved the following lower
bound for W (n,2): for any € > 0 there exists n, = n, (&) such that, for all n > n,,

W(n,2) >2"n"¢. 2.7

Szabd’s approach was to think of the hypergraph of arithmetic progressions H,(N) as an
‘almost simple’ hypergraph. It is easy to see that for any arithmetic progression A of length n,
there are at most n* other progressions sharing more than one integer with A. On the other hand,
the number of edges of H,(N) intersecting A is Q(N). Based on these simple observations, Szabé
applied the probabilistic technique used for colourings of simple hypergraphs to the hypergraph
of arithmetic progressions. Although H,(N) is not simple, the number of 2-cycles it contains is
small, and allowed for the same proof.

The lower bound (2.7) obviously improves (2.6). Moreover, since € > 0 is arbitrary in the
right-hand side of (2.7), the bound is actually of the form

W(n,2) >2"n"¢", (2.8)

where &(n) — 0 as n — oo. The calculations from Szabé’s proof give &(n) of order (Inn)~/4.

More recently, this bound has been improved by Shabanov [22], who showed that one can
take £(n) = ©(y/Inlnn/Inn). The proof of [22] develops Szabé’s approach and considers the
hypergraph of arithmetic progressions H,(N) as a hypergraph almost without 2- and 3-cycles.

The second main result of the paper provides a new lower bound for the van der Waerden
numbers.

Theorem 2.1. There exists an absolute constant ¢ > 0 such that, for anyn > 9, r > 2,

(Inlnn)?

w >cor!
(n,r) =c -

(2.9)

We remark that the result of Theorem 2.1 improves (2.6), which until now was the best known
general bound, and also the main result of [22], which was the best known bound in the case
r=2.

When the colour parameter r is large in comparison with n, one can combine the Hypergraph
Symmetry Theorem (the reader is referred to the monograph [8] for details) and the lower bounds
for the function r,,(N) (see e.g. [15]) to obtain better bounds than those given above. In particular,
for fixed n and large r, the following inequality can be deduced:

W(n,r) = exp{c(n)(Inr)"}, (2.10)
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for some ¢(n) > 0 and m = [log,n|. However, the bound (2.10) becomes non-trivial only if
r > n®WV"_ We remark that if n = 3 then (2.10) coincides with (2.3), the old result of Moser
stated earlier. We also remark that (2.9) is stronger than (2.10) whenever

Inr = O(y/nlnn),

and hence provide a new lower bound for the van der Waerden numbers for all pairs in this range.

The proof of Theorem 1.2 is a reduction argument from a similar statement concerning colour-
ings of uniform hypergraphs with girth at least 5. Recall that a simple cycle of length k (k-cycle) in
the hypergraph H is a sequence e, vy, e,,V;,...,€,_;,V,_,€, = ¢, of k distinct edges e,...,e,_,
and k distinct vertices vy, ...,v,_; such that v; € e;Ne; | forall i =0,...,k— 1. The length of
the shortest simple cycle in a hypergraph is called the girth of the hypergraph, and is denoted

by g(H).

Theorem 2.2. Suppose that n > 9, r > 2, and H is an n-uniform hypergraph with g(H) > 5.
There exists an absolute constant ¢ > 0 such that if

(Inlnn)?

AH) <c 1 Q.11

Inn

then H is r-colourable.

In the next section we prove Theorem 2.2. In Section 4 we derive Theorem 2.1. In the final
remarks we comment on the proof of Theorem 1.2.

3. Proof of Theorem 2.2

To prove that the hypergraph H is r-colourable we have to show the existence of a proper vertex
r-colouring for it. We construct a random r-colouring of H and estimate the probability that this
colouring is not proper. We show that certain bad ‘local’ edge configurations are responsible
for the occurrence of the non-proper colouring; we will estimate their probabilities and deduce,
using the Local Lemma of Erd6s and Lovész [5], that all of them can be avoided with positive
probability.

3.1. Construction of random colouring
The construction of a random colouring is based on the method of random recolouring. This
technique was introduced by Beck [2] and then developed by Spencer [23] and by Radhakrish-
nan and Srinivasan [17] for 2—colourings. In our work we use the ideas of Radhakrishnan and
Srinivasan [17] concerning colourings of sparse hypergraphs.

Without loss of generality, we assume that V = {1,...,m}. The construction consists of two
stages.

First stage: initial colouring. At this stage we randomly colour the vertices of the hyper-
graph with r colours uniformly and independently. Namely, let &, ..., &, be independent random
variables, each taking values 1,2,...,r with equal probability 1/r. The random vector & =
(§,,...,&n) can be interpreted as a random r-colouring of the vertex set V (we assign the colour
&, to the vertex i).
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The random colouring & can contain monochromatic and almost monochromatic edges. We
say that an edge A € E is almost monochromatic in & if there is a colour u € {1,...,r} such that
the number of vertices in A which are coloured with u in & is at least n — s and at most n — 1. In
this case the colour u is called dominating in A. Here s < n/2 is a parameter of our construction.
In our proof we will set s ~ Inn, so s will be small in comparison with n.

Formally, for any A € E and every u = 1,...,r, let M(A,u) and AM (A, u) denote the follow-
ing events:

MAu) = ({&=u}, AM(Au) = {1 <Y HE #up < s}. (3.1)
jeA JEA

Here I{B} denotes an indicator of the event 5. Thus M (A,u) denotes the event that A is mono-

chromatic of colour u in &, and AM(A,u) denotes the event that A is almost monochromatic

with dominating colour u in &.

Second stage: the process of random recolouring. The main principle of the random recolour-
ing method is very simple: during the recolouring stage we would like to recolour some vertices
from the monochromatic edges to make them non-monochromatic. The crucial idea provided
by Radhakrishnan and Srinivasan is to pay special attention to the almost monochromatic edges
during the recolouring procedure. Since they are very close to being monochromatic, we will not
allow them to become monochromatic in the dominating colour.

To make a formal construction of the idea described above, consider the following set of
random variables.

(1) X;,..., X, — independent identically distributed random variables (also independent of &)

with uniform distribution on [0, 1], that is, for any j=1,...,m,

PX; <x)=x, x€[0,1].

2){ny--.,Mm} — independent identically distributed random variables (also independent of
X,,...,X,) taking values 1,2,...,r with the following conditional distribution: for every
j=1,....m,

1
]P’(nj:u|§j:a):m foranyu#ac{l,...,r},

that is, 17; has uniform conditional distribution on the set {1,...,r}\ {&;}.

A continuous-time process of random recolouring goes as follows. Every vertex v € V is con-
sidered only at time X,, and at this moment of the procedure we check the following two
conditions.

Cond1 There is an edge A, v € A, which is monochromatic in the colouring £ and none of the
vertices of A changed the initial colour up to time X,,.

Cond2 The recolouring with colour 1, is not blocked. We say that the recolouring of the vertex
v with a colour u is blocked if there is an edge B, v € B, such that B is almost monochromatic
with dominating colour « in £, and at time X, the vertex v is the last vertex in B which is not
coloured with u.

