DIRAC-TYPE RESULTS FOR TILINGS AND COVERINGS IN ORDERED
GRAPHS
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ABSTRACT. A recent paper of Balogh, Li and Treglown [3] initiated the study of Dirac-type prob-
lems for ordered graphs. In this paper we prove a number of results in this area. In particular, we
determine asymptotically the minimum degree threshold for forcing
(i) a perfect H-tiling in an ordered graph, for any fixed ordered graph H of interval chromatic
number at least 3;
(ii) an H-tiling in an ordered graph G covering a fixed proportion of the vertices of G (for any
fixed ordered graph H);
(iii) an H-cover in an ordered graph (for any fixed ordered graph H).
The first two of these results resolve questions of Balogh, Li and Treglown whilst (iii) resolves a
question of Falgas-Ravry. Note that (i) combined with a result from [3] completely determines the
asymptotic minimum degree threshold for forcing a perfect H-tiling. Additionally, we prove a result
that combined with a theorem of Balogh, Li and Treglown, asymptotically determines the minimum
degree threshold for forcing an almost perfect H-tiling in an ordered graph (for any fixed ordered
graph H). Our work therefore provides ordered graph analogues of the seminal tiling theorems of
Kiihn and Osthus [Combinatorica 2009] and of Komlés [Combinatorica 2000]. Each of our results
exhibits some curious, and perhaps unexpected, behaviour. Our solution to (i) makes use of a novel
absorbing argument.

1. INTRODUCTION

In recent years there has been a significant effort to develop both Turan and Ramsey theories in
the setting of vertex ordered graphs. A (vertex) ordered graph or labelled graph H on h vertices is a
graph whose vertices have been labelled with [h] := {1,...,h}. An ordered graph G with vertex set
[n] contains an ordered graph H on [h] if (i) there is an injection ¢ : [h] — [n] such that ¢(i) < ¢(j)
forall 1 <i< j<hand (ii) ¢(i)¢(j) is an edge in G whenever ij is an edge in H.

Turan-type problems concern edge density conditions that force a fixed graph H as a subgraph in
a host graph G. Whilst the Erdés—Stone—Simonovits theorem [8, 9] determines, up to a quadratic
error term, the number of edges in the densest H-free n-vertex graph, there is still active interest
in the Turan problem for bipartite H. Indeed, for bipartite H the error term in the Erdés—Stone—
Simonovits theorem is in fact the dominant term, so more refined results are sought. Similarly, a
result of Pach and Tardos [24] determines asymptotically the number of edges an ordered graph
requires to force a copy of a fixed ordered graph H with so-called interval chromatic number y«(H)
at least 3. Therefore, again there is significant interest in the ‘bipartite’ case of this problem (i.e.,
when y<(H) = 2); see Tardos [28] for a recent survey on such results.

The study of Ramsey theory for ordered graphs has also gained significant traction. For example,
results of Conlon, Fox, Lee and Sudakov [5], and of Balko, Cibulka, Kral and Kyn¢l [2] demonstrate
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that there are ordered graphs H for which the behaviour of the Ramsey number is vastly different
to their underlying unordered graph.

Other than Turdn and Ramsey problems, another central branch of extremal graph theory con-
cerns Dirac-type results; that is, minimum degree conditions that force fixed (spanning) structures
in graphs. In a recent paper, Balogh, Li and the second author [3] initiated the study of Dirac-type
results for ordered graphs. Their main focus was on perfect H-tilings, though they also raised other
Dirac-type problems (see [3, Section 8]). In both the ordered and unordered settings, an H -tiling
in a graph G is a collection of vertex-disjoint copies of H contained in G. An H-tiling is perfect
if it covers all the vertices of G. Perfect H-tilings are also often referred to as H-factors, perfect
H -packings or perfect H-matchings. H-tilings can be viewed as generalisations of both the notion
of a matching (which corresponds to the case when H is a single edge) and the Turdn problem
(i.e., a copy of H in G is simply an H-tiling of size one).

Balogh, Li and Treglown [3] raised the following question.

Problem 1.1. [3] Given any ordered graph H and any n € N divisible by |H|, determine the
smallest integer 6 (H,n) such that every n-vertex ordered graph G with §(G) > d(H,n) contains
a perfect H-tiling.

The analogous problem in the (unordered) graph setting had been studied since the 1960s (see,
e.g., [1, 6,13, 17, 20, 21]) and forty-five years later a complete solution, up to an additive constant
term, was obtained via a theorem of Kithn and Osthus [21]. We will discuss this result further
when comparing this problem with Problem 1.1.

In [3, Theorem 1.9], Balogh, Li and Treglown asymptotically resolved Problem 1.1 for H with
X<(H) = 2. Further, they developed approaches to the absorbing and regularity methods for
ordered graphs, including providing general absorbing and almost perfect tiling lemmas. In this
paper we build on their results to asymptotically resolve Problem 1.1 in all remaining cases (i.e.,
for all H with interval chromatic number at least 3). Our main result shows that Problem 1.1 does
exhibit a somewhat different behaviour when x(H) > 3 compared to when x(H) = 2; we discuss
this further in Section 1.3.

