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ABSTRACT

We consider edge colourings of the complete r-uniform hypergraph K ,(p on n vertices. How many colours may

such a colouring have if we restrict the number of colours locally? The local restriction is formulated as follows:
for a fixed hypergraph H and an integer k we call a colouring (H, k)-local if every copy of H in the complete
hypergraph Knr) receives at most k different colours.

We investigate the threshold for k that guarantees that every (H,k)-local colouring of Kﬁf) must have
a globally bounded number of colours as n — oo, and we establish this threshold exactly. The following
phenomenon is also observed: for many H (at least in the case of graphs), if k is a little over this threshold,
the unbounded (H, k)-local colourings exhibit their colourfulness in a “sparse way”; more precisely, a bounded
number of colours are dominant while all other colours are rare. Hence we study the threshold k¢ for k£ that

guarantees that every (H,k)-local colouring ~, of Kﬁf) with k& < ko must have a globally bounded number
of colours after the deletion of up to en” edges for any fixed € > 0 (the bound on the number of colours is
allowed to depend on H and e only); we think of such colourings 7, as “essentially finite”. As it turns out,
every essentially infinite colouring is closely related to a non-monochromatic canonical Ramsey colouring of
Erdés and Rado. This second threshold is determined up to an additive error of 1 for every hypergraph H. Our
results extend earlier work for graphs by Clapsadle and Schelp [Local edge colorings that are global, J. Graph
Theory 18 (1994), no. 4, 389-399] and by the first two authors and Schelp [Essentially infinite colourings of
graphs, J. London Math. Soc. (2) 61 (2000), no. 3, 658-670]. We also consider a related question for colourings
of the integers and arithmetic progressions.

1. Introduction

For an integer r > 2, let Kr(f) be the complete r-uniform hypergraph with vertex set [n] =
{1,...,n}. We identify hypergraphs with their edge sets, e.g., Kff) = ([:]), the family of all
subsets of [n] with cardinality r. In the following, we consider colourings 7,,: K ", 7 and the
set of all such colourings will be denoted by CT(LT). For a given colouring, we say that a vertex
x sees colour 7 in this colouring if z is contained in an edge of colour i.

Fix an r-uniform hypergraph H and a positive integer k. A colouring =, € Cy) of Ky) is
called (H, k)-local if every copy of H in Kff) has its edges coloured with at most k different
colours. Local colourings were introduced by Truszczynski [14]. We shall denote the set of all
such colourings by £ (H, k).

We are interested in the structure of the colourings in Eg) (H, k). In particular, we investigate
what one can say about the total number of colours used in a colouring in Eg)(H , k). It turns
out that this total number is uniformly bounded (as n — oc) as long as k is less than or
equal to a certain threshold Fin(H). Our first main result gives a simple, explicit expression
for Fin(H) (see Theorem 2 below). This result generalizes a result of Clapsadle and Schelp [2],
who investigated this problem for graphs, that is, the case r = 2.
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By definition, the (H, k)-local colourings ,, of K" with k just above the threshold Fin(H)
may use an unbounded number of colours (as n — oo). However, for many H, for k just a little
above Fin(H), it turns out that only a uniformly bounded number of colours occur a large
number of times in 7,: if we restrict 7, to some (1 — o(1))() edges of K\, we again have
only a uniformly bounded number of colours. We call such colourings ~,, “essentially finite”.
To be precise, we call a family of colourings {7, } essentially finite if for any € > 0 there is an
integer T such that all but at most 5(:) edges of KT(LT) are coloured by at most T' colours by
all colourings ,, in the family.

We investigate a second threshold, which we denote by EssFin(H), related to essential
finiteness of colourings. We have EssFin(H) = kg if and only if ko is the maximal integer
such that every (H,k)-local colouring ~,, of K,(f) with k& < kg is essentially finite. In what
follows, we determine EssFin(H) up to an additive error of 1 (see Theorem 5). This result
generalizes a result of the first and second authors together with Schelp [1], who investigated
the parameter EssFin(H) for graphs H. As in that previous paper, most of the work will
lie in identifying certain unavoidable substructures in essentially infinite colourings, that is,
colourings that are not essentially finite. The main result that we obtain in this direction
has, unfortunately, a somewhat technical look; see Theorem 8 in Section 2.3. Our estimate
for EssFin(H) follows directly from Theorem 8 (see Section 4.4).

By definition, we have

Fin(H) < EssFin(H). (1.1)

We shall show that, at least in the case of graphs, we have strict inequality in (1.1) in most
cases (we also exhibit examples of graphs H for which equality holds). See Corollary 6.

We also consider essentially infinite colourings of the integers, and we prove that they
necessarily contain arbitrarily long ‘rainbow’ (totally multicoloured) arithmetic progressions;
see Theorem 10. It turns out that this result is of a much simpler form than the results for
essentially infinite colourings of hypergraphs, and the proof is correspondingly more pleasant.
In fact, we close this paper with a short section, Section 5, in which Theorem 10 is proved.

In the next section, we shall give a detailed account of our results, together with the necessary
definitions, some of which will be introduced rather gently, as they do require some getting used
to. Most of the work will be in the two sections that follow. In Section 3, we shall prove our
explicit formula for Fin(H), and in Section 4 we shall investigate essentially infinite colourings
of hypergraphs and prove our estimate on EssFin(H).

2. Statement of the main results

2.1. Warm-up

Suppose one tries to colour the edges of Kf(f) using as many colours as possible, and the only
restriction is that it has to be an (H, k)-local colouring. Let us denote the maximum number
of colours that one can achieve by

t(H, k,n) := max {[im(y)|: v € LT (H,k)} .

For given H and k, we are interested in how ¢(H, k,n) behaves as a function in n.
To warm up, consider the following example. Let » = 2 and H = K5. We have that

t(Ks,1,n) =1 and t(Ks5,2,n) =2. (2.1)

Indeed, the former is trivial and the latter is immediately verified as follows. Suppose for a
contradiction that a colouring v € 5512) (K5, 2) uses three different colours ¢y, ¢o, and ¢ on the
edges {z1, 11}, {z2,y2}, and {z3,y3}. If these six vertices are not pairwise distinct, then they
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are contained in a copy of K3 picking up 3 colours, which is forbidden. Also, the edge {x1, 22}
cannot have colour csz, so w.l.o.g. it has colour ¢;. But then the vertices z1, x3, y2, T3, y3 span
a K5 with 3 colours. This shows that indeed ¢(K5,2,n) = 2.

Next we claim that

t(Ks,3,n) > gJ +1.

This can be verified by considering the colouring ymatch,n € C,(LQ), which assigns to each edge
of a fixed matching of size |n/2] a new colour and colours all the other edges with an extra
colour 0. It is clear that Ymatch,n € EE«?)(K@ 3), because any copy of a K5 can contain at most
two matching edges, whereas |im(Ymatch,n)| = [7/2] 4+ 1. Thus, when we move from ¢(Ks, 2, n)
to t(Ks,3,n), the function suddenly changes from bounded to unbounded.

2.2. Finite local colourings

One of the aims of this paper is to determine, for a given r-uniform hypergraph H, the
maximal integer k for which ¢t(H, k,n) is bounded. Formally, we are interested in

Fin(H) := max {k € N: 3T € N such that for every n € N
every v € L") (H, k) is such that |im(v)| < T}.

The earlier discussion shows that Fin(K5) = 2. A theorem by Clapsadle and Schelp gives a
simple and elegant description of Fin(H) for any graph H.

THEOREM 1 (Clapsadle & Schelp [2]). Let H be a graph with at least two edges. Let v(H)
denote the cardinality of a maximum matching in H and A(H) the maximum degree of a
vertex in H. Then

Fin(H) = min{v(H),A(H)}. O

Clapsadle and Schelp were especially interested in the situation when t(H, k,n) = k. They
observed that in that case H must contain every graph on k edges as a subgraph and conjectured
that the converse is also true.

One of the aims of this paper is to generalize Theorem 1 to hypergraphs. For this we introduce
the following definitions. An r-uniform sunflower (or A-system) with core L is an r-uniform
hypergraph with set of edges {eq, ..., es} such that e;Ne; = L for all i # j. We allow L = (; in
that case, a sunflower is simply a matching. The sets e; are the edges and the sets p; :=¢; \ L
are the petals. The cardinality of the core |L| is the type and s, the number of edges (or petals),
is the size of the sunflower. If ¢ = |L| is the type and s is the size of the sunflower, we shall
speak of an (¢, s)-sunflower and we shall denote it by S = (L, p1,...,ps).

Furthermore, for £ = 0,...,r we denote by Ay(H) the maximum size of a sunflower of type £
in a hypergraph H. Obviously if H is a graph, i.e., r = 2, then we have A;(H) = A(H) and
Ao(H) = v(H). Consequently, the following theorem is an extension of Theorem 1 from graphs
to r-uniform hypergraphs.

THEOREM 2. For any r-uniform hypergraph H with at least two edges we have

Fin(H) = orgnzigr Ay(H). (2.2)

The upper bound, Fin(H) < ming<s<, A¢(H), is easy to verify and we give the proof below.
The lower bound is harder to obtain; its proof will be given in Section 3.
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Proof of the upper bound in Theorem 2. Suppose H is an r-uniform hypergraph with at
least two edges. We shall show that

Fin(H) < Join, Ay H)+1=k. (2.3)

In order to verify (2.3) we give an example of a sequence of (H, k)-local colourings ~,, € C,(f)
such that |im(~;)| is unbounded.