If both conditions Cond1 and Cond2 hold then we recolour v with colour 1,. Otherwise, we
do not recolour v, and the process continues.
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For a vertex v and a time ¢ > 0, let us define a random variable §,(¢), corresponding to the
colour of v at time ¢:

g ifr <X,
8o(r) =< &, ift > X, and one of the conditions Cond1, Cond2 does not hold,
n, ift > X, and both Cond1, Cond2 hold.

Thus, for any # > 0, we have the random r-colouring {(r) = (,(¢),...,&u(t)) of the hyper-
graph H. Our aim is to show that for some ¢ € (0,1) and s, the colouring {(¢) is a proper r-
colouring of H under the conditions of Theorem 2.2.

Remark. In fact we only need a random ordering of the vertex set to start the recolouring
procedure. In our construction we order the vertices according to the values of the random
variables X, ...,X,,. Nevertheless, using continuous-time helps to simplify the calculations.

3.2. Bad events
Consider the situation that the colouring {(¢), t > 0, is not proper for H. Let us denote this event
by F(t). Suppose an edge A € E is monochromatic in {(¢). We have the following covering of
F(t) by three different classes of events.
(1) A bad event of the first type occurs when there is an edge A satisfying the following condi-
tions:
e A is monochromatic in the initial colouring &,
e A is still monochromatic of the same colour in (t),
e up to time ¢ we have already considered at least & vertices of A (h is another parameter,
we will choose i ~ Inn/Inlnn).
Let £(A,1) denote the described bad event.
(2) A bad event of the second type (denoted by D(A,)) occurs when there is an edge A satisfying
the following conditions:
e A is monochromatic in &,
e it is still monochromatic of the same colour in §(z),
e up to time ¢ we have considered at most 2 — 1 vertices of A.

(3) A bad event of the third type (denoted by G(A,)) happens if there is an edge A such that

e A is monochromatic of colour u in the colouring & (¢),
e it is not monochromatic of colour u in the initial colouring &.

It is easy to see that F(¢) is a union of these bad events:
F(t)=J(E@A,1)UDA,1)UG(A,1)). (3.2)
AcE

In the next few subsections we shall analyse the bad events more closely.
3.3. Bad events of the first type

Suppose that the event £(A,t) occurs for some edge A € E. This event implies that the edge A
is monochromatic in the initial colouring, and that after the consideration of its first & vertices
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(according to the ordering provided by the random variables X, ..., X,) it is still monochromatic
of the same colour, i.e., no recolouring has been made. We will show that a special hypertree
configuration of depth at most 3 is responsible for this.

Suppose that v,,...,v, are the first & vertices of A to be considered, that is,

X, <X, <--<X, and X, <X, forany vVeA\{v,,...,v,}.

At time X,, we have considered all of them, but no recolouring has been made. Why did we not
change their colours? Since A is monochromatic in the initial colouring &, the condition Cond1
holds for every v;. So the second condition Cond2 does not hold, that is, the recolouring of v,
with colour 7,, is blocked by some almost monochromatic edge B;. Due to our algorithm we
have the following properties for the blocking edge B,.

BL1 B; is almost monochromatic in the initial colouring & with dominating colour My,
BL2 at time X,, the vertex v; remains the only vertex of B; which is not coloured with 7,,.

Property BL2 implies that any other vertex of B; which is not coloured with 7),. in the colouring
& should be recoloured with 1y, up to time X, . Property BL1 implies that the number of such
vertices is at most s — 1 (recall that v; is not coloured with 7, in &).

Let {w;,...,w;, }, where y; <s — 1, denote this subset of vertices of B; \ {v;}. Since every

vertex w; ; (i=1,...,h, j=1,...,y,) has been recoloured with colour 71, up to time X, , we have
Nw,; = My, and, moreover, there is an edge C; ; containing w; ; such that

o C; j is monochromatic in the initial colouring &,

e up to time X,, . no recolouring has been made in the edge C, ,
ij LJ

of C; ; which changes its colour during the recolouring process.

that is, w; ; is the first vertex

Thus, we get a hypertree with ‘trunk” A, ‘branches’ By,...,B, and ‘leaves’ C, ,,... 7C1,y1 ,
(CFTEe ,Ch’l yenn ,Ch_’yh € q,--- ,Ci_’yl_ are the ‘leaves’ of ‘branch’ B;). Since the girth of hypergraph
H is greater than 5, it is indeed a hypertree.

Let us summarize. We define a first-type configuration (A, ®@,y, A) as follows:

e Aisanedgeof H,
® = (B,,...,B,) is an ordered collection of distinct edges of A such that |B; NA| = 1 for any
i (since H is simple), and the vertices v; = B, N A are distinct,
y=(,-.-,y,) is a vector from {0, 1,...,s — 1}",

e A is an unordered collection of edges A = {CU,...,C,yl,Cz’],...,Ch’yh} such that |C; ; N
B[ =1 for any i, j, and all the vertices w; ; = C; ;N B; are distinct,

o the set of edges A, By,...,B,, C,jl,...,Ch"yh form a hypertree with ‘trunk’ A, ‘branches’
By,...,B, and ‘leaves’ Cy ,...,C, .

We shall denote the set of first-type configurations by Y. The above discussion shows that the
event £(A,t) implies an event A (A, ®@,y, A) for some first-type configuration (A, ®@,y, A), where
Ay(A,@,y,A) denotes the event that:

(1) A is monochromatic in &; no recolouring is made up to the consideration of its first / vertices

Viseroy Vi
1 'V ho
(2) every B, is almost monochromatic in &; v,, w;,,...,w;, are the vertices which are not
coloured with dominating colour; at time X, only v; is not coloured with the dominating
colour;
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(3) every C; ; is monochromatic in Eiwy ; 18 its first recoloured vertex during the recolouring
procedure.

Thus, we have

EAnc U A4 dyA). (3.3)
Dy A:
(A@,y.AeT,

Now we are going to analyse the event A,(A,®,y,A) more closely. Since this event implies
that any leaf-edge C; ; € A is monochromatic, the recolouring of any vertex preceding w; ; in
this edge is blocked (recall that w, ; is the first vertex of C; ; that changes its colour during the
recolouring process). The number of such vertices is a random variable

=y HX, <X}
w’eC,-v_/-\{vv,7/-}

Let A(A,®,y,A) denote the event Ay(A,®@,y, A) with the additional condition that y; ; does
not exceed & — 1 for any i and j, that is, in any leaf-edge from A at most & — 1 vertices had been
considered before the successful recolouring was made. The following claim is a key step in the
analysis of the event Aj(A, D,y,A).

