Generalized Ramsey numbers via
conflict-free hypergraph matchings

Andrew Lane® Natasha Morrison?

Submitted: Aug 12, 2025; Accepted: May 3, 2026; Published: Oct 9, 2026
(©) The authors. Released under the CC BY-ND license (International 4.0).

Abstract

Given graphs G, H and an integer q > 2, the generalized Ramsey number, de-
noted r(G, H, q), is the minimum number of colours needed to edge-colour G such
that every copy of H receives at least g colours. In this paper, we prove that for a
fixed integer k > 3, we have r(K,,C,3) = n/(k —2) 4+ o(n). This generalizes the
work of Joos and Mubayi, who proved r(K,,C4,3) = n/2 4+ o(n). We also provide
an upper bound on (K, ,, Ck,3), which generalizes a result of Joos and Mubayi
that (K, n, Cs,3) = 2n/3 + o(n). Both of our results are in fact specific cases of
more general theorems concerning families of cycles.

Mathematics Subject Classifications: 05C55, 05C65

1 Introduction

The classical Ramsey problem asks the question: given a graph H and k > 2, what is the
minimum number n = Ry(H) such that any edge-colouring of K,, using k colours contains
a monochromatic copy of H? This fundamental question has been widely studied, along
with many variants; see the excellent survey of Conlon, Fox and Sudakov [9]. A very
natural generalization of the classical Ramsey problem is to vary the number of colours
k instead of the number of vertices n. For graphs G, H and q > 2, let r(G, H, q) be the
minimum number of colours needed to colour G such that every copy of H receives at
least ¢ colours. Determining r(K,, H,2) for all n is equivalent to determining the classical
Ramsey number Ry(H) for all k. A colouring of G in which every copy of H receives at
least ¢ colours is called a (H,q)-colouring of G. The function r(G, H,q) is called the
generalized Ramsey number or the Erdds-Gydrfds function.

The study of the function r(G, H, q) was initiated by Erdés and Shelah [15] in 1975.
In 1997, Erdés and Gyérfas [16] considered the case where G and H are cliques and
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proved r(K,, K,,q) = O <n(p_2)/ ((g’)—q+1))' This was generalized by Axenovich, Fiiredi,

|V(H)|=2

and Mubayi [1] to give a general upper bound of r(G, H,q) = O (n\E(HH—qH). Bennett,
Delcourt, Li, and Postle [6] improved and generalized this bound.

Theorem 1 (Bennett, Delcourt, Li, Postle [6]). Let H be a fized graph with |V (H)| > 3
and let q be a positive integer with ¢ < |E(H)| and |V (H)|—2 not divisible by |E(H)|—q+1.
If G is a graph on n vertices, then

VU2 BTt
G, H,q) = O (_) .
logn

In fact, Theorem 1 is a consequence of a much stronger result in [6] concerning a list-
colouring analogue. Precise results for (G, H, q) for specific H have also been obtained. In
particular, Bennett, Cushman, Dudek, and Pratat [5] proved that r(K,, K4,5) = 5n/6 +
o(n), and Joos and Mubayi [25] proved that r(K, ,, C4,3) = 2n/3+o0(n) and (K, Cy,3) =
n/2+ o(n).

Our main result provides a generalization to all cycles of the work of Joos and Mubayi
[25]. This stronger result implies both theorems and gives a full characterization of the
asymptotic behaviour of the number r(K,, Cy, 3) for fixed k. To state this result in full
generality, we define the following: for a graph G, a family of graphs F, and ¢ > 2, an
(F, q)-colouring of G is a colouring of G that is an (F) ¢)-colouring of G for all F' € F. Let
r(G,F,q) be the minimum number of colours in an (F, g)-colouring of G. Let Cp g =

{Ck, Ck+1, ey C[}.
Theorem 2. For fized integers 3 < k < £ and n sufficiently large,
7(Kn, Cg,3) = n/(k —2) + o(n).

Note that if 7/ C F, then r(G, F',q) < (G, F,q). Using this, we immediately obtain
the following result.

Corollary 3. For a fized integer k > 3 and n sufficiently large,
r(Kp, Cr,3) =n/(k —2) + o(n).

We also prove a bipartite analogue of Theorem 2 that generalizes the bound of Joos
and Mubayi [25] on 7 (K, ,, C4, 3).

Theorem 4. For any fived integer k > 2, even number { > k? — k + 2, and n sufficiently
large, we have

2n
(Ko, Clrz—kr2.),3) < 21 + o(n).

Corollary 5. For any fized even number k > 4 and n sufficiently large,

n 2n

+o(n) < (K., Ck,3) <

k—2 (n) (K, G 3) LH\/MJ?_l
2

+ o(n).
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Note that the lower bound in Corollary 5 is almost certainly not tight: it only gives
r(Knn, Cs,3) = n/2 + o(n), while [25] gives (K, Cy,3) = 2n/3 4+ o(n). There is no
reason to expect that this situation improves as k grows larger. However, it is possible
that the upper bound is tight, since the proof is analogous to that of Theorem 2, which
gives a tight upper bound on r(K,,Cy,3), and we can recover the tight upper bound
7(Kyn, Cs,3) < 2n/3 + o(n) of Joos and Mubayi [25].

Theorems 2 and 4 are both applications of the so-called “conflict-free hypergraph
matching” method. This method was introduced by Glock, Joos, Kim, Kiihn, and Lichev
in [20] and independently in [12] by Delcourt and Postle as the “forbidden submatching
method.” Roughly speaking, the method finds matchings in hypergraphs in which certain
sets of edges are forbidden. The main idea is that for a hypergraph H and a hypergraph
C with V(C) = E(H) whose edges are forbidden sets of edges in H, if C has various small
degree conditions, then it is possible to find a (nearly) perfect matching in H.

Both foundational papers [12, 20] developed the method in order to prove asymptotic
results about ‘high-girth’ Steiner-systems, thus substantially generalizing work from [8, 22]
and settling approximate versions of conjectures from [19, 22, 27]. Since then, this method
has already had a plethora of other exciting applications; see [10, 11, 13, 14, 18, 21, 28].
In particular, the results stated above of Bennett, Delcourt, Li, and Postle [6] and those
of Joos and Mubayi [25] were also obtained via the conflict-free hypergraph matching
method, which was also used for several other related results related to generalized Ramsey
numbers; see [4, 7, 23].

Although our results are obtained via the same broad strategy as those of Joos and
Mubayi [25], new ideas and arguments are required in order to deal with the additional
structures at play when considering longer cycles. We give more detail regarding this in
Section 3.

The paper is structured as follows. In Section 2 we introduce the conflict-free hy-
pergraph matching method and state the main result (Theorem 8) which will be applied
in our proofs. Theorem 2 is proved in Section 3. In Section 4 we present the proofs of
Theorem 4 and Corollary 5. As the proof of Theorem 4 follows very similar lines to that
of Theorem 2, we give only the key points here and present the more tedious details in the
appendix included in the arXiv version of this paper. We provide some closing remarks
and open problems in Section 5.

2 Conflict-Free Hypergraph Matchings

In this section, we briefly recall the simplified version of the conflict-free hypergraph
matching theorem from [20] as presented in [25]. This will be applied in the proofs of
Theorems 2 and 4.

