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Abstract

The Hajnal-Szemerédi theorem states that for any positive integer » and any multiple n of r, if G
is a graph on n vertices and §(G) > (1 — 1/r)n, then G can be partitioned into n/r vertex-disjoint
copies of the complete graph on r vertices. We prove a very general analogue of this result for
directed graphs: for any positive integer » with r # 3 and any sufficiently large multiple n of r, if
G is a directed graph on n vertices and every vertex is incident to at least 2(1 — 1/r)n — 1 directed
edges, then G can be partitioned into n/r vertex-disjoint subgraphs of size r each of which contain
every tournament on r vertices (the case r = 3 is different and was handled previously). In fact, this
result is a consequence of a tiling result for standard multigraphs (that is multigraphs where there
are at most two edges between any pair of vertices). A related Turdn-type result is also proven.

2010 Mathematics Subject Classification: 5C35 (primary); 5C20, SC70 (secondary)

1. Introduction

1.1. Tilings in graphs. Given two (di)graphs H and G, an H-tiling in G is
a collection of vertex-disjoint copies of H in G. An H-tiling is called perfect if
it covers all the vertices of G. Perfect H-tilings are also referred to as H-factors
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A. Czygrinow et al. 2

or perfect H-packings. If H is connected and of order at least three, the problem
of deciding whether a graph G contains a perfect H-tiling is NP-complete [11].
In light of this, it is natural to ask for simple sufficient conditions which force a
graph to contain a perfect H-tiling.

A cornerstone result in extremal graph theory is the following theorem of
Hajnal and Szemerédi [9].

THEOREM 1.1 (Hajnal and Szemerédi [9]). Every graph G whose order n is
divisible by r and whose minimum degree satisfies 5(G) = (1 — 1/r)n contains a
perfect K, -tiling.

Notice that the minimum degree condition in Theorem 1.1 is tight. Earlier,
Corradi and Hajnal [5] proved Theorem 1.1 in the case when r = 3. More recently,
Kierstead and Kostochka [15] gave a short proof of the Hajnal-Szemerédi
theorem.

Over the last three decades there has been much work on generalizing the
Hajnal-Szemerédi theorem. One highlight in this direction is a result of Kiihn and
Osthus [19, 20] that characterizes, up to an additive constant, the minimum degree
which ensures that a graph G contains a perfect H-tiling for an arbitrary graph
H. Other notable results include an Ore-type analogue of the Hajnal-Szemerédi
theorem of Kierstead and Kostochka [14] and an r-partite version of the Hajnal—
Szemerédi theorem of Keevash and Mycroft [12]. See [21] for a survey including
many of the results on graph tiling.

There has also been interest in tiling problems for directed graphs and
hypergraphs. A recent survey of Zhao [31] gives an extensive overview of
the latter problem. In this paper we prove a directed analogue of the Hajnal-
Szemerédi theorem.

1.2. Tilings in directed graphs. Throughout this paper, the digraphs we
consider do not have loops and we allow for at most one edge in each direction
between any pair of vertices. An oriented graph is a digraph without 2-cycles.

For digraphs there is more than one natural notion of degree: The minimum
semidegree §°(G) of a digraph G is the minimum of its minimum outdegree
3%(G) and its minimum indegree 8§~ (G). The minimum degree §(G) of G is the
minimum number of edges incident to a vertex in G.

For oriented graphs, there has been some progress on obtaining degree
conditions that force tilings. Denote by 7, the transitive tournament of r vertices
and by C; the cyclic triangle. Yuster [30] observed that an oriented graph G on
n € 3N vertices and with §(G) > 5n/6 contains a perfect T3-tiling (and also gave
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Tiling directed graphs with tournaments 3

a minimum degree condition which forces a perfect 7,-tiling for r > 3). More
recently, Balogh et al. [2] determined the minimum semidegree threshold which
ensures a perfect T3-tiling in an oriented graph, thereby resolving a conjecture
from [26]. Keevash and Sudakov [13] showed that every oriented graph G on
n vertices with 8°(G) > (1/2 — o(1))n contains a Cs-tiling covering all but at
most 3 vertices. (There are examples that show even §°(G) > (n — 3)/2 does not
guarantee a perfect Cs-tiling.)

Denote by 7, the set of all tournaments on r vertices. Let T € 7,. For
digraphs, the minimum semidegree threshold that forces a perfect T-tiling was
characterized in [27].

THEOREM 1.2 [27]. Given an integer r = 3, there exists an ny € N such that the

following holds. Suppose T € T, and G is a digraph on n > ny vertices where r
divides n. If

%Gy =0 —=1/rn

then G contains a perfect T -tiling.

Notice that the minimum semidegree condition in Theorem 1.2 is tight. Note
also that Theorem 1.2 implies the Hajnal-Szemerédi theorem for large graphs. An
earlier result of Czygrinow et al. [7] gives an asymptotic version of Theorem 1.2
for perfect C;-tilings.

It is natural to ask whether Theorem 1.2 can be strengthened by replacing the
minimum semidegree condition with a minimum degree condition. In particular,
can one replace the minimum semidegree condition in Theorem 1.2 with §(G) >
2(1—1/r)n —1? However, when T = Cj the answer is no. Indeed, an example of
Wang [29] shows that §(G) > (3n — 5)/2 does not ensure a perfect Cs-tiling. On
the other hand, he showed that minimum degree §(G) > (3n — 3)/2 does force a
perfect C;-tiling in a digraph G. This led to the following question being raised
in [27].

QUESTION 1.3. Letn, r € N such that r divides n. Let T € T, \ {C3}. Does every
digraph G on n vertices with §(G) > 2(1 — 1/r)n — 1 contain a perfect T -tiling?

Czygrinow et al. [6] answered Question 1.3 in the affirmative for perfect 7,-
tilings and also in the case when r is sufficiently large and §(G) > 2(1 — 1/r +
o(1))n.

The main result of this paper gives an exact solution to a stronger version of
Question 1.3 forall r > 4.
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A. Czygrinow et al. 4

THEOREM 1.4. Given an integer r > 4, there exists an ny € N such that the
following holds. Suppose G is a digraph on n > ng vertices where r divides n. If

8(G) =220 —-1/rn—1,

then G contains n/r vertex-disjoint subdigraphs each of which contains every
tfournament on r vertices.

The following theorem from [7], in some sense, answers the analogous question
when r = 3.

THEOREM 1.5 [7]. Suppose G is a digraph on n vertices where 3 divides n. If
8(G) = 4n/3 — 1, then there exist n/3 vertex-disjoint subdigraphs each of size 3
such that each subdigraph contains a T; and all but at most one contains Cs as
well.

This is best possible in the following two senses: (i) there exist digraphs G for
which §(G) = 4n/3—2 and which do not contain a triangle factor of any kind and;
(i1) by Wang’s example in [29], there exist digraphs such that §(G) > 4n/3 — 1
that do not have a perfect C;-tiling. However, there is perhaps more to say about
the case when r = 3, as the following conjecture, which originally appeared in
[23], suggests.

CONIJECTURE 1.6 [23]. Suppose G is a digraph on n vertices where 3 divides n.
If §(G) > 4n/3 — 1 and G is strongly 2-connected, then there exist n/3 vertex-
disjoint subdigraphs such that each of these subdigraphs contain both Ts and Cs.

It should be noted that in [7] Conjecture 1.6 was proven when 6(G) > (3n —
3)/2. Note that when §(G) > (3n — 3)/2, G is strongly 2-connected.

1.3. Tilings in multigraphs. Instead of proving Theorem 1.4 directly, we
prove a more general result concerning tilings in multigraphs. A similar approach
was taken in [7] and [6].

Suppose that M is a multigraph. The minimum degree §(M) of M is the
minimum number of edges incident to a vertex in M. For x, y € V(M) we write
u(xy) to denote the number of edges between x and y in M. We say that a loopless
multigraph M is standard if u(xy) < 2 for all x, y € V(M). Given vertices x, y
in a standard multigraph M we say that xy is a light edge if u(xy) = 1 and a
heavy edge if p(xy) = 2.

Given a digraph G, the underlying multigraph M of G is the standard
multigraph obtained from G by ignoring the orientations of edges. Given a
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Tiling directed graphs with tournaments 5

standard multigraph M, an orientation of the edges is legal if the resulting graph
G is a digraph (that is there is at most one edge in each direction between any
pair of vertices in G). A standard multigraph M on r vertices is universal if,
given any legal orientation G of M, we have that T C G for every T € 7,.
For example, let M be a standard multigraph on r vertices where p(xy) = 1,
2 for all distinct x, y € V(M) and the collection of light edges in M forms a
matching. Then M is universal. On the other hand if M is a standard multigraph
on n vertices that contains a cycle on light edges then M is not universal. (There is
a legal orientation of M without a copy of 7,.) Write U, for the set of all universal
standard multigraphs on r vertices.

Throughout the paper, instead of dealing with the set I/, itself, we mainly work
with three subsets of U, : I@,, l@, and K. The elements of each of these three
subsets are obtained from the complete standard multigraph on r vertices by
removing the edges from a set of vertex-disjoint (light) paths Py, ..., P, where
|Pi| = |Ps| > --- > |P,|. The elements of K, are formed by removing the edges
of Py, ..., P, from the complete standard multigraph on r vertices where we
stipulate that |P;| < 2 for all i € [¢], that is the elements of I, are formed by
removing a (light) matching from the complete standard multigraph on r vertices.
The elements of l@, are formed in the same way, but we stipulate that | P;| < 3 and
|P;] < 2foralli > 2. To form elements of IC;, we stipulate that either | P;| < 4
and |P;| < 2foralli > 2,0r | Py, |P,] <3and |P| <2foralli > 3.

Figure 1. On the left is an element of 163 which is not in 5. In the middle is an
element of K3 which is in I4;. On the right is an element of K} which is in Uj.

We now prove that IC, - I&, - IC; C U, for r > 4. While this follows from a
very strong result of Havet and Thomassé [10], which states that every tournament
T on n vertices contains every oriented path P on n vertices except when P is the
anti-directed path and n € {3, 5, 7}, we prove it directly as we do not need the full
strength of their result.

PROPOSITION 1.7. Forr >2, K, CU, andforr >4, K, CK, € K. CU,.

Proof. Letr > 2, T lge a tournament on r vertices, and let K bea legal orientation
of K € K,, where K has exactly ¢t < [r/2] light edges. Form a bijection from
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A. Czygrinow et al. 6

V(T)to V(I% ) by choosing 7 independent edges in 7" and mapping their endpoints
to the light edges of K with the correct orientation. Then complete the bijection
by mapping all other vertices of 7' to V (K) arbitrarily. Since all other edges of K
are double edges, we have T C K. R

Let r > 4, T be a tournament on r Vgrtices, and let K be a legal orientation
of K € K/, where the light edges of K form ¢ vertex-disjoint paths Pj, ...,
P, with |P|| > --- > |P,| where either |P|| < 4 and |P;| < 2 foralli > 2,
or |Pi|,|P,] < 3 and |P;| < 2 for all i > 3. The statement follows from the
following two facts which are straightforward to verify: (1) every tournament on
4 vertices contains every orientation of a path on 4 vertices; (2) every tournament
on 6 vertices contains two vertex-disjoint transitive triangles. We use this to first
find an isomorphic copy of P, and P, (if applicable) in T, then we complete the
embedding as in the first paragraph. (|

Given a collection of (multi)graphs X', an X'-tiling in a (multi)graph M is a
collection of vertex-disjoint copies of elements of X’ in M. An X-tiling is called
perfect if it covers all the vertices of M. We refer to the elements of an X-tiling as
tiles. The next result (originally conjectured in [6]) ensures a standard multigraph
of high minimum degree contains a perfect U/, -tiling.

THEOREM 1.8. Given an integer r > 2, there exists an ny € N such that the
Sfollowing holds. Suppose M is a standard multigraph on n > ng vertices where r

divides n. If
S(M)=2(1—-1/rn—1

then M contains a perfect K/ -tiling; so in particular, when r > 4, M contains a
perfect U, -tiling.

Notice that Theorem 1.8 implies Theorem 1.4. Also note that, for every even
n, Theorem 1.8 is true when r = 2, because every simple graph on n vertices
with minimum degree at least n/2 contains a perfect matching. When r = 3,
Theorem 1.8 was proved for every n divisible by 3 in [7].

There are four different examples which show that the minimum degree
condition in Theorem 1.8 is tight. Let M, and, when r > 3, let M, be the standard
multigraphs on n vertices which contain all possible edges except that M, contains
an independent set U of size n/r + 1 and M, contains a set U of size 2n/r + 1
such that between any two distinct vertices u, v € U, u(uv) = 1. Forbothi =1,
2,8(M;) =2(1 — 1/r)n — 2, but M; does not contain a perfect U, -tiling. In the
case of M, this is because every element in U/, has at most 1 vertex in U and in
the case of M,, it is because every element in U, has at most 2 vertices in U.
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Figure 2. From left to right, the tightness examples M, M,, M3, M,.

Suppose n/r is odd. We define the standard multigraph M3 on n vertices as
follows: Take two disjoint sets X, Y of size n/r. Inside the sets X, Y place all
heavy edges, and between X and Y place no edges. From X U Y to the remaining
vertices, place all heavy edges. Now partition the remaining (1 — 2/r)n vertices
into sets of size n/r or 2n/r. Between all such sets, place all heavy edges. Inside
the sets of size 2n/r place all light edges and inside the sets of size n/r place no
edges. We have §(M3) = 2(1—1/r)n—2. If M5 contained a perfect U, -tiling, each
copy of U, would intersect the sets of size n/r from V (M;) \ (X U Y) in exactly
one vertex and the sets of size 2n/r in exactly two vertices, and furthermore every
copy of U, has exactly 2 vertices from X or exactly 2 vertices from Y. However,
since | X| and |Y| are odd, M3 does not contain a perfect U, -tiling.

Suppose n/r is odd and r > 4. We form the standard multigraph M, on n
vertices similarly: Take two disjoint sets X, Y of size 2n/r. Inside the sets X, Y
place all heavy edges and between X and Y, place all light edges. From X U Y
to the remaining vertices, place all heavy edges. Now partition the remaining
(1 — 4/r)n vertices into sets of size n/r or 2n/r. Between all such sets, place all
heavy edges. Inside the sets of size 2n/r place all light edges and inside the sets
of size n/r place no edges. We have §(M,) = 2(1 — 1/r)n — 2. Now consider
the standard multigraph S, with r vertices in which there are all possible edges
except that there is a vertex with precisely three light neighbours. If r = 4,5 it
is easy to check that S, is not universal (however, it is universal for r > 5). With
this in mind, suppose that r = 4, 5. Then if M, contained a perfect U4, -tiling, each
copy of U, would intersect the sets of size n/r from V(M,) \ (X U Y) in exactly
one vertex and the sets of size 2n/r in exactly two vertices, and furthermore every
copy of U, has exactly 4 vertices from X or exactly 4 vertices from Y. However,
since | X| and |Y| are not divisible by 4, M, does not contain a perfect {4, -tiling.
Note that if » > 5 then M, actually does contain a perfect U, -tiling, so M, is only
an extremal example for the U, -tiling problem when = 4, 5. On the other hand,
notice that for all » > 4, M, does not contain a perfect IC;—tiling. So M, is an
extremal example for the perfect X -tiling problem for every r > 4.
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A. Czygrinow et al. 8

Finally, in the proof of Theorem 1.8 we (implicitly) produce a perfect K, -tiling
where most of the tiles are elements from /C,. The following example, however,
demonstrates that we need the minimum degree to be greater than 2(1 — 1/r)n
to guarantee a perfect K -tiling. For any k € N and r > 3, let G be a standard
multigraph containing n := 2rk vertices constructed in the following way. Let
{Uy, ..., U,_1} be a partition of V(G) such that |U,| = 3k + 1, |U,| = 3k — 1
and |U;| = 2k fori € {3,...,r — 1}. Place all possible light edges between U,
and U,, and for all other pairs of distinct sets U; and U}, place all possible heavy
edges. Also, inside both G[U;] and G[U,] place all possible heavy edges. The
minimum degree of G is 2(2rk — 2k) = 2(1 — 1/r)n, which is witnessed by any
v e UsU---UU,._,. Now suppose that G contains 2k vertex-disjoint elements
from /C,. Each one of these elements must have exactly 1 vertex in each of Us,

.., U, and exactly 3 vertices in G[U; U U,]; however, G[U, U U] does not
contain a perfect /Cs-tiling. Note that when r = 3, this corresponds to Wang’s
example in [29].