Claim 1. The event Ay(A,®.y,A) satisfies the relation

Ay(A, @y, A) C U A@, @y ). (3.4)
A/,q)/,y/,A/Z
Ay A)EY,

Proof. Suppose the event A,(A,®,y,A) holds. It implies that the edge A € E was mono-
chromatic initially and no recolouring was made after the consideration of its first z vertices.
For each C; ; € A, if the inequality

wi= Y X, <X, }>h (3.5)
weC \Mw; ;}

holds, then w; ; does not belong to the first & vertices of C; ;. Since w, ; is the first vertex of C; ;
that was recoloured, we get the same property for C; ; as for A: monochromatic initially and no
recolouring was made after the consideration of its first & vertices. Note that the construction of
the recolouring procedure implies that w; ; (and consequently also the hth vertex of C; ;) should

be considered before the Ath vertex of A. Thus, for some first-type configuration (C; .73, A),

i,j7
the event Ay (C; ;, ®,¥, A) occurs. Now we apply the same argument to the event Ay(C, .3, A).
Since our hypergraph is finite and every time the first / vertices should be considered earlier
than in the previous edge, after several repetitions of the described argument we will get an edge
A’ and a first-type configuration (A’,®’,y’, A’) such that in every monochromatic leaf-edge from
A at most i — 1 vertices had been considered before the successful recolouring was made (note
that the set A’ can be empty). This implies the event A(A’,®',y’,A’) and the relation (3.4) is

established. |
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It remains to estimate the probability of the event A(A,®,y, A) for a given first-type configur-
ation (A, D,y,A).

Claim 2.
h h 21:] Vi
P(A(A,®,y,A)) < r~ (- DOFAHEL ) () (n—h)™". (3.6)
n
Proof. Let us fix the colour u of an edge A in &, dominating colours u,,...,u, for the edges
By, ..., B, and the colours u;, ; for the monochromatic edges C; ;. Our construction of the hypertree

implies that, for given values of u, u; for each i < h, and u; j for each i < h and j < y;, the initial
colours of all the vertices in the configuration are uniquely determined:

u ifveA,
E=1u ifVGB,-\(AUU);ZICi,j)’
ui,j ifve Cl]

The number of edges in the hypertree is equal to 1 4+ +Y" ¥;» so the number of vertices is
equal to 1+ (n—1)(1+h+3",v,), and therefore

P(ﬂ{évzu}ﬂﬂ N {év:ui}mﬂhﬂ{évzui,j})

VEA i=1yeB. \(AUU lCII) i:lj:lvEC,._j
— r*lf(}’l*l)(l“rh‘Fz;:l}i). (37)
The values of the random variables 1) are also uniquely determined for the node vertices of the
hypertree:
u, ifv=v,i=1,...,h,
n = . . .
w ifv=w, i=1..h j=1..y.
Since 7, has uniform conditional distribution on {1,...,7} \ {&,} and we know that &, = u,

Sw,, = u; ; forany i, j, we get

(m{m 3V, - u}m{évu}mﬁﬁ{ew,j”)

i=1j=1 i=1j=1

= (r—1)~0+Z), (3.8)

Furthermore, we know that the number of every vertex w; ; in the edge C, ; is at most /, and
that all these events are independent since the edges C; ; do not intersect, so

(AL <)) - (4 59

i=1j=1 veCi‘j
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Finally, we know that v; has number i in the edge A, i = 1, ..., h. The probability of this event
can be easily calculated:

1
IP’({XVI <--<x 30 () X, <xv}) = : (3.10)
veA\{v,,...,v,} n(n_l)(n_h+l)

The event A(A,®,y, A) is the intersection of the events in (3.7)—(3.10). The edge A does not
intersect with the edges G, s s0 the events in (3.9) and (3.10) are independent. Moreover, they
are also independent of the events in (3.7) and (3.8) since the random variables {X,,v € V} and
{&,,My,v € V} are independent. Finally,

P(A(A,®,y,A))

-y 3 > (ﬂ{nv—u}ﬂﬁﬁ{nw,]: u;}

u=1 up,...,u,=1, Uy ool =1, i=1 j=1
uFu, i=1,....h ”Lﬂé”n J=1y;
h Y
mﬂ{év:u}mﬂ m {éV:ul}mﬂﬂ ﬂ{‘gv:uzj}
veA i=lyep, \(AuU C.)) i=1j=1veC;;

=1 "0

m(h](v]{ > KX, <X, } gh}ﬂ{le <-<Xx 30 ) X, <Xv})

i=1j=1 veCi_/.

r

= z i z r*lf(nfl)(l+h+2?:1y,»)(r_ 1)*(h+2?:|y,-)

(the colours can be chosen in r(r — 1) X513 ways)

PV Sy
_ 1><1+h+z’uy,><z> ] (";’h)! <r<n1)<1+h+z?,_v,><:) T-wt O

This deals with the first bad event and we proceed to the second one.

3.4. Bad events of the second type

Let us consider a bad event D(A, ) of the second type. By definition, this event implies that we
have considered fewer than £ vertices, that is, ¥, 4/ {X, <t} < h—1. We know also that A is
monochromatic in . Denoting the intersection of these events by B(A, 1),

:<U ﬂ{§v=u})ﬂ{21{X 1}

u=1veA vEA

we get

D(A,t) C B(A,1). (3.11)
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The random variables X, are independent of the initial colouring &, so for ¢t > 2/n we obtain
the following upper bound for the probability of the event B(A,¢):

psan #(U N =un{Lrx <t <n-1})

u=1veA vEA
= ]P’(U (& = u})IP<ZI{XV <t} <h-— 1)
u=1veA veA
-3 (N6 = )r(Zrx <n<a-i)
u=1 VEA VEA
(since ¥, ., I{X, <t} is a binomial random variable)
h=1 7o\ A h—1 A
— pln 2 (l-)tl(l _t)nﬂ < rlfn(l _t)nchrl Z(nt)’
i=0 i=0
<P (L =) ()R (3.12)

3.5. Bad events of the third type

The last part of the event F () consists of bad events G(A,¢) of the third type. Recall that G(A, )
occurs if the edge A is monochromatic of some colour  in the colouring {(z), but in the initial
colouring & it was not monochromatic of this colour. Since during the recolouring process we
forbid almost monochromatic edges to become completely monochromatic of the dominating
colour, A is not almost monochromatic with dominating colour u in &. Hence, the number of
vertices in A which are not coloured u in € is at least s + 1 (see (3.1)).

Suppose that {v,,...,v,} is the set of all vertices of A which are not coloured with u in §. Since
&, (t) =uforanyi=1,...,l, all these vertices should be recoloured with u up to time ¢. Thus, for
any v;, at time X, both conditions Cond1 and Cond2 hold. In this case our construction provides
the existence of a set of  edges, {B,,...,B,}, with the following properties:

(Dv,eBNAandn, =u,i=1,...,1,
(2) B; is monochromatic in the initial colouring & of a colour other than u,
(3) v, is the first recoloured vertex in B; during the recolouring process.