Roughly speaking, these theorems show that if H is an approximately regular hyper-
graph, C is a hypergraph whose edges are forbidden configurations of edges of H, and C
satisfies various small degree conditions, then there exists an almost perfect matching in
‘H that does not contain any edge of C. In particular, for graphs G, H and ¢ > 2, if H
corresponds to possible edge-colourings of subgraphs of a graph G, and C corresponds to
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arrangements of these subgraphs in which H receives fewer than ¢ colours, then such a
matching yields an (H, ¢)-colouring of almost all edges of G.

We require some definitions for a hypergraph . For a set S, let S® = {T' C S :
7| =k}

e For k € N, say H is k-uniform if |e| = k for all e € E(H).
o For v € V(H), let dy(v) :== |{e € E(H) : v € e}| denote the degree of v in H.
o Let 0(H) := minyey ) dy(v) and A(H) := max,cy ) du(v).

e Fori e N, let H® be the spanning sub-hypergraph of . comprising all edges of size
exactly 1.

e Fori> 2, let Aj(H) := maxgey o [{e € E(H) : S Ce}l.

For hypergraphs H and C, we refer to C as a conflict system if E(H) = V(C). We say a
set S C E(H) is C-free if S does not contain any element of E(C) as a subset.

Definition 6 (Glock, Joos, Kim, Kiihn, Lichev [20]). For integers d > 1, ¢ > 3 and
e € (0,1), say that a hypergraph C is (d, ¢, €)-bounded if the following holds.

(C1) 3<|S| < tforall Se E(C);
(C2) A(CY) < td! for all 2 < i < 4
(C3) Aj(CY) < d = forall3<i<land2<j<i—1.

This means that all uniform sub-hypergraphs of C have small degrees and codegrees,
which we use as a necessary condition for the conflict-free hypergraph matching theorem.

Glock, Joos, Kim, Kiihn, and Lichev [20] also introduced a class of weight functions
for which the matching admits quasirandom properties. We now introduce some notation
and terminology required to describe these. A test function for H is a function w :
E(H)Y) — [0,¢] where j € N such that w(S) = 0 whenever S is not a matching. We
say that w is j-uniform and refer to j as the uniformity of w. For X C E(H)Y), we
define w(X) := > v w(z). We also extend w to arbitrary subsets S C E(H) by defining
w(9) := w(SW). We define w(H) := w(E(H)). For a hypergraph C and e € V(C), define
C.:={S\{e}:e€SeEC)]}.

Definition 7 (Glock, Joos, Kim, Kiihn, Lichev [20]). For j,d € N, ¢ > 0 and hypergraphs
H and C with V(C) = E(H) and ¢ := maxgep(c) | S|, we say that a j-uniform test function
w for H is (d,e,C)-trackable if the following holds.

(W1) w(H) > dits;
(W2) w({S € E(H)Y) :SDS}) <w(H)/d* for all j' € [j — 1] and S’ € E(H)Y";

(W3) |(C.)9) N (Cp)U"| < @' for all distinct e, f € E(H) with w({S € E(H)Y) : e, f €
S}) > 0and all j’ € [¢ —1];
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(W4) w(S) =0 for all S € E(H)Y that are not C-free.

Theorem 8 (Glock, Joos, Kim, Kiihn, Lichev [20]). For all k,¢ > 2, there exists ¢g > 0
such that for all € € (0,e), there exists dy such that the following holds for all d > dy.
Suppose H is a k-uniform hypergraph on n < exp(de’) vertices with (1 —d=°)d < §(H) <
A(H) < d and Ay(H) < d*¢, and suppose C is a (d,{,e)-bounded conflict system for
H. Suppose W is a set of (d,e,C)-trackable test functions for H of uniformity at most
¢ with |W| < exp(d®’). Then there exists a C-free matching M C E(H) of size at least
(1 —d=="Yn/k with w(M) = (1 £d=")dTw(H) for all j-uniform w € W.

3 Proof of Theorem 2

In this section, we prove Theorem 2, restated here for convenience.

Theorem 2. For fized integers 3 < k < £ and n sufficiently large,
(K, Clig, 3) = n/(k —2) + o(n).

The lower bound in Theorem 2 will follow directly from the following results of Axen-
ovich, Fiiredi, and Mubayi [1] and Faudree and Schelp [17]. For a graph G and n > |V (G)],
let ex(n, G) be the maximum number of edges in an n-vertex graph that does not contain
a copy of G.

Theorem 9 (Axenovich, Fiiredi, Mubayi [1]). Let H be a connected graph. Then for any
spanning tree T of H,

()

(s HLBUH)| = VD] +3) > —os

= Q(n).

Theorem 10 (Faudree, Schelp [17]). For all n,k € N,

(k—1)n

ex(n, P/C—i—l) < 9

The upper bound in Theorem 2 is more involved, and this is where we apply the
conflict-free hypergraph matching method. Before getting into the technical details of the
proof, let us first give a brief overview.

Our goal is to colour K,, with at most n/(k —2) + o(n) colours in such a way that no
cycle with length in [k, ¢] has fewer than 3 colours. One might hope to do this randomly
via the local lemma, but there are simply too many dependencies to do this outright.
Hence our strategy is to first colour most of the graph using at most n/(k — 2) colours
with a very structured colouring in such a way that we can then colour the rest randomly
with a set of o(n) new colours using the local lemma.

One obstacle to overcome in generalizing the Cy result to longer cycles is the wider
variety of forbidden structures that appear. This means that at essentially every stage of
the proof, we require more complex and careful arguments. For example, in the proof of
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Lemma 11 below, we use a richer family of test functions and show that large structures,
like the arrangements that produce the cycles mentioned in (IV), can be “tracked” using
these test functions. In addition, we require the asymmetric Lovasz local lemma [29] (see
Lemma 12, below) to control the larger range of bad events that arise in the more general
setting.

We now give some definitions and explain the properties of this structured colouring
(given in Lemma 11 below).

For a hypergraph H, a cycle of length ( is a sequence eq, €, .. ., e, of distinct edges in
E(H) such that there exist distinct vertices vy, va, ..., v, € V(H) where, taking indices
modulo ¢, we have e; Ne;y1 = {v;} for all i € [¢]. The girth of a hypergraph H is
the minimum ¢ such that H has a cycle of length ¢ (or co if it has no such cycle). In

what follows, to simplify the calculations, we will treat cycles aq,...,a; and by, ..., b, in a
(hyper)graph as distinct if a; # b; for some ¢ € [k], even if they represent the same circular
arrangement. Note that this does not quite match the standard notation vy, ve, ..., vk, vy

we use for graphs. For z € R, denote [z] := {1,2,..., |z]}.
We are now ready to state our technical lemma, which is of a similar spirit to the
technical lemma of Joos and Mubayi in [25].

Lemma 11. For each { > k > 3, there exists § > 0 depending only on { and k such that
for all sufficiently large n, there exists an edge-colouring of a spanning subgraph G of K,
with at most n/(k — 2) colours and the following properties:

(I) Every colour class consists of vertex-disjoint copies of Ky_1.

(II) Given any two colours i,j, the (k — 1)-uniform hypergraph with vertexr set V(G)
where each edge is formed by the vertex set of a copy of Kip_1 in colour i or j has
girth at least 2| %] + 1.

(IlI) The graph L := K, — E(G) has mazimum degree at most n*=°.