By definition of k in (2.3) there is some ¢y € {0,...,r — 1} so that k& > A, (H). Fix in
K an (€9, n)-sunflower S = (L, p1,...,pn), with 7 := | (n — £y)/(r — £y)]. Now consider the
following colourings v,, € Cy’: colour the edges of S with colours 1,...,7 and colour all other
edges with colour 0. As H contains no (¢y, k)-sunflower, every copy of H in Kr(f) cannot see
more than k — 1 colours from those appearing in S, and thus at most k different colours in
total. Hence 7, is (H, k)-local, but obviously |im(y,)| — oo as n — oo. O

2.3. Essentially finite colourings

Let us return to our warm-up example. Notice that in the (K35,3)-local colouring ymatch,n
all but one colour was in fact only used once. In other words, ymatch,» did use an unbounded
number of colours, but only in a very sparse way. We would like to know how large we can
make k before there exists a colouring in ££17')(H ,k) that uses a lot of colours in an “essential
way”, by which we mean that there are still unboundedly many colours after removing, say,
some f(n) edges.

For a moment suppose f(n) is of order 0(n2). We modify the colouring Ymatch,» and consider
'yﬁnatchm € C',(LZ), where we have n?/(8f(n)) vertex disjoint copies of the complete bipartite
graph Kyf(n)/n,af(n)/n, €ach of its own colour, and the other edges receive colour 0. It is easy
to check that 7,4, ,, uses an unbounded number of colours, even after the deletion of any
f(n) edges. On the other hand, v/, .;.p, , 1S still (K5, 3)-local. Summarizing the above, we note
that while the original colouring ’Ymat;h,n was an example of a (K3, 3)-local colouring which
remains unbounded after deleting up to cn edges for any ¢ < %, the modified colouring 'yl’natchm
witnesses that the same remains true if we remove up to o(n?) edges. Hence, if we want to
guarantee that our colouring 7 uses boundedly many colours after deleting up to o(n?) edges,
we cannot allow more colours locally. Hence for r = 2 let us consider functions f(n) = ¢(}) for

some € > 0 and, more generally, we allow the deletion of up to 5(2) edges in Ky(f).

DEFINITION 3. Let r > 2 be an integer, t € N and € > 0. We say a colouring v € Cﬁf) is
(e,t)-bounded if there exists a subgraph G C K such that |G| > (1 —¢)(7) and |7(G)| < t.
Moreover, we say that a family of colourings {~, € Cy(f): n € N} is essentially finite if for
every € > 0 there is an integer T such that any 7, in the family is (e, T)-bounded. Otherwise,
we say that the family is essentially infinite. When there is no danger of confusion, we refer to

the colourings themselves as essentially finite and essentially infinite.

For a given r-uniform hypergraph H, we are interested in the maximum integer k that
guarantees that every (H, k)-local colouring is (g, T)-bounded for every e > 0 and T = T'(¢).
More precisely, we define

EssFin(H) := max {k € N: Ve > 03T € N such that for every n € N
every v € LU(H, k) is (e, T)—bounded} .

Although the definition of EssFin(H) looks a little overwhelming at first, observe that it is
similar to that of Fin(H), except that we are now allowed to remove 5(?) edges before we
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count the colours. This way we may be able to allow for a larger number of colours locally
while remaining essentially finite globally.
In order to get used to EssFin(H), we return to our example H = K5 and show that

EssFin(K;) = 3. (2.4)

For that we consider the following two colourings ymin,» and Ypip,n € Cﬁf). For every edge
e={x,y} e ([g]) with o <y, let

’Ymin,n(e) =z,

() v ifr<§ <y,
i €)= .
Tbip.n 0 otherwise.

Observe that both {Vminn: n € N} and {ybipn: n € N} are essentially infinite. Moreover,
Ymin,n 18 (K5,4)-local, but not (K5, 3)-local; Ypip,» is not even (Ks,4)-local. Therefore, ymin,n
shows that EssFin(K5) < 4.

On the other hand, let us sketch the proof of EssFin(K5) > 3. We need to show that for
every € > 0 there exists an integer T so that every (K3, 3)-local colouring v is (g, T')-bounded.
So suppose {v, € c:ne N} is essentially infinite. Then it follows from the results in [1]
that for sufficiently large n the colouring 7y, must exhibit a “local spot” that is (in some sense)
at least as rich in colours as either Yminn OF Ybip,n- But then +y, cannot be (K5,3)-local, as
neither Ymin,n DO Vhip,n are, which yields EssFin(Ks) > 3.

In order to formalize this for arbitrary hypergraphs, we generalize the colourings Ymin,, and
Ybip,n and describe a family CSIC;T) C Cr(f) of canonical essentially infinite colourings of Kff),
which turn out to be unavoidable for every essentially infinite colouring.

DEFINITION 4. Let r > 2 and £ € [r]. A vector 7 = (71,...,7¢) € N of non-negative
integers is an {(-type if ZiG[Z] 7; = r. We call 7 degenerate if 7; = 0 for some i € []] and
non-degenerate otherwise. We denote the set of all non-degenerate types by

T = U {T:(Tl,...,rg): ZTi:randTi>Oforalli€[€}}

Lelr] i€[(]

For a family of mutually disjoint sets W7, ..., W, C [n] and an {-type 7 we say an edge e € Kflr)
has type 7 if |e N W;| = 7; for every i € [£]. We denote the family of all edges of type 7 by
(Wy, ..., We)(r).

For fixed integers r and n we consider for every £ € [r] a partition II, of [n] with ¢ partition
classes I;(¢,n) for i € [¢] defined by

ey = {[ 650 1| 2]} rsisesr.
(r)

7.j1,n fOr every non-degenerate

Now we define the canonical essentially infinite colourings x
lL-type 7 = (11,...,7¢) and j; € [11] by setting, for every e = {v; < --- < w,} € KT(LT),
) vj, ifee(lL(t,n),...,L¢,n))(T),
. = 25
Xrgr.n(€) {O otherwise . (25)

We let

cezc = {X(TTJ)”L €T and j; € [r1]} .
(2)

Note that for example Yumin,n = X7 j, ,, for the 1-type 7 = (2) with j; = 1 € [2], and Ypipn

corresponds to X(Q) for the 2-type 7 = (1,1) with j; =1 € [1].

T,J1,m
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" ne N} is essentially

T, J1,mn’

It is easy to see that for any 7 € 7(") and j; € [r1] the family {x
infinite. (Note that 7 € 7() yields 7, > 0 here.) Consequently,

EssFin(H) < max{‘X(TTJ)-I’n(HO)’ : Hy is a copy of H in Kff)} (2.6)

for any 7 € T, j; € [11], and n > r - vg. Let us set

)

E(H) = minmax XS s (Ho)
where the minimum is taken over all 7 € 7(") and j; € [r1] and the maximum is taken over all
copies Hy of H in K ,‘3“3 - The following theorem states that the upper bound in (2.6) is almost
tight.

THEOREM 5. For every r-uniform hypergraph H on vy vertices with at least two edges
E(H)—-2<EssFin(H) <E(H) — 1. (2.7)
Moreover, if r = 2, then
EssFin(H) = min { maoc{ Yo 200 (H)|} . max {wip 2o (Ho)} } =1, (28)

where the maxima are taken over all copies Hy of H in K, 523 -

By definition EssFin(H) > Fin(H) for every hypergraph H. The next corollary says that,
in fact, the inequality is strict for “most” graphs (r = 2). For an integer ¢ > 2 we denote by
MC, the “matched clique” of order ¢, i.e., the graph with 2¢ vertices {v1,...,vp,u1,...,us}
with vy, ..., v, spanning a complete graph K, and additional matching edges {v;,u;} for every
i€ 4.

COROLLARY 6. Suppose H is a connected graph with at least two edges and vy > 6
vertices. If, moreover, one of the following holds:
(i) max{v(H),A(H)} > min{v(H),A(H)} +2, or
(ii) vy is odd, or
(iii) vy is even, but H is not a subgraph of MC,,, /2,
then EssFin(H) > Fin(H).
On the other hand, EssFin(MC)) = Fin(MCy) for every £ > 2. O

Corollary 6 follows from Theorems 1 and 5. While (i) and the last statement are immediate,
(i) and (iii) require some additional arguments, which will be omitted.

Recall from the short discussion about EssFin(K5) = 3 (see (2.4)) that the main work in
determining EssFin(H) and thus in establishing Theorem 5 is needed for the lower bound, and
that our approach is to show that any essentially infinite colouring must exhibit a local spot
that is at least as colourful as a colouring in CEIC%) for some sufficiently large m. To make this
precise, we need a few more definitions. For any edge e = {vy,...,v,.} C [n] with vy < -+ < v,
and any set of indices J = {j1,...,j¢} C [r] we let e[J] := {v;,,...,v,,}. Moreover, if J = 0,
then e[J] = (. With that notation a classical theorem of Erdés and Rado may be stated as
follows.

THEOREM 7 (Erdés & Rado [5]). For all integers ¢ > r > 2, there exists an integer n =
n(g,r) so that for every colouring vy € ) there is a set W C [n] with |W| = q and there is a
set J C [r] such that

v(e) =€) & elJ]=€lJ]
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for all edges e, €' € (VZ) O

In this context, Ramsey’s theorem [12] says that if the total number of colours used by 7 is
bounded, then one can ask for J = {) or, equivalently, for a monochromatic complete subgraph
of order ¢q. With the aim of proving Theorem 5, among others, we shall prove a complementary
result: if v is sufficiently rich in colours, then we can ask for J # 0 or, equivalently, for a
multicoloured subgraph. As we shall see in Section 4.4, Theorem 5 is a simple consequence of
the following theorem, which is one of the main results of this paper.