Moreover, we can assume that, for every edge B,, the event £(B;,t) does not hold, since we
have already analysed it in Section 3.3. The complement of this event implies that the number
of vertices considered in B; before v; is at most & — 1, otherwise the edge B; would still be
monochromatic after the consideration of its Ath vertex. Hence, our configuration of edges also
satisfies the following additional property:

@) foranyi=1,...,1l,

Y KX <X }<h-1,X, <t
veB\{v;}
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The described properties form an event which we denote by C(A,l,®), where ® = {B,,...,B,}.
Formally,

caton=) U (hﬂ{&vzu,}ﬁ N &-u)

u=luy,...u;u;7#u Ni=1veB; vEA\{v ;.. }

1 I
ﬂm{nviszvigt}ﬂﬂ{ > I{XV<XVi}<h—1}. (3.13)
i=1

i=1 “veB\{v;}

Since the girth of hypergraph H is at least 6, the set of edges A,B,,...,B, forms a hypertree
with ‘trunk’ A and ‘branches’ By, ..., B,. Note that the edges B, ..., B, are pairwise disjoint since
all the vertices v,, ..., v, are distinct.

Let us define a second-type configuration (A,l,®) as follows:

e Aisanedgeof E,

o [c{s+1,...,n},

e @ is an unordered collection of distinct edges ® = {B,,...,B,}, such that |B;Ne| = 1 for any
i, and the vertices v; = B; N A are distinct,

o the set of edges A, B,,...,B, forms a hypertree.

We denote the set of second-type configurations by Y,. The above discussion implies the follow-
ing relation:

GgAannlJem,r) c U c@en. (3.14)

BEE 1,®: (AL D)EY.

Let us estimate the probability of the event C(A,l,®,t) for a given second-type configuration

(AL, D,1).
Claim 3.
!
P(C(A,1,®@,1)) < =" DU <) : (3.15)
n
Proof. Let us fix a colour u of A in the final colouring and u,...,u, as colours of B,...,B,
in the initial colouring. Thus, for given u,u,,...,u,, the initial colours of all the vertices in the

configuration are uniquely defined:

- { ifveA\ (UL By),

B u; ifveB,.

1

The number of edges in the hypertree is equal to 1 +/, so the number of vertices is equal to
1+ (n—1)(141), and thus

1
P(ﬂ N{&=uln (O {& —u}) (n=){A+), (3.16)

i=1veB, ve\(U-1 B)
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The values of the random variables 7 are also uniquely determined for the vertices v;: 1,, = u.
Thus

B =) | (166, =)) = -1 G.17)

Finally, every vertex v; such that v, = u has one of the 4 smallest values of X, among v € B,.
Since the edges B; do not intersect we get

]P((Z]{ D I{XV<XV[}<h1}> _(:>l. (3.18)

i=1 CveB\{v,}

Consequently, by (3.13) we obtain

PCALON<Y Y rl<nn><n+z><r_1),(h>’

u=1 up,.... = n
wFu, i=1,...,1
M _ ey (B
—_ —1 [ —1—(n—1)(1+1) -1 S — n—1)(l+1 - .
rir—1)'r (r—1) . r .
Note that we discarded the conditions X, <ti= ..., ]

3.6. Application of the Local Lemma

In the previous sections we have analysed a collection of bad events whose union contains the
event F(¢). Remember that F(z) is the event that the random colouring {(¢) is not a proper
r-colouring of hypergraph H. Recall equality (3.2):

F(r)=|J EANUDANUG(A,L)).

A€E

It follows from the relations (3.3), (3.4), (3.11) and (3.14) that
FoyclUBAanu |J A@Ay)

A€E (A,D,y,A)ETY,
u U c@nLe. (3.19)
(Al ®)ETY,

Our aim is to show that, for some parameters &,s € N and ¢ € (0, 1), the probability of the
event F(¢) is strictly less than 1. To prove this we shall use a classical result, known as the Local
Lemma, which was first obtained in the paper of Erd6s and Lovasz [5]. We shall formulate it in
a special case convenient for later use.

Theorem 3.1. Let events Q,,...,Q,, be given on some probability space. Let S,,...,S,, be
subsets of M| = {1,...,M} such that, for any i € [M), the event Q, is independent of the algebra
generated by the events {Q;, j € [M]\(S; U{i})}. If, for any i € [M], the following inequality
holds,

> P(Q)<1/4, (3.20)

jes;u{i}
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“(

The proof of the Local Lemma in the general case can be found in the monograph [1].

Consider the system of events P'(¢) consisting of all the events B(A,7), A € E, all the events
A(A,@,y,A), where (A,®,y,A) € T, and all the events C(A,/,®,t), where (A,],®) € Y,. By
(3.19) we have

then

D§

M
) (1-2P(Q;)) >0.

1 Jj=1

J

wo(y oY e

QeV(r) QeV¥(t)

We would like to show that the probability of ﬂQ W) Q is greater than zero. Due to the Local
Lemma it is sufficient to find, for every Q € ¥(t), a system of events ¥, C ¥(¢) such that
Q €Yy, Q and the algebra generated by {J € W(t)\'¥ } are independent, and

Y, P(T)<1/4 (3.22)

Je¥y

The event Q € W(¢) can have one of the following three types:

(1) Q= B(A,r) for some A € E,
(2) Q= A(A,®,y, A) for some first-type configuration (4,®D,y,A) € T,
(3) @=C(A,l,®,r) for some second-type configuration (4,/,®) € Y,.

For any Q € W(¢), we define the domain D(Q) of the event Q and the edge set E(Q) as follows:

A if Q=B(A,1),
D(Q) = § AUUpco BUUpcn € if Q= A(A,D,y,A),
AUUpeo B if Q =C(A,1,®,1),
{A} if Q=B(A,1),
E(Q)=<¢ {AJUDUA if Q=A(A ®,y,A),
{Alud if Q=C(A,1,®,1).

Each of the events A(A,®,y,A), B(A,t) and C(A,l,®,t) are defined based uniquely on the
information about the random variables associated with the vertices in its domain. In other words,
every Q € \P(#) belongs to the algebra generated by the random variables {§;,1;,X;: j € D(Q)}.
Therefore, this event is independent of the algebra generated by the random variables {éj, n;,X;:
J€VA\D(Q)}. So, we can choose the system ¥, to consist of all the events J € ¥(t) such that

D(J)ND(Q) # b:
Wo={J: J €¥(r), D(T)ND(Q) #0}.

Thus, the event Q is independent of the algebra generated by {7 € ¥(¢)\'¥', }. Moreover, Q €
W 5. It remains to check the inequality (3.22). By the choice of the set ¥, for any Q € Y(r) we
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have

> PI)< XY Y, PBA)+ > P(A(A,®@,y,A))
Je¥q JEE(Q) | A€E: JNAZ0D (A, @,y,A)EY;:
JN(AUUge g BUUe 4 C) 70

+ D P(C(A,1,®,1))]. (3.23)
(AL®)EY,:
JN(AUUge B)#0
In what follows, we shall analyse the sums in the right-hand side of (3.23) separately. For
convenience, we also use the notation A for the maximum edge degree A(H) of the hypergraph
H. In fact, all we need to do is to estimate the number of different configurations intersecting a
fixed edge A, that is, the number of edge configurations in which at least one edge has non-empty
intersection with A.
For the first sum in the right-hand side of (3.23), the configuration consists of only one edge,
so the number of intersecting edges is at most A+ 1. So, we have to deal with the remaining two
sums. Let us start with the second one.