(1V) For each 2 < m < \_%J and uyv, € E(K,), the number of cycles uy, vy, us,ve,. ..,

U, U, Uy Such that vyuy € E(L) for all t € [m — 1] with disjoint monochromatic
copies Fi,..., F,, of Kx_1 in G, all of the same colour, such that vyu, € E(F}) for
all t € [m], is at most n(m~H1=9),

Lemma 11 is proved in Subsection 3.1 below using the conflict-free hypergraph match-
ing method. The conditions (I)-(IV) will ensure that the subgraph G has no cycle with
length in [k, ¢] that is coloured with fewer than 3 colours. Moreover, the colouring of G is
structured such that there are only particular ways that colouring L = K,, — E(G) could
cause problems and that there are few enough dependencies to be able to use the local
lemma to colour L so that no such cycle is created.

We will use the following generalization of the Lovész Local Lemma. For a set of
events &, say that a graph G is a dependency graph for € if V(G) = & and for all £ € £,
E' is mutually independent of all events not in its G-neighbourhood.
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Lemma 12 (Asymmetric Lovédsz Local Lemma [29]). Let Ey,..., E, be events with de-
pendency graph G. If there exist xq,...,x, € (0,1) such that for all i € [n],

P(E) <z [ (-,

EjeNG(E;)
then PN, E;) > 0.
We now formalise the steps in this overview to prove Theorem 2.

Proof of Theorem 2. We begin with the lower bound. By definition, a (Cp g, 3)-colouring
of K, is a (Ck, 3)-colouring of K, so r(K,, Clg,3) = (I, Cy,3). By combining Theo-
rems 9 and 10, we obtain the following lower bound:

(5) n(nz_l) n

T(Kn70[k,f]73) Z T(Kna Ck73) =

We now turn our attention to the upper bound. We will show, for 3 < k < /£,

(K, Clig, 3) < SR o(n).
k—2
First, apply Lemma 11 to obtain a coloured graph G and a number ¢ as stated in Lemma
11. We will first show that G is (Cly g, 3)-coloured. Then we will use the local lemma to
colour L = K,, — E(G).

Claim 13. G is (Cl g, 3)-coloured.

Proof of Claim. Suppose that G is not (C,3)-coloured for some k < h < ¢. Let H be
the hypergraph described in Lemma 11(II), and let C' = vy, vy, ..., v, v1 be a 2-coloured
h-cycle in G. Partition C' into maximal-length monochromatic paths P, ..., P, such
that (setting Py1 = Py) V(P,) NV (Pi1) # 0 for all ¢ € [t], and for each i € [t], let
u; € V(P;) NV (Piy1). By the definition of H, each P, is a subgraph of a monochromatic
copy of Kj;_1, and since the P; have maximal length, the colours of the P; alternate. Thus
if h is odd, then at least one of the P, has length greater than 1, else there exist P;, P;iq
that receive the same colour, contradicting the maximality of their lengths. This implies
t <205 <23

For each i € [t], let F; be the monochromatic copy of Kj_; that contains P; as a
subgraph. Then since each F;, F; are edge-disjoint for 7 # j and vertex-disjoint for ¢ # j,
i —7 =0 (mod 2), the u; are distinct and V(F;) NV (F;41) = {u;} for all i, so V(F}),
V(F),...,V(F,) is a 2-coloured cycle of length ¢ < 2[£] in H, contradicting Lemma
11(II). Therefore, G is (Cj, 3)-coloured for all k < h < ¢, i.e., G is (Cp,q,3)-coloured. [

To complete the proof, we need to colour L = K,, — E(G) in such a way as to not

create a cycle with length in [k, ¢] with fewer than 3 colours. Let 0 < a < min{2,1}.

We will colour edges in L randomly such that there is a non-zero probability that
the (Ci,g,3)-colouring is preserved. Let P be a set of r := n'~® new colours that do
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not colour edges in GG. Colour each edge of L independently with a colour from P with
uniform probability 1/7r.

For any pair e, f of adjacent edges in L and i € P, let A, s; be the event that both
e and f receive colour i. Then P[A, ;] = r~2 = n=207%) For (%W <m < L%J and a
2m-~cycle D in L, define Bp to be the event that D is properly 2-coloured. Then once
we have fixed the colours of two adjacent edges, there is only one choice for the colour
of each remaining edge, so P[Bp] < r~?m=2) = n~Cm=2)0-a)  For 2 < m < LgJ and a
2m-cycle D = uqy, vy, ... Uy, Uy, up in K, where there are disjoint monochromatic copies
of Fi,...,F,, of Kx_1 in G, all of the same colour, such that u,v; € E(F;) for all ¢ € [m)]
and v;u;11 € E(L) (taken mod m) for all i € [m], and for a colour j € P, let Cp ; be the
event that every viu;,; (mod m) receives the colour j. Then P[Cp ;] = r~™ = p~m(1-9),

Let A be the set of all defined A, ;;, and for all m, let B,,, and C,, be the sets of all
defined Bp and Cp j, respectively, where D has length 2m. Let

1¢/2] le/2)
E:=AU U B,, U U C,..
m=[k/2] m=2

We now use the local lemma to show we can colour L avoiding the events in &; we will
then show that such a colouring will not create a cycle in K,, with length in [k, ¢] coloured
in fewer than 3 colours.

Claim 14. There exists a colouring of L such that none of the events in £ occurs.

Proof of Claim. Say two events in £ are edge-disjoint if the edges in L associated with
each of them are distinct. For an event E and a set of events X, let dx(E) be the number
of events in X’ that are not edge-disjoint from E. Then by Lemma 12, it suffices to prove
that there exist ©, yrr/a1,- - - Ye/2): 22, - - -, 21472 € (0,1) such that for all A € A, B,, € B,
([4] <m < |L]), and Cy, € Cpy (2 <m < [£]), we have

P(A) <zf(A), P(Bn) <ymf(Bn), P(Cn) < 2mf(Cn), (1)
where for all £ € &,

L¢/2] 1£/2]
F(E) = (1—z)™® H (1 — gy )8 () H (1 — z,)dem ().
m=[k/2] =2

Fix £ € £, and let S = {ey,...,e;} be the edges in L associated with E.
For each e; € S and end-vertex v of e;, there are at most A(L) edges in L that share
the vertex v with e;, and there are r colours in P. Thus by Lemma 11(I1I),

da(E) < 2tA(L)r < 2tn'~0r = 2tn* 072,

For each e; = uv € S and (ﬂ <m < Léj, to choose a cycle D = u,v,us, Vo, ..., Up, Unm,
u containing e;, we choose u; € Np(v;_1) and v; € Np(u;) for all 2 < i < m, so there are
at most A(L)*"~2 choices for D. Thus by Lemma 11(III),
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By Lemma 11(IV), for 2 < m < |£],

de (E) < trn(m—l)(l—é) < tnl—an(m—l)(l—é) _ tnm—(m—l)(s—a'

Set
T = n—2+3a Y = n—(2m—2)+(2m—1)a P n—m—l—(m—i—l)a.
Thus, since (1 —a1)* > % for all @ > 2, n is arbitrarily large, and o < %, we have
Qtn2a76
_ —§—a (o n273a Qt(n2a76) 1
1— 2)® > (1 243a\2n? 07 () (2—3a)) ( ) > (= '
(1= )8 > (1 = p2i) (1= e !