2. Overview of the proof of Theorem 1.8

2.1. The overall approach. As with many proofs in the area, the proof of
Theorem 1.8 divides into extremal and nonextremal cases. Roughly speaking, in
the extremal case we consider those standard multigraphs that are ‘close’ to the
extremal examples M, M,, M; and M, that were introduced after the statement
of Theorem 1.8. We deal with these extremal cases in one unified approach in
Section 10.

Suppose that G is as in Theorem 1.8. Further, suppose that there is a ‘small’
set M C V(G) with the property that both G[M] and G[M U Q] contain perfect
U, -tilings for any ‘very small’ set Q € V(G) where |Q| € rN. Then notice that,
to find a perfect U, -tiling in G, it suffices to find an ‘almost’ perfect U, -tiling in
G’ := G \ M. Indeed, suppose that G’ contains a U,-tiling M covering all but
a very small set of vertices Q. Then by definition of M, G[M U Q] contains a
perfect U, -tiling M. Thus, M; U M, is a perfect U, -tiling in G, as desired.

Roughly speaking, we refer to such a set M as an ‘absorbing set’ (see Section §
for the precise definition of such a set). The ‘absorbing method’ was first used
in [24] and has subsequently been applied to numerous embedding problems in
extremal graph theory.

In general, a multigraph G as in Theorem 1.8 may not contain an absorbing
set. Indeed, consider the multigraph G with disjoint vertex classes Vi, ..., V,
each of size n/r in which there are all possible heavy edges except that each
V; is an independent set. Then if Q is any set of r vertices in Vi, there is no
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Tiling directed graphs with tournaments 9

set M C V(G) such that both G[M] and G[M U Q] contain perfect U, -tilings.
Note that this multigraph is close to the extremal example M. It turns out that
when G is nonextremal, we can always find an absorbing set M ; we construct this
set in Section 8.

Thus, to complete the proof in the nonextremal case we must find an ‘almost’
perfect U,-tiling in G \ M. Actually in Section 6 we prove a result that ensures
any multigraph G as in Theorem 1.8 contains a /C,-tiling covering almost all
the vertices of G, see Corollary 6.6. However, this does not quite guarantee a
large enough U, -tiling in G \ M. Indeed, the leftover set Q obtained by applying
Corollary 6.6 to G \ M will be slightly larger than the absorbing set M, and thus
M will not be able to absorb Q.

To overcome this we again have to use the property that our multigraph G
is nonextremal. Using the K -tiling obtained from Corollary 6.6 we build a
significantly bigger K -tiling so that now the leftover set is very small compared
to M. This is another delicate part of the proof and is dealt with in Section 7.

In Section 6 we apply a Turdn-type result for standard multigraphs; this is
introduced in Section 4 (see Theorem 4.2). We also introduce a multigraph
regularity lemma in Section 5 and make use of this in Sections 6 and 7.

2.2. Extremal versus nonextremal graphs. Notice that both M| and M, have
the property that they contain (i) an independent set of size n/r or (ii) a set of
vertices of size 2n/r which contains no heavy edge. Further, M3 and M, have
this property when r > 3 and r > 5, respectively. These properties turn out to be
barriers for obtaining an absorbing set. Thus, as suggested above, we deal with
the case when our multigraph G is ‘close’ to satisfying (i) and/or (ii) separately.
More precisely, given y > 0 and r € N, we say that a multigraph G on n vertices
is (1/r, y)-extremal if:

(i) there exists S € V(G) such that ||S| — n/r| < yn and e(G[S]) < yn?; or
(ii) there exists S € V(G) such that ||S| — 2n/r| < yn and e,(G[S]) < yn?.

(Here we write e;(G[S]) to denote the number of heavy edges in G[S].) Note
that M3 and M, satisfy neither (i) nor (ii) when r = 2 and r = 4, respectively.
When r = 2, M3 contains two vertex classes X, Y of size n/2 for which there
are no edges between X and Y. Similarly, when r = 4, M, contains two vertex
classes X, Y of size n/2 for which there are no heavy edges between X and Y.
Standard multigraphs that are ‘close’ to satisfying one of these two properties
will also be considered in the extremal case. More precisely, given y > 0 and
r = 2,4, a multigraph G on n vertices is (r, y)-splittable if there exist disjoint
sets Uy, U, C V(G) such that:
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e |Uy|,|Us| = (1/2 — y)n; and either
e r = 2 and there are at most yn?* edges between U, and U, in G; or
e r = 4 and there are at most yn? heavy edges between U; and U, in G.

To summarize, the extremal case thus considers multigraphs that are (1/r, y)-
extremal, (2, y)-splittable or (4, y)-splittable. While now we are unable to
employ the absorbing method, the multigraphs considered in the extremal case
have a rigid structure that we can exploit. For example, if G is (4, y)-splittable
and satisfies §(G) > 3n/2 — 1, then there is a partition A, B of V(G) such that
there are almost all possible light edges between A and B; and both G[A] and
G[B] contain almost all possible heavy edges. The proof of the extremal case
takes a similar approach to that of Komlés, Sarkézy and Szemerédi in their proof
of the Alon—Yuster conjecture [17].

2.3. Absorbing in the nonextremal case. In order to construct our desired
absorbing set it suffices to show that, for every x, y € V(G) there are ® (n" ")
(r—1)-sets X € V(G) such that both G[ XU {x}] and G[XU {y}] contain K. This
is formalized by a result of Lo and Markstrom [22] (we state it as Lemma 8.1 in
Section 8). Our following lemma thus yields an absorbing set in the nonextremal
case.

LEMMA 2.1. Letr 23,0 < 1/n K n,¢ Ly K 1/r, and let G be a multigraph
onnvertices. If 5(G) > 2(1—1/r—n)n and G is not (1/r, y)-extremal and either
r # 4 or G is not (4, y)-splittable, then for all distinct x,, x, € V(G) there exist
at least (pn)"~' (r — 1)-sets Y C V(G) such that G[Y U {x,}] and G[Y U {x,}]
both contain K.

We prove Lemma 2.1 in Section 8.

3. Notation

For the rest of the paper, when we write multigraph, we mean standard
multigraph. Let G be a multigraph. We write e(G) for the total number of edges
in G and e,(G) for the number of heavy edges in G. Given a subset X C V(G),
we write G[X] for the submultigraph of G induced by X. We write G \ X for the
submultigraph of G induced by V(G) \ X and define X := V(G) \ X.

In a multigraph G, fori =1, 2 let Né(v) ={u :uv € E(G) and u(uv) =i}
and d.(v) := [NL(v)|. Let Ng(v) := N}(v) U Ni(v). We define the degree
dg(v) of v to be the sum of the multiplicities of the edges incident with v, that is
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dg(v) = d:(v) + 2d%(v). Note that dg(v) = |[Ng(v)| + |N2(v)|. Given a set
X C V(G) (or subgraph X of G) we write dg(v, X) for the total number of
edges in G incident to v whose other endpoint lies in X (or V(X)). We define
dé(v, X) similarly. Given disjoint X, Y € V(G) (or subgraphs X, Y of G) we
write eg(X, Y) for the total number of edges in G with one endpoint in X (or
V(X)) and the other in Y (or V(Y)); We write e,(X, Y) for the total number
of heavy edges in G with one endpoint in X (or V(X)) and the other in Y (or
V(Y)), and let E,(X, Y) denote the set of all such edges. In all the aforementioned
notation we omit the subscript G if the multigraph is clear from the context.

When U is a family of multigraphs (digraphs) and G is a multigraph (digraph)
we write I/ € G to mean that some U € U is a subgraph of G. If U € U we say
that U is a copy of U. If U is a family of multigraphs and G is a digraph we write
U C G to mean that there is a legal orientation U of some U € U/ such that U is
a subdigraph of G.

Given a graph G we let G (¢) denote the graph obtain from G by replacing each
vertex x € V(G) with a set V, of t vertices so that, for all x, y € V(G):

o ifx #ythen V. NV, =0;
e if xy € E(G) then there are all possible edges in G (¢) between V, and V,;

o if xy &€ E(G) then there are no edges in G(¢) between V, and V.

Similarly, given a multigraph G we let G(¢) denote the multigraph obtain from
G by replacing each vertex x € V(G) with a set V, of ¢ vertices so that, for all
x,y € V(G):

e ifx Aythen V. NV, =0;

e if p(xy) = 2 in G then there are all possible heavy edges in G(¢) between V,
and V,;

e if u(xy) = 1 in G then there are all possible light edges in G (¢) between V,
and V,;

e if p(xy) = 0in G then there are no edges in G(¢) between V, and V.

Given a set X we write, for example X + v, X —vand X + v — w for X U {v},
X\ {v} and (X \ {w}) U {v} respectively. Similarly given multigraphs 7', G where
T C Gandv, w € V(G), we write, for example, T +v, T —v, T + v — w for the
multigraphs G[V(T) + v], G[V(T) —v] and G[V(T) + v — w] respectively. We
define, for example, T — X, T + X, T — X + Y similarly where X, Y C V(G).
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Throughout the paper, we write 0 < o << 8 < y to mean that we can choose the
constants «, 8, y from right to left. More precisely, there are increasing functions
f and g such that, given y, whenever we choose B8 < f(y) and o < g(f), all
calculations needed in our proof are valid. Hierarchies of other lengths are defined
in the obvious way.

4. Turan-type results for universal multigraphs and digraphs

In this section we determine the density threshold that ensures a standard
multigraph contains a universal graph, and therefore determine the threshold that
forces a digraph to contain any tournament of a given size.

Let #,_(n) be the maximum number of edges in an (r — 1)-partite graph on n
vertices and let 7,_;(n) be the (r — 1)-partite graph that realizes this bound. Note
that whenn > r — 1

(r—D(r—=2)

1) =t (= (r = 1)) = ————+ (r = Dn—(r—-1), @

oy < (1- -t "
r—1N) X V—] 21

with equality when r — 1 divides n.

and for any n

OBSERVATION 4.1. Let D,_(n) be the digraph obtained by replacing every edge
of T,_1(n) with two oppositely oriented directed edges and let M,_;(n) be the
underlying multigraph of D,_1(n). Then D,_,(n) contains no tournament on r
vertices and M,_,(n) contains no graph on r vertices whose underlying graph is
complete.

Brown and Harary [4] proved that if a digraph D on n vertices contains
more than 2¢,_,(n) edges, then D contains every tournament on r vertices.
The following theorem strengthens their result by showing that D contains a
subdigraph on r vertices which itself contains every tournament on r vertices;
in fact, we prove an even more general result about multigraphs.

THEOREM 4.2. Let r > 2 and let G be a multigraph on n vertices. If e(G) >
2t,_1(n), then IC, < G.

Proof. The proof proceeds by double induction on r and n. Clearly the result
holds for r = 2. Let r > 3 and let G be a standard multigraph on n vertices

such that K, € G. If n < r — 1, then e(G) < 2f,_;(n); so suppose n > r.
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Tiling directed graphs with tournaments 13

Since 2t,_»(n) < 2t,_1(n) < e(G), by induction, there exists a copy of l@,_l in
G; let H be a copy of K,_; with the maximum number of edges. If there exists
v € V(G) \ V(H) such that d(v, H) > 2(r — 1) — 1, then we can either add v
to H to make a copy of KC, or we can swap v with a vertex in H to increase the
number of edges in H; either way, a contradiction. So for all v € V(G) \ V(H)
we have d(v, H) < 2(r — 1) — 2 = 2(r — 2). Thus by (1) and induction on #n,

e(G) = e(H) +e(G — H, H) + ¢(G — H)
Sr-Dr-2)+20r=2)(n—(r —1) +2t,_1(n—(r—1))

r—Dr -2
= 2<f + =20 (= D) + 1,00 = 1)))

= 2t,_1(n). O

COROLLARY 4.3. Let G be a multigraph on n vertices. If §(G) > 2(1 —
1/(r —1)nore(G) > (1 —1/(r — D)n% then K, C G.

First note that Theorem 4.2 and Corollary 4.3 immediately imply the
analogous digraph versions. Observation 4.1 shows that the density conditions in
Theorem 4.2 and Corollary 4.3 to force a copy of C, are best possible; however,
one may wonder if the same density conditions could force a multigraph K
whose complement contains a matching on at most [r/2] — 1 light edges. The
following observation shows that this is not the case.

OBSERVATION 4.4. Let K be a multigraph on r vertices such that the
complement of K is a matching with at most |r/2] — 1 light edges. If r is
even, let n € rN and if r is odd, let n € (r + 1)N. For sufficiently large n, there
exists a multigraph G on n vertices with (significantly) more than 2t,_|(n) edges
for which K £ G.

Proof. First suppose r is even and n = rk. Let G be an r/2-partite multigraph
with all parts of size 2k = 2n/r. Inside each part put all possible light edges and
between the parts put all possible heavy edges. We have

e(G)=n>—n— 5<2”/r) = (1 S L)nz,
2 2 r 2n

which is much larger than (1 — 1/(r — 1))n? > 2t,_(n).
Now suppose r is odd and n = (r41)k. Let G be an (r+1) /2-partite multigraph
with all parts of size 2k = 2n/(r + 1). Inside each part put all possible light edges
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and between the parts put all possible heavy edges. We have

2 _r+1 2n/(r + 1) _ _ 1 _i )
eG)=n"—n 2( 2 )‘(1 1 2n>”’

which is much larger than (1 — 1/(r — 1))n* > 2t,_(n).
Note that in each case G contains no copy of K. O

Finally, we address the issue of the structure of IC,-free multigraphs with
2t,_1(n) edges. Let D;(n) be the family of digraphs obtained by partitioning »
asn = ny + --- + ng such that ny, ..., n; are positive integers and at most one
of the n;s is odd, and taking k disjoint copies, Dy, ..., Dy of Dy(n), ..., Dy(ny),
then adding all edges directed from D; to D, forall 1 <i < j < k. In particular,
note that D,(n) € Dj(n). Brown and Harary [4] proved that if 7 € 7, and D
is a T-free digraph on n vertices with 2¢,_|(n) edges, then D = D,_;(n) unless
T = C; in which case D € D;(n). The following observation shows that in our
case, there is a whole family of tightness examples. Let M (n) be the family of
multigraphs underlying the digraphs in D; (n).