Claim 4. For afixed edge J andy = (y,,...,y,), there are at most

Al+h+2f:] Vi (1 +hs )
th:l (yi!)

configurations (A, ®@,y,A) of the first type intersecting J.

Proof. If

Jﬂ(AU UBUUC> #0,

Bed CeA

then there are three possibilities.

e Suppose JNA £ 0. Then the edge A can be chosen in at most A+ 1 ways, the ordered set @
of h edges ® = (B,,...,B,) can be chosen in at most A(A—1)---(A—h+1) ways (every B;
should intersect A and not coincide with it) and the unordered set A of y, +---+y, edges A =
(Cpys-- ,Cl_y1 Y ’Ch,yh) can be chosen in at most (Agl) (Ayzl) ways (forany i =1,... h,
J=1,...,y,, the edge C; ; should intersect B; and not coincide with it and with A). Thus, the
number of such configurations is at most

h
(A+1)A(A1)~~(Ah+l)<H (Ay_l>>. (3.24)
i=1 i
e Suppose JNB; # 0 for some i = 1,...,h, but JNA = 0. Thus, the number i and the edge B,
can be chosen in at most (A + 1) ways, the edge A can be chosen in at most A — 1 ways
(among edges intersecting B; we cannot choose B, itself and J), the remaining set of 7 — 1
edges (B,,...,B, |,B, ,...,B,) can be chosen in at most (A—1)---(A—h+ 1) ways and,
finally, the unordered set A of y, +---+, edges as in the previous case can be chosen in

at most (Agl) e (A‘fl) ways. Thus, the number of configurations in the second situation is at
1 Zh
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most

h(A—H)(A—1)(A—1)-~(A—h+l)<ﬁ<Ay_il>). (3.25)

i=1

o The last option is that JNC; ; # 0@ for some i =1,....h, j=1,. LY but JN(AUB,U--- U
B,) = 0. In this case the edge C, ; can be chosen in at most A+ 1 ways, the edge B; can

be chosen in at most A — 1 ways (among edges intersecting C; ; we cannot choose C, ; itself
and J), the edge A can be chosen in at most A — 1 ways (we cannot choose B; 1tself and

C; ;), the remaining set of 2 — 1 edges (By,...,B; |,B;,,,...,B,) can be chosen in at most
(A—=1)---(A—h+1) ways and the rest of the set A, that is, (C, ,... ,Ch’yh) without C; ;, can

—) 1 yl l J h

ways. Thus, in this case the number of configurations is at most

h

YA+ 1) (A-1)*(A- 1)---(A—h+1)<ﬁ <Ayi1>) Ay—il

i=1 i=1

h —
= (A+1)(A-1)(A— 1)---(A—h+1)(H (Ay’ 1>>(y1+---+yh). (3.26)

i=1

Summarizing (3.24), (3.25) and (3.26), we obtain the following upper bound for the number of
configurations of the first type with fixed y:

(A+1)(A1)~-~(Ah+1)(ﬁ (Ay, 1)) < h+2y, A-1) +A)

i=1

< AlHHEL Y (H_h—’_zllyl) < A1+h+2§”1yi< 1+ hs )
Hl l(yz) Hl 1(y1)

The last inequality follows from the simple estimate y, <s—1,i=1,...,h. L]

Claim 5. For a fixed edge J and | > s, there are at most

AlJrl 1 + l
I
configurations (A,l,®) of the second type intersecting J.

Proof. If JNA # 0, then A can be chosen in at most A+ 1 ways and the unordered set of edges
® = {B,,...,B,} in at most (?) ways. If JN B, # 0 for some B; € @, then B, can be chosen in
at most A+ 1 ways, the edge A in at most A — 1 ways and the remaining edges of ® in at most
(?:11) ways. So, the total number of configurations does not exceed

A— 1) (14 1)AH!

(A+1)<?>+(A+1)(A_l)(z_1 T
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Combining the inequality (3.23) with the estimates of probabilities (3.6), (3.12), (3.15) and
Claims 4 and 5, we obtain that

s—1 Sy,
) P(JKIE(Q)I((AH)"‘"(1—t)”h“(nt)h+n 2( " )

JeYy VeV =

AN n N 1+hs on & (41 ha T
= - ot X — . B2
reen n—h ) STy nr

To complete the proof of the theorem we have to show that the right-hand side of (3.27) is at
most 1/4 for some choice of parameters.

3.7. Choosing the parameters and completing the proof
The cardinality of the set E(Q) can be easily calculated:

1 if Q=DB(A,1),
E(Q)| = 14+h+y +--+y, if Q=A(A,D,y,A), (3.28)
1+1 if Q=C(A,1,®,1).

Let us make the following choice of parameters s and h:

3lnn
h:
Lnlnn

J , s=|lnn]. (3.29)

This choice of parameters satisfies the required conditions: s < n/2 for any n > 3, and h < n for
anyn > 9.
Since the parameter / does not exceed n, and every y; is at most s — 1 (hence 1 +h+y, +---+
¥, < 1+h+h(s—1) <4(Inn)?), it follows from (3.28) that |[E(Q)| < n+ 1 for any Q € W(t).
Using the initial restriction (2.11) on the maximum edge degree A of the hypergraph H (recall
that A < ¢ 'n(Inlnn)?/Inn) and our choice of parameters (3.29), we get the following upper
bounds for the second and the third summands of the right-hand side of (3.27):

fil <hA >ZW< A )h“( n )’1 14 hs
n —_— —
Ypseeeay=0 rin rin n—h) TI- ()

3lnn
X ininn h
sn i (3C1Hlnn)z?:1y1' (C(lnlnn)2> Intnrn < n ) M

preory=0 Inn n—h o)
c¢(Inlnn)? il no\" , (°< Belnlnn) "
:n(lmq> <nh>‘“m”)<2%)u>
(assuming 0 < ¢ < 1)
(Inlnn)? inf no\"
< nc(m) (n_h) 4(Inn)? (&XIinnyh

—3Inn+O(Inninlnlnn/Inlnn) eO((lnn)z/n)nO(lnlnn/lnn)e?sclnn —

<n-c-e ¢ - nBe=2+o(1)) (3.30)
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and

n & I+1 [ hA l+‘<2A Z 1 hA !
h 1N \nrm! ol (=) \nr!

=511 I=s+1
(since A/r"~! < cnand (s+ j)! > s!j!)
1/ hA T na !
<2cn—| —— —| —
cns! (nr”l) Z(‘) Al <nr”1>

(since hA/nr"~! < 3cInlnn and s! > (s/e)*)

s+1 p—s—1 1 s+1
< 2cns (3eclnlnn> ¥ (3cInlnn) < 2cns <3eclnlnn) Jclninn

~ X
|
e N =0 [! e N

(since s = |Inn])

—c. nl+0(1nlnn/lnn)ef(lnlnn)(lnn)(lJra(l))

eOninn) _ . —(1+o(1))Inlnn (3.31)

We are finally ready to complete the proof of Theorem 2.2. The established estimates (3.30)
and (3.31) imply the following bound for the desired sum in the left-hand side of (3.27):

s—1 21}":1.":'
3 P9 < E@I(@r - e 3 (G5
0

Je¥q ViV =

) A\ 2 \" 14hs +2 i (I+1) [/ hA I+1
r"=ln n—h H?:](yi!) hl:s+1 n nrl

< (n+ 1)(A—|— l)rlfn(l —t)”7h+1(nt)h—|—c-n1+(1+0(1)><3672) _~_C.n17(1+0(1))1n1nn.