Similarly, for all m, we have

1
1 — Ym dBm(E) } _
(1= ¥m) 1

In the right-hand side of each of these inequalities, the power of n is negative, since
o < §/4 implies 2a < 0, (2m — 1)a < (2m — 2)d for all [4] <m < [£], and (m + 2)a <

Cnb
(m—1)6 for all 2 < m < |£]|. Thus, each term of f(E) is greater than or equal to (1)
for some constants b < 0 < c. So

tn(2m—1)a—(2m—2)8 n(m+2)a—(m—l)§>

1\

lim f(F)=1.

n—o0

Thus for A € A,
zf(A) =n"23f(A) > 2079 = P(A),

for By, € By, ([E] <m < L)),
ymf<Bm) _ n—(2m—2)+(2m—1)af(Bm) > n—(2m—2)(1—a) = }P’(Bm)’
and for C,, € C,, (2 <m < |£]),
2 f(Cra) = ="t g0y s pmml=e) — p(C),

proving (1). This completes the proof of Claim 14. O

We claim that a colouring of L from Claim 14, combined with the colouring of G, is
a (Cpg,g, 3)-colouring of K,,. Let k < h </, and let C' be an h-cycle in K,,. We will show
that C receives at least 3 colours.

If E(C) C E(G), then we are done by Claim 13. If E(C) C E(L), then C receives at
least 3 colours because events in A and U%f Hk /9] B, do not occur (C is properly coloured
but not properly 2-coloured). If E(C) contains two adjacent edges in L and an edge in
G, then since events in A do not occur, C receives at least 2 colours in P and at least 1

colour not in P, so it receives at least 3 colours.
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We have reduced to the case that E(C') N E(L) is a matching and C' receives at most
2 colours, say ¢; ¢ P and ¢y € P, so it suffices to prove that this is impossible. Suppose
for contradiction that it is possible. Let m := |E(C) N E(L)|. In this case, C' can
be decomposed into paths and single edges Py, ey, P, es, ..., Py, ey, where e; is incident
with an endvertex v; of P; and and an endvertex w; 1 of P for all i (taken mod m),
each P; is a monochromatic path in colour ¢;, and each e; receives the colour co. So uy, vy,
U, V2, « « U, U, Up 18 & cycle with alternating colours ¢y, co. Let D = xq,y1, 29, ya, . . .,
T, Yme, 1 be a shortest cycle with alternating colours ¢y, ¢o in K,,, where x,y, receives
colour cy.

For each i € [m/], let F; be the monochromatic copy of Kj_; that contains the edge
x;y;. We claim that the F; are all distinct (and thus disjoint by Lemma 11(I)). Suppose
not, and let 1 < i < j < m' such that F; = F;. Then since y;,x; € V(F;), y;x; receives
colour ¢y, S0 ¥i, Tit1, Yit1,-- -, Tj—1,Yj—1, T, ¥ 1s a cycle with alternating colours ¢y, ¢z in
K, of length less than 2m/, contradicting minimality of m/.

This confirms that the event Cp ., occurs. But this contradicts Claim 14. There-
fore, K, is (Cigq,3)-coloured with n/(k — 2) + n'"* = n/(k — 2) 4+ o(n) colours, so
7(Kn, Cieg,3) <n/(k —2) +o(n), as desired. O

3.1 Proof of Lemma 11

Proof of Lemma 11. Let ¢ = (k) € (0, = ). We will choose n to be sufficiently large and
0 to be sufficiently small compared to ¢.
Let = E(K,) and V = V(K,). We refer to C := [;"5] as the set of colours. We will

define the (’;)—uniform hypergraph H as follows. Let V(H) := EU(V x C). Let

EH) ={APUAx{i}): AecV*D jeC

There is a natural one-to-one correspondence between E(H) and V*~1 x O, so we will
denote an edge A® U (A x {i}) € E(H) simply by (A, ).

For each matching M of H, let G(M) be the edge-coloured graph with V(G) = V (K,),
E(G)={e€ E:ec A® for some (A,i) € M}, and edge-colouring ¢ with e — i for all
(A,i) € M and e € A®. Note that by the definition of H, any G(M) satisfies condition
(I).

Let

k—2
(k—2)I

Our goal is to apply Theorem 8 on the hypergraph H to obtain a matching M C E(H)
such that G(M) satisfies conditions (I)—(IV). To this end, we will define a (d,O(1),¢)-
conflict system C such that whenever M is C-free, G(M) satisfies (II). We will also define
a set W of (d, ¢,C)-trackable test functions such that Theorem 8 yields a matching M for
which G(M) additionally satisfies (III) and (IV).

To apply Theorem 8, we must prove that H is approximately d-regular and bound
Ao(H).

d:=
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Claim 15. d (1 —d°) < 6(H) < A(H) < d and Dy(H) < d' 5.
Proof of Claim. There are (Z:g) L&J edges in H containing a fixed e € E. There are
(7~}) edges in H containing a fixed (v,i) € V x C. So for any u € V(H), as € € (0, %5),
we have d (1 —d¢) < d(u) < d, as required.

Now let u,v € V(H) be distinct vertices contained in an edge. There are at most n
ways to extend such a pair to an edge in H. Indeed, to pick an edge we must choose k£ — 1
vertices and a colour, and the pair u,v fixes at least 3 of these choices. As ¢ € (0, ﬁ),

k=3 < d'¢, as required. O

k=3

we have n

We next define a conflict system C for H. We set V(C) := E(H). Let E(C) be the
set of edges that form a 2m-cycle in H in alternating colours for some 2 < m < \_%J
More precisely, given 2 < m < L%J, distinct vertices vy, ..., Um, U1, ..., Up, two distinct
colours i,j € C, and Ay,..., A, € V# Y and By,...,B,, € V* Y with v; € A,N B; and

u; € B; N Aiyq for all i € [m] (setting A1 := A1), say

S = {(Alyi)v (B1>j>7 (A27i)7 (B%j)a ey (Am7i)v (Bmv])}

is in £/(C) whenever S is a matching in H.

Note that for any C-free matching M in H, condition (II) holds for G(M). Indeed,
any cycle in the hypergraph from (II) must have alternating colours because of condition
(I), and any cycle with alternating colours of length at most 2 |£]| forms an edge in C.

Claim 16. C is a (d,0(1),e)-bounded conflict system for H.

Proof of Claim. (C1) holds trivially since |S| < ¢ = O(1) for all S € E(C).

We will first prove (C2). If we fix 2 < m < |5 and (A4,i) € E(H), all edges in
C?™ containing (A, i) correspond to cycles of the form (A, i), (B, j), (A1), (Ba, ), ...,
(Apn_1,1), (B, 7), and there are O(n) choices for j, O(n*~2) choices for each of B; \ A;_;
and A;\ B, for each 1 < t < m—1 (where Ay = A), and O(n*=3) choices for B,,\(A,,_1UA),

for a total of at most
O(n . n2(m—1)(k—2)nk—3) — O(n(k—Q)(2m—1)) — O(de—l)

choices; this proves (C2).