THEOREM 8. For all integers ¢ > r > 2 and for every ¢ > 0, there are integers T and ny
so that for every n > ngy and every colouring v € Cr(f) that is not (¢, T)-bounded, there exist
an integer £ € [r|, a non-degenerate {-type 7 = (11,...,7¢), a set § # J; C [r1], and a family
W = {Wy,..., Wy} of mutually disjoint sets, each of cardinality q, such that for all edges e,
e e (Wl,...,W()<T>

v(e)=7() = (enWi)[Ji] = (¢ NW)[/].
Moreover, if e € (Wy,...,Wy)(7') for a degenerate {-type 7/, then
v(e) € {v(f): feW,...,We)(n)}. (2.9)

Theorem 8 extends earlier results of Bollobds, Kohayakawa, and Schelp [1] from graphs
to hypergraphs. For the proof of Theorem 8, presented in Section 4, we shall develop a
partite version of the result of Erdés and Rado, which might be of independent interest (see
Theorem 24). Theorem 5 may be deduced from Theorem 8; see Section 4.4.

2.4. Rainbow colourings of arithmetic progressions

We also obtain a very much related result for arithmetic progressions. The following result
of Erdds and Graham (see also [11] for an elementary proof) may be viewed as an analogue of
Theorem 7 for arithmetic progressions.

THEOREM 9 (Erdds & Graham [4]). For every integer k > 3 there exists an integer ng
such that for every n > no and every colouring v: [n] — Z there exists a k-term arithmetic
progression A C [n] which is either monochromatic or injective, i.e., |v(A)| is either 1 or k.

O

This may be viewed as a canonical version of van der Waerden’s theorem [15], which says
that if | im(~)| is bounded (independent of n), then one is guaranteed to have a monochromatic
arithmetic progression. Following the approach in the preceding section, we wish to obtain a
condition on the colouring that guarantees an injective arithmetic progression.

Let us first observe that it is not enough to simply require that the colouring should use an
unbounded number of colours. Consider the colouring yA¥: [n] — Z, which assigns colour i
to every integer m = 3%z, where x is not divisible by 3. Clearly, |imvAP| — oo as n — oco.
Moreover, let us observe that AP yields no 3-term arithmetic using three colours. Indeed
suppose for a contradiction that the integers 3%z < 3%y < 3¢z receive the three distinct
colours a, b, and ¢ and form a 3-term arithmetic progression. Suppose first that a < ¢. Then
2-3% = 3% +3°2 = 3%(3° %2 + ). As y and = are not divisible by 3, this implies that b = a.
The same argument works for the case a > c.

Hence, similarly to the graph and hypergraph cases, we need a condition that guarantees
that the colouring uses a lot of colours in an “essential way”. Following our previous approach,
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we introduce the following definition. A colouring v: [n] — Z is (g,t)-bounded if there exists
a set X C [n] with |X| > n — en, such that |y(X)| < t. This may be viewed as a natural
extension of Definition 3 to “l-uniform hypergraphs”.

THEOREM 10. For every integer k > 3 and for every real € > 0, there exist integers ng
and T such that for every n > ng and every colouring ~v: [n] — Z the following holds. If ~y is
not (¢,T)-bounded, then there exists an injective k-term arithmetic progression in [n].

Notice that for every function f(n) of order o(n) and X C [n] with |X| > n — f(n) we have
that the colouring yAP defined above satisfies [yAT(X)| > T for any fixed T as long as n is
sufficiently large. Consequently, the hypothesis on v in Theorem 10 is best possible. The proof
of Theorem 10, to be presented in Section 5, is based on a quantitative version of Szemerédi’s
theorem [13].

3. Globally bounded local colourings

In this section we prove Theorem 2. We split this section in a few subsections to make the
reading a little easier. In Section 3.1, we give some further definitions and state the auxiliary
lemmas that we shall need. In particular, we state Lemmas 14 and 16, which are central to
the proof. In this section, we also sketch the approach we take in the proof of Theorem 2. The
actual proof of this theorem is given in Section 3.2. Finally, we give the proofs of Lemmas 14
and 16 in Section 3.3.

3.1. Auxiliary lemmas

We first recall and extend some of the definitions given earlier. A sunflower with core L is
an r-uniform hypergraph whose edges ey, ..., e, satisfy the property e; Ne; = L for all 4 # j.
The sets p; := e; \ L are the petals, |L| is the type, and the number of edges (or petals) is the
size of the sunflower. If £ = |L| is the type and s is the size of the sunflower, we shall speak
of an (¢, s)-sunflower and we shall denote it by S = (L,p1,...,ps). Observe that we shall be
talking about sunflowers both in K,(f) and in H. To differentiate between those two kinds of
sunflowers, we shall follow the convention that sub-hypergraphs of H will have dashes, e.g.,
S" = (L',py...,p.). Moreover, the letter k (as well as k, k, k) will denote bounds on the local
number of colours in sunflowers contained in KT(LT), whereas T will give bounds on the global
number of colours used in K,(f), ie., [im(y)|.

DEFINITION 11. For a given colouring v € Cff), an (¢, k)-sunflower S(L,p1,...,pr) C K
will be called injective if all its k edges receive different colours. We say ~ is (¢, k)-local if it
yields no injective (¢, k+1)-sunflower in K" In other words, vis (¢, k)-local if it is (S, k)-local
for every sunflower Sy of type ¢. Moreover, if 7 is (¢, k)-local for every £ =0,...,r — 1, then it
will be called k-local.

To prove Theorem 2, it suffices to verify the lower bound in (2.2). (For the proof of the
upper bound, see the paragraph following Theorem 2 in Section 2.2.) In other words, we have
to show that for every r-uniform hypergraph H with at least two edges

Fin(H) > min Ay(H) =: 3.1
in(H) = min Ag(H) = sp, (3.1)
where Ay(H) is the maximum size of a sunflower of type ¢ in H. This means we have to show

that for every n, every (H,sp)-local colouring v € ¢ is T-bounded, i.e., |im(y)| < T for
some constant 7' = T'(H) independent of n. The next proposition shows that it is sufficient to
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show that every (H,sg)-local colouring v is k-local for some constant k = k(H), i.e, it does
not yield an injective (£, k + 1)-sunflower for all 0 < ¢ < r.

PROPOSITION 12. For all integers k, r > 2 there exists an integer T = T'(k,r) such that
for every n and every k-local colouring v € C\) we have [im(vy)| < T.

We easily deduce Proposition 12 from the following theorem of Erdés and Rado.

THEOREM 13 (Erd8s & Rado [6]). If an r-uniform hypergraph contains more than r!k"
edges, then it contains an (¢, k + 1)-sunflower for some 0 < ¢ < r. O

In fact for k = 3 Erdds offered $1000 for the proof that r! can be replaced by ¢" for some
constant ¢ independent of r. This conjecture is still open and currently the best bound for
k = 3 is due to Kostochka [9].

Proof of Proposition 12. Let integers k, > 2 be given. Set T = r!k" and suppose that
v E C,(f) is k-local, but fails to satisfy | im(y)| < T. Then Theorem 13 immediately implies that
any collection of |im(y)| mutually different coloured hyperedges of K}Lr) contains an injective
(4, k + 1)-sunflower for some 0 < ¢ < r, which is a contradiction to the assumption that ~ is
k-local. O

We deduce (3.1) from Lemmas 14 and 16. Before we formally state these somewhat “dry”
lemmas let us briefly describe them and discuss their relevance for the proof of (3.1) under
the assumption sy > 2. Recall that E%T)(H, sp) denotes the set of all (H, sg)-local colourings
of K. In view of Proposition 12 it suffices to show that every colouring v € E%T)(H ,SH) is
k-local for some constant k = k(H). Lemma 14 roughly says that if v € ESLT)(H, sm) is such
that it yields an injective (4, k;)-sunflower in KT(LT) for some “large” k;, then it either admits
an injective (4, k; — r)-sunflower with j > ¢ (see part (a) of Lemma 14) or we infer that H
contains a subhypergraph H’ with a special structure (see part (b)). The structure of H' and
the existence of a “large” injective (4, k;)-sunflower in K under 7, then (see Lemma 16) also
imply that there is an injective (j, k)-sunflower with j > i, where k is of similar order as k.

In other words, Lemmas 14 and 16 show that if an (H, sg)-local colouring +y is not k-local for
some “large” k, i.e., v admits a “large” injective sunflower of type i for some i =0, ...,r—1, then
it necessarily admits a similarly “large” sunflower of type j > ¢ and, consequently, by repeated
application of both lemmas, a “large” sunflower of type » — 1. On the other hand, Lemma 14
also bounds the maximum size of an injective sunflower of type r—1 for any v € £$f) (H,sm) by
some constants k,_; = ET._l(H). Hence, it follows that every v € E;T)(H, sy ) must be k-local
for some k = k(H).

LEMMA 14. Let H be an r-uniform hypergraph and suppose 2 < minp<s<, Ay(H) = sy =t
s. For every i = 0,...,r — 1 there exists an integer k; = k;(H) > r such that for every k; > k;,
for every positive integer n, and for every colouring v € Egh)(H ,8) that yields an injective
(4, ki)-sunflower S; in K", one of the following is true:
(a) there exists j > i and an injective (j, k; — r)-sunflower S; in K9 or
(b) there exists a subgraph H! = S’ + ¢’ C H with the following properties:

(b1) S’ is an (i,s)-sunflower in H, and we write S’ = (L', p,...,p.),

(b2) € contains at least i vertices outside the petals of S', i.e., |¢'\ U, _, pl,| > i, and

(b3) €' intersects at least two petals, i.e., there are o1 and o2, 1 < 01 < o9 < s, so that

enpl, #0ande Np,, #0.
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In particular, for i = r — 1 the above ET_J = Er_l(H) > r is such that for every positive
integer n every vy € c' (H,s) is also (r — 1, k,_; — 1)-local.