There exists an absolute constant ¢ € (0,1) such that, for any n > 9,

C_nl+(l+o(l))(3072) _|_c_n17(1+0(1))1n1nn < 1/4
Having chosen such a constant ¢, we can take ¢ very close to 1 satisfying
(7’l+ 1)(A+ 1)7‘17’1(1 _t)n7h+l (nt)h +C_n1+<]+0(1))(3672) +c.n]7(l+0(l))lnlnn < 1/4 (332)

Let us make the final conclusions. With this choice of parameters we establish that the required
inequality (3.22) holds for any Q € ¥(¢). This relation implies that the Local Lemma can be
applied to the system of the events W(¢). The Local Lemma states that

IP( N Q) > 0.
QeVY(r)

So, by (3.21) we get that the probability of the event F () is strictly less than 1, and, consequently,
the hypergraph H is r-colourable. Theorem 2.2 is proved. U
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4. Proof of Theorem 2.1

Suppose that

2
N<e. ! (Inlnn) .
Inn
We have to establish r-colourability of the hypergraph of arithmetic progressions
H,(N) = ([N],E,(N)).

For this purpose, we shall apply the same random colouring { (¢) from the proof of Theorem 2.2
to H,(N) and show that it is a proper r-colouring with positive probability. However, H,(N) does
not satisfy the conditions of Theorem 2.2 (it does not have large girth), so it will require some
additional analysis.

Before starting the analysis, let us make some useful observations concerning arithmetic pro-
gressions.

Observation 1. For any two integers x,y, there at most m* arithmetic progressions of length m
containing both x and y.

Observation 2. For any arithmetic progression of length n, there are at most n>m* arithmetic
progressions of length m having at least two common vertices with it.

For any arithmetic progression A € E,(N), A = {a,a+d,...,a+d(n—1)}, let us introduce a
larger progression /(A) of length 2n as follows:

1(A) = {a—dBJ,...,a,a—l—d,...,a—i—d(n—1)+dB-‘ }

Observation 3. IfA and B are arithmetic progressions of length n such that |ANB| > n/2, then
B CI(A).

4.1. Short cycles in the hypergraph of arithmetic progressions
Now we apply the randomized colouring algorithm from Section 3 and construct the final col-
ouring {(¢). The analysis in Section 3 shows that the existence of a monochromatic edge implies
one of the bad events which can be one of three types:
(1) A(A,®,y,A) for some first-type configuration (4,®D,y,A) € T,
(2) B(A,t) for some A € E,
(3) C(A,l,®,t) for some second-type configuration (A,[, D) € Y.
However, in Section 3 the probabilities of these events were estimated for a hypergraph with
girth greater than 5. In our hypergraph H,(N) there are cycles of smaller length. So, we have to
consider additional cases with short cycles in the configurations (A, ®,y,A) and (A,l, D).

To simplify the analysis, we introduce the notion of a generalized cycle. An ordered set of
Jj>2edges (A},...,A;) of H,(N) is said to form a generalized j-cycle if, for j > 2,
o |A,NA

pa|=1fori=1,....j—1,
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e [A,NA,|=0for |k—i| > I, except the pair (1, j),
o 1<|A, ﬂAj| <nj2orlA, ﬂAj| =0and |A, ﬂl(Aj)| > 1.
If 1 < |4, ﬂAj\ < n/2 then the generalized cycle is a usual cycle in a hypergraph. For j =2, we
assume that [[(A,;)NI(A,)| > 2 and |A, NA,| < n/2.

For a given generalized j-cycle (A},...,A;), we define a bad event £,(A,,...,A;) as follows:
every edge A, is monochromatic or almost monochromatic in the initial colouring &. The prob-
ability of this event is roughly estimated in the following claim.

Claim 6.
J
P(L;(Ay,....A;) < 7/ (n> I (4.1)
s
Proof. Since all the edges A,,...,A; are monochromatic or almost monochromatic, in every

edge there is a set of s vertices such that all the remaining n — s vertices are coloured with the
chosen dominating colour. The dominating colours can be chosen in r/ ways, the uncoloured set
of vertices can be chosen in at most (’S’)J ways. The number of the remaining vertices is at least
|A,U---UA j\ — Jjs, so the probability that all of them are coloured with the chosen colours is at
most /4~ 1419UA;l The last thing to do is to note that for generalized j-cycles,

|A1U~~UAJ.|2jn—gfj. O

We will show that every situation in the additional analysis of the first bad event implies the
event L j(Al,...,A j) for some j < 5, so it would be sufficient to avoid only these events. To
apply the Local Lemma, we will also need to estimate the number of generalized j-cycles in the
hypergraph H,(N), intersecting a fixed edge J.

Claim 7. The number of generalized j-cycles intersecting any fixed edge does not exceed

32jn* A, 4.2)

where A = A(H,(N)) is the maximum edge degree of H,(N).

Proof. Recall that for a progression A = {a,a+d,...,a+d(n—1)},1(A) is a larger progression

of length 2n,
1(A) = {adBJ,...,a+d(nl)+dB—‘ }

Let (A,,...,A j) be a generalized cycle intersecting an edge J. Suppose that A;NJ # 0. Then

A; can be chosen in at most A = A(H,(N)) ways,

its position i in the cycle can be chosen in at most j ways,

the remaining edges except A, if i < j, or A, for i = j can be chosen in at most A2 ways,
for j>2,1(A;) (or [(A,)) should intersect A; and A;_, (or A, and [(A})), so it can be chosen
(due to Observation 1) in at most (2n)* ways,
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e for j =2, we have |/(A,)NI(A,)| > 2, hence Observation 2 says that here we also have at
most (2n)* variants.

Finally, we obtain that the total number of generalized j-cycles intersecting a fixed edge does not

exceed

JA+ DA 2n)* <320 A O

The choice of parameters of the probabilistic construction will be almost the same as in the
proof of Theorem 2.2, but we shall not take the time parameter ¢ very close to 1:

FIMJ’ s linn), 1= 2000

Inlnn n
Note that the choice ¢ = @((Inn)?/n) is also sufficient to satisfy (3.32), but small ¢ ensures
that, for every vertex v, the probability that it can be recoloured during the process is also small,
because X, should be less than . This observation is highly useful for avoiding bad configurations
with short cycles.
Now we are ready to analyse bad events caused by short cycles in H,(N).