We will now prove (C3). Let 2 < m < |£]. To show A,(C®™) < &>~ for all
2<t<2m,let T ={(A,9),...,(Au,7),(B1,7),...,(Bp,j)} € E(H) with a +b =t and
a > b; we will count the ways to extend 7' to a cycle S in E (C(2m)). We will consider
the vertices sequentially around the cycle starting at (A;,7) € T, making choices for the
vertices that are not in 7". First choose the positions in S of T'\ {(Ay,4)}. There are O(1)
ways to do this. Let (S, ¢1), (Ss, ca), (S3,¢1) be a subpath of this sequential ordering. As
|S; N Sy = 1, given S; there are O(n*~2) choices for Sy. In fact, if (S3,¢;) € T, then
there are O(nk_3) choices for S5. In this second case, call Sy restricted. Letting r be the
number of restricted set choices, there are O(n*=22m=0-7) ways to choose the vertices
in K, induced by S, given T'. Note that if b = 0, then r > 2 as |T'| > 2. In this case we
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must also choose the second colour for the cycle; there are O(n) ways to do this. If b > 0,
then both colours are determined by 7" and r > 1. In either case, as € € (0, ﬁ), we have
at most

O<n(k72)(2m7t)71> < deftfs

edges in C®™ containing 7.
Therefore, C is a (d, O(1),)-bounded conflict system for H, proving Claim 16. ]

We will next define a set of test functions. For each v € V, let S, be the set of edges
in E incident to v. Let w, : E(H) — [0,k — 2] be the 1-uniform test function defined by
S 1SNS,|

Claim 17. w, is (d,e,C)-trackable for allv € V.
Proof of Claim. Note that

wo(H) = Y [SNS,| = dyle) =nd+0 (n*7?) = A" e £ 0 (nh7?) > d'te,

SeE(H) €S,y

which proves (W1). Observe that (W2), (W3), and (W4) hold vacuously because w, is
l-uniform. This proves the claim. [

For each 2 < m < |£] and wv € E(K,,), define
Puwan ={(A1,1), ..., (Ap, )} € EH)™ i € C,LANA =0Vt #s,uc A,ve A}
Then by choosing A; \ {u} and A,, \ {v}, then {As, ..., A,,_1}, then 7, we have

2 m—2
n 1 n n
_ + mk—m—2
|7Du,v,m| (k—2> (m_2>‘ <k— 1) L —9 O(” )

dmnm—l

— + O mk—m—2 ) )
=ik — 2k~ = O ) @)
Let wy, 4.m be the indicator function defined by
1 S u,v,m:
wu v m(s) — Y E P IAg]
w 0, S¢Puvm

for all matchings S € FE(H)™), extended to all subsets of E(#) as described in Section
2. Note that w,, ., is an m-uniform test function.

Claim 18. For all uwv € E(K,) and 2 < m < |%|, wyum is (d,,C)-trackable.

Proof of Claim. Take any uv € E and 2 < m < [éj We will show that wy, . is (d,¢,C)-
trackable. By (2),

Wiin(H) = [P = © (4753 ) > @,
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proving (W1).

To see (W2), take any j/ € [m — 1] and S’ € E(H)Y"), and note that when we count
the number of S € P, that contain S, we choose at least j'(k — 2) fewer vertices and
do not choose a colour, so

m) . / |,Pu,v,m‘ wu,v,m(H> wu,v,m(%)
To see (W3), first recall that for e € E(H), C. = {S\{e} : e € S € E(C)}. Take any
distinct e, f € E(H) with wy,.({S € E(H)™ e, f € S}) > 0. Then e = (A,i) and
f = (A,4) for some disjoint A, A’ € V1) and i € C. Since sizes of edges in C are even
numbers ranging from 4 to ¢, sizes of elements of C, and Cy are odd numbers ranging from
3tol—1,s0take 2 <m' < ng and let 7/ =2m/ — 1.

So any S € C.NCy is a “path” {(B1,7), (A2,7), (B2,J),- .., (Ams, 1), (B, j)}, where
(A)i),(B1,7),(A2,%), ..., (Bm,j) and (A')0),(B1,7),(A2,4),...,(Bu,j) are both cycles
in H. In this case, two vertices in each of By, B, are fixed by intersection with A and
A, and i is fixed. So choosing j, the A; (2 <t < m’), the B; (2 <t < m'— 1), and then

By, B, since € < é, we have

c4) N C}j’)’ -0 (n . n(m’—l)(k—l)n(m’—Q)(k—B)nQ(k—4)) —0 <n(k—2)(2m’—1—%)) <A,

proving (W3).
(W4) holds vacuously because m < 2m. Therefore, wy, ,m is (d, €, C)-trackable. O

For each 2 < m < ng and uv € E(K,), define

Towm = (A1), ..., (A, 9), (B, j)} € BEH)™ Y {(A1,i), ..., (A, )} € Puwm,
jFi, ue A;\B, ve A, \B,|BNA| <1Vt e [m],|BNA|=|BNAy| =1}

Let
Z

(m —2)(k —1)(k — 2),

a:=
(k: - 2)27

Note that every set in 7,,.,, contains exactly one set in P,,,. When counting sets

SU{(B,5)} € Tuvm for fixed S € Pyym, we choose (Ag,i) € S\ {(A1,7), (A, 1)} if

m > 3, and we choose BN Ay, BN Ay, B\ (A1 U Ay), and j € C'\ {i}.

So we have
n n _
ol = (") g £ 005 1Pu

_ ad™Tipm—1 PR 3
a (m—2)(k—2)(k —1)m2 (n ). (3)

m = 3,
m = 2.

Let w/ be the indicator function defined by

, L, S € Tuom,
v (5):{0 S¢T,
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for all matchings S € E(H)™ Y extended to all subsets of E(#). Note that w/, ,,, is an
(m + 1)-uniform test function.

Claim 19. For all ww € E(K,) and 2 < m < ng ,w! is (d,e,C)-trackable.

u,v,m

Proof of Claim. Take any uv € E and 2 < m < [éj We will show that wy, , ., is (d,¢,C)-
trackable. By (3),
wib’v,m(?_[) _ |7:L,v,m‘ —Q <dm+1+%> > dm+1+5’
proving (W1).
To see (W2), take any j' € [m] and S' € E(H)U). If every edge in S receives the
same colour, then when we count the number of S € 7T, ,,,» that contain S’, we choose at
least j'(k — 2) fewer vertices and one fewer colour. If an edge in S’ receives a different

colour from the rest, then we choose at least (j' —1)(k —2) + k — 3 fewer vertices and two
fewer colours. In either case,

w) H w, H
o5 € B 52 57) = 0 (M0 _ VhanX)
so (W2) holds.

To see (W3), take any distinct e, f € E(H) with w], ,,,({S € E(H)™ e, f € S}) >0,
take 2 < m’ < |%], and let j/ = 2m’. The case in which e = (A4,7) and f = (A4',1) for
some disjoint A, A’ € V¥~ and i € C follows exactly the same as in Claim 18.

We claim that the other case, where e = (A, i) and f = (A’,j) for A, A’ € V*=1 and
i # j, cannot occur. Suppose otherwise, and take any S € C. N Cy with |S| = 2m/ — 1.
Then since colours alternate on edges in C, the edge SU{e} € E(C) has exactly m’ edges
of colour i, so S has exactly m’ — 1 edges of colour i. But the edge SU {f} € E(C) has
exactly m’ edges of colour 7, so S has exactly m’ edges of colour i, a contradiction. This
proves (W3).