OBSERVATION 4.5. Givenr > 4, let n € rN and let M*_,(n) be the family of
multigraphs on n vertices which can be obtained from M,_,(n) by the following
process. Take disjoint pairs of colour classes and replace each such pair with a
copy of M € M3(2n/r), leaving all other edges between the sets as they were.
Then every M € M?_,(n) does not contain IC,.

Proof. Let M € M*_(n), let X,, ..., X, be the colour classes from M which
were not modified, and let Y1, ..., Y, be the sets from M which appeared as a
result of merging two of the original colour classes. We have r — 1 = s + 2¢
and thus any copy of /C, must contain at least 2 vertices from some X;, which is
clearly not possible, or at least 3 vertices from some Y;, which would imply that
Y; contains a copy of IC5, which is not the case. Thus iC, ¢ M. O

It would be interesting to determine whether every IC,-free multigraph on
2t,_1(n) edges is a member of M* _,(n), and more generally, whether every X, -
free multigraph on 2¢,_,(n) — o(n?) edges is sufficiently ‘close’ (in edit-distance)
to some member of M*_, (n).

5. A regularity lemma for standard multigraphs

In the proof of Theorems 1.8 and 7.2 we apply a version of Szemerédi’s
regularity lemma [25] for multigraphs. Before we state it we need some more
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Tiling directed graphs with tournaments 15

definitions. The density of a bipartite graph G = (A, B) with vertex classes A
and B is defined to be

ec(A, B)

oA B) = =]

We write d(A, B) if this is unambiguous. Given any ¢ > 0 we say that G is ¢-
regular if forall X € A and Y C B with |X| > €|A| and |Y| > €| B| we have that
[d(X,Y)—d(A, B)| <e.

Given disjoint vertex sets A and B in a graph G, we write (A, B) for the induced
bipartite subgraph of G whose vertex classes are A and B. If G is a multigraph
and A, B € V(G) are disjoint, then we write (A, B)iG for the bipartite graph with
vertex classes A and B where a € A and b € B are adjacent in (A, B)Y; precisely
if w(ab) =iinG.

The next well-known observation (see [16] for example) states that a large
subgraph of a regular pair is also regular.

LEMMA 5.1. Let0 < ¢ < « and &' :== max{e/«, 2¢}. Let (A, B) be an e-regular
pair of density d. Suppose A’ C A and B’ C B where |A'| > «|A| and |B’| = «|B|.
Then (A’, B') is an &’-regular pair with density d' where |d’ — d| < e.

The following result will be applied in the proof of Theorem 6.1. It is (for
example) a special case of [1, Corollary 2.3].

LEMMA 5.2. Lete,d > 0andm,r,t € Nsuchthat) < 1/m K e Kd <L 1/r
andt < r. Let H be a graph obtained from K, by replacing every vertex of K,
with m vertices and replacing each edge of K, with an &*-regular pair of density
at least d. Then H contains a K,-tiling covering all but at most emr vertices.

We apply the following version of the regularity lemma, which is an immediate
corollary of a 2-coloured regularity lemma from [3] (Theorem 2.4). This result in
turn is easy to derive from the many-colour regularity lemma presented in [18]
(Theorem 1.18).

LEMMA 5.3 (Degree form of multigraph regularity lemma). For any ¢ > 0 and
M’ € N, there exists M = M(e, M') such that the following holds. Let G be a
standard multigraph on n vertices and let 0 < d < 1. Then there exists a partition
{(Vo, Vi, ..., Vi} of V(G) with M' < k < M and a spanning subgraph G’ of G
with the following properties:
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@ Vol < en;

(i1) all clusters V;, i € [k], are of the same size (1 — &)/ M)n < (n — |V|)/ k =
Vil <n/M';

(iii) dg'(v) > dg(v) — (4d + 2¢&)n forall v € V(G');
@iv) e(G'[V;]) =0 foralli € [k];

) forall 1 <i < j < kand c € [2], the pair (V;, V;)¢, is e-regular with
density either 0 or at least d.

We call Vi, ..., Vi clusters, V, the exceptional set and G’ the pure multigraph.
Given a multigraph G, and parameters ¢, d, M’, we define the reduced multigraph
I as follows: Let {Vy, Vi, ..., Vi} be the partition and G’ be the subgraph of
G obtained from an application of Lemma 5.3 with parameters ¢, d, M’. We let
V() ={Vi,...,V}and Q) if (V;, Vj)z/ has density at least d we place a heavy
edge between V; and V; in I'; (i) if (V;, V;)%, has density 0 and (V;, V;){, has
density at least d we place a light edge between V; and V; in I'; (iii) otherwise V;
and V; are not adjacent in I".

The next result implies that the minimum degree of a multigraph is almost
inherited by its reduced multigraph.

LEMMA 54. Lete > 0,d € [0,1], M',n € N and let G be a multigraph on
n vertices. Let G’ be the pure multigraph and I' be the reduced multigraph
obtained by applying Lemma 5.3 to G with parameters ¢, d and M'. Then
§(I") = (8(G)/n — (8d + 6¢))|I"|.

Proof. Note that for all V; € V(I"),
dr(V)) = dp.(V;) +2d7(Vi) = INp (V)| + di (V).

Let v € V;. Notice that Ng (v) intersects at least (|Ng (v)| — [Vo])/| V1| clusters
and thus by Lemma 5.3,

INF(Vi)l = (ING ()] = [VoD/IVi] = (dg;(v) + dZ (v) — (4d + 3e)n) /| V.

Also note that Né,(v) intersects at least (|N2,(v)| — |Vy|)/| V| clusters and thus
by Lemma 5.3,

di-(Vi) = (INg: )| = [VoD)/IVi] = (dg(v) = (4d + 3e)n) /| V).

Downloaded from https://www.cambridge.org/core. University of Birmingham, on 15 Feb 2018 at 10:22:14, subject to the Cambridge
Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/fms.2018.2


https://www.cambridge.org/core/terms
https://doi.org/10.1017/fms.2018.2
https://www.cambridge.org/core
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Altogether this gives
dr(V;) = INF(V)| +d7(Vi) > (dg(v) + dg(v) — (4d + 3e)n) /| Vi
+ (dg(v) — (4d + 3e)n) /| Vi
= (d},(v) + 2dz(v) — (8d + 68)n) /| V|
> (8(G)/n — (84 + 6¢))|I|.
Therefore, §(I") = (§(G)/n — (8d + 6¢))|I"|, as claimed. ]

6. Almost tiling multigraphs with K,

In order to prove Theorem 1.8, we apply (a corollary of) the following result.
Roughly speaking, it states that every standard multigraph with minimum degree
slightly greater than that in Theorem 1.8 contains an almost perfect /C,-tiling.

THEOREM 6.1. Letn,r € Nwherer > 2 andn > QO suchthat 0 < 1/n < n K
1/r. Suppose that G is a standard multigraph on n vertices such that
8(G) =221 —1/r +n)n.

Then G contains a /@,-tiling covering all but at most nn vertices.
The next result is the key tool in the proof of Theorem 6.1.
LEMMA 6.2. Letn,y > QOand n,r > 2 be integers such that 0 < 1/n € y <
n K 1/r. Let G be a standard multigraph on n vertices so that
38(G) =21 — 1/r + n)n. 2)

Further, suppose that the largest /C,_—tiling in G covers precisely n’ < (1 — n)n
vertices. Then there exists a (K, U IC,,)-tiling in G that covers at least n' + yn
vertices.

Proof. Certainly Theorem 4.2 and (2) imply that n’ > nn. Let M denote a K,-
tiling in G containing precisely n’ vertices so that the total number of edges in M
is maximized. Setn” :=n —n’ and G” := G \ V(M).

CLAIM 6.3. There are at least yn vertices x € V(G") such that dg(x, V(M)) >
2(1 = 1/r)n" 4+ 2yn.

Suppose for a contradiction the claim is false. Then by (2), at least n” —y n vertices
y e V(G")are suchthatdg(y) > 2(1—=1/r+nn—-2(1—-1/r)n'—2yn > 2(1 —
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1/r+n/2)n". Thus by Theorem 4.2, G” contains a copy of some U € KC,. But then
together with M, this forms a /C,-tiling on n’ 4 r vertices in G, a contradiction to
the maximality of M. This proves the claim.

Given any x € V(G”) such that dg(x, V(M)) > 2(1 —1/r)n’ +2yn, there are
at least yn elements U in M sothatdg(x,U) > 2r — 1. If dg(x, U) = 2r, then
since U € K,, V(U) U {x} spans a copy of an element of I, in G. Otherwise
there is precisely one vertex y € V (U) such that xy is a light edge.

Suppose that for some z € V(U) \ {y}, zy is a light edge in G. Then since there
are all possible edges between x and V(U) \ {y}, (V(U) \ {y}) U {x} spans a copy
of some U’ € I, such that |E(U")| = |E(U)| + 1 . This is a contradiction to the
choice of M. Thus for all z € V(U) \ {y}, yz is a heavy edge. This implies that
V(U) U {x} spans a copy of some U’ € IC,,;.

Claim 6.3 implies there are at least yn vertices x € V(G”) such that dg(x,
V(M)) = 2(1 — 1/r)n’ 4+ 2yn. So for at least yn such vertices x, we can pair
them off with distinct elements U of M so that V(U) U {x} spans a copy of an
element of IC,H This therefore implies that there exists a (K, u K, 1)-tiling in G
that covers at least n’ + yn vertices, as desired. O

The next simple observation will be used in the proof of Theorem 6.1 to convert
a (K, U K, )-tiling in the reduced multigraph I" of G into a /C,-tiling in the blow-
up I'(r) of I'.

FACT 6.4. Suppose that r,t € N such that r divides t. If U € (K, U IC,H) then
U (t) contains a perfect IC,-tiling.

We are now ready to prove Theorem 6.1. We repeatedly apply Lemma 6.2
and Fact 6.4 to obtain an almost perfect K,-tiling in a blow-up of the reduced
multigraph of G. Applying Lemma 5.2 will then yield an almost perfect /C,-tiling
in G. Arguments of a similar nature were applied in [8, 16, 28].

Proof of Theorem 6.1. Define additional constants ¢,d,y and M’ € N so that
O<1/n<«I/M<KLekd <Ky LKn<KLl1l/r.Setz:=[1/y]. Apply Lemma 5.3
with parameters €, d and M’ to G to obtain clusters Vi, ..., V,, an exceptional set
Vo and a pure multigraph G’. Set m := |V,| = --- = |V,|. Let I be the reduced
multigraph of G with parameters ¢, d and M’. Lemma 5.4 implies that

(I =221 —1/r+n/2)k. 3)

CLAIM 6.5. I'" := I'(r?) contains a I@,-tiling covering at least (1 — n/2)kr* =
(1 — n/2)|I"'| vertices.
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If I" contains a /C,- -tiling covering at least (1 — n/2)k vertices then Fact 6.4
implies that Claim 6.5 holds. So suppose that the largest K, -tiling in I" covers
precisely £ < (1 —n/2)k vertices. Then by Lemma 6.2, I" contains a (K, UK, 41)-
tiling that covers at least £ + yk vertices. Thus, by Fact 6.4, I'(r) contains a
IC.-tiling covering at least (£ + yk)r vertices. (So at least a y-proportion of the
vertices in I (r) are covered.) Further, by definition of I"(r) and (3),

S(r(r)) =201 — 1/r + n/2)kr.

If I"(r) contains a l@,—tiling covering at least (1 — n/2)kr vertices then again
Fact 6.4 implies that the claim holds. So suppose that the largest /C,-tiling in
I"(r) covers precisely £ < (1 — n/2)kr vertices. Recall that £ > (£ + yk)r. By
Lemma 6.2, I'(r) contains a (K, U KC,)-tiling that covers at least £’ + ykr >
(¢ + 2yk)r vertices. Thus, by Fact 6.4, I'(r?) contains a K,-tiling covering at
least (£ + 2yk)r? vertices. (So at least a 2y -proportion of the vertices in I"(r?)
are covered.) Repeating this argument at most z times we see that the claim holds.

For each 1 < i < k, partition V; into classes V*, V;1,..., V,,- where m’' :=
[Vijl=1m/r*] Zm/Q2r*) foralll < j <r? Slncemk>(1 e)n by Lemma 5.3,
m'|I'| = |m/r |kr* = mk —kr* = (1 = 2¢)n. 4)

Let ¢ € [2]. Lemma 5.1 implies that if (V;, V;,)g, is e-regular with density
at least d then (V;, ;,, Vi, ;,)¢ is 2er®-regular with density at leastd — & > d/2
(for all 1 < jy, j» < r?). In particular, we can label the vertex set of I"” so that
V) ={V,; 11 <i <k, 1 <j<r*}where, forc e [2], u(V, ;V,,) =cin
I implies that (Vj, j,, Vi, ;)¢ is 2er®-regular with density at least d /2.

By Claim 6.5, I"’ has a K, -tiling M that contains at least (1 —7/2)|I"’| vertices.
Consider any element U in M and let V(U) ={V;, ;. Vi,.jo»---» Vi, ;. }. Set V/
to be the union of V; ;, Vi, j,, ..., Vi ;. Notethat 0 < 1/m’ <« 2er* € d/2 K
y & 1/r. Thus, Lemma 5.2 implies that G’[ V'] contains a l@,—tiling covering all
but at most «/2erzm’r < ym'r vertices. (Here we are using that a heavy edge in
I'" corresponds to a 2er*-regular pair in G’ consisting only of heavy edges, and a
light edge in I’ corresponds to a 2er?-regular pair in G’ consisting only of light
edges.) By considering each element in M we conclude that G' € G contains a
IC,-tiling covering at least

(I —y)m'r x (1 —n/2)I" |/” (1 -y —=n/2)1-2e)n =1 —-nn
vertices, as desired. O
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The following result is a simple consequence of Theorem 6.1.

COROLLARY 6.6. Letr > 2 and 0 < 1/n < n K 1/r. Suppose that G is a
multigraph on n vertices such that

8(G) =221 —1/r —n)n.

Then G contains a l@,—tiling covering all but at most 4r>nn vertices.

Proof. Add n' := [2nn/(1/r — n)] vertices to G which send out heavy edges to
all other vertices (including each other). Call the resulting multigraph G*. Since

5(G™) =8(G)+2n" =8(G)+2(1=1/r4n)n'+2(1 /r—mn’ > 2(1=1 /) (n+n"),

we can apply Theorem 6.1 to G* to obtain a /C,-tiling in G* covering all but
at most n(n + n') vertices. Removing all those tiles that contain vertices from
V(G*)\ V(G), we obtain a /C,-tiling in G that covers all but at most n(n + n’) +
(r — 1)n’ < 4r*nn of the vertices of G, as desired. ]

7. Almost perfect tilings in the nonextremal case

Suppose that, in the proof of Theorem 1.8 we have found a small absorbing set
M. 1deally, we would next like to apply Corollary 6.6 to conclude that G \ V(M)
contains an almost perfect U, -tiling M, and then use M to cover the remaining
vertices, thereby obtaining a perfect U, -tiling in G. However, to achieve this we
would require that the set of vertices uncovered by M is much smaller than the
size of the absorbing set M. Corollary 6.6 does not guarantee this though. Indeed,
this is because the size of the set of uncovered vertices in Corollary 6.6 is large
compared to the parameter n. Worst still, it is easy to see that the conclusion of
Corollary 6.6 is false if we replace 4r>nn with a term significantly smaller than
nn.