REMARK 15. To see that the last part of Lemma 14 also holds, note that if i = r—1, then €’
(in part (b)) cannot have r — 1 vertices outside the petals and intersect two petals at the same
time. Furthermore, conclusion (a) of Lemma 14 cannot hold either since k._1 > k,._1 > 7.
Consequently, the assumptions of Lemma 14 can never hold for i = r — 1.

LEMMA 16. Let H be an r-uniform hypergraph and suppose 2 < ming<s<, A¢(H) = s
s. For every 0 < i < r — 2 and every integer k there exists a positive integer E = E(s7 k) such
that the following is true for every positive integer n. If
(i) H contains a subgraph H! = S’ + ¢’ satisfying (b1)—(b3) of Lemma 14 and
(ii) v € LY (H, s) yields an injective (i, k;)-sunflower,

)

then ~y gives rise to an injective (j, k)-sunflower in Kff for some j > i.

We defer the proofs of Lemmas 14 and 16 to Section 3.3. We close this section with the
following simple but useful observation, to be used in the proof of (3.1) in the next section.

PROPOSITION 17. Supposen > 3r — 1 and v € Cff) is a colouring such that |im(y)| > 2.
Then for every i =0,...,r — 1 there are two edges e, es € Kﬁf) satisfying

lesNea| =i and ~(e1) # v(e2).

Proof. Letn>3r—1and~ye€ ¢ be a colouring such that | im(v)| > 2. First we consider
the case ¢ = 0. Since |im(y)| > 2, there are two edges e; and e; in K" such that ~v(e1) # v(ea).
If g Nex = @ then we are done. On the other hand, if e; Ney # @ then |e; Ues| < 2r — 1. Since
n > 3r — 1 there is some edge e3 € K disjoint from both e; and ey and either v(e;) # y(e3)
or y(e2) # ~y(es), which concludes the case i = 0.

We now proceed by induction. Let 0 < i < r — 1 be fixed. By induction assumption there
are two edges e; and es in Kr(f) such that |e; Neg] =4 — 1 and v(e1) # v(ez2). Let v1 € €1 \ €2
and ve € ey \ e1. Clearly, |(e1 Nez) U {vy,v9} =i+ 1 < r. Now simply consider some edge
e3 € K\ which contains (e1 Ne2) U{v1,v2} and r — (i 4+ 1) points from [n] \ (e; Ueg). Then,
lesNer| =|(ex Nea) U{vr}| =i and, similarly, |es Nes| = |(e1 Ne2) U{va}| =i. (Such an edge
es exists indeed since (2r — (i— 1))+ (r— (i+1)) = 3r — 2i < 3r — 1 < n.) Clearly, v(e3) must
differ from either y(e1) or y(ez), which finishes the proof. O

We mention that a slightly more refined argument shows that the hypothesis n > 2r + 1
suffices in Proposition 17, which is best possible.
3.2. Proof of Theorem 2

Recall that all we have left to do to complete the proof of Theorem 2 is to prove the lower

bound (3.1).

Proof of (3.1). Let H be an r-uniform hypergraph with at least two edges. In order to
verify (3.1), we have to show that there exists some constant T = T(H) such that for every
integer n and every colouring v € £ (H,sp) (see (3.1) for the definition of sgr)

[im(y)[ < T (3.2)

We distinguish two cases depending on the size of sg.
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CASE 1 We have sy = 1. Here we set T' = (3Tr_1). Now let n be some positive integer and
let v € E%T)(H,l) be given. Clearly, |im(y)| < T as long as n < 3r — 1. Solet n > 3r — 1
and suppose for the moment that |im(y)| > 2. Then Proposition 17 implies that « yields an
injective (¢, 2)-sunflower for every £ =0, ...,r —1. From the fact that H has at least two edges,
it then follows that v is not (H,1)-local, i.e., v & ng) (H,1). Consequently, if n > 3r — 1, then
[im(y)| <1< T. O

CASE 2 We have sy > 1. In this case the definition of T' = T(H) is a little more
complicated. We first recursively define integers k,._1, ..., kg as follows:

Ey—1 (Lem.14(H)) it i=r—1,
k; = { max {ki+1 +r, /k\z (Lem.lG(s =Sy, k= ki+l))7

ki(Lem.M(H))} it i=r—2,...,0,

where Er,l, Ei, and E fori=r —2,...,0 are given by Lemmas 14 and 16, respectively. Note
that by definition the sequence ky, ..., k,._1 is not only monotone decreasing, but also satisfies
k’H_lSkifT for 7::7'72,...,0. (33)

We then define the promised constant T" by setting
T =T(Prop.12(k = ko — 1,7)) . (3.4)

Now let n be some positive integer and let v € ESLT)(H ,sm) be given. We first show the
following.

CramM 18. The colouring 7y is (i, k; — 1)-local for every i = 0,...,r — 1.

Proof. Assume for a contradiction that i is the largest index ¢ so that v is not (i, k; — 1)-
local. Due to the definition of k,._; and the last part of Lemma 14 we have that i < r —
1. Furthermore, by definition of ig there exists an injective (io, ki, )-sunflower, and as k;, >
kiq (Lem.14(H)), we can apply Lemma 14. Now part (a) of Lemma 14 is impossible, since for
any j > ip we have k; < k;, —r (cf. (3.3)) and thus an injective (4, k;, — r)-sunflower would
contain an injective (j, k;)-sunflower, contradicting the maximality of 4. R

Hence case (b) of Lemma 14 must occur. By definition of k;, we have k;, > k;, (Lem.lb‘(s =
si,k = kiy+1)). Hence both assumptions (i) and (ii) of Lemma 16 are satisfied for k = k;, 1.
Thus Lemma 16 yields an injective (j, ki 41)-sunflower. Again, as j > io, we have k; < ki 41,
and thus we have an injective (3, k;)-sunflower, contradicting the maximality of iy again. This
proves Claim 18. U

Now Claim 18 and (3.3) assert that v is a (kg — 1)-local colouring and, therefore, the choice
of T in (3.4) and Proposition 12 now imply |im(y)| < T in this case, Case 2. O

Having verified (3.1) in both cases, we have concluded the proof of the lower bound in
Theorem 2, based on Lemmas 14 and 16. ]

3.3. Proofs of Lemmas 14 and 16

In this section we prove Lemmas 14 and 16 stated in Section 3.1 and used in Section 3.2.
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3.3.1. Proof of Lemma 14 Let H be an r-uniform hypergraph and
= = mi >2. .
§=sg = min Ay(H) > 2 (3.5)

Let i be a fixed integer in the interval [0, — 1] and set
ki = max{s + 1+ r+i2,3r — 1}. (3.6)

Moreover, let integers k; > El and n and a colouring v € E%T) (H, s) be given. Suppose S; =
(L,p1,...,Pk;) C K is an injective (i, k;)-sunflower under +.

For the rest of the proof we assume that v does not contain an injective (j, k; — r)-sunflower
for any j > 4, i.e., we assume that conclusion (a) of Lemma 14 fails and we are going to
deduce (b). By the definition of s there exists an (i, s)-sunflower S" = (L', p},...,p,) in H, as
claimed in (b1). We first show that there is an edge ¢’ € H \ S” which satisfies property (b2).

CLAIM 19. There is an edge ¢’ € H \ S" with |e’ \ Uizlp;‘ > 1.

Proof. 1If i = 0, then it follows from s > 2 that H \ S’ # § (otherwise H contains no
(4, s)-sunflower for 7 > 1, which contradicts the assumption s = sy > 2) and, hence, there is
an edge e’ which trivially satisfies the conclusion of the claim.

So let i > 0. By the definition of s there exists a matching M’ C H of size s. On average the
edges of M’ have at least

1

1 . .
W zg(sr—s(r—z)):z

U 7\ Uy
frem’ o€[s]
vertices outside the petals of S’. Consequently, there is an edge ¢/ € M’ which has at least ¢
vertices outside the petals of S’. If ¢/ € S’ then we found our edge. If, however, ¢/ € S’ N M’,
then we can repeat the argument with M’ \ {¢’} and S’ \ {e}’. Indeed, on average the edges of
M’ \ {€'} have at least

8_1((s—l)r—(s—1)(r—i)):i

vertices outside the petals of S”\ {€¢’}. Hence, there must be an edge e’/ € M’ \ {e¢’} which has
at least 7 vertices outside the petals of S”\ {e’}. Moreover, since ¢’ Ne” = @ (both are edges in
the matching M’) and since we assumed that ¢’ € S’; we have that e’ & S’. O

Fix €’ as in Claim 19. It remains to show that ¢’ has non-empty intersection with at least
two petals of S’. Our proof is by contradiction. So let us first assume that

enp =0 forevery o€ ls]. (3.7

In this case, let e be an edge of K" which satisfies leNL| =|e/NL'| Since k; > k; > s+1+r
(cf. (3.6)), after removing those edges f from S; for which v(f) = ~(e) or (f\ L) Ne # 0 there
must be an injective (i, s)-sunflower SF C S; C K" for which ~v(e) € v(SF) and eNV(SF) =
e N L. Consequently, e U S* (which is a copy of ¢ US" C H) picks up s + 1 colours, which
contradicts the assumption v € ,Csf )(H ,$). Hence, assumption (3.7) must fail.