(W4) holds vacuously because m+1 < 2m. Therefore, w!, , .. is (d, ¢,C)-trackable. [

u,v,m

Let W be the collection of test functions consisting of all defined w,,, Wy, 4 m, and w;,v,m'

By Claims 17, 18 and 19, every function in W is (d, ¢, C)-trackable. Using Claims 15 and
16, apply Theorem 8 to obtain a matching M satisfying (I) and (II).

In addition, because § can be chosen to be arbitrarily small compared to e, for each
veV,

don (v) = wy(M) = (1= d=)d w,(H) > (1 =n")n =n —n'",

where the first equality follows from the fact that M is a matching. Therefore, we have
A(K, — E(G(M))) < n'~%, which gives (III).
Using (2) and (3), we also obtain

(1 + nfsz)nmfl

(m) — < —e3\ 3—m <
|M N 7Du,v,m| wu,v,m(-/\/l) x (1 +d )d |Pu,v,m| X (m — 2)'(1{? — 2)(]{3 — 1)m_2
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and

(1 _ nfmé)alnmfl

(m — 2)1(k — 2)(k — 1)m-2

|M(m) N E,v,ml = w;,v,m(M) 2 (1 — dias)di(m+1)|7—u,v,m’ >

Let S,.,m be the set of cycles w,vq,uz,vo, ..., Uny,v,u such that, setting v, = u and
U = v, there exist distinct (and thus disjoint) (Aq, ), ..., (A, 1) € M such that vyu, € Ay
for all t € [m]. Let S, ,, be the subset of S,,, that consists of such cycles with
viug € E(G(M)). Then (IV) holds for G(M) if [Sypm \ Sl | < ntm D00,

To obtain a cycle in S, ., from a set in P, choose an ordering for {(As,1),...,
(Ap_1,1)}, choose u; € A, for all 2 <t < m—1, choose vy € A\ {u;} forall 1 <t <m—1

(u; = u), and choose u,, € A; \ {v}. So

|Suwm| <M APyl (m —2)1(k — 1™ 2(k = 2)™ < (1 4+ n" ™) (k —2)™ 1pm L,

u,v,m

(Am—1,7)}, set v1 € Ay N B and uy € Ay N B, choose uy € Ay for all 3 <t < m — 1,
choose v, € Ay \ {u,} for all 2 <t < m — 1, and choose u,, € A, \ {v}. So for m > 3,

To obtain a cycle in S/, from a set in T,,m, choose an ordering for {(As,i),...,

> |M(m+1) N n,v’m’(m . 3)'(]{Z . 1)m73(k . 2>m71 — (1 . 7m6>(k 2)m 1 nm- 1

‘ u,v,m|
and for m = 2,

(1 _ nfmé)(ki o 2)2nm71
k—2

Sl > IMP N T, 0] = = (1= (k —2)"

Therefore, for all m,
‘ uvm\ uvm‘ nfm(;(k . 2)m71nm71 _ O(?’Lmilima) < nm717m5+5 — n(mfl)(lfé).

This proves (IV) for G(M).
Therefore, G := G(M) is a spanning subgraph of K,, with at most n/(k — 2) colours
that satisfies (I)~(IV). This completes the proof of Lemma 11. O

4 Proofs of Theorem 4 and Corollary 5

In this section, we prove Theorem 4 and Corollary 5, restated here for convenience.

Theorem 4. For any fived integer k > 2, even number { > k* —k + 2, and n sufficiently
large, we have

2n
(K, C[kLkJrz,z]? 3) < 21 +o(n).

Corollary 20. For any fixed even number k > 4 and n sufficiently large,

n 2n

+o(n) <r(K,n,Ck3) < + o(n).

g ) € O < ol
2
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For disjoint sets X and Y, define B(X,Y) to be the complete bipartite graph with
partite sets X and Y.

We can obtain the lower bound in Corollary 5 easily using the bipartite extremal
number ex(m, n; H), as Axenovich, Fiiredi, and Mubayi [1] noted in the Cy case.

Definition 21. For a bipartite graph H, let ex(m,n; H) be the maximum number of
edges in a subgraph of K, , that contains no copy of H.

Theorem 22 (Gyarfas, Rousseau, Schelp [24]). For all m,n, k € N with m < n, we have

mn, m < k
ex(m, n; Pyy1y) = § nk, k<m <2k
(m+n—2k)k, m>2k.

We can now prove Corollary 5 assuming Theorem 4 holds.

Proof of Corollary 5 (Assuming Theorem 4). For the lower bound, note that no (C, 3)-
colouring of K, , can contain a monochromatic copy of P, since any such path in K,,,
can be completed to a cycle of length k£ with at most 2 colours. Thus by Theorem 22, we

have B ) )
K n n
Kpp, Ci,3) = mR — = :
r(Knm Ci 3) ex(n,n; B,)  (k—2n+t0(1) k-2 +oln)

proving the lower bound.
We now turn our attention to the the upper bound. Let f : R — R be defined by
f(x) ;=2 —x +2 and let g : R — R be defined by g(z) := f(x) — k. Note that g has a

vk 7 Vg‘kq, so 0 = f(zo) — k. So as f is increasing on [1,00), we have

positive root at xg :=

k= f(xo) = f(|zo]).
Thus, by Theorem 4,

2n
r(Knns O 3) < r(KnnClp(lao)) ) 3) < =1 " o(n),

proving the upper bound. O

The proof of Theorem 4 follows very closely to the proof of Theorem 2. That is, we
apply Theorem 8 to prove a technical lemma (see Lemma 23 below) that gives a very
structured (Cl g, 3)-colouring of a large subgraph G C K, ,,. We are then able to show
that adding a suitable random colouring of K, ,, — G’ will not create a cycle with length
in [k, ] that has fewer than 3 colours.

The following is the technical lemma we will use to prove Theorem 4.

Lemma 23. For each k > 2 and even { > k* —k+2, there exists § > 0 depending only on
k and € such that for all sufficiently large n, there exists an edge-colouring of a spanning

subgraph G of B(X,Y) = K,,, with at most kgﬁl colours and the following properties:

(I) Every colour class consists of vertex-disjoint copies of K(k) (*1)-
2 2
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(II) Given any two colours i,j, the k*-uniform hypergraph with vertex set V(G) where
each edge is formed by the vertex set of a copy of K(k) (1) i colour i or j has girth
2) 2

at least ¢ + 1.
(III) The graph L = B(X,Y) — E(G) has mazimum degree at most n*~°.

(IV) For each 2 < m < {0/2 and (x1,ym) € X XY, the number of cycles x1,y1, T2, Y2, - . -,
Tiny Ym, T1 Such that x;y;11 € E(L) for all i € [m — 1] with disjoint monochromatic
copies Fi,..., F, of K(k) (1) all of the same colour, such that x;y; € E(F;) for

20\ 2
all i € [m], is at most n(m~H1=9),

Before discussing the proof of Lemma 23 (in Subsection 4.1 below), we first apply it
to prove Theorem 4. As the proof is incredibly similar to the proof of Theorem 2 above,
we omit the proofs of the claims and include them for completeness in the appendix of
the arXiv version of our paper.

Proof of Theorem 4. Apply Lemma 23 to obtain a coloured graph G and a number § as
stated in Lemma 23.

Claim 24. G is (Cpy2_p42,, 3)-coloured.

Let 0 <a < min{%, %} We will colour edges in L randomly such that there is a non-
zero probability that the (C[kQ—k+2,£]7 3)-colouring is preserved. Let P be a set of r := n!=@
new colours that do not colour edges in G. Colour each edge of L independently with a
colour from P with uniform probability 1/r.