(4.3)

4.2. Additional analysis of the first bad event

Recall that in the first bad event A(A,®,y,A) we have a ‘tree’ with ‘trunk’ A, ‘branches’ ® =
(By,...,B,) and ‘leaves’ A = (Clﬁl,...,Cl’yl, C2~17...,Ch’l,‘..,Ch‘yh), where Ciys---» Gy, are the
‘leaves’ of the ‘branch’ B,. This event implies that A is monochromatic in the initial colouring
&, that B; is almost monochromatic for any i, and that leaf-edges C, ; are also monochromatic in
£. In Theorem 2.2 the induced hypergraph on the set of edges A, ® and A did not contain any
cycles due to the condition on girth. So, for H,(N), we have to analyse the situations when the

configuration contains short cycles.

Claim 8. If the configuration (A, ®,y,A) contains cycles of length at most 5, then the event
A(A,®@.,y,A) implies one of the events L (A, ...,A;) for some generalized j-cycle (A,,...,A;)
and some j < 5.

Proof. Suppose that (A,,...,A;) is the shortest cycle in the configuration (A, ®,y, A). Since the
tree (A, @, A) has depth equal to 2, the cycle (A, ...,A;) has length at most 5. Further, we may
assume that

o |ANA, |=1forl<i<y},

e [A,NA;]=0for|i—k[ > 1, except the pair A;,A,

e A NA j| > 0.
The event A(A,®,y, A) implies that every edge in the configuration (A, ®,y,A) is either mono-
chromatic or almost monochromatic in the initial colouring &. If [A; NA ;| <n/2 then (A,,...,A;)

is a generalized j-cycle and the event £,(A,,...,A;) holds. If |A; NA;| > n/2 then we have to
consider different values of ;.

Case j > 2. In this case A} C [(A;) and therefore, A, NI(A;) # 0. Hence (A,,...,A;) forms a
generalized (j — 1)-cycle and the event £, (A,,...,A;) holds.
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Case j = 2. Since |A; NA,| > n/2, these edges cannot be neighbours in the tree. Indeed, in this
situation one of them is monochromatic in & and the other should be almost monochromatic
with a different colour. Thus, they can have at most s < n/2 common vertices and form only a
generalized 2-cycle. Consequently, we may also assume that any tree neighbours do not form a
2-cycle.

Hence, A; and A, are not neighbours in the tree and we can construct direct paths from both of
them to the root A. For example, if A| = CipoAy=Cup for some i, k, u, z, then we obtain a 5-cycle
(Cix:BisA, By, Cy ). After that we have a few possibilities:

e if [B,NB,| > n/2 then we obtain a generalized 2-cycle (A, B;),

e if 0 < |B;NB,| < n/2then we obtain a generalized 3-cycle (A, B;, B,),

e if [B;,NB,|=0and |C;; NB,| <n/2then we obtain a generalized 4-cycle (C,,,B;,A,By),

e if [B;NB,|=0and |C;; NB,| > n/2 then we again obtain a generalized 3-cycle (B;,A, By).
The other situations are considered similarly. L]

We have finished the additional analysis of the first bad event A(A,®,y,A). The second one,
B(A,t), depends only on one edge, so there is no need to deal with short cycles here. Now we
proceed to the third bad event.

4.3. Additional analysis of the third bad event

The third bad event C(A,l,®,t) (see (3.14)) contains a configuration (A, [, ®) of the second type,
where A and ® = (B,,...,B,) form a tree with the ‘trunk’ A and the ‘branches’ By, ...,B,. For
the hypergraph of arithmetic progressions, this set of edges does not necessarily form a real
hypertree, so we have to make an additional analysis. In comparison with the first event here we
shall make use of the time parameter ¢, as it helps to make the probability of the event sufficiently
small.

Indeed, for simple hypergraphs we know that v; is the only vertex in the intersection of A
and B;. In the non-simple case we do not know exactly which vertex in A N B; will be the first
to be recoloured during the procedure. But for every w € AN B;, the inequality X,, < ¢ should
hold, because the edge B; is monochromatic initially and the edge A is monochromatic in the
final colouring of another colour. All the vertices from A N B; should be recoloured during the
procedure. Thus, we get the following statement.

Claim 9.
(1) For any B; € @,

C(AL®,1) C Ly(A,B,.1)

s P

:O U (ﬂ{§ =b}n () {m=aX <1}
a=l:a#b

VEB; wEANB;

" N <{<§va}u{év¢a,nva,xv<t}>>.

veA\B,;
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(2) For any B;,B, € @,
C(A,l,®,1) C L,(A,B;,B,,1)

1y Py

-U U (N&=pnntE=dn N m=ax<

¢,b=1a=1:a#b,c “\veB,; veB, weAN(B;UB,)

"N <{5V=a}u{év#a,nv=a,xv<t}>).

vEA\(B,UB,)

Proof. (1) The proof of the relation follows easily from the definition of C(A,l,®,t) (see
(3.13)). It says that the edge B; should be monochromatic in & (first event ),z {&, = b}).
Moreover, every vertex of A should be coloured with colour a in &, so for every v € A either
& =aor&, #a,n, =aX, <t (third event ﬂveA\B’_{év =a}U{¢, #a,n, =a,X, <t}). But for
v € AN B, we already know that &, = b # a, so we have only the second alternative.

(2) The argument is exactly the same as for the first statement. U]
Next, we give the estimates for the probabilities of the events L and L.

Claim 10.

() IfJANI(B,)| = 2, then
P(Lg(A,B;,1)) < P "max{(t/(r— 1))/, r 22}, (4.4)

1y Piy

Q) If|B,NA| =1, [B,NA|=1,0 < |B,NB,| <n/2 and |B,NB,NA| =0, then

1o\ )
P(L;(A,B;,By,1)) = r(r—1) (r + r) (r—l) r BBl Aoy, (4.5)

Proof. (1) The probabilities of the events in the intersections are as follows:

P(NE-0) -

P(WQCI]HB,.{”V =a,X, <t} ‘ vgi{év :b}> _ (ri 1>|AﬂBi|’

P( N (&=l an—ax <) - (1+t)"'m'ﬂ

vEA\B,;
The third event is independent of the first two, so taking the sum over a and b we obtain

P(L(A, B,y1)) = r(r— 1)r"< i )'AOB’l <1 N f>"|m'|.

r—1 ror

If [ANB;| < n/2 then

1 t n—|ANB;|
(+> <f”/z(l—l—t)"/z<r’”/ze’”/2.
ror
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Otherwise (¢/(r—1))ABl < (¢ /(r—1))"2. Hence, in the general case we obtain the upper bound
(4.4) for the probability of L.(A,B;,t):

P(Ls(A,B;,1)) < P "max{(t/(r — 1))”/2’,’*’1/261/1/2}'

(2) The proof repeats the argument for the first statement of Claim 10. Note that, since B; B, # 0,
the colours b and ¢ should be equal, and instead of the factor ™" we have FI1BUB Finally, the
probability of the event £,(A, B}, B, 1) is equal to

1 ¢ n—2 ¢ 2
P 0B B =rlr= 1) (1) () el g,

r r—1

and the relation (4.5) follows. ]
Finally, we show that the cases considered cover all the situations.