Therefore, instead we show that the conclusion of Corollary 6.6 can be
strengthened in the desired way if our multigraph G is far from extremal. (This
strengthening will be at the cost of no longer guaranteeing an almost perfect /C, -
tiling, but rather an almost perfect X -tiling.) This will ensure that we can then
use the above approach in the nonextremal case (we then have to deal with the
extremal case separately).

To precisely describe the multigraphs that are far from extremal, we use the
following definition.

DEFINITION 7.1. Given y > 0 and r € N, we say that a multigraph G on n
vertices is (1/r, y)-extremal if
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(i) there exists S € V(G) such that ||S| — n/r| < yn and e(G[S]) < yn?; or

(ii) there exists S € V(G) such that ||S| —2n/r| < yn and e,(G[S]) < yn>.
The aim of this section is to prove the following result.

THEOREM 7.2. Letn,r € Nwherer > 2 and o, 1,y > 0 such that 0 < 1/n <
o LK n<Ky KL 1/randlet G be a multigraph on n vertices. If G is not (1/r, y)-
extremal and

8(G) =2 2(1 = 1/r —m)n,

then G contains a K -tiling covering all but at most an vertices.

The proof of Theorem 7.2 makes use of Corollary 6.6. The next result will be
used to convert an almost perfect tiling of a multigraph with universal graphs into
a perfect tiling.

LEMMA 7.3. Letn,r € Nwherer > 2andt,y’ > Osuchthat0 < 1/n € 1 K
y' K 1/r and let G be a multigraph on n vertices. If G is not (1/r, y')-extremal,
3(G) = 2(1 — 1/r — )n, and there exists a K,-tiling covering all but one vertex,
then G contains a perfect (K, U K, ,)-tiling in which all but at most three of the

tiles are copies of IC,.

Proof. Let T = {Ty,...,T,} be the I@,—tiling in G and let v* be the leftover
vertex. If there exists T € 7 such that d(v*, T) > 2r — 1, then we obtain a perfect
(K, U K7, ))-tiling in which all but one of the tiles are copies of K. So suppose

r

that this is not the case. Then for all but at most
Qr =271 =8(G)=21—-1/r)(n—1) — 8(G) < 3tn ®))

ofthe T € T,d(v*,T) =2r — 2.
If there exists T € T such that d(v*, T) = 2r — 2, then we could move v* into
T to create a copy of K/, unless:

(o) there exists u € V(T) such that u(v*u) = 0in G or;
(B) uy, u, € V(T) are light neighbours of v* in G and either

(a) uju, is alight edge or;

(b) u; and u, are incident with distinct light edges in 7.
So we may suppose that one of («) and (8) holds whenever d(v*, T) = 2r — 2.
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A. Czygrinow et al. 22

Let
Bf:={ueTeT:dw,T)=2r—2and u(v'u) =i}.

Set B* := B U Bj. Let T* to be the set of tiles in 7 which contain a vertex
from B*. Call an edge of G useful if it either has both endpoints in B, or it has
one endpoint in B and the other in By, or it is a heavy edge with both endpoints
in Bf.

Given distinct T, T’ € T*, we say that the ordered pair (T, T") is bad if

(i) there exists b € B* N T such that d(b, T') # 2r — 2 or failing this;

(ii) there exists some b’ € B*N T’ suchthatd(b’, T) =2r —2,and some x € T
such that b'x is not a heavy edge and d(x, T") # 2r — 2.

If neither (T, T’) nor (T’, T') are bad, then we say that {T', T’} is good.

First we show that nonextremality guarantees that there is a useful edge bb’
between a good pair {7, T'}. Then we show how to use such a configuration to
get the desired tiling which uses v*.

Define an auxiliary digraph D with vertex set 7* where there is an edge from
T toT'if (T, T’) is bad.

Note that if there exists ab € B* where b € T € T*anda T’ € T \ {T} such
that d(b, T') > 2r — 1, then we obtain our desired perfect (K, U K/ )-tiling

by moving b to T’ to create a l€,+1 and then moving v* to T to create a I&, b
was a problem vertex for v*; moving it out of 7 means that we can move v* in).
So we may assume that such a b does not exist. Therefore, for all b in B*, by a
computation similar to (5), we have that d(b, T') = 2r — 2 for all but at most 3tn
of the T’ € 7. In particular, for a fixed T € T* there are at most 6tn T’ € T*
such that (T, T') satisfies (i) in the definition of bad.

Given distinct T, T’ € T*, suppose there exists ¥ € B* N T’ such that d(b/,
T) = 2r — 2, and some x € T such that b'x is not a heavy edge and d(x, T") >
2r — 1. By the previous paragraph, x ¢ B*. So T U T’ U {v*} spans two disjoint
copies of K, and K /11~ (The vertex set of the former tile is 7 — x + &', the latter
T' —b' + x + v*.) In particular, we obtain our desired perfect (K. U K, ,)-tiling.
So we may assume that such an x does not exist.

Given distinct T, T' € T*, suppose there exists ¥ € B* N T’ such that d(¥/,
T) =2r — 2, and some x € T such that b'x is not a heavy edge. Further, suppose
there exists 7" € T \ {T, T’} such that d(x, T") > 2r — 1. We can move x to
T” to create a l€,+1, move b’ to T to create a I&,. and move v* to T’ to create a
I&,. In particular, we obtain our desired perfect (K, U KC], )-tiling. Thus, we may
assume that this is not the case.

Fix T € T*. Suppose there are at least 3rtn T’ € T* such that (T, T") satisfies
(i1) in the definition of bad. Then there exists some vertex w € T that plays the
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role of x in (ii) for at least 3tn such 7’. But then the previous two paragraphs
imply that

de(w) <3tnQr—3)+ (|71 =3tn)2r —2) +2 < §(G),

a contradiction.

Altogether this implies that D has maximum outdegree at most 6rtn and so
e(D) < 6rrn?.

We now show that there are more than 6rtn? (unordered) pairs {7, T’} where
T,T' € T* and so that there is a useful edge in G with one endpoint in 7 and
the other in 7. Then for at least one such {7, 7'} we have that neither (T, T') nor
(T’, T) is a bad pair.

By the nonextremality of G, if |BZ| > (1 — y')(n/r) we have at least y'n* >
6rtn® useful edges in G[B;]. If |B*| > (1 — y')(2n/r), then we have at least
y'n®> > 6rrn® heavy edges in G[B*], all of which are useful (and at most n of
these edges go between vertices in the same tile from 7 *). Note that there are at
most 4 useful edges between any T and 7’ from 7 *. So we can assume that both
|Bj| < (1—y")(n/r)and |B*| < (1—y")(2n/r). With the fact that |7 | = (n—1)/r,
(5) implies that,

|B*| + |Bg| = 2|Bg| + |B| =2|T"| = 2(IT| - 3wn) > <1 - %)%ﬂ (6)
So |B*| < (1 —y")(2n/r) implies that |Bj| > y'n/r, and |B| < (1 — y")(n/r)
implies that | B*| > (1+y'/2)(n/r). Therefore, each of the at least y'n/r vertices
in B} is incident to at least | B*| +8(G)/2 —n > (y'n)/(4r) useful edges. In total
we have at least (1/2) x (y'n)/(4r) x (y'n)/r > 6rtn® useful edges in G which
ensures we find our desired pair {7, T'}.
Now that we have a useful edge between a good pair, the next two claims show
that this is sufficient to give us the desired perfect (K, U K, ,)-tiling.

CLAIM 74. Let T, T’ € T* be distinct and let X C T and X' C T’ such that for
allx € X, d(x,T") =2r —2andforallx' € X', d(x',T) =2r — 2.

(i) If there exist x € X and x" € X' such that u(xx') =0, then T — x + x" and
T’ — x’ + x are both copies of K,.

(ii) If there exist x € X and x' € X' such that u(xx') = 1, then T — x + x" and
T' — x' + x are both copies of K,.

(iii) If the bipartite graph of light edges induced by X, X" is 2-regular, then T —
X+ X and T' — X' + X are both copies of K,.
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The claim follows immediately if w(xx’) = 0. If u(xx’) = 1, then each vertex
x, x" has one other light neighbour, each of which would create a K, after the
switch. In the last case, all of the light neighbours of each vertex x, x” are being
moved to the other side.

CLAIM 7.5. Suppose T, T' € T* are distinct and there is a useful edge bb’ where
beT,b €T suchthatd(b,T") =2r—2andd(b', T) = 2r —2. Further suppose
that for allw € T, if wb’ is not heavy, then d(w, T') = 2r —2 and forallw’ € T’
if w'b is not heavy, then d(w', T) = 2r — 2. Then there is a (K U K|, )-tiling in
G covering precisely the vertices in V(T) U V(T") U {v*}.

To prove the claim, we split the argument into three cases.

Case 1. There exists w € T \ {b} or w’ € T’ \ {b'} such that either u(bw’) = 0
or u(b'w) = 0. Without loss of generality, suppose u(b'w) = 0. Switch b" and w.
By Claim 7.4(G), T — w + b" and T’ — b’ + w are KC,s. Since bb’ is a useful edge,
v* sends at least 2r — 2 edges to T’ — b’ 4+ w. If v* sends at least 2r — 1 edges
toT' — b + wthen 7" — b’ + w + v* is a copy of l€,+1. If v* sends precisely
2r —2 edges to T’ — b’ 4+ w then w must be a light neighbour of v* in G. Further,
as u(b'w) = 0 and d(w, T') = 2r — 2, we have that w sends all possible edges
toT' — b + w, thatisd(w, T’ — b’ + w) = 2r — 2. In particular, («) and (8) do
not hold (where T’ — b’ + w is playing the role of T'). Thus, T’ — b’ + w + v* is
a copy of K/, .

Case2.b € Bjorb' € Bj.

Without loss of generality, suppose b € Bj. Since we are not in the first case, b has
two light neighbours in 7”. In particular, there exists x’ € V(I”)\ B thatis a light
neighbour of b. Switch b and x’. By Claim 7.4(ii), T —b+x'and T’ — x" + b are
copies of I&,. In particular, T — b + x’ has the property that if T — b + x’ contains
a light path on 3 vertices, then x’ is an endpoint of this path. Furthermore since
x" ¢ By and pu(v*b) = 0, v* sends at least 2r — 1 edges to T — b 4 x’. Moreover,
ifdw*, T —b+x") =2r — 1, then u(v*x’) = land thus T — b +x' + v*isa
copy of K/

r+1°

Case 3: b, b’ € B;.

Let By N T = {by, by} and Bf N T' = {b}, b} with by = b and b = b’. By the
definition of a useful edge, 1 (b,b]) = 2. Since we are not in Case 1, there exists
x" € V(T') \ Bj that is a light neighbour of b, and there exists x € V(T) \ B}

that is a light neighbour of b (see Figure 3(i)). Since 7" — x’ + b, € K,, we may

assume that 7 —b; +x'+v* ¢ K| — this implies that the other light neighbour of

x"in T must be b, and that b, must have a light neighbour in 7' — b,. Similarly, we
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H & i & (i) &

by b} by b, b ,
b B bo B ;
T z’ z ! T z’
[}
[ ] [} [ ]
T T T T T

Figure 3. Case 3: Note that the light edges in T and 7’ (not shown) form a
matching.

can assume 7' — b} +x +v* ¢ K/ |, so xb} is a light edge and b} has a (unique)
light neighbour in 7’ — b. Therefore, both b,b, and b|b; are heavy edges (see
Figure 3(ii)).

Suppose b, b; is not a light edge, so b, has a light neighbour x; € V(T —x')\ By.
As in the previous case, since T’ —x,+b; € I@, we may assume that 7 —b; +x,+
v* ¢ K. So it must be that x}b, is a light edge. Now b, x'b,x} forms a 4-cycle
of light edges and by Claim 7.4(iii), we can switch by, b, for x’, x; and then add
v to T — by — by + x’ + x) to obtain disjoint copies of K, and K, . Likewise,
we would be done if b} b, is not a light edge. So suppose both b,b), and b} b, are
light edges (see Figure 3(iii)). Then b,b,xb|b,x" forms a 6-cycle of light edges;
we simultaneously switch by, by, x for b{, b}, x' to obtain two disjoint copies of
IC,. Recall by b, is a heavy edge so they both have distinct light neighbours in 7.
Hence, at most one of b, and b, is a light neighbour of x. Therefore, we can add
v*to T" — b} — by — x" + by + b, + x to form an element of K’ , . This completes
the proof of the claim and thus the lemma. 0

We now combine Corollary 6.6 and Lemma 7.3 to obtain the following result.

PROPOSITION 7.6. Letn,r € Nwherer > 2andn,y > Osuchthat0 < 1/n K
n Ky K 1/r and let G be a multigraph on n vertices. If G is not (1/r,y)-
extremal and

8(G) z2(1 = 1/r —mn,

then G contains a perfect (K UK |)-tiling.

Proof. Choose 7,y’ sothatn < 7 < y' < y < 1/r. By Corollary 6.6 there
exists a C,-tiling 7 covering all but at most 4r*nn vertices. Set U := V(G) \
V(T).

To construct a perfect (K, U K/ )-tiling in G, we perform the following
iterative procedure. For each vertex v* uncovered by 7 we apply Lemma 7.3 once.
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In each iteration, we modify at most three elements of 7. Each time we apply
Lemma 7.3, the multigraph under consideration is the subgraph of G induced by
V(T") U{v*} where 7' C T is the set of tiles in T that have not been modified in
any of the previous steps.

Suppose we have performed this procedure for every vertex in some U’ C U.
Let G’ be the subgraph under consideration and note that |G'| > n — 3r|U’| —
(U] =1),s0

8(G)z2(1=1/r=mn— (-G =220 —1/r —)|G'|.

Furthermore, if S C V(G’) and ||S|—|G’|/r| < y'|G'| or ||S|=2|G’|/r| < y'|G],
then ||S| — n/r| < yn or ||S| — 2n/r| < yn, respectively. Therefore, G’ is not
(1/r, y')-extremal, because yn> > y'|G’|>. Hence, we may apply Lemma 7.3 a
total of |U| times to complete the proof. O

We now apply the regularity lemma together with Proposition 7.6 to prove
Theorem 7.2.

Proof of Theorem 7.2. Define additional constants ¢, d and M’ € Nsothat 1/n «
/M € ¢ € d < a. Apply Lemma 5.3 with parameters ¢,d and M’ to G to
obtain clusters Vi, ..., V}, an exceptional set V, and a pure multigraph G'. Set
m = |Vi| =--- = |Vi|. Let I" be the reduced multigraph of G with parameters
e,d and M’. Lemma 5.4 implies that

8(I) =221 —1/r —2n)k.

Suppose that there exists S € V(I') such that ||S| — k/r| < yk/4 and
e(I'(S]) < yk*/4. Let S = {V,,...,V,} and S := V;, U --- U V. Then
[1S'] — km/r| < ykm/4 and so by Lemma 5.3(ii), ||S'| — n/r| < yn.
Moreover, by Lemma 5.3(iv) and the definition of the reduced multigraph I,
e(G'[S']) < (yk?/4)-2m* < yn?/2. Thus, by Lemma 5.3(iii), e(G[S']) < yn?, a
contradiction as G is not (1/7, y)-extremal. A similar argument shows that there
isnoset S € V(I') such that ||S| — 2k/r| < yk/4 and e,(I'[S]) < yk?/4. Thus,
I' isnot (1/r, y /4)-extremal.