For any pair e, f of adjacent edges in L and 7 € P, let A, ;; be the event that both e
and f receive colour i. Then P[A, ;] = 772 = n =207, For (¥) + 1 = B2 <y < &
and a 2m-cycle D in L, define Bp to be the event that D is properly 2-coloured.

Then once we have fixed the colours of two adjacent edges, there is only one choice for
the colour of each remaining edge, so P[Bp] < r=®m=2 = p=@m=20-2) For 2 < m < £
and a 2m-cycle D = uy, vy, ... Un, U, u; in K, where there are disjoint monochromatic
copies of Fi,..., F,, of K;_1 in G, all of the same colour, such that w;v; € E(F;) for all
i € [/m] and vu; 41 € E(L) (taken mod m) for all ¢ € [m], and for a colour j € P, let Cp ;
be the event that every v;u;11 (mod m) receives the same colour. Then P[Cp ;] =™ =
n~"1-2) Let A be the set of all defined Ac 1, and for all m, let B,,, and C,, be the sets

of all defined Bp and Cp j, respectively, where D has length 2m. Let

/2 /2

E:=AU U B, U Ucm.
m=2

m=(k2—k+2)/2

Claim 25. There exists a colouring of L such that none of the events in £ occurs.

We claim that a colouring of L from Claim 25, combined with the colouring of G, is a
(Cirz—k12,4, 3)-colouring of K, ,. Let k* —k+2 < h < ¢, and let C be an h-cycle in K,,.
We will show that C' receives at least 3 colours.
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If E(C) C E(G), then we are done by Claim 24. If E(C') C E(L), then C receives
2:(k2—k+2
coloured but not properly 2-coloured). If E(C') contains two adjacent edges in L and an
edge in G, then since events in A do not occur, C receives at least 2 colours in P and at
least 1 colour not in P, so it receives at least 3 colours.

We have reduced to the case that E(C') N E(L) is a matching and C' receives at most
2 colours, say ¢; ¢ P and ¢y € P, so it suffices to prove that this is impossible. Suppose
for contradiction that it is possible. Let m := |E(C) N E(L)|. In this case, C' can
be decomposed into paths and single edges Py, ey, P, es, ..., Py, €,, where e; is incident
with an endvertex v; of P; and and an endvertex w;; of P for all i (taken mod m),
each P; is a monochromatic path in colour ¢;, and each e; receives the colour ¢o. So uy, vy,
U, Vg, -« U, Upy, Up 18 & cycle with alternating colours ¢y, co. Let D = xq,y1, 29,92, . . .,
Ty Ym!, T1 be a shortest cycle with alternating colours ¢, co in K, ,,, where x,y; receives
colour ¢;.

For each ¢ € [m/], let F; be the monochromatic copy of K (5).(+) that contains the

2

edge z;y;. We claim that the F; are all distinct (and thus disjoint by Lemma 23(I)).
Suppose not, and let 1 < i < j < m’ such that F; = F;. Then since y;, z; € V(F}), vix;
receives colour ci, SO ¥;, Tiy1, Yit1,--->Tj—1,Yj—1, T4, Y; is a cycle with alternating colours
c1, ¢ in K, of length less than 2m/, contradicting minimality of m/.

This confirms that the event Cp ., occurs. But this contradicts Claim 25. Therefore,

at least 3 colours because events in A and Ufé /2 B, do not occur (C' is properly

Ko is (Cpz—k42,9, 3)-coloured with % +n'~® = 22 4 o(n) colours, so
2n
(K, Cr2—ki2,4,3) < 2] + o(n),
as desired.

4.1 Proof of Lemma 23

Here we give the proof of Lemma 23. It follows analogously to the proof of Lemma 11.
As the proofs of the claims are essentially some technical counting that follows very
similarly to arguments presented in the proof of Lemma 11 above, we omit these here.
For completeness, they can be found in the appendix of the arXiv version of our paper.

Proof of Lemma 23. Let ¢ = e(k) € (0, 7). We will choose n to be sufficiently large
and d to be sufficiently small compared to €.
We define the k(k+ 1)-uniform hypergraph #H as follows. Let X and Y be two disjoint

vertex sets of size n. Let C' := [%]7 we will refer to C' as the set of colours. Let

V(H) = (XUuY)PU(XUY)xQ),

T = {AG(XUY)(’“Q) AN X € {(’;)(kgl)}}
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and let
EH)={APU(Ax{i}): AeT,ieC}.

There is a natural bijection between E(#H) and T x C, so denote an edge A® U (A x
{i}) € E(H) simply by (A,1).

For each matching M of H, let G = G(M) be the edge-coloured graph with V(G) =
XUY, BE(G)={ec E(B(X,Y)):ec A® for some (A,i) € M}, and edge-colouring ¢
with e + 4 for all (A,i) € M and e € A®. Note that by the definition of H, any G (M)
satisfies condition (I).

Let

E2pk®-1

(15"

Claim 26. (1 —d~)d < 6(H) < A(H) < d.

d =

Claim 27. Ay(H) < d'=.

We next define a conflict system C for H. We set V(C) := E(H). Let E(C) be the
set of edges that form a 2m-cycle in H in alternating colours for some 2 < m < /2.
More precisely, given 2 < m < ¢/2, distinct vertices z1,...,z, € X and y1,...,ym € Y,
two distinct colours 4,5 € C, and Ay,..., A, By,..., B, € T with x; € A; N B; and
y; € B; N Ay for all i € [m] (setting A, 41 := Ay), say

S = {(Alai)v <B1,j), (A27i)7 <B27j)7 ey (ATTHZ.)? (Bm;j)}

is in £(C) whenever S is a matching in H.
Claim 28. C is a (d,0(1),e)-bounded conflict system for H.

We next define a set of test functions. For each v € X UY'| let S, be the set of edges in
B(X,Y) incident to v. Let w, : E(H) — [0, (*}')] be the l-uniform test function defined
by S+ |S NS,

Claim 29. w, is (d,¢,C)-trackable for allv € V.
For each 2 < m < /4/2, (z,y) € X x Y, and a,b € {0, 1}, let

Py ::{{(Al,i), (A )Y € EH)™ i€ CLANA, =0V s #1,

k k+0b
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Then by choosing A; \ {z}, A, \ {y}, then {As,... A, 1}, then i, we have

Pesasl = () Qk*@%('ﬂ;ﬁ ety e
| (2(@)) (())) o0

() (e

e = Dm o =00 (4)

Let wg yapm be the indicator function defined by

17 S S Px,y,a,b,ma
07 S ¢ 7)$7y1a7b7m

for all matchings S € E(H)™), extended to all subsets of F(#) as described in Section
2. Note that wy y qpm 1S an m-uniform test function.

Claim 30. For all (z,y) € X xY,2<m < {/2, and a,b € {0,1}, wyyapm is (d,e,C)-
trackable.

For each 2 < m < ¢, (z,y) € X xY, and a,b,c € {0,1}, let T,y apem be the set
of sets SU{(B,7)} € BE(H)™V where S = {(A1,4),...,(Am,i)} € Pryapm such that
j#i, € A\B y€e A, \B, |[BNA] <1foralke [m], |[A,nX|= ("), and
|IBNA;NY|=|BNA;NX|=1.