Next we assume that e’ intersects precisely one petal of S’. With an appropriate relabelling
we assume

e€nNpl#0 and € Np, =0 forevery o=2,...,s. (3.8)
Set
i, =le'NnL', io = e\ V(9)], and  ip =] Npl. (3.9)
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Note that r =ir, + ip + 41 and since €’ ¢ S’ (see Claim 19), we have
io >0 and, consequently, ip+ip<r. (3.10)

We shall need the following claims to derive a contradiction from assumption (3.8).
CLAIM 20. For every edge e of K\ satisfying |e N L| = iz, and |e N py| = i1 for some
A € [k;], we have y(e) = y(pa U L).

Proof. Let e and py be as in the hypothesis of the claim. Since k; > %Z > s+1+r > s+1+ip,
there is an injective (i, s — 1)-sunflower S C 5; satisfying the following:

— 57 does not contain the petal pj,

— none of the petals of S} intersects e, and

= v(e) € v(S7).
What can we say about eUS;U{LUpx}? (We observe that in this last expression we are mixing
the standard notation with the convention of omitting { } for singletons when the meaning is
clear.) Note first that e U S U{LUp,} forms a copy of e’ US, C H. Hence, if v(e) # v(pxUL),
then e U SF U {L Upy} uses s + 1 colours, which contradicts the fact that v € Eg)(H, s).
Therefore v(e) = v(px U L), as claimed. O

The simple observation in Claim 20 implies our next claim, Claim 21. This latter claim
asserts that iy, +io = ¢ and, more importantly, that any set L* of i vertices in Kff) is, roughly
speaking, the core of a ‘large’ injective sunflower.

Cramm 21. We have i, +io = 4 and for all sets L* C [n] with |L*| = i there is an injective
(4, s + 1 4 r)-sunflower S} with core L*.

Proof. First we show that i;, + 7o = 7. Note that
irtio=i 22 =r_i. (3.11)

Clearly, ip, +io = [/ N L'| + |’ \ V(S')| > i since by Claim 19 the edge e’ contains at least @
vertices outside the petals of S'. If if, +ip > 4, then fix some set O of cardinality ip in [n] \ L
and some set L of cardinality iz, in L. Moreover, for every \ € [k;] fix i; vertices I in every
petal py. Then, apply Claim 20 for every ey = O U L U I, for which py N O = (). Since there
are at least k; — ip > k; — r such petals, the above yields an injective (j, k; — r)-sunflower S;
for j =iL + io > 4, which is a contradiction, as we assumed that (a) does not hold. Thus we
do indeed have iy, + ip = i, as claimed in the first part of Claim 21.

We now focus on the second part of the claim. For that let L* C [n] be a set of size i. We
fix a sequence of sets Ly, ..., Ly in [n] with b < i+ 1 so that

Li=L, |LiJ =i, |LaNLgyi|=ipfora=1,...,b—1, and L,=L".

Note that such a sequence exists since i, =i —io < i (cf. (3.10)). For convenience we define
fora=1,...,b

k(a) =ki — (a —1)io.

We now show inductively that for every a = 1,..., b there exists an injective (7, k(a))-sunflower
S(a) with core L,. As k(b) = k; — (b—1)ip > k; —i? > k; —i? > s+ 1+ this yields Claim 21.

Setting S(1) = S; gives the induction start. So suppose there is an injective (i, k(a))-sunflower
S(a) with core L, and petals pf,...pj ). Note that [Laop1 \ La| = @ —ip = io. We set
A= {)€[k(a)]: pi N Laey1 = 0}. Obviously, [A| > k(a) —io. For every A € A set p§™' = pg.
It is easy to see that the piﬂ together with the core L,41 form an injective (i, |A|)-sunflower
S(a + 1). Indeed, simply apply Claim 20 with L := L, for every edge e := pi“ U Lgy1 and
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px := p%. This will yield that v(p§ ™" ULqt1) = v(p$ UL,), and hence the injectivity of S(a+1)
is inherited from that of S(a), and the induction step follows from the definition of k(a + 1).
O

Based on Claim 21 we now show that our assumption (3.8) contradicts v € EE«LT)(H, s), thus
finishing the proof of Lemma 14. Since by (3.6) we have k; > 3r — 1, we have n > 3r — 1 and
|im(«y)| > 1. Therefore, Proposition 17 ensures the existence of two edges e, f € K satisfying
|fNe|l=ir+i1 <7 and v(f) # v(e). Let pU L be a partition of e N f with

D] = i1 and |L| =i .
Set L* = LU (f \ e) and note that
(eUf)\L* Ce and |L*| =i+ (r—ip—i1)=r—iy =tip +ir =1,
where we used the first part of Claim 21 for the last identity. We then apply the second part of
Claim 21 with L*, which yields an injective (i, s + 1 + r)-sunflower S} with core L*. Therefore,

after removing those edges of S} which have the colour of e or f and those which intersect
(eU f)\ L* there still exists an injective (i, s — 1)-sunflower S;* C S with core L* satisfying

1SN {y ()@ =0 and V()N ((eU )\ LT) = 0.

Consequently, S¥*Uf is an injective (4, s)-sunflower with core L* and additional petal f\L* = p.
Moreover, the definitions of p, L C eN f, L* = LU(f \ €), and S;* imply that |eNp| = |p| = i1,
len L*| = |L| = ig, and |e \ (V(Si*)U f)] = |e\ f| = r — i1 — i1, = io. In other words,
e U S* U f is isomorphic to €’ U S’. Since |y(e U SF* U f)| = s + 1 this contradicts the fact
that v € ES')(H , 8). Therefore, assumption (3.8) cannot hold and e’ must intersect at least two
petals of S'.

As observed in Remark 15, the last assertion in Lemma 14 follows easily from the first part.
Therefore, the proof of Lemma 14 is complete.

3.3.2. Proof of Lemma 16 Let an r-uniform hypergraph H satisfying

= = mi > .
§ = sy = min Ay(H) > 2 (3.12)
and integers i, 0 < i < r — 2, and k be given. We set

%:221&2( RW(k+7r—1;u) and ki=k+r, (3.13)

where R (k + r — 1;u) is the Ramsey number which ensures that every u-colouring of the

complete u-uniform hypergraph on R (k 4 r — 1;u) vertices yields a monochromatic copy of
(u)
k4r—1"
Let H, = S’ +¢’ be a subhypergraph of H which satisfies (b1 )—(b3) of Lemma 14. Moreover,

let v € .CsLT)(H ,8) be an (H, s)-local colouring of K which yields an injective (i, k;)-sunflower.
We have to ensure the existence of an injective (7, k)-sunflower in K for some Jj >
Consider first the sub-hypergraph H] = S’ + ¢’ of H. By property (b1) the hypergraph
S =(L,p},...,p,) is an (i, s)-sunflower, with core L’ and petals pi, ..., p,. We set
ir=eNL, io=\V(S)|, and i, = Npl| for every o € [s]. (3.14)
We may assume w.l.o.g. that 4y > --- >4, > 0 and i, = -+ = is = 0, We know from (b3)
that v > 2. Observe that
ioin +i b iy =T (3.15)

and clearly u < r.
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Now we turn back to K,(f) and 7. Let L be the core of an injective (i,a)—sunﬂower in K,(f).
First fix a set O of ip vertices in V(Kr(f)) \ L and a set L of i, vertices inside the core L.
Since ip < 7 (cf. (3.15)) and k; = k + r, there still exists an injective (i, k)-sunflower S C K
with core L satisfying V(S) N O = 0. Let p1,...,p; be the petals of that sunflower, i.e.,
S=(L,p1,-..,pg)

Appealing to the fact that v € E%T)(H, s) and following the line of proof of Claim 20 one can
show the following claim.

CramMm 22. Suppose A = {\q,...,\,} C [E], and suppose e is an edge of K,(f) satisfying
leNL| =ig and |e N pa,| = i, for every o € [u]. Then there exists o(A) € [u] such that

v(e) =v(px,a) UL). O
For every X\ € [E] we fix u not necessarily disjoint subsets By 1,...,Bx C py in such a way
that
|Bro| =i, forevery o € [u] and A € [k]. (3.16)
From Claim 22 we infer that for every A = {A; < --- < A,} C [k] we have
7<E uou U B,\mg) =7(LUpx,,,) forsome a(A) € [u]. (3.17)
o€u]

Note that the assertion above states that for every set A = {A; < --- < A,} C [k] there exists
a o(A) determining the colour of L UO U Usefu) Bro,o- While the above o(A) depends on A,
a Ramsey type argument ensures a strengthening in which o(A) is independent of A C X for
a suitable subset X C [k]. More precisely, we shall prove the following.

CLAIM 23. There exist a subset X C [k] with |X|=k+u—1 and a oo € [u] such that for
every {\1 < - < A\, } € X we have

’y(EUOU U BAG,J) =v(LUpa,,)-

o€lu]

We prove Claim 23 momentarily, but first we deduce Lemma 16 from it. Let X = {21 <
< < Tfy 1)y and og € [u] be as in Claim 23. Set

op—1 u
L*=LUOU U Bz,,o’ @] U Bxl}+a—1»‘7
o=1 o=0p+1
and
Pr =B, i 100 fort=1,...,k.