Therefore, by Proposition 7.6, I" contains a perfect (K. U K, ,)-tiling 7. Note
that every induced subgraph of a copy of K, | of size r is itself a copy of K.
Since ¢ « d < a, by repeatedly applying Lemma 5.2 for each of the tiles in T
we obtain a [/ -tiling in G covering all but at most an vertices, as required. [

8. The absorbing lemma

Let G be a multigraph and H be a collection of multigraphs. We call a set M C
V(G) an ‘H-absorbing set for W C V(G) if both G[M] and G[M U W] contain
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perfect H-tilings. Suppose that a nonextremal multigraph G as in Theorem 1.8
contains a small set M € V(G) that is a K’ -absorbing set for any very small set
W C V(G). Theorem 7.2 ensures that G \ M contains an almost perfect X -tiling;
let W denote the set of uncovered vertices in G \ M. Then G[M U W] contains a
perfect K -tiling, and thus G contains a perfect K/ -tiling, as required.

The next result gives a condition which forces a multigraph to contain an
absorbing set.

LEMMA 8.1 (Lo and Markstrom [22]). Let h,t € N and let y > 0. Suppose that
‘H is a collection of multigraphs, each on h vertices. Then there exists an nyp € N
such that the following holds. Suppose that G is a multigraph on n > n vertices
so that, for any x, y € V(G), there are at least yn""=! (th — 1)-sets X C V(G)
such that both G[X U {x}] and G[X U {y}] contain perfect H-tilings. Then V (G)
contains a set M so that

o M| < (v/2)'n/4;

o M is an H-absorbing set for any W C V(G) \ M such that |W| € hN and
W[ < (v/2)*hn/32.

Lo and Markstréom [22] proved Lemma 8.1 for hypergraphs, however, the proof
of this result for multigraphs is identical.

We show that an absorbing set M exists if G is nonextremal and if additionally,
in the case when r = 4, G is not ‘splittable’. We use the following definition to
make this precise.

DEFINITION 8.2. Given y > 0 and r = 2,4, a multigraph G on n vertices is
(r, y)-splittable if there exist disjoint sets U,, U, C V(G) such that

o |Ui|, |Us| = (1/2 — y)n and;

o ifr =2thene(U,, Uy < yn?; ifr =4 then e, (U, Uy) < yn?.

To see why r is included in Definition 8.2 as it is, note that if §(G) is ‘close’
to 2(1 — 1/2)n and G is (2, y)-splittable, then G is ‘close’ to the multigraph
M; that was defined in the introduction with » = 2 (see Figure 2). Similarly, if
8(G) is ‘close’ to 2(1 — 1/4)n and G is (4, y)-splittable, then G is ‘close’ to the
multigraph M, with r = 4.

The next result (Lemma 2.1 restated) together with Lemma 8.1 implies our
multigraph G contains an absorbing set.
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LEMMA 8.3. Letr 23,0 < 1/n <K n,¢ Ly K 1/r, and let G be a multigraph
onnvertices. If 5(G) > 2(1—1/r—n)n and G is not (1/r, y)-extremal and either
r # 4 or G is not (4, y)-splittable, then for all distinct x|, x, € V(G) there exist
at least (pn) ' (r — 1)-sets Y C V(G) such that G[Y U {x,}] and G[Y U {x,}]
both contain K.

We need the following lemma in the proof of Lemma 8.3.

LEMMA 84. Let 0 < 1/n K n K A L y K 1, and let G be a multigraph on
n vertices with §(G) = (3/2 — 2n)n which is not (1/4, y)-extremal and not (4,
y)-splittable. For any disjoint sets Uy, Uy C V(G) such that |Uy|, |Us| = (1/2 —
y /3)n, there exists a collection T of copies of K5 in G[U, U U,] such that |T| >
An® and for every T € T, both V(T) N U, and V(T) N U, are nonempty, and if
T contains a light edge u u,, then u; € U, and u, € U,.

Proof. For T € I€3 such that T € G[U; U U,], we say that T is nice if both
V(T) N U, and V(T) N U, are nonempty, and either 7 has no light edges or T
has exactly one light edge u u, with u; € U, and u, € U,. Since G is not (4,
y)-splittable, there exist at least yn? heavy edges in G with one endpoint in U,
and one endpoint in U,. For each such edge u,u,, we either find (i) at least yn/2
vertices u such that u u,u is a nice KCs, or (ii) at least yn? edges e such that u;e is
a nice K3 for some i € [2]. A simple calculation then implies that we obtain our
desired collection of nice /Cs.

Let u,u, be an edge in E,(U;, U,) such that u; € U; fori € [2]. Pick i so that
d*(u;) > d*(us_;) and note that

(3/2 = 2mn < [N*(u3- )| + IN(us-)| < IN>(u)| + [N (usi)],

50 |[N?(u;) NN (us_;)| > n/2 — 2nn. Since for every u € N*(u;) N N (u3_;) N U;,
uyuou is a nice Ky, if [N?(u;) N N (us_;) N U;| = yn/2 we are done. Otherwise,

IN?(u;) N Us—;| = IN*(u;) 0 N(uz_;) N (U UUs)| — [N*(u;) O N (uz—) N U
>[n/2-2nn+2(01/2—y/5n—nl—yn/2 > /2 —y)n.

Therefore, since G is not (1/4, y)-extremal, there are at legst yn2 heavy edges in
G[N?*(u;) N Us_;] and for each such edge e, u;e is a nice K;. O

We are now ready to prove Lemma 8.3.

Proof of Lemma 8.3. Define A so that n,¢ <« A < y. Fix distinct vertices xi,
Xx; € V(G) and let X := {x;, x,}. For any U € V(G) (with 0 < |U| < r) and
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integer i > 0, let
Si(U):={veV@G)\U:dw,U) =2 2|U| —i}.
Note that when U = ¢, we trivially have S;(U) = V(G). By the degree condition,

Qr=2)U|n/r =2|Unn — [UI(JU] = 1) < e(U, V(G)\ U)
< S+ 1S ()] + QU = 2)n.

Therefore,
[So(U)] + |S1(U)| = 2r =2|Un/r — 3|U|nn. (7

So since |S;(U)| < nand Sy(U) C S;(U),

1So(U)] = (r =2|UNn/r =3|U|nn  and ®)
[S/)I = (r = [UDn/r = 3|U[nn/2. ®

Call an (r — 1)-set Y € V(G) good if both G[Y + x;] and G[Y + x;] contain
K/ .Fort > 0and 0 <! < [#/2], we say thata t-set Y C So(X) is [-acceptable if
G[Y] has exactly / light edges and either:

o 1 =0;
° t>0andG[Y]el€,;or
e t=r—3and G[Y] € K..

If Y is l-acceptable for some 0 </ < [£/2], then we say that Y is acceptable; note
that if Y is an acceptable ¢-set, then both G[Y + x,] and G[Y + x;] contain I€[+1.
For any acceptable ¢-set Y, let Sj(Y) be the set of vertices v € S;(Y) N Sp(X)
such that if y is the unique light neighbour of v in Y, then y is incident to a light
edge in Y. Note that if Y is an [-acceptable ¢-set, v € S7(Y) and y is unique
light neighbour of v in Y, then Y’ := Y — y + v, is either (/ — 1)-acceptable or
(I — 2)-acceptable depending on whether y is incident to one or two light edges
in Y. Recall that y can only be incident to two light edgesin Y ift =r —3 and y
is the middle vertex of a path on three vertices in Y that consists of light edges.

For 0 <t <r —3and 0 <! < [t/2], say that an [-acceptable ¢-set Y is
A-extendible if at least one of the following four conditions holds:

(i) t =0, risevenand |So(X)| = An;

(i) t = 0, r = 4, and there are at least (An)* 3-sets Z such that Z is a good
3-set;
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(iii) (r — 1) — t is even, and there are at least (An)? 2-sets Z such that Y U Z is
either an acceptable (¢ 4+ 2)-set or a good (r — 1)-set; or

i) [ST(V)] = An.

If we assume that (iv) never holds, then Claim 8.5 below will imply that there
exists at least (¢n) ' good (r — 1)-sets. Indeed, in this case

e if r is odd, then we can build good (r — 1)-sets two vertices at a time by
repeatedly using (iii);

e if r is even and (i) holds, then we can construct good (r — 1)-sets by first
selecting any of the An vertices in So(X) and then finish the construction by
repeatedly applying (iii); and

e if r is even and (i) does not hold, then (ii) must hold which immediately implies
that there are (An)"~! good (r — 1)-sets.

CLAIM 8.5. Let0 <t <r—3and0 <1< [t/2], andY be an l-acceptable t-set.
Ift =00r (r — 1) —tis even, then Y is A-extendible.

To prove the claim, we may assume that (iv) does not hold throughout, that is
|ST(Y)| < An. (10)

Note that, by (8),
[So(X)| = (r —4)n/r — 6nn. (1)

First assume that (r — 1) — ¢ is even and let
U:=85X)NSY)=S(XUY).
Also define

U':=(S(X)NSi(Y)\S{(Y) whensr<r—35, or
U':=8(XUY)\ SY) when r =r — 3.

Whent <r —5,(7), (10) and (11) imply that

U+ U] = (ISo(M)] + [So(X)| = n) + (IS1 (V)] = [STX)] + [So(X)| — n)
>2(r—t—4)n/r —2in. (12)

Assume thatt < r —7.1f |U| > yn/2, then first pick any z € U, and then pick
any vertex 7 € N%(z) N U’ and note that Y + z + 7’ is an acceptable (f + 2)-set.
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By (12), the minimum degree condition and the fact that U C U’, we have that
there are at least

3n/r —in— Q/r +2n)n =2 n/r —2in

choices for 7. Note that there are at least (yn/2) x (n/r —2in) x (1/2) > (An)?
choices for {z, 7'}, so (iii) in the definition of A-extendible holds, as required. If
|U| < yn/2,then pick any z € U’\ U and let y € Y be the unique light neighbour
of z in Y. Recall that since z ¢ S7(Y), y has no light neighbours in Y. By (12),
|U"\ U| > 6n/r — 3An and for any of the at least 2n/r — 2yn vertices 7' €
N%*(z) N N*(y) NU’, Y + z + 7' is an acceptable (¢ + 2)-set. Note that there are
at least (6n/r —3in) x (2n/r —2yn) x (1/2) > (An)? choices for {z, 7'}, so (iii)
in the definition of A-extendible holds, as required.
When ¢t = r — 5, (12) implies that

|U|+|U'| = 2n/r — 2An,
and when t = r — 3, (7) and (10) give that
U+ U 2 So(XUY)|+[Si(XUY)|—IS;(Y)| = 2n/r —3(r — )nn — An.
Therefore, when t € {r — 3, r — 5},

|U|+|U'| = 2n/r —yn/3. 13)

We either find at least An® light edges zz’ where z € U and 7’ € U’, or at least An>
heavy edges in G[U’]. Note that, in either of these two cases, when |Y| =r — 5,
GIY +z+7 +x] €K, ,fori €[2],and when |Y| =r —3, G[Y +z +2 +x]
€ K, for i € [2], so this will prove the claim. Suppose that we cannot find at
least An? such edges. By nonextremality, this implies that |U| < (1/r — y)n and
|U'| < (2/r — y)n. Hence, by (13), |U| > 2yn/3 and |U'| > (1/r + %y)n.
Therefore, by the degree condition, any vertex in z € U, is adjacent to at least
yn/2 vertices 7’ € U’, a contradiction.

‘We now show that if  is even and ¢ = 0 and (i) in the definition of A-extendible
does not hold, then (ii) must hold. So assume # = 0, r is even and |Sy(X)| < An.
This, with (8), implies that r = 4 so G is not (r, y)-splittable. By the degree
condition, |Sp(X)| < An implies that

2n/r —2nn < IN?(x))| < 2n/r+2xn and |N(x;))| =2 (1 —-31)n fori e [2].
Therefore, if we let
Ui == (N*(x;)) N N(x3-)) \ N*(x3;) fori € [2],
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then U, and U, are disjoint, and
Uil = (IN*(x)| + IN (2| —n) — [So(X)| = (2/r —5M)n fori € [2].

By Lemma 8.4, there are at least An® nice copies of I€3 in G[U; U U,] (that is,
copies of K that intersect both U; and U, and that have at most one light edge
and such a light edge has one endpoint in U; and the other in U,). The vertex set
of any such nice /5 is a good (r — 1)-set, as desired. This completes the proof of
the claim.

Assume for a contradiction that there are at most (¢n)" ! good (r — 1)-sets.
Let 0 < ¢ < r — 3 be the maximum ¢ for which we have (¢n)’ acceptable t-sets
and either r = 0 or (r — 1) — ¢ is even. Such a 7 exists, since ¢ is an acceptable
0-set. We can also assume that r > 0, since if ¥ = ¢, then S} (¥Y) = ¥ and (iv)
cannot hold, so Claim 8.5 implies that one of (i), (ii) or (iii) must hold, which
violates the maximality of ¢ or the assumption that there are at most (¢n) ' good
(r — 1)-sets. Let [ be minimal such that if ) is the set of /-acceptable ¢-sets, then
V| > A(A/16)"/2=I(¢n)'. There exists such an [, because A < 1/r. By Claim 8.5,
each set Y € ) is A-extendible in one of two ways, so in particular there is some
subset of ) of order at least |)/|/2 for which all elements are extendible in the
same way, either (iii), or (iv). If the elements in this subset are all A-extendible by
(ii1), then, because ¢ < A < 1/r, we have at least

(n)* - 1Y1/2 S A)2 (0 /16)1/2

2 = 2

(5) (5)
acceptable (¢ + 2)-sets or, if t = r — 3, more than (¢n)"~! good (r — 1)-sets. This
contradicts the maximality of ¢ or the assumption that there are at most (¢n)" !
good (r — 1)-sets. (We divide by (’ ;2) in the above calculation to account for the
fact there are (‘;2) different ways a (¢ 4 2)-set can be constructed by adding 2

vertices to a t-set.)

Now assume that there are at least |)|/2 [-acceptable ¢-sets that are extendible

by (iv). Let )’ be the collection of (/ — 1)-acceptable and (I —2)-acceptable ¢-sets
and set

7 (@) > (o)

Z:={Y+z:YeYandz e S(Y)}.

Our aim is to find a lower bound on |)”'| which contradicts the minimality of /.
Let Z € ZandletY € YV and z € S}(Y) such that Y 4+ z = Z. Note that the
choice of Y is not necessarily unique. Let z’ be the unique light neighbour of z in
Y and note that Y’ = Y — 7' + z is in ). Therefore, for every Z € Z there exists
Y € Y and 7’ € V(G), such that Z = Y’ 4 7z’ which implies that |)'| - n > | Z]|.
Any Z € Z is constructed by adding to some Y € I@, avertex z € S{(Y). Soin
any Z € Z there are most four vertices z' € Z such that there exists z” € Z such
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that z'z” is a light edge and z” has at least two light neighbours in Z. Therefore,
for every Z € Z, there are at most four different pairs (Y, z) such that Y € ),
z € S{(Y)and Z =Y + z. This implies that

|V1/2 - An
4

1Z] =2 > (1/8) - (/16) 7 (@n)' -,

s0 || = (A/8) - AM(A/16)"/2~I(¢n)’. Therefore, there are at least
A(A/16) A (gny!