Let
m—2
z=4 20 ™ 5
1, m = 2.

Then when counting sets {(A1,%), (As, ), ..., (Am,1)(B,J)} € Teyabem, we choose Ap '\
{z}, An \{y}, Ao, {As,...,Ap 1}, BNAINY, BNANX, B\ (A UA,),i¢€C,
and j € C\ {i}. The factor z accounts for the fact that when m > 3, the set A, is
distinguished from As, ..., A,,_1 by intersection with B, and |As N X]| is fixed by c.

So we have

Tannend= (035 o) e ) e o) L) ) -
' (k : ; ) a) (k J2r C) 2 ((’f;ﬂ; _ 1) ((g)n_ 1) (%) + O(n(mHOF=3)

m— k; (& k} b m m—
_ 2 3( —2|— )( —2~_ )Zd Tl + O(n(m+1)k273) (5)
k2 =2(m — 2)! ‘

wm,y,a,b,m(‘s) = {

WV

Let w’

z,y,a,b,c;m

be the indicator function defined by

1 S x,y,a,b,c,m>
/ (S):{ ’ ET,y, ,bsc,

w
:E,y,a,b,c,m
07 S ¢ 7;71/7@717707”1
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for all matchings S € E(H)™+), extended to all subsets of E(H). Note that w/’
is an (m + 1)-uniform test function.

Claim 31. For all (x,y) € X xY,2<m < /{, and a,b,c € {0,1}, v,
trackable.

z,y,a,b,c,m

is (d,e,C)-

myabcm

Let W be the collection of test functions consisting of all defined w,, Wy yqpm, and
W,y apem: By Claims 29, 30 and 31, every function in W is (d,¢,C)-trackable. Using
Claims 26 and 27, apply Theorem 8 to obtain a matching M satisfying (I) and (II).

In addition, because 0 can be chosen to be arbitrarily small compared to ¢, for each

ve XUY,

daoy(v) = wy,(M) = (1 — d)d wy(H) > (1 —n")n=n—n'"
where the first equality follows from the fact that M is a matching. Therefore, we have
A(B(X,Y) — E(G(M))) < n'~%, which gives (IIT).

Since ¢ is arbitrarily small compared to €, using (4) we obtain

|M(m) N Px,y,a,b,m| — wx,y,a,b,m<M) < (1 + d—® )d |Px,y,a,b,c,m|

G [ o

SO @ ym—e O

and using (5), we obtain

|M ﬂ yabcm| w;,y,a,b,c,m<M> 2 (1 - d_€3>d_(m+1)|T yabcm|

2m—3 (k—Qi—c) (k+b) o —1

sy N O

2 (1 . n—mé)

For (z,y) € X xY, let S, be the set of cycles x, y1, 22, Yo, . . ., Tm, Y, x such that, setting
x1 = x and y,, = y, there exist distinct (and thus disjoint) (Ay,4),..., (An,i) € M such
that z;y; € A; for all 7. Let S;ym be the subset of S, .., that consists of such cycles
with 21y, € E(G(M)). Then (IV) holds for G(M) if [Seym \ Spym| < nm D07 for all
(z,y) e X x Y.

To obtain such a cycle in S, ,,, from a set in M) N U(a,b)e{0,1}2 Per.y.apm, choose
a,b € {0,1}, choose an ordering for {(As,?),...,(Am_1,7)}, choose y; € A; NY and
Tm € A, N X, and choose (g, yx) € (AxNX) X (A NY) for each 2 < k< m —1. So
using (6), we obtain

k+1—a\/k+1—0 E\(k+1
|Suwm| < Z |./\/l N Peyabml(m — 2>!< 9 )( ) ((2)( ))
(a,b)e{0,1}2

(1+n7m5)2m71 k;a szrb nmfl (m_2> k+1—a\ (k+1-b k‘2 k2 m 2
<y (31 (%) (" )( 3

2m (-2 __ _ | (m—2
ol E2m (k2 —1)(m — 2)!
(1 + n—md)(k2 o 1)m—1nm—1
- om—1 !

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(4) (2026), #P4.2 21



To obtain a cycle in S, ,, from a set in M) A U(abc)e{o 1y Te.abe;ms choose an
ordering for {(As,7),..., (Am 1,8}, set y1 € AN B and x3 € A;N B, choose y, € A,NY,
choose x,, € A,,, N X, and choose (x,yx) € (A NX) x (AxNY) forall 3<k<m—1.
So for m > 3, using (7), we obtain

oy Ep (Y (02

(a b,c)e{0,1}3
(1 . n7m5)2m73 k+c k;rb (m _ 2)nm—1 (m _ 3)! k+1—c\ (k+1-b (k’Q(/fz ))mf?;
= (59)( 2 (5907

2 2
(ab.c) {015 2K (m = 2)! 2
a,b,c)e0,
(1 _ nfmé)(k.Z _ 1>m71nm71

om—1 )

and for m = 2, we have A,, = Ay, soc=1—1b, and so

Sy g2l = Z IME O Ty an1-8)2]

(a,b)€{0,1}2
(a,b)e{0,1}2

(1 _ nfmé)(kg _ l)mflnmfl
om—1 ’

(L4 0) ()

}20n=1) (1, — 2)!

Therefore, for all m,

—md (1.2 m—1,,m—1
’Sx,y,m \ S;c,y,m‘ < 2n (k 2;_11) n _ O(nmflfmé) < nmflfméJr(S _ n(mfl)(lfts)'

This proves (IV) for G(M). This completes the proof of Lemma 11. O

5 Concluding Remarks

The problem of characterizing the asymptotics of r(K,, ,, Cy,3) for k > 6 remains open.
We wonder whether the upper bound in Theorem 4 is tight.

Question 32. For any fixed integer £ > 2 and even number ¢ > k? — k + 2, is it the case

that
2n

k? —1
This prompts the question of whether the upper bound in Theorem 4 can be interpo-

lated to a bound on 7(K,, ,, Ck, 3) that improves Corollary 5 when k is not of the form
0? — ¢ + 2 for some ¢ € N.

71<Kn,n7 C[k:ka’JrQ,K}a 3) = + O(TL)?

Question 33. Is it the case that for any fixed even k > 4,

2
r(Kpn, Ck, 3) < " 5 +o(n)?
<1+\/4k—7> 1
2
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It could also be interesting to improve the error term in Theorem 2.

Question 34. Is r(K,,Cy,3) =n/(k —2)+O(1)? Is r(K,,Ck,3) = (n—1)/(k — 2) for
infinitely many n?

Notes: During the final stages of preparing this manuscript for submission we became
aware that Theorem 2 and Theorem 4 had simultaneously and independently been proved
by Bal, Bennett, Heath, and Zerbib [2]. Like us, they apply the conflict-free hypergraph
matching method, but our applications are significantly different. They prove a slightly
stronger version of Theorem 2, where ¢ is allowed to grow slowly with n.

Since submission of our original manuscript, further progress has been made. In
particular, Bal and Bennett [3]| recently determined r(K, ,,Cs,3) asymptotically, and
answered Question 5.2. In particular, it is now known that neither bound in Corollary 5
is tight.

It has also been brought to our attention that the proof method used here (conflict-
free hypergraph matchings followed by the local lemma to color the leftovers) has more
recently been turned into a black box result by Joos, Mubayi and Smith [26].
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