Recall that B, , C p, and, therefore, B, , N By, = () whenever x # 2’. Moreover, by (3.16)

|L*| =iL+io+ D, do=r—ig =]
o€lul\{o0}

and j > 4 since iy, +ip =i, u > 2, and i, > 0 for every o € [u]. Moreover, the choice of p* and
the definition of L* imply that |L* U p%| = j + i,, = r and, hence,

St = (L, pY,-- - pp)
is a (4, k)-sunflower in K&, Furthermore, it follows from Claim 23 that

V(L Upy) =v(LUps, , )
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for every 7 € [k]. Since S is injective by assumption this implies that S* is an injective (j, k)-
sunflower in K,(f) and the proof of Lemma 16 is complete, except for the proof of Claim 23.

Proof of Claim 23. Recall that Claim 22 guarantees for every A = {\; < --- < A,} C [k] a
o(A) € [u] such that

'y(EUOU U BAG,J) =L Upxr, )

o€lu]

In other words we may view o as a u-edge colouring of the complete u-uniform hypergraph

with vertex set [k]. By the choice of k in (3.13) we infer from Ramsey’s theorem [12] that there
exist a subset X C [k] of size |X| = k+r — 1 and a o9 € [u] such that o(A) = o for every
A={\ < <A} CX. O

4. Essentially unbounded colourings

In this section we prove Theorem 8 (Section 4.3) and Theorem 5 (Section 4.4). Behind the
scene we shall need a partite version of the canonical theorem of Erdés and Rado, Theorem 7;
see Theorem 24 below.

4.1. A partite version of the Erdés—Rado canonical theorem

For a given ¢-type 7 (see Definition 4) we call a vector J = (J1,...,J¢) of sets an 7-trace
if J; C [r;] for every i € [¢]. Finally, we recall that for a set (e N W;) = {v1 < -+ < v, } and
Ji ={j1,---,Ja} C [1:] we write (eNW;)[J;] to denote the set {v;,,...,v;, } and (eNW;)[J;] =0
if and only if J; = 0.

THEOREM 24. For all integers ¢ > r > 2 and £ € [r] and every {-type T there exists an
integer n = n(q,r, ¢, T) so that for every colouring v € Cézz and every partition of the vertex set
into classes V1,...,Vy of cardinality |V;| = n each, there exists a family W1, ..., W, of disjoint
sets W; C V; with |W;| = q and a 7-trace J = J(7) = (J1,...,J¢), such that for all edges e,
e e (Wh. . .,W()(T)

v(e) =7(e) & (enWy)[Ji] = (' nWi)[Ji] Viell].

Observe that the case £ = 1 of Theorem 24 is exactly Theorem 7, since then 7 = (r) is the
only 1-type and then Theorem 24 guarantees for every colouring v a set W and a set J C [r]
so that two edges e, e’ C W receive the same colour iff e[J] = ¢'[J].

Proof of Theorem 24. Let integers ¢, r, and ¢ and an ¢-type 7 = (71,...,7¢) be given. We
set n to be the integer n(gf,r) guaranteed by Theorem 7 applied with ¢ - ¢ and r. Let ~ be
colouring K é
We treat the sets V1,...,V; as (pairwise disjoint) copies of [n] and denote by V another

copy of [n]. Consider the natural projection ;e Vi — V, where all the ¢ copies of z € [n]

2 — Z and let Vi,...,V; be an arbitrary partition of the vertex set of K érg

in Uy Vi are mapped onto the same 2 € V. Restricting that projection to (V1,...,Vi)(7)
gives rise to

rr (Vi Va)ir) — (;) (4.1)

where (XT) is the family of all subsets of V with cardinality at most r.
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Let us define an “inverse” 7~ ! of 7 on (‘Z) as follows. Lift € € (‘Z) to the element 77 1(€) =
e€ (V1,...,Vy)(r) such that m(e) =€ and

mlenVr) <---<menVy),
where as usual we write X <Y for two sets X, ¥ C [n] to denote max X < minY".

Based on w1 and the given colouring 7, we define an auxiliary colouring 7: (‘T/) — Z by

setting for every € € (‘:)
3(8) =1 (x (@) (42)

Apply Theorem 7 to 7. We obtain a subset W c V with |/V[7| = gl and a set J C [r] such
that for all €, ¢ € (V;/)

5(6) = 7(@) < el = 1), (4.3)

View J as the corresponding characteristic vector in {0, 1}", and partition this vector by letting
J1 consist of the first 7y components, Jo of the next 7o components, up to Jy. Finally view the
sets J; as subsets of 7; and fix the promised 7-trace J = J(r ) (J1,.- Jg) We obtain the
sets W; C V; from W in a similar manner: simply partition W into ¢ sets Wl,. Wg of the
same cardinality ¢ so that for every i =1,...,¢—1

Wi<--- < Wy,

and lift Wl to V; in the natural way, i.e., W; equals to the copy of Wl in V;. Thus we obtain
W; C V; for all i € [4].
Observe that

7 is injective on (W1, ..., Wy)(T) (4.4)
and that, since W; N Wj = (), we have 7(e) € (‘Z) for every e € (W1, ..., W;)(T). Moreover, for
every e € (Wh,...,Wy)(r) we have

7 (r(e)) =e. (4.5)

Also for every € € (‘;)
o) = ((@m W] < - < (€N ﬁ/})w). (4.6)

Finally, we show that the W7, ..., W, together with J = (J1,. .., J¢) satisfy the conclusion of
Theorem 24. For all edges e, e € (W1,...,W;)(r) we have

v(e) =) & 3( (e)) =A(m(e)) by (4.5) and (4.2)
m(e)[J] = (e ] N by (4.3) and (4.4)

& Viell: (r(e) NWi)J] = (w(e') N W) L] by (4.6)

S Viell]: (enWy)[J;] = (¢! N W;)[J;] by choice of W;.

4.2. Further auxiliary lemmas

Besides Theorem 24 from the last section, we need a few technical lemmas for the proof of
Theorem 8. We start with an auxiliary result relating (r—1, k)-local colourings (see Definition 11)
and (g,T)-bounded colourings (see Definition 3). Roughly speaking, Lemma 25 asserts that
unbounded colourings are not local.
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LEMMA 25. For all integers r > 2 and k > 1 and every € > 0 there exists an integer
T = T(r,k,e) such that for every n € N, every (r — 1,k)-local colouring vy € el is (e,T)-
bounded.

Proof. Letr>2,k>1,and € > 0 be given and set

I

Assume for a contradiction that for some n € N there exists an (r—1, k)-local colouring v € C,(f)
which is not (g, T)-bounded. Denote by ¢; the number of edges of colour i. After renumbering
we may assume that ¢; = 0 for every ¢ < 0 and ¢; > ¢;41 for every ¢ > 1. Moreover,

ch>5( ) (4.7)

since otherwise v would be (e, T')-bounded.

As there are ¢; edges of colour 4, by the Kruskal-Katona theorem [8, 10] there are at least
cgrfl)/r sets L € (T[f]l) seeing colour 1, i.e., each such L is contained in some edge of colour 1.
On the other hand, since 7 is (r — 1, k)-local, each such set L sees at most k different colours,
and so combining these two arguments we have that

Zczl—l/r < Z #{ different colours seen by L } < k( " 1) < kn L. (4.8)
i>1 Le(r[i]l) r—

( ) < % (4.9)

) 1r -1/ 11y U5 kn” ket (n)
¢ = < < < )
( ) 2 2 el \/TZ VT ~ /T \r

i>T i>T i>T

Furthermore, for every i > T we have

i < cC

'ﬂ\
'ﬂ\

R

Combining (4.7), (4.8), and (4.9), we obtain

which contradicts the choice of T'. O

Suppose v € C) and L € (™). Let C1; be the set of those vertices v € [n] \ L for which

~v(LU{v}) =i. Again we may assume (after renumbering if necessary) that C;, = 0 for i <0
and i > n+ 1 and |CL ;| > |Cp,iy1| for every 4 > 1. For a given integer k¥ > 1 and o > 0 we
call L (k, a,y)-good, if

> |CLil = an, (4.10)
i>k
and (k, «,7)-bad otherwise. In other words, a set L is good if its “smaller colour classes” C1,;
(¢ > k) add up a positive fraction. We first show (see Proposition 26) that, in this case [n] \ L
can be partitioned into classes of sensible sizes with disjoint colour ranges. Then we prove (see
Lemma 27) that every unbounded colouring must contain many good sets L.

ProproOSITION 26. For all integers r > 2 and k > 1, every a« > 0 and every colouring
v € ¢ the following holds. If L € (" ] 1) is (k,a,v)-good, then [n] \ L can be partitioned into
classes Uy, ...,Uy such that
(i) |U;] > om/(Zk) and
(ii) forall1 <i< j <k andall z € U; and y € U; we have v(L U {z}) # v(L U {y}).