(I — 1)-acceptable t-sets or (I — 2)-acceptable z-sets, a contradiction to the
minimality of /. O

9. The stability result

We now combine Lemmas 8.1 and 8.3 together with Theorem 7.2 to prove the
following result which ensures that Theorem 1.8 holds in the case when G is
nonextremal and additionally if r = 4, nonsplittable.

THEOREM 9.1. Let n,r € N where r divides n and define n,y > 0 such that
0<1/n<Kn<Ky K 1/r. Let G be a multigraph on n vertices. If 5(G) >
2(1 —1/r —n)n and G is not (1/r, y)-extremal and either r ¢ {2,4} or G is not
(r, y)-splittable, then G contains a perfect K/ -tiling.

Proof. First assume that r > 3. Define o, ¢, 7, ¥’ > 0sothat ) < 1/n € o K
¢ €K n<Kn Ky Ky. Let G be as in the statement of the theorem. By
Lemma 8.3, given any x;, x, € V(G), there exist at least (¢pn) ! (r — 1)-sets
Y C V(G) such that both G[Y U {x,}] and G[Y U {x,}] contain elements of /.
Thus, by Lemma 8.1, V(G) contains a set M so that

o M| < (@) '/2)n/4;

e M is a K!-absorbing set for any W C V(G) \ M such that |[W| € rN and
Wl < (@) '/2)*rn/32.

Let G':=G\V(M)andn' :=|G'|.Soas ¢ < n K1,
3G =20 —1/r —n)Hn'.

Further, as ¢ < ¥y’ < y, G’ isnot (1/r, y’)-extremal. Thus, by Theorem 7.2, G’
contains a K/ -tiling covering all but at most an’ < ((¢)"~'/2)*" rn /32 vertices. Let
W denote the set of these uncovered vertices. Then by definition of M, G[M U W]
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contains a perfect KC/ -tiling. Altogether this implies that G contains a perfect X -
tiling, as desired.

Now assume that r < 2. If » = 1 the theorem is trivial. For r = 2, we show
that there exists a perfect matching in H, the graph underlying the multigraph
G, that is H is the graph on V(G) in which there is an edge between x and y
if and only if there is either a light or heavy edge between x and y in G. We
have that n is even, n < ¥y < 1/2, 8(H) > (1/2 — n)n, G is not (1/2, y)-
extremal and G is not (2, y)-splittable. Let M be a maximum matching in H
and suppose M is not perfect. Note that the vertices unsaturated by M form an
independent set. Let w;, w, be two vertices unsaturated by M and for i € [2],
define S; := {v : uv € M andu € N(w;)}. Note that |S;|, S| = (1/2 — n)n
and there are no edges in H with one endpoint in S; and the other in S, as this
would give us an M-augmenting path, contradicting the maximality of M. Since
G is not (2, y)-splittable, it cannot be the case that S; and S, are disjoint, so let
v € 81NS,. We have N(v) N (S;US,) = @ and thus |S; US| < (1/2+4 n)n which
implies |S; N Sy = (1/2 —3n)n > (1/2 — y)n, contradicting the fact that G is
not (1/2, y)-extremal. O

10. The extremal case
In this section we prove the following theorem.

THEOREM 10.1. Foranyr € N, there exists ny € N such that the following holds.
If G is a multigraph on n > ny vertices, n is divisible by r and

3(G)=22(1—1/rn —1, (14)
then G contains a perfect K -tiling.

Note that Theorem 10.1 immediately implies Theorem 1.8 (and thus
Theorem 1.4). Our results from the previous sections will ensure Theorem 10.1
holds in the ‘nonextremal’ cases. Therefore, most of the work in this section
concerns the extremal cases.

Throughout this section we consider a standard multigraph G on n vertices that
satisfies the hypothesis of Theorem 10.1. In particular, we may assume 1/n <
1/r. We denote the vertex set of G by V.

10.1. Preliminary claims. We use the following well-known and simple

lemma in this section. A proof is included for completeness.
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LEMMA 10.2. For any graph H there is a matching of order at least
min{||H /2], (H)}.

Proof. Let M be a maximal matching in H and suppose that |M| < min{||H|/2],
8(H)}. Let U be the vertices incident to an edge in M and let W := U. Note that
|[W| > 2 and that, by the maximality of |M|, W is an independent set. Therefore,
there exist distinct x, y € W where d(x, U) +d(y, U) > 25(H) > 2|M|. Hence,
there exists e € M such that d(x, e) + d(y, e) > 3, and this implies that there
exists a matching of order |[M| + 1 in H. O]

The next claim gives us a minimum degree condition for G[U] where U is any
set of size close to sn/r for some s € N.

CLAM 10.3. Suppose 0 < 1/n < ¢ KL 1/r and s € N where 1 < s < r. Let
veVandU C V. If

sn/r —cn < |U| < sn/r + cn,
then

d(w,U) =21 —1/s — re/s)|U].

Proof. When s = 1 the statement is trivially true, so assume s > 2. Therefore,
(1/s+rc/HU| = (1/s+rc/s)(s/r—c)n = (1 /r+(s—1)c/s—rc?/s)n > n/r+1.
Hence, by (14),

d(,U) > 8(G) =2|U| =2(|U| — (n/r + 1)) > 2(1 = 1/s —rc/s)|U|. O

Let ¢ be a constant suchthat0 < ¢ < 1. WecallasetU C V,
e a (1, ¢)-independent set if |U| = n/r and e(G[U]) < cn?; or
e a (2, ¢)-independent set if |U| = 2n/r and e,(G[U]) < cn?.
If U, U’ C V are vertex-disjoint, we say that the pair {U, U’} is
e a (1, ¢)-disconnected pair if |U| = |U’| = n/r and e(U, U’) < cn?; or
e a (2, ¢)-disconnected pair if |U| = |U’| = 2n/r and e, (U, U’) < cn>.
Ifl<s<randU C V,wecall U an (s, c¢)-tolerant set when |U| = sn/r and
e fort € {1, 2}, U does not contain a (¢, c)-independent set; and

e if s € {2, 4}, then U does not contain an (s/2, c¢)-disconnected pair.
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The preceding definitions are closely related to the notion of being (1/r, y)-
extremal (Definition 7.1) or (r, y)-splittable (Definition 8.2) which the following
simple claim makes explicit.

CLAIM 104. Let 1 < s <rwheres e NO< 1/n <K<Ky <c<L1/r,
U C V suchthat \U| = sn/r and U' C U such that |\ UAU'| < 'n. IfU C V is
(s, ¢)-tolerant, then G[U'] is not (1/s, y)-extremal and, when s € {2, 4}, G[U’]
is not (s, y)-splittable.

Proof. Suppose that G[U’] is (1/s, y)-extremal. So there exists W C U’ such
that either e(G[W]) < y|U'|?, and |[W| > (1/s — y)|U’'| = (1/r — 2y)n, or
er)(GIW]) < y|U')%, and |W| > (2/s — y)|U'| > (2/r — 2y)n. Because ¢’ K
y L ¢ K 1/rand |[UAU’| < c'n, it is easy to see we can add vertices from U
to W N U or delete vertices from W N U to create either a (1, ¢)-independent or
(2, c)-independent set in U. This implies that U is not (s, ¢)-tolerant.

A similar argument implies that when s € {2, 4}, if G[U'] is (s, y)-splittable,
then U is not (s, ¢)-tolerant. O

Claim 10.5 below is meant to capture all of the necessary facts about (s, ¢)-
tolerant sets in a form that will be convenient. In some sense, Claim 10.5 is just a
restatement of the main theorems from the previous sections.

With Claim 10.3, (i) and (ii) follow from Corollary 6.6, and (iii) and (iv) follow
from Proposition 7.6 and Theorem 9.1, respectively. Note that, after the proof of
this claim, we do not appeal to Corollary 6.6, Proposition 7.6 and Theorem 9.1
again.

CLAIM 10.5. Let1 < s <rwheres € Nand suppose 1 /n K n <L ¢ Ly L 1/r,
U C V such that U is (s, y)-tolerant and U' C 'V such that |U AU’| < nn.

() If W C U’ such that |W| = (s — D)n/r + ¢n then G[W] contains a copy of
K.

(i) If v € V such that d(v, U") = 2(s — )n/r + ¢n, then G[U'] contains a
copy T of K, to which v sends at least 2s — 1 edges, so G[T + v] contains

a copy of Ky 1.
(iii) There exist at least ¢n vertex-disjoint copies of K\ | in G[U'].

(iv) If|U’| is divisible by s, then there exists a perfect K. -tiling in G[U'].
Proof. Note that, by Claim 10.3,
S(GIU'D 221 —1/s —rn/9)|U'. (15)
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We first prove (i) and (ii), so let W and v be as in the statement of the claim.
When s > 2, Corollary 6.6 and (15) imply that there exists a Ii—tiling T of G[U']
on all but at most 4srn|U’| vertices, and when s = 1, this is trivially true. Let
Z := V(T) be the vertices in U’ that are covered by 7. Note that

(s =DITI< (s = DIU'l/s < (s = Dn/r +¢n/3.
Since
IWNZ| > |W|=|U'\Z| > |W|—4srn|U'| > (s —Dn/r+¢n/3 > (s = D|T],
there exists T € T such that V(T) € W, and this proves (i). Because
dw,U") >2((s — Dn/r +¢n/3) + ¢n/3 > 2(s — D|T| +2|U"\ Z|

there exists T € 7 such that d(v, V(T)) > 2s — 1, so v has at most one light
neighbour in 7. This proves (ii).
We now prove (iii) and (iv). To this end, let U” € U’ such that

U = [U'| — (s + DI¢n].
Note that
[U"AU| < |U'AU'| 4+ |U'AU| < 4(s + D)pn/3 4+ nn < 3s¢n
so, by Claim 10.3,
S(GIU™) 22(1 —1/s = 3r$)|U"|.

For ' such that 1/n <€ 3r¢ € ¥y’ € y < 1/s, by Claim 10.4 we have that
G[U"] is not (1/s, y’)-extremal and when s € {2, 4} is not (s, y’)-splittable. If
s =1, (iv) is vacuously true. So suppose s > 2. Then Proposition 7.6 implies that
G[U"] has a perfect (K, U K/ ,)-tiling and, when s divides |U"|, Theorem 9.1
implies that G[U"] has a perfect KC.-tiling.

Taking U” = U’ then gives (iv). Furthermore, we can greedily select [¢n]
copies of elements from K/ | from G[U'], since any subset of U’ that has order
greater than |U’| — (s + 1)[¢n] contains a copy of K/, : When s > 2, this is
true because a perfect (K; U K/, |)-tiling in a multigraph of order not divisible
by s implies the existence of an element from K/, |, and, when s = 1, this is true
because G[U’'] not being (1, y')-extremal implies that G[U’] contains at least
y'|U’|? edges. This proves (iii). O
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10.2. Initial partitioning and sorting. Suppose that
O<l/nKpy<nK - KLKynLl/r

and, in addition, for every i € [r + 2], we have §; and ; such that
Vil LB LY L v

We start by trying to find, for either s; = 1 or s; = 2, an (s}, y;)-independent set
which we call A;. We then try to find, for s, = 1 or s, = 2, an (s,, ¥»)-independent
set A, disjoint from A;. We continue in this manner for as long as possible, so in
the end we have (a possibly empty, in which case p = 0) collection of disjoint
sets Ay, ..., A, and integers sy, ..., sp, such that A; is (s;, y;)-independent for
eachi € [p]. Let U := Uie[p] A;andsets :=r — (s, +---+s,). If s =0, then
U = ¥ and we set g := 0 to indicate this case. If U is (s, yp41)-tolerant, then
set A, := U, sp41 := s and g := 1. Otherwise, U is not (s, ¥,.+1)-tolerant and
because the initial process terminated, U contains neither a (1, y,1)-independent
set nor a (2, y,+1)-independent set. By the definition of a tolerant set, it must
therefore be that s € {2, 4} and that U has a partition {A,,, A,1,} that is (s/2,
¥p+1)-disconnected. We set 5,1 := 5,4, := 5/2 and ¢ := 2, to indicate this case.

Ifg=1sett:=y, B :=PBpti, ¥ = ¥, and y = y,;;. Otherwise, set
T = Ypt1> B 1= Bpt2, ¥ 1= ¥p42 and y := y,4,. Therefore,

O<l/nKT LKLY Ky K1, (16)

and we have proved the following claim.

CLAIM 10.6. There exists a partition {Ay, ..., Apyq) of V where p +q < r
and g € {0, 1,2}, and nonnegative integers s, S1, . . . , Spiq Such that the following
holds:

@) [Ail = sin/r fori € [p+ql;

(1) foreveryi € [p]l, s; € {1,2} and A; is an (s;, T)-independent set;
(iii) ifg =0, thens = 0;
(iv) ifq =1, thens = s, and A4, is (s, y)-tolerant; and

(V) ifq =2, thens € (2,4} and {A 1, Ap12) is an (s/2, T)-disconnected pair.

Note the relationship between Claim 10.6 and the examples shown in Figure 2.
In order to discuss the case when ¢ = 2 and the case when ¢ # 2 in a consistent
way, we define a permutation o of [p 4 ¢] in the following way. If g # 2 we let
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o be the identity permutation, and if ¢ = 2 we let ¢ be the transposition of p + 1
and p + 2. Note thatwhen p+1<i < p+gq,andg > 1, |A; U A,)| = sn/r.

When g # 1, welet A :=[p + ¢], and when g = 1, we let A := [p]. We say
that a vertex v is (i, ¢)-typical if i € A and

s; = land d(v, A,») < cn,ors; =2 and d*(v, A,) < cn
or,ifg=1,i=p+landd*(v, A 1) > |A,i| — cn.

CLAIM 10.7. Foranyi € [p+q), ifvis (i, ¢)-typical, then d*(v, A, ) = |Agq)|—
cn — 1, and, furthermore, ifi € A and s; = 2, then |N (v)| > (1 —c)n — 1.

Proof. Consider any i € [p + ¢g] and suppose v is (i, ¢)-typical. If ¢ = 1 and
i = p+1, then, recalling thati = o (i) = p+1, we have d*(v, A, ) = |Ayi)|—cn
by definition.

Otherwise, using (14), if s; = 1, we have that

d*(v, As)) = 8(G) — [Asiy| — d(, Agi) 2 [Agiy| —cn — 1
and if s; = 2, we have that

(0, Asiy) 2 8(G) — (n = 1) = d*(v, Agi) = [Agq| — cn
When s; = 2, we also have that

INW)| = 8(G) —d*(v) 2 8(G) = |As| —cn > (1 = — 1. [

CLAM 10.8. Forany 0 < ¢ < l and i € [p + q], there are at most 3rtn/c
vertices in A; that are not (i, c)-typical.