Claim 11. Ifthe configuration (A, ®) contains a 2- or 3-cycle then the event C(A,l,®,t) implies
either the event Ls(A,B;,t) with [ANI(B;)| > 2 for some i=1,...,1, or the event L;(A,B;,B,,t)
with |B;NA| =1, |B,NA|=1,0< |B;NB,| <n/2, |B;NB,NA| =0 for some i # k.

Proof. If [ANI(B;)| > 2 for some i then we immediately apply Claim 9, case (1).

If ANB;| =1 for every i = 1,...,1, then there should be a pair of edges B; and B, with non-
empty intersection (otherwise there will be no 2- and 3-cycles in the configuration). If |B; N\ B, | >
n/2 then B, C I(B;). Therefore |ANI(B;)| > 2 and we apply Claim 9, case (1). In the other case
we apply Claim 9, case (2) to get the event £;(A, B}, B, 1). Ul

Now we proceed to the application of the Local Lemma.

4.4. Completion of the proof

In comparison with Theorem 2.2 for the hypergraph of arithmetic progressions H,(N), the set of
bad events W(¢) is larger since we add to it the events of the types £;, i =2,...,7. For any such
new event Q, the domain D(Q) and the edge-set E(Q) are defined similarly to Section 3.6. All
we have to do is to check the condition (3.22) required for the application of the Local Lemma.
By analogy with (3.23), for any Q € P(¢), we have

Y RO< Y Y BBA)+ > P(A(A, ®,y,A))

Te¥, UEE(Q) |A€E,(N): UNA#0 (A, @,y,A)ET,:
UN(AUUge o BUUgc 5 C)7#0
5
+ z P(C(A717(Dat))+z 2 ]P)(‘C](AhaA/))
(AL D)eT,: J=2gen. jcycle (A,...,A;):
UN(AUUg o B)#0 UN(A,U-UA)#0
+ 2 PLABN)+ Y P(LABCH). (4.6)
(A,B): |ANI(B)|>2, gen. 3-cycle (A,B,C):
UN(AUB)#0 UN(AUBUC)#0
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Before starting the analysis of the sums in the right-hand side of (4.6), let us make a prelimin-
ary observation. Let A = A(H,(N)) denote the maximum edge degree of the hypergraph H,(N).
Since any integer from [N] is contained in at most n(N — 1)/(n — 1) arithmetic progressions of
length n from E,(N), we get

1 Inlnn)?
a< (oM=L, n<Nn- n_ 9 pminlininn)” “.7)
n—1 -1 8 Inn

Here we use the restriction on N and the condition n > 9.

(1) The first sum in (4.6) is estimated in the same way as in (3.12) (the bound is correct since the
choice of the parameter ¢ implies the required inequality nt > 2):

P(B(A,1)) < (A+1)r' (1 —1)" " (nr )
A€E: UNA#0

(using (4.7) and (4.3))

< gcneft(nchrl)(z(lnn)Z)h — Cng72(lnn)2(1+0(1))e2h1nlnn(1+0(1)) — C672(1nn)2(1+0(1)). (4.8)
4

(2) The second and the third sums were analysed in Section 3.7, so the bounds (3.30) and (3.31)

hold with ¢ replaced by (9/8)c.

(3) In the fourth sum the number of summands does not exceed the bound (4.2). Thus, using the
estimate (4.1), we obtain

5 5
Z z IP’(Ej(Al,...,Aj))gz 32t AT s U 2)s =i 1/2)n
=2 5

gen. jcycle (Aj,...,A;):
UN(A,U-+UA,)£0

(since j < 5,s <Ilnnand A < (9¢/8)nr
5
< z 160 (96_/8)1'71n51nn+4r71nn71/2n < CeS(lnn)2(1+o(1))r71nn71/2n
j=2
(since r > 2)

< e (I+o()g=n/2(140(1)) — .p=n/2(1+o(1)) (4.9)

(4) In the fifth sum we have to calculate the number of pairs (A, B) intersecting a fixed progression
U. The intersecting edge can be chosen in at most 2(A+ 1) ways, but the second edge in at most
(2n)* ways since |ANI(B)| > 2. Hence, the estimate (4.4) implies that

P(Lg(A,B,1)) < 2(A+1)(2n)*r* "max{(¢/(r—1))"/? r "/2e"/?}

(A,B): |[ANI(B)|>2,
UN(AUB)#0
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(since t =2(Inn)*/n and A < (9¢/8)nr" 1)
2(Inn)2 \"?
< 64-(9c/8)n’ r-max{ ( (Inn) ) ,r_”/ze(ln"y}
n(r—1)

2\ n/2
<72en’ r~max{ <4(lnn)> ’rn/Ze(lnn)z}
nr

(it is easy to see that the second value is always maximal)

< T2end r12eMn)? 70 S p1=n/2 () _ oo =n/2(1+o(D)) (4.10)

(5) Finally, for the last sum we know the estimate for the number of intersecting generalized
3-cycles (4.2) and the bound for the probability of the event (4.5). Thus,

P(L,(A,B,C)) < 96A2n* =22
gen. 3-cycle (A,B,C):
UN(AUBUC)#0

(applying (4.3), (4.7))

8 n
< 2ytto(l)n2—n/2 <t 9—n/2(1+0(1)) “4.11)

. 2 2
< 96 29 2 2n2 <2lnn> _ 2yptol)2on)2

Let us complete the proof. For the application of the Local Lemma it is sufficient to show that
the right-hand side of (4.6) does not exceed 1/4. Since for any Q € W¥(¢) we have |E(Q)| <n+1
(see (3.28)), by using the obtained estimates (4.8)—(4.11) we have

2 ]P)(j) < (n+ 1)(Ce—2(lnn)2(l+o(l)) + (9/8)6"I’L(27c/8_2)(]+0(1)) + (9/8)C.n—lnlnn(l+o(l))
Je¥y

+e- an/2(1+0(1)) +e- 2711/2(1+o(1)) + C2 . 27n/2(1+0(1))) ]

It is easy to see that there exists ¢ € (0,1) such that the given function of n is strictly less than
1/4 for all n > 9. Theorem 2.1 is proved.

5. Final remarks

(1) In the previous section we used a reduction argument to establish r-colourability of the
hypergraph of arithmetic progressions. For a simple hypergraph H, this reduction is almost the
same. There are no 2-cycles in H, so the bad events of the type £, and £, do not happen. The
analysis of the remaining bad events in Section 4 used only the following properties:

e the maximum edge degree of the hypergraph is O(r*~! (n(Inlnn)?/Inn)) ((1.3) for H),
e the size of edge intersections is at most n/2 (at most 1 for a simple hypergraph),
e the maximum codegree is at most n” (1 for a simple hypergraph).

All these properties hold for simple hypergraphs, so the same proof argument shows that it is
r-colourable. Theorem 1.2 is proved.
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(2) After we submitted this paper, similar results concerning colourings of simple hypergraphs
and van der Waerden numbers were independently obtained by Kozik [13]. Our bounds are
greater by a factor of (Inlnn)? than those in [13]. The general proof approach in [13] (random
recolouring method) is the same, but the recolouring technique is quite different.
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