ESSENTIALLY INFINITE COLOURINGS 19

Proof. Let constants r > 2, kK > 1, a > 0, a colouring v € ¢ and a (k, a,y)-good set
Le ( ["]1) be given. Moreover, let C, ; be defined as before.
First note that if |Cf x| > an/(2k) then we are done by setting

o O i oi=1,.. . k-1,
" \Ujsk Cry if i=k.
Therefore, assume that |Cr | < an/(2k). Let {X1,..., Xx} be a partition of {k+1,...,n}

such that
> 1CLal= > CLyl

reX; yeX;

M := max
1<i<j<k

is minimized. Note that, |Cp ;| < |Cpx| < an/(2k) for any = > k, we have
an
M< —. 4.11
< 5% (4.11)

Assume for a contradiction that |Ez€X |CL.s| < an/(2k) for some iy € [k]. Then (4.11)

would imply that
an
Z|CLI|<‘ Z |CLx|+ S?
zeX, r€X;,

for every i € [k], and, consequently,

Z|CL1’| < %—f—(k—l)% <an,

; ’ 2k k

i>k
which contradicts the fact that L is (k, o, v)-good. Hence, »_ .« |CrL .| > an/(2k) for every
i € k and setting for every i € [k]

= U CrL.UCL;
zeX;
satisfies (i) and (ii). O

LEMMA 27. For all integers r > 2 and k > 1, and every € > 0 there exists an integer
T = T(r,k,e) and a real « = «a(r,k,e) > 0 such that for every n € N and every colouring
v € ") which is not (¢,T)-bounded, there are more than 5= (rfl) sets Iin (r[f]l), which are
(kv Q, ’7)'g00d'

Proof. Letr >2 k> 1,and e > 0 be given. Set T = T(r,k+1,£/3) as given by Lemma 25
and set a = ¢/(3r"). Assume for a contradiction that for some not (g,T)-bounded colouring
v € c'"” there are at most (e/(3rm))(,",) sets L e (™ "] |) which are (k, a,v)-good.

For simplicity we assume that im(y) C N and for every L € ( [ ]1) let t=7r: N— Nbea

bijection for which [Cf, )| > |CL x(2)|. .., where as above, Cp ;) = {v € [n]\L: v(LU{v}) =
7(4)}. This way for every (k, o, 7)—bad set L € (T[ﬁ]l) we have
3 (Co| < an = ——n. (4.12)
; ’ 3rr
i>k

We define an auxiliary colouring 4 by setting for every e € Ky)

if e contains a (k, a,y)-good set or
_ 0 it ~(e) = m(9) for some i > k
7(6) = )

and some (k, o, y)-bad set L € (.,

~v(e) otherwise.
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Since by assumption there are at most (¢/(3r"))(,.",) different (k, c, v)-good sets and since (4.12)

holds, we have
1 € n n 2en”™ 2 (n
0 < — < —< — .
|/7 ( >‘_3r7’(r1) Xt am X (rl) - 3rm — 3 (7’)

Thus in total we recoloured at most (2/3)5(?) edges in 4. On the other hand, by definition the
colouring 7 is (r — 1, k + 1)-local and, hence, by Lemma 25 it is (¢/3,T)-local. But this implies
that the original colouring v must be (g, T')-bounded (as it differs from 5 on at most (2/3)e (")

|

edges), which contradicts our assumption.

4.3. Proof of Theorem 8

In this section we prove Theorem 8. However, we shall first prove a slightly weaker result,
namely, Lemma 29 below. For the proof of this lemma, we need the following well known result
of Erdos, which says that every sufficiently large and dense r-uniform hypergraph contains
every r-partite r-uniform hypergraph of fixed order. We denote by K (T)(k;r) the complete
r-partite r-uniform hypergraph with vertex classes of size k.

THEOREM 28 (Erdés [3]). For all integers r > 2 and k > 1 and every § > 0 there is some
nog = no(r, k,0) such that every r-uniform hypergraph G on |V (G)| = n > ng vertices with at
least (5(?) edges, contains a copy of K)(k;r). O

We now state and prove Lemma 29, which deals with edges of the unique, non-degenerate
r-type 1" = (1,...,1) and proves the first part of Theorem 8.

LEMMA 29. For all integers ¢ > r > 2 and every € > 0, there exist integers T = T'(r, q, €)
and ng = no(r, g, €) so that for every n > ng and every colouring v € " which is not (e,T)-
bounded the following holds. There exists a family V = {V1,...,V;} of mutually disjoint sets,
each of cardinality q, such that with T = (1,...,1) € N" for all edges e, ¢’ € (V1,...,V,.){(T)

v(e)=~() = enVi=¢enNV;.

Proof. Let g >r > 2 and € > 0 be given. Fix an integer k sufficiently large so that

k< (I;) . (4.13)

We set the promised constant T to T'(r, k,e) given by Lemma 27. Moreover, let a = a(r, k, &)
be given by Lemma 27. We fix auxiliary constants s and ¢ by letting

= (1)) e a= (5 (4.14)

Finally, we set ng to no(r — 1, k, §) given by Theorem 28.

After we fixed the promised constants 7' and ng, let v € C,(f) for n > ng be a not (e, 7T)-
bounded colouring. Due to the choice of the constants above, Lemma 27 implies that there
exist at least s sets L',...,L° € (Tfl), which are (k, «,y)-good. For each such L7, o € [s],
we are guaranteed by Proposition 26 to have a partition {U7,...,U7} of [n] \ L7 satisfying
properties (i) and (ii) of Proposition 26. In particular, property (ii) implies that for any set
P={p],....p7} € U7 x--- x UJ the (r — 1, k)-sunflower S% = (L, p7,...,p}) is an injective
sunflower. Since by property (i) the sets |[U7| > an/(2k) for every o € [s] and i € [k], we thus
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an\k (419 p
>
o <2k) 2 on <r1>

obtain

distinct, injective (r — 1, k)-sunflowers. As there are less than n* ways to choose k petals,
there must be a set W1 = {p1,...,pr} € ([z}) with more than §(," ) such injective (r — 1, k)-
sunflowers using p1, . . ., pg, the elements of W7, for the k petals. The kernels of those sunflowers
give rise to an auxiliary (r — 1)-uniform hypergraph G on the vertex set [n] with (") edges.
By the choice of ng and n > ng appealing to Theorem 28, we infer that G contains a copy
of the complete (r — 1)-partite hypergraph K~V (k;r — 1). Let Wa,..., W, C [n] be the
vertex classes of cardinality k of that copy of K"~V (k;r — 1). Recalling that the edges of G
are actually kernels of (r — 1, k)-sunflowers with the k petals coming from W7 = {pi,...,pr}
implies that Wi NW; = () for every ¢ = 2,...,r and, hence, Wy, ..., W, is a family of mutually
disjoint sets of cardinality k. Moreover, for every L € Wy x - - x W,. the (r — 1, k)-sunflower
S =(L,p1,...,px) is injective, thus for all z, ' € W; with = # 2’ we have

AL U{a}) # (LU a'}). (4.15)

Our aim is to find sets V; € (VZ) for all i € [r] such that for all not necessarily disjoint L,
L' € Vo x -+ x V. and all distinct x # =’ € W7 we have

YL U{a}) # (L U{z}). (4.16)

For that we call a family V = {V3,...,V,.} of sets V; € (Mq/?) faulty if the above condition is not
satisfied. We count all faulty families. By definition, every faulty family contains two sets L,
L' € V5 x...V, and two points z, 2’ € V; so that y(LU{z}) = v(L'U{z'}). There are at most
kUL 1+ ways to choose L, L' and z. Once these are given, there is only one choice for z/,
because if there were two distinct choices, say a’ and a2, then v(L U {z}) = v(L' U {z'}) and
Y(LU{z}) = v(L'U{z"}) would imply (L' U{z'}) = v(L'U{z"}), which contradicts (4.15). So
our choice of ' is forced. Now the remaining points in the family can be chosen arbitrarily, and
there are at most k?~2 ways to complete V; and k(r=Da—|LUL’| ways to complete Vo, ..., V.
But since

EILUL 41 o a2 o p(r=1)q—|LUL'| _ par—1 (423) <k> ,
q

there is at least one family V = {V;,...,V,.}, with V; € (V?) for i € [r], which is not faulty,
i.e., it satisfies (4.16). U

We are finally able to give the proof of Theorem 8, which is based on Lemma 29 and
Theorem 24.

Proof of Theorem 8. Let ¢ > r > 2 and € > 0 be given. First we define the constants T’
and ng. For that let 7(1),...,7(£) be any list of all non-degenerate types (for r) in which each
(-type (¢ € [r]) appears (}) times. It will be convenient to assume that 7(£) = (1,...,1) is the
single copy of the unique non-degenerate r-type. Furthermore, let £(i) € [r] be so that 7(3) is
an {(i)-type, i.e., let £(7) denote the dimension of the vector 7(z). Finally, let A(i) = {A1(i) <
< < Ag()(4)} € [r] be an ordered subset of /(i) indices in [r] so that every two copies 7(i1)
and 7(iz) of the same type get different sets, i.e., A(i1) # A(ia).

We define the following sequence of integers ¢(§) < --- < ¢(1) recursively by setting

. q+¢ it 1=¢,
q(t

(i) = {n(Thm.24(q(i—|— 1),r,£(i),r(z‘))) i1, 1, (4.17)
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where n(q,r, ¢, 7) is given by Theorem 24. Finally, we fix the promised constants T and ng by
appealing to Lemma 29 with ¢(1) and €. In fact, we set

T = T(Lem.29(q(1)7 5)) and ng = ng (Lem.29(q(1)7 5)) . (4.18)

Having defined the constants T and ng, we let v € Cf(f), for some n > ng, be a not (e, 7T)-
bounded colouring.

Clearly, by our choice of T and ng in (4.18) we can apply Lemma 29. Consequently, there
exists a family V(1) = {Vi(1),...,V;-(1)} of mutually disjoint sets, with

Vi) =---=[Va(D)] = q(1), (4.19)
so that for all edges e, ¢’ € (V1(1),...,V,.(1)){r(£))
y(e) =~(e") = enVi(l) =€ NVi(1). (4.20)

Notice that this would already prove the first assertion of the theorem by choosing ¢ = r and
T =7 = (1,...,1) € N". However, at this point we cannot guarantee that all edges of
degenerate r-type receive a colour different from the ones used so far, which we need for the
moreover-part of Theorem 8. The idea to find the right value for ¢ is, roughly spoken, to go
down with ¢ =r,r —1,... and stop just before all J;(i) = 0.