Proof. Leti € [p + ¢q] and let ¢ be the number of vertices in A; that are not
(i, c)-typical. If i € A, then we have that

2

2tn whens; =1, and,

ten < e(A;, Aqy)
ten <

<
ex(A;, Ayy) < 2tn® whens; =2,

sot < 2tn/c. Here we define e(A;, A;) := 2e(A;) and e;(A;, A;) := 2e,(A;).
If g =1andi = p + 1, then our assumption gives us

|Ap+l||Ap+l| —ten 2 ep(Apyr, Apy),
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so if we can show that
e2(Apits Apit) = |Apil|Ap| = 3pTn?, (17)

this will imply ¢ < 3 ptn/c, which will prove the claim. To show (17), let j € [p],
and recall that j = o (j) and |A;| € {n/r, 2n/r}. Clearly,

ex(Aj, A)) = |A;18(G) — e(A}, A)) — |AIA].
Therefore, when |A;| =n/r, 5(G) > 2|A | —1,and e(A;, A;) < 2tn? so
ex(Aj, A)) > |AlIA;| — |Aj| = 2tn® > |Aj]A;| — 3tn®
When |A;| =2n/r,§(G) > 2|A |+|A;|—1,and e(A;, A;) < |A;|* +2tn?, so

ex(A;. &) = [ AIIAS |+ A1(A | = 1) = (AP +2Tn%) > |AI[A;| - 3tn’.

Therefore,
p P
er(Api1, Apr1) = ) ex(Api1, Aj) > Z ApllAj| = 3Tn?)
j=1 j=1
|Ap+l||Ap+l| —3]71'}’12 O
LetU = (Ui, ..., U,4,) be an ordered collection of p + ¢ pairwise disjoint

subsets of V. We say that an r-set T C |JI" U; is U-balanced, if
e G[T] contains a copy of K/;

e |V(T)NU;| =s; foralli € [p]; and

o |V(T)N(Upy1 UUspy1))| = s when g > 0.

A set T is called U-well-balanced, if T is U-balanced, and when ¢ = 2, T
intersects exactly one of the two sets U, and U,,, that is for some i € {p + 1,
p+2}, |V(T)NU;| =sand |V(T) N U, | = 0. Note that when g # 2 every
U-balanced set is a {/-well-balanced set.

We say that a vertex is excellent for i if it is (i, B?)-typical and we say that a
vertex is good for i if it is (i, Y*)-typical. We make the following definitions:

={v € A; : visexcellentfori} and B := U B;,
i€[p+q]
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and we let

C, =B U{v eE:visgoodfori} and C := U C;.
i€[p+q]

We let B be the ordered collection (By, ..., B,,) and C be the ordered collection
(Cy, ..., Cpig). Note that, by Claim 10.7, every vertex is good for at most one
index i € [p + ¢g], so the sets Cy, ..., C,,, are pairwise disjoint. Note that, for
every i € [p + ¢, each vertex v € C is not good for i, so it has a large number
of edges into B, ;. Since each vertex v € B; is adjacent to almost everything in
B, (i), we can argue below that there exists a set T that is B-well-balanced and
such that G[T + v] contains a copy of K/ ,. As we see, this will allow us to easily
distribute the vertices in C to sets in C.

Claims 10.7 and 10.8 and the fact that T < < ¥ < 1/r imply the following
claim.

CLAIM 10.9. The following holds:
() |C| < |B| < B°n, and, in particular, for everyi € [p + q],
|A:AC|, |AAB| < BPn and |Ci\ Bi| < B°n;
(i1) foreveryi € [p + q],

ve B = d*(v, B,u) = |By)| — Bn, and
veC = d*(v,B,) = |Boiy| — ¥n;

(i) for everyi € A, if s; = 2, then

veEB — INW)|=>2U0-8n and veC, — |[Nw)|=U—-yY)n.

Looking ahead, we construct an ordered collection D = (D, ..., D,,,) such
that {D, ..., D,.,} is a partition of V and such that there exists a perfect K-
tiling in G such that every element in the tiling is D-well-balanced. This trivially
implies that D must have the following properties:

(i) foreveryi € [p]andfori = p+ 1wheng =1, |D;| =s; - n/r;

(i) when g =2, both |D,| and |D,| are divisible by s and | D, U D, »| =
snjr.

For any multigraph G' € G, call D = (Dy, ..., D}, ) aproper ordered collection
of G’ if the sets in D form a partition of V(G’) and it meets conditions (i) and
(i1) (with n replaced by |G'|). Let ¢; := |C;| — s;n/r for every i € [p + ¢], so
ICl +ci 4 +cpg =0,
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In order to make the rest of the section easier to understand, we now give a
brief, informal description of the remainder proof for the case when g # 2. It is
very similar to the approach taken by Komlds, Sarkézy and Szemerédi in their
proof of the Alon—Yuster conjecture [17]. We ignore the case when ¢ = 2 in this
description to avoid technical details.

Our main goal is to balance the sizes of the sets Cy, ..., C,,. We begin by
considering the sets that are too large, that is for every i € [p+¢] such thatc¢; > 0,
we move exactly ¢; vertices out of C; to form the set D;. We want to ensure that
the vertices which are moved out of C; can eventually be covered by a copy of '
that has s; other vertices in C;. Therefore, we argue that we can find a K| | |-tiling
in G[C;] of size c¢;. From each element of this tiling we arbitrarily select a vertex
v to remove from C; when forming D;, and, temporarily, place v into a set we
call F'. Then we extend each element of this tiling to form a copy of K/, that
has exactly s; vertices in C; for each j € [p +¢]\ i, and use the label T, for this
copy of K/, . So T, — v is C-well-balanced . We let T = {T, : v € F’}. Note that,

r+l1-
after this process has completed, we have that, for every ¢; > 0, D; = C; \ F' and
|D;| = sin/r.

Next, we prepare to distribute the vertices that were not assigned to some set
C;. To do this, for every such v € C, we find a B-well-balanced r-set T’ such that
G|[T' + v] contains an element of K’ ,. We then label T’ + v as T, and add T,

r+1-°
to 7. Throughout, we ensure that the elements in T are vertex-disjoint. We let
F=FUC.
Note that by Claim 10.9(1),
Fl= Y —a<I|B<pn
i€[p+ql; ci<0

So we can distribute the small number of vertices in F arbitrarily to every D;
such that |D;| < s;n/r until |D;| = s;n/r for every i € [p + ¢]. Suppose v € F
has been assigned to D;; so T, has exactly s; vertices in C; and, with v, has s; 4+ 1
vertices in D;. We can then arbitrarily remove one element from 7, C; to create a
D-well-balanced set. After this has been done for every v € F, we have that 7T is
a K -tiling in which every element corresponds to a D-well-balanced r-set. We let
G'=G-V(T)and D; = D;\V(T) foreveryi € [p+q].So (D}, ..., D}, ) is
a proper ordered collection of G’ and D; C C; for every i € [p + ¢]. Claim 10.10
below will then complete the proof. When ¢ = 2, our approach is similar. The
main difference is that we have to be somewhat careful to ensure that |D,,| and
|D, 4| are both divisible by s. The details for all cases are in Section 10.3.

We now continue the proof of Theorem 10.1 by proving Claim 10.10 which
will be used at the very end of the proof to construct the vast majority of elements
of our tiling of G.
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CLAIM 10.10. Let G’ be an induced subgraph of G such that |G'| > |G| — Bn,
andletD" = (D), ..., D}, ) be a proper ordered collection of V(G"). If D; € C;
foreveryi € [p+q], then there exists a perfect K/ -tiling in G'.

Proof. Fori € [p], we let T; be a perfect I@X, -tiling of G[D/]. Whens; = 1 such a
tiling trivially exists, and, when s; = 2, it exists by Claim 10.9(iii). When ¢ > 1,
we let 7,1, be a perfect K-tiling of G[D),,, U D}, 1. By Claim 10.9(ii), this is
easy to find when g = 2 by, say, applying the Hajnal-Szemerédi theorem to the
graph induced by the heavy edges of D, and then to the graph induced by the
heavy edges of D), ,,. (Actually the use of the Hajnal-Szemerédi theorem here is
overkill; it is very easy to directly argue the desired perfect tiling in G[D/,,, U
D}, ] exists.) When g = 1, itis implied by Claim 10.5(iv), because B < y and

|Ap1AD, | S 1A, AC, 0l + (1G] = |G') < (B + B)n.

Lett = pwheng =0,orletr = p+ 1, when g > 1, and let H be a t-partite
graph with vertex classes 71, ..., 7, such that, for every distinct i, i’ € [¢], T € T;
and 7' € T, T is adjacent to T’ when every vertex in T is heavily adjacent
to every vertex in 7. Note that H is balanced with each vertex class of size
m = |G’|/r. So we are done if there is a perfect K,-tiling in H. By Claim 10.9(ii),
when i, i’ are distinct and T € 7;, the number of neighbours of T in 7y is at least

— 1w Nz(u))‘ —ryn = (1 = 2r%y)m. (18)

ueT

For some 1 < ¢’ < t, assume we have a perfect K, -tiling IC of H[T,U---UT,].
We extend /C to a perfect K, -tiling of H[7; U --- U T,,] by finding a perfect
matching in the bipartite graph with vertex classes IC and 7, in which K € K is
adjacentto T € 741 when K + T is a copy of K, in H. By (18), this bipartite
graph has minimum degree at least (1 — 2r%t'yy)m > m/2, so Hall’s theorem
implies that it has a perfect matching. Since this holds for every ' < f, there
exists a perfect K,-tiling in H. O

In Claim 10.11(i) below we establish that, for some k € [p + ¢g], we can extend
a copy of K | (respectively K| ) that is contained in some C where k < p or
extend a copy of K/, (respectlvely KC!) contained in C,41 U Cy(,p41) to a copy
of K, (respectively K) with the correct number of vertices in every C; for
Jj € [p +¢q] —i. This is used when we remove elements from the sets C; that are
too large as described in the overview above. When ¢ = 2, we use Claim 10.11(1)
with t = 0 when |C,,+1 U C,4»| > sn/r to move vertices between Cp,y; to Cp
to make the order of both sets divisible by s. The second part of the lemma, (ii),
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which is only used when g = 2, is similar but we start with a copy of K{ ,, in
some C; with k& < p and extend it only into a copy of K. Furthermore, for any
0<€<s—1,this IC; will have exactly £ vertices in C,1; and s — £ — 1 vertices
in C,4». This is used because sometimes when we must move a vertex from some
Cy with order greater than syn/r, to Cpy; because the order of C, 1 U Cpy, is
slightly less than sn/r, we may also have to move some vertices in C 1, to C, 4y
to ensure that both sets are divisible by s.

CLAIM 10.11. Let W C V such that |W| < Bn, letk € [p +qlandt € {0, 1}.
When k < p, let S C Cy such that |S| = sy +t and when'k > p + 1, let S C
Cy U Cy ) such that |S| = s + t. Suppose that G[S] contains an element oflCl’S|.

(i) There exists a set T that avoids W such that TUS is C-balanced when t = 0,
or, whent =1, TU(S —v) is C-balanced for any v € S. Furthermore, when
q =2, the set T does not intersect C,».

(i) Wheng =2,t =1, andk ¢ {p+ 1, p+2}, forany j e {p+1, p+2}and
1 <€ < s—1, there exists a set T that avoids W such that G[T US] contains
an element of K, [TNC;| =€, |[TNCyjyl =s — 1 —Land [T NC;| =
foreachi € [p] — k.

Proof. We construct T iteratively, and throughout, we let

Cl:=(C;\ W)m( N NZ(u)>.

ueTUs

Assuming 7 € C, Claim 10.9(ii) implies that for all i such that C,; N (S U T)
=,
ICi/1 = |Ci| = W[ =T US|yn > |Ci| —2rymn. (19)
We start the construction by adding vertices from C,,,U C; . to T.1f g =0,
org > 1and k > p + 1, we do not add any vertices from C/p+1 U C(’,(pﬂ) to T.
Otherwise, we know |C]’,+1 U C;(pﬂ)l is large by (19) since (C 11U Cy(pt1)) NS =
@.1f ¢ = 1, then, since B K ¥ <K y, Claim 10.5(i) and Claim 10.9(i) imply that
we can let T C C‘; 41 such that |T| = s and G[T] contains an element of ;.
To prove (i) when g = 2, note that (19) and Claim 10.9(ii), imply that we can
let T induce a clique of size s on heavy edges in C ;7 +1- To prove (ii), we start
by using (19) and Claim 10.9(ii) to find vertices uy, ..., u, € C} that form a
clique on heavy edges and add these vertices to 7. If s — 1 — £ = 0, we are
done, so assume that this is not the case, which implies that s = 4. Therefore,
Claim 10.9(ii) and Claim 10.9(iii), imply that we can find s — 1 — £ vertices in
N@w)N---NNu,)N C(;(j) that form a clique on heavy edges. We then add these
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vertices to 7. Note that in this case when s = 4 either { = lands — 1 — € =2
or{ =2ands — 1 — £ = 1. So in this case currently G[T] contains all possible
edges except that it may have a light path on 3 vertices.

Now, forevery i € {1, ..., p} —k, in turn we use (19), to add either one vertex,
when s; = 1, or two adjacent vertices, when s; = 2, from C; to 7. When s5; = 2
we can easily find two adjacent vertices in C; using Claim 10.9(iii). Further, note
that by definition of C, in this step any selected vertices in C; send heavy edges to
all previously selected elements of S U 7. This ensures that there are all possible
edges in G[S U T] except for perhaps a collection of vertex-disjoint light edges,
and at most one path on 3 vertices (in the case when s = 4). That is, G[S U T] is
a copy of IC" sur|- It is now easy to see that the claim holds. O

The main purpose of Claim 10.12(i) is to help distribute the vertices v € C.
We construct a B-well-balanced set T such that G[T + v] contains an element of
KC,.,; thus we can then move v to any set D; and remove any element in B; N T
from T leaving a D-well-balanced set. When ¢ = 2, we may need to move some
v € C to one of D, for j € {1, 2} and, at the same time, move some vertices
from D, 3_; to D, ; to ensure that D, and D, are both divisible by s. This
is the reason for Claim 10.12(ii). Note that the following claim is essentially the

reason we define both the sets By, ..., B,y, and the sets Cy, ..., Cpiy.

CLAIM 10.12. Let W C V such that |W| < Bn and v € C.

(i) There exists a B-well-balanced set T that avoids W such that G[T + v] €
IC/

r+1°

(i) Wheng =2, for je{p+1,p+2}and1 <€ <s—1, there exists a set T
that avoids W such that G[T + v] contains an element of K, |T N B il =4
T N Byj|l =s —1—~Land|T N B;| =s; foreachi € [p].

Proof. Foranyi € [p + q],if i € A, since v it not (i, ¥?)-typical, Claim 10.9(i)
implies that

whens; = 1,d(v, B;)) > ¢*n/2, and, whens; =2,d*(v, B;) > ¥’n/2.

Similarly, when g = 1, since v is not (p + 1, ¥?)-typical, d*(v, Ap11) < |A 1| —
¥2n and

d(v, B,y1) 2 6(G) —d(v, Byy1)
2 6(G) — (JApul + dz(v, Api1) +2|Bpii \ Appil)
>2

(1 = 1/s)sn/r 4+ ¥’n/2. (20)
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Fori € [p 4 q],let B/ := B; \ W. We have that, by Claim 10.9(),
|A;AB]| < |A;ABi| + W] < 2Bn. (21)

Let
I:={ieA:s;=1andd*(v, B)) < ¥*n/2}
and note that there are at least Y ,_,(|B;| — ¥*n/2) > [I|(1/r — ¥*)n vertices

in | J,., B; that are not heavy neighbours of v. By (14), when r > 2, d’(v) >
8(G) —(n—1) =2 ryn/2,sothereexists j € [p+¢]\ I, and

d*(v, B)) 2 8(G) — (n — 1) = (IB;| = |1|(1/r = y*)n)
> Bl = @2/r = 1|/r + [[|y*)n.

Hence, in all cases, || < 2, and, forany j € [p + ¢q] \ 1,
d*(v, B;) > |B;| —2y°n if|I| = 2. (22)

We prove (i) and (ii) simultaneously. Let t € {0, 1}, so that s — 1 + 7 is the
number of vertices of T that will intersect B, U B, (,41), that is when we are
proving (i) we have ¢ = 1 and when we are proving (ii) we have r = 0.

We now give a brief overview of our plan for constructing the set 7. Clearly
we must construct 7" so that every pair of vertices in T + v are adjacent. We also
have that

(aty) the only light edges in G[T + v] that are not incident to v, are in the
subgraphs G[T N B{] where s; = 2, or are in G[T N (B/erl U Bg(pﬂ))]
when g > 1;

(a2) v is heavily adjacent to every vertex u in T N B wheni € A\ I;

(a3) ifg > 1, G[T N (B;Jrl U B(’,Q,H)) + v] will contain an element of K/, .

If v has at most one light neighbour in 7', this is enough to give us that G[T + v]
contains an element of ], ,, which would prove the claim. However, we can only
ensure that v has at most two light neighbours in 7'. To prove the claim, we then

also meet one of the following conditions when v has two light neighbours in 7':

(B1) the two light neighbours of v are in different sets B! such that i € I and
i<pandifg > 1,G[TN (BI;Jrl U B(’,(H]))] contains an element ofz\‘_pr,
except possibly wheng = 2,5 =4,t = 0and £ € {1, 2}, and in this case it
contains an element of l@s_H,; or

Ba) g=2,s=2,t=1,1 ={p+ 1, p+ 2} and the two light neighbours of
v are in some B; where i € I and these two light neighbours are heavily
adjacent; or
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Bs)g=2,s=2,t=0,|I| =2,j eI N{p+ 1, p+ 2}, vhas one light
neighbour in B} and the other light neighbour is in some B; where i € I and
i < p;or

(Bs) q =1, || = 1, one light neighbour of v is in the set B such thati € I and
the other light neighbour of v is in B}, and G[T N B}, + v] contains an

element of I€s+,.

We build the set T iteratively. We start by adding vertices from B, ,, U B, .
to T, so when ¢ = 0 we do not add anything to 7. Recall that 8 < ¥ <« y. If
g = 1l and |I| < 1, then (20), (21) and Claim 10.5(ii), imply that we can choose
T C B]/,H, such that |T| = s, G[T + v] contains an element of IC\.H and in

which v has one light neighbour. If ¢ = 1 and |7| = 2, then by (21), (22), and
Claim 10.5(i) we can let T C BI/,+1 be such that T € N?(v) and G[T] contains

an element of ICS.

Now assume g = 2. To prove (i), when I = {p+1, p+2}, wepick j € {p+1,
p + 2} arbitrarily, otherwise we let j € {p + 1, p + 2} \ I. Recall that j € [
implies that s = 2. Let Z := N(v) N B} when j € I and let Z := N?(v) N B}
when j ¢ I. Note that, | Z| > ¥?n/2 — |W| > ¥>n/3, in either case. We now use
Claim 10.9(ii) to find an s-set T € Z such that T induces a clique on heavy edges
in G.

To prove (ii), we assume j € {p+1, p+2}is given. Note thatif j € I, then we
must have that s = 2 and £ = 1. Again, we let Z := N(v)N B when j € [ and let
Z := N*(v)NB; when j ¢ I,50|Z| > ¥°n/3. Now we use Claim 10.9(ii) to find
vertices uy, ..., u, € Z such that they induce a clique on heavy edges in G, and
we add these verticesto T. If s — 1 — £ = 0, we are done, so assume that this is not
the case, which implies that s = 4. Therefore, Claim 10.9(iii) and Claim 10.9(ii),
imply that we can find s — 1 — £ vertices in N (u;) N --- N N(u;) N N*(v) N B(’,(j)
that induce a clique on heavy edges in G. We then add these vertices to 7. If
£ = {1, 2}, then G[T] contains an element of 123 and when £ = 3 it is a clique on
heavy edges.

Note that in all cases the way we have constructed T so far ensures that (o3)
holds.

Now, in turn for each i with 1 < i < p, we add s; vertices from B/ to T. At
each step, when i € I, we let

Z:=B/ NN@WwnN (mNz(u)>, and otherwise let

ueT
Z := BN N?*(v) N (ﬂ Nz(u)>.
ueT
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(So the definition of Z gets updated at each step, as we add more elements to 7'.)
Note that, with Claim 10.9¢i), | Z| > ¥*n/2 — |W| —rBn > ¥*n/3 in both cases.
When s; = 1, we add one vertex from Z to T, and when s; = 2, we can add two
adjacent vertices in Z to T, since Claim 10.9(iii) implies that there exists an edge
in G[Z].

This completes the construction of 7. Note that (o) and («;) immediately hold.
Further, one of (8,)—(84) holds in each case. It is easy to see that in any case we
obtain a set T as desired. O

10.3. Finishing the proof. We now finish the proof by constructing D =
(Dy, ..., Dyyy) a proper ordered collection of G and a collection 7 of vertex-
disjoint D-well-balanced sets as described above. We build the collection 7
iteratively, and, at times, it may include (r + 1)-sets, as well as r-sets.

Letc¢; := |C;| — s;n/r forevery i € [p + q]. For eachi € [p] such that ¢; > 0,
we find a Iesiﬂ—tiling S; of G[C;] containing exactly ¢; elements. When s; = 1,
each vertex in C; has at least

[((G) =2ICiD/21 > |Cil = n/r = ¢

neighbours in C;. Therefore, by Lemma 10.2, we can let S; be a matching of size
¢; in G[C;]. Similarly, for i € [p] such that s; = 2 and |C;| = 2n/r, there exists a
matching M; containing at least

8(G)— (n—1) —[C/| > Ci| - 2n/r = ¢

heavy edges in G[C;], and, by Claim 10.9(iii), we can pair each edge in e € M, to
a distinct vertex v, such that v, is a neighbour of both endpoints of e. Therefore,
we have a collection S; of ¢; vertex-disjoint elements of 763 in G[C;]. We let S be
the union of the sets S; constructed so far.

If g =1and|C,| > sn/r, we can use Claim 10.5(iii) to find a K}, ,-tiling of
size ¢p41 = |Cpi1| —sn/rin G[C, 4], we call this tiling S, and we add it to S.

Now suppose g = 2 and |C,1; U C,1»| > sn/r; we find a tiling consisting of
exactly |Cp1 U Cpia| — sn/r copies of K}, in C,,,. Note that this is trivial to
do, by Claim 10.9(ii). Indeed, we can easily find |Cp,; U Cpia| — sn/r vertex-
disjoint (s + 1)-sets in C, each forming a clique in the heavy edges of G[C ]
We call this set S, and we add the sets in S,;, to S. Note that there is slack
in the argument here: given a single fixed set X € V where |X| < yn we can
additionally ensure no tile in S, intersects X. We use this property shortly.

We have now completely defined S. Our next goal is to construct the sets Dy,
..., D,yq such that D = (Dy,..., D,y,) is a proper ordered collection of G.
We first define the D; for i such that ¢; > 0. Once we have done this we then
define the remaining D, .
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Suppose that ¢ = 2 and |Cp11 U Cp4z| > sn/r. Remove ¢, vertices from
Cp+1 and call the resulting set D, ; we do this in such a way that these removed
vertices consist of precisely one vertex from each tile in S,;. Place these ¢,
vertices into a set F'. Let D4, := C . This ensures that | D, U D, ,| = sn/r.
However, we also need to ensure that both |D, | and |D,,,| are divisible by s.
Therefore, we find a set X € C,, and aset Y C C,y, such that, [ X U Y| =,
G[X U Y] contains an element of X, and

Y| =1Cps2|  (mod s).

We then move the vertices in ¥ from D4, to D, ;. We need the exact minimum
degree condition to construct these sets X, Y. So actually formally what we do is
first construct X and Y then the collection S, as before such that S, is disjoint
from the set X. Also, for consistency, we construct the sets X and Y even when
there is no divisibility issue, that is when |C | is divisible by s. In this case, we
let Y = ( and X be a clique on s vertices in the heavy edges of G[C,,], which
can be found easily using Claim 10.9(ii). Therefore, it only remains to show how
we construct X and ¥ when |C),,| is not divisible by s. If s = 2, then, for some
ie{p+1, p+2},1Ci| = n/r,s08(G)—2(|C;|—1) > 1, which implies that every
vertex in C; has a neighbour in C;, and, in particular, there exists an edge xy such
thatx € C,yand y € C,pp, and we let X := {x} and ¥ := {y}. If s = 4, then for
somei € {p+1, p+2},|C;| = 2n/r,and §(G) — (n—1) — (|C;| — 1) > 1, which
implies that every vertex in C; has a heavy neighbour in C; and we can let x;y; be
a heavy edge such that x; € C;; and y; € C,,. Let j be suchthat 1 < j <3
and j = |C, | (mod 4). By Claim 10.9(ii)—(iii), we can find vertices y,, ..., y;
in N(x;) N (Cpia — y1), such that Y = {y,, y2, ..., y,;} induces a clique on heavy
edges, and then find vertices x,, ..., x4—; iIn N(y;) N - N N(y;) N (Cpyy — x1)
such that X = {x,, ..., x4_;} induces a clique on heavy edges. Note that G[ X UY]
contains an element of K.

We have described how to define D, and D, in the case when g = 2
and c,4; = 0. We now describe in general how to construct D; when ¢; > 0.
Using Claim 10.11(i), we can find, for each set in § € S, a set T’ such that
G[T’" U S] contains an element of K/, and when we arbitrarily select a vertex
v e S, theset T"U (S — v) is C-balanced. We let F’ be the set of these arbitrarily
selected vertices. Recall that when ¢ = 2, the set S does not intersect C,,,
so T' U (S — v) is actually C-well-balanced. We label 7" U § as T, and S
as S,. By Claim 10.11(i), we can assume that, for every v € F’, the sets T,
were constructed so as to be vertex-disjoint and, when ¢ = 2, disjoint from
X UY.Forevery v e F/, we add T, to 7. When ¢ = 2, using Claim 10.11(i),
we find a set 7', disjoint from all of the previously constructed sets, such that
G[T'UXUY] contains an element of I/ and |7'NC;| = s; foreachi € [p], and we

Downloaded from https://www.cambridge.org/core. University of Birmingham, on 15 Feb 2018 at 10:22:14, subject to the Cambridge
Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/fms.2018.2


https://www.cambridge.org/core/terms
https://doi.org/10.1017/fms.2018.2
https://www.cambridge.org/core

A. Czygrinow et al. 50

add 7"U X U Y to 7. We now let
D;:=C;\ F' foralli € [p+q],

and note that for every i € [p], if ¢; > 0, then | D;| = s;n/r. Furthermore, when
q = 1and |Cpyy U Cypiry| = sn/r, we have that |[Dpyy U Dgpiry| = sn/r, and,
when g = 2, we also have that both |D,,.| and | D (41| are divisible by s.

For each vertex v € C, we use Claim 10.12(i) to find a vertex set T, that is
B-well-balanced and such that G[T, + v] contains a K ;. We add T, + v to T
and ensure that these sets are disjoint from the sets already in 7.

Let F := F' U C and recall that, for every i € [p] such that |C;| < s;n/r, we
currently have that D; = C;. At this point, every vertex in V is either in one of the
sets {Dy, ..., D, }orisin F.

We now move vertices from F to sets in D that are ‘too small’ until we have the
desired proper ordered collection. When we do this we also make small changes
to the collection 7 so that every T € T will be a D-well-balanced r-set.

In detail, for every v € F and i € [p + g], when we say we assign v to D,
we mean that we add v to the set D; and update 7, by removing one u € C;
from T, and add v to T,. This is only well defined when there is initially some
u € C; in T,. Note that in this case the updated version of 7; is D-well-balanced.
If initially 7, contains no element from C; then g = 2,i € {p + 1, p+ 2}, and T,
intersects C,;, instead of C;. Furthermore, since we are moving a vertex to either
C,41 01 Cpyp from F, it must be that |C,41 U Cpiz| < sn/r,and soif v € F’ then
S, € C; for some i € [p] such that ¢; > 0. In this case when we assign v to D;
we instead complete the following process: We first remove T, from 7. Then, if
v € C, we use Claim 10.12(ii), to find aset 7" € B \ V(7)) such that G[T’ + v]
contains an element of K, |T7" N B;| = s; forevery j € [p], |T'N B;| =5 — 1,
|T" N B,y =0. Then let 7, := T’ + v and add it 7. Similarly, when v € F’, we
use Claim 10.11(ii) to find aset 7" € C \ V(7)) such that G[T’ U S,] contains an
element of K, |T" N Ci| = 0 where k € [p] such that S, € Cy, [T'NC,;| =s; for
every j € [pl—k, |[T'NCi|=s5s—1,|V(T")NCyry)l =0,and let 7, :=T' U S,
and add it 7. We then add v to D;. Note that now T, is D-well-balanced.

For any i € [p + ¢] such that ¢; < 0, we then arbitrarily assign exactly —c; of
the remaining vertices in F to D;, except wheng =2 andi € {p+1, p+2}. When
q =2and |C, UC,| < sn/r, we again have to be careful to ensure that, in
the end, both |D,| and |D,,| are divisible by s. Therefore, assume that, when
q = 2, we assign vertices from F to D, and D, , before we assign vertices in
F toany D, fori < p. Also, note that, because |D, | U D, | < sn/r, |F| > 1.
To help us organize the assignment of vertices, we let j € {p + 1, p 4 2}, so that
if welet 1 < kj, k,(j) < s be such that

kj = |D]| and k(,(j> = |Dg(j)| (mod S),
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then k() < k;. If |F| > s — k;, we assign s — k; vertices in F to D; and then
assign vertices from F to D, until D,y U D,»| = sn/r. Otherwise, we can
assume 1 < |F| < s —k;, whichimplies s =4, and |F| < 2. Note thatif |[F| =1,
then |FU D, UD,»| =4n/r,sok; + k,(jy = 3. Therefore, exactly one of the
two following conditions must hold:

a(j

(1)|F|=2andk1=k(,(])=l, or (11)|F|=1,kj=2andk(,(])=1

In either case, we arbitrarily pick v € F, add v to D,;, and delete T, from 7. We
then use Claim 10.12(ii) (if v € C) or Claim 10.11(ii) (if v € F’), to construct a
D-balanced set T, containing v that has one vertex in C,;, and two vertices in C;.
We then move both of the vertices in 7, N D; from D; to D, ;,. In both cases, we
now have that | D, ;| is divisible by 4, and T, is D-well-balanced. We then assign
the possibly one remaining vertex in F' to D;, so | D] is divisible by 4 as well.

Forevery i € [p+q], welet D] = D;\ V(T), and note that D, C C;. Therefore,
ifG=G—-V(T),thenD = (D}, ..., D), ) is a proper ordered collection of
G, so, by Claim 10.10 there exists a perfect K/ -tiling 7" of G’, and T U T is a
perfect K -tiling of G.
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