Next we apply Theorem 24 consecutively for i = 1,...,£ — 1 to obtain a family V(i + 1) =
{Vi(i +1),...,V.(i + 1)}, each of cardinality at least g(i + 1) and V(i + 1) C V(i). More
precisely, given a family V(i) = {V1(¢),...,V,.(4)} of mutually disjoint sets, each of size ¢(),
which exist for ¢ = 1 due to (4.19), we apply Theorem 24 with ¢(i + 1), r, £(i), and 7(7) to
the family of sets {V;: j € A(i)} and ~ restricted to the union of those sets. Theorem 24 then

gives rise to subsets W;(i) C V(i) for j € A(3) = {)\1( ) < -0 < Agiy(i) and a 7(i)-trace
J(r(2)) = (J1(2),. Jg(Z (i)), so that for all edges e, e’ € (Wy, (;)(4), .,W,\m)( i))(7(4))
v(e) =7(e) & (enW;@)[J;] = (/N W;(@)[J;] Vi€ [L()]. (4.21)

We conclude the inductive definition of V(i) by setting

Vit + 1) = {0 7€ A0
V(i) if & AD).

We call a 7(i)-trace J(7(i)) = (J1(4),..., Jou(i)) monochromatic, if J;(i) = () for every
J € [£(7)], as in this case all e € (W, (5)(@), ..., Wi, (1))(7(i)) receive the same colour. Fixing
the (7(£) = (1,...,1))-trace J(7()) = ({1},.. {1}) we have, in view of (4.20), a non-
monochromatic trace for the unique non-degenerate r-type. Therefore, there exists a minimum
integer ¢ € [r] for which there exists an ¢y-type, say 7(ig) with corresponding index set A(i)
, with a non-monochromatic trace J(7(ip)).

From the choice of ¢y it follows that if A(i) € A(ig), then J(7(¢)) is monochromatic. In
particular, there exists a relabelling Uy, ..., U, of the sets W;(ig) = V;(io + 1) for j € A(do)
such that for every degenerate {y-type 7 the colouring 7 is monochromatic on (U, ..., U )(T)
and if Uy = W;(ig) then J;(ig) # 0, which is possible since J(7(ig)) is non-monochromatic.
Let 7% = (1,...,7; ) be the vector which we obtain from 7(ig) = (71(i0), ., Te,(d0)) after
reshuffling the entries corresponding to the relabelling above, ie., if US = W,\j(io)(io), then
77 = 7;(io). Similarly, let 7(7*) = (J7,...,J;)) be the corresponding reshuffling of J(7(io)),
where J; # (). Therefore, from (4.21) we infer the first part of Theorem 8, i.e, for all edges e,
e € (Uy,...,Up)(T*)

v(e) =v(e") = (enty)[J7] = (¢ NUJT].

Moreover, due to the choice of the integers ¢() in (4.17), we have |U;| > ¢q(ip + 1) > ¢+ ¢ for
all j € [{p]. Since there are less than £ colours used by degenerate £y-types, the deletion of at
most £ many vertices from each U; will produce the final family W. ]
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4.4. Proof of Theorem 5
In this section, we deduce Theorem 5 from Theorem 8.

Proof of Theorem 5. Let H be an r-uniform hypergraph with at least two edges and vp
vertices and set

k:=Z2(H) = gl;%) max{‘X(TT’J)-IVTAUH (HO)’: Hy C KT(,TgH} . (4.22)
j1€[m1]

In (4.22) above as well as later in this proof, Hy denotes a copy of H in some “large enough”
complete hypergraph. We have to show that k — 2 < EssFin(H) < k. We first prove the upper
bound. For that it suffices to give an example of a family of (H,k)-local colourings, that are
not (g, T)-bounded for a given € > 0 and every T'. For that we note that for fixed € < r!/r" and
given T the colouring X‘(rr_gln is not (g, T')-bounded for any 7 € 7, j; € [11], and n = n(e, T)

sufficiently large. Moreover, by definition of k in (4.22) there is some 79 € 7() and some
J1 € [11] such that X(r) is (H, k)-local and, hence,

70,41,

EssFin(H) < k. (4.23)

We prove the lower bound by contradiction. So assume EssFin(H) < k — 2, i.e., there is
an ¢ > 0 such that for every T there exist an n and a colouring ~ € L%T)(H .k — 2) that is
not (¢,T)-bounded. Let such an € > 0 be given. For ¢ = vy, r, and € Theorem 8 yields T
and ng. Now suppose for some n > ng there exist some v € E%T)(H, k—2)C CT(LT) which is not
(e,T)-bounded. Then by Theorem 8 there exist an integer ¢y € [r], a non-degenerate ¢y-type
T =(T1,...,70,), aset O # J1 C [n], and a family W = {Wy,..., Wy, } of mutually disjoint
sets of cardinality ¢ such that for all edges e, ¢’ € (W1, ..., Wy, ){(T)

v(e) =~(e) = (enWy)[J1] = (¢ N Wy)[J4]. (4.24)

Consequently, for j; = min J; we have

max

- fy(Ho)| > max{h(HOM: Hy induced on U Wl}
HoCKY

ieltol (4.25)

“ " (g
> -1+ max [x; 4., (Ho)l.
HogKgg’

“q

Note that the “—1” is needed, because Hy may contain edges of a non-degenerate {y-type
7/ # 7. Theorem 8 gives us no control over the colour of those edges, but xi?heo_ q(Ho) insists
on a colour different from those used for the edges of type 7. However, if r = 2, then there exist
only one non-degenerate 1-type (7 = (2)) and only one non-degenerate 2-type (7 = (1,1)).
Hence, for r = 2 we infer

max |7(H0)| >  max |X(2) (H0)| . (4.26)

= 7,J1,00°q
HoCK® Hock @,

Moreover, since 7 € T(") and ¢ > vy, we infer from (4.25) that

max |y(Ho)| > -1+ min  max |X(TT,J)‘1,r-vH (Ho)| .
HoCK\” reT[“i HoCK\"),
J1E[T1

But by definition of k in (4.22) this contradicts v € c' (H,k —2). Hence EssFin(H) > k — 2
and (2.7) follows from (4.23) and (4.22).
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The moreover-part of Theorem 5 for r = 2 follows in the same way. Colourings ng 1., and

ng&n are equivalent in the sense that

(2) I (2)
max - |x R\Ulo)| = max |X n Hy
HoCK® | (2),1, ( )} HoCK® { (2),2, ( )|

for every integer n. Recalling, that Ymin,n = ng 1n

and Ypip,n = Xg)l) 1. We infer from (4.23)
and (4.22) that

EssFin(H) < —1 4 min { n}{ax [Ymin,20n (Ho)|, n}{ax |Ybip, 205 (H0)|} =k-1,
0 0

where the Hy range over all copies of H in K,SQ). Similarly, repeating the analysis as in the
proof of EssFin(H) > k — 2 for general r above, but using (4.26) instead of (4.25), we infer
EssFin(H) > k—1 for r = 2. O

5. Essentially unbounded colourings of the integers

In this short, final section, we present the proof of Theorem 10. We shall use the following
quantitative version of Szemerédi’s theorem, which was proved for 3-term arithmetic progressions
by Varnavides [16] and for k-term progressions by Frankl, Graham, and Rodl [7].

THEOREM 30 (Quantitative version of Szemerédi’s theorem). For every integer k > 3 and
e > 0 there exists d = d(k,e) and n1 = ni(k,e) such that for every n > nq, every subset
X C [n] with | X| > en contains at least dn? arithmetic progressions with k elements. O

Proof of Theorem 10. We start with an argument similar to the one in the proof of
Lemma 25. Let £ > 3 and € > 0 be given. We set

no = ni(kye), T = {d(kl’g) (’;)J +1, (5.1)

where ny(k,e) and d(k,¢e) are given by Theorem 30.

Let n > ng and 7: [n] — Z be a colouring that is not (¢, T)-bounded. We denote by C; C [n]
the set of integers that receive colour 4, i.e., C; = y~1(i) and let ¢; := |C;|. Without loss of
generality we may assume that ¢; = 0 for every i < 0 and ¢; > ¢;41 for every i > 1. Moreover,
for every i > T we have T - ¢; < Zjll ¢; < n and hence

c < % forall ¢>1T. (5.2)

Next let Y = Cy U---UCp. Clearly, |v(Y)| < T and since v is not (&, T)-bounded

T
Y| = Zci <n—en.
i=1

Therefore ) ;. ¢; > en and we may apply Theorem 30 to the set X = (J,. C;. By Theorem 30
we obtain dn? arithmetic progressions with k elements inside X, where d = d(k,¢). If one of
them is injective, i.e., uses k colours, then we are done. Suppose that none of them is injective,
so that each of them contains a monochromatic pair. In general, every monochromatic pair
can prevent at most (k) different k-term arithmetic progressions from being injective, which

2
implies the following bounds:

k! ¢ n\2
2 . e 1 2
dn (2) < #{ monochromatic pairs in X } < E (2> < g ¢, <T (T) ,

i>T i>T
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where for the last step we used the fact that the above sum is maximized when as many
summands as possible take the maximum possible value as given by (5.2). This yields that

T< (g) /d, contradicting our choice of T in (5.1). O
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