In addition to this result, we also resolve the Dirac-type problems for H-covers in ordered graphs
(see Section 1.2) and H-tilings covering a fixed proportion x of the vertices of an ordered graph for
x € (0,1) (see Section 1.4).

1.1. A Dirac-type theorem for perfect H-tilings. In this subsection we state Theorem 1.8,
which asymptotically resolves Problem 1.1 when x<(H) > 3. This result will depend on several
definitions and parameters which we now introduce.

Definition 1.2 (Interval chromatic number). Given r € N, an interval r-colouring of an ordered
graph H is a partition of the vertex set [h] of H into r intervals so that no two vertices belonging
to the same interval are adjacent in H. The interval chromatic number x(H) of an ordered graph
H is the smallest € N such that there exits an interval r-colouring of H.

One can think of the interval chromatic number as the natural ordered analogue of the chromatic
number of a graph. Moreover, whilst the Erdds—Stone-Simonovits theorem [8, 9] asserts that
1—=1/(x(H) — 1) 4+ o(1) is the edge density threshold for ensuring a copy of a graph H in G,
the Erdds—Stone—Simonovits theorem for ordered graphs due to Pach and Tardos [24] asserts the
corresponding threshold in the ordered graph setting is 1 — 1/(x<(H) — 1) + o(1).

The next definition is the relevant parameter for studying almost perfect H-tilings in graphs.

Definition 1.3 (Critical chromatic number). The critical chromatic number x.r(F) of an un-
ordered graph F' is defined as

Yeor (F) == (x(F) - 1>F,_F(’7(F),
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where o(F') denotes the size of the smallest possible colour class in any x(F')-colouring of F'.

Note that x(H) — 1 < xe(H) < x(H) for all graphs H, and x.(H) = x(H) precisely when
every x(H)-colouring of H has colour classes of equal size.

We informally refer to an H-tiling in an n-vertex (ordered) graph G as an almost perfect H-tiling
if it covers all but at most o(n) vertices of G. Komlds [16] proved that (1 — 1/x..(H))n is the
minimum degree threshold for forcing an almost perfect H-tiling in an n-vertex graph G. In fact,
it was later shown [26] that such graphs G contain H-tilings covering all but a constant number of
the vertices in G. In the setting of ordered graphs, a related parameter x.(H) turns out to be the
relevant parameter for forcing an almost perfect H-tiling. To introduce this parameter we need the
following definitions.

For two subsets X,Y of [n], we write X <Y ifx <y forallz € X and y € Y. Let B be a
complete k-partite unordered graph with parts Uy, ..., U, and o be a permutation of the set [k].
An interval labelling of B with respect to o is a bijection ¢ : V/(B) — [|B|] such that ¢(U;) < ¢(Uj)
if (i) < o(j); that is,

¢(Us—101)) <+ < d(Up1(s))-

For brevity, we will usually drop ¢ and just write U,-1(1) < -+ < Us-1(3). Given t € N, write B(?)
for the blow-up of B with vertex set Uer(B) Vz, where the V,’s are sets of ¢t independent vertices;
so there are all possible edges between V,, and V}, in B(t) if 2y € E(B). Let (B(t), ¢) be the ordered
graph obtained from B(t) by equipping V' (B(t)) with a vertex ordering, satisfying V,, < V,, for every
z,y € V(B) with ¢(z) < ¢(y). We refer to (B(t), ¢) as an ordered blow-up of B.

Definition 1.4 (Bottlegraph). For an ordered graph H, we say that a complete k-partite unordered
graph B is a bottlegraph of H, if for every permutation o of [k] and every interval labelling ¢ of B
with respect to o, there exists a constant ¢t = t(B, H, ¢) such that the ordered blow-up (B(t), ¢)
contains a perfect H-tiling. We say that B is a simple bottlegraph of H if for any choice of o and
¢ we can take t = 1.

Note that in Definition 1.4 we did not impose any restriction on the size of the parts of a
bottlegraph. However, as we will see in Proposition 5.1 below, it suffices to consider bottlegraphs
B’ where all parts are of the same size except for perhaps one smaller part. More precisely, given any
bottlegraph B of H, there is another bottlegraph B’ with this structure such that x.-(B’) = xer(B).
This bottle-like structure is where the name bottlegraph is derived, and was first use by Komlés [16]
in the setting of unordered graphs.

Definition 1.5 (Ordered critical chromatic number). The ordered critical chromatic number x5, (F)
of an ordered graph F' is defined as

Xor (F) :=inf{x.-(B) : B is a bottlegraph of F'}.
We say a bottlegraph B of F' is optimal if x.(B) = x5,.(F).

Notice that x<(H) — 1 < x%.(H) for all ordered graphs H as each bottlegraph B of H must
have chromatic number at least x<(H) and so x<(H) — 1 < X¢(B). In fact, Proposition 2.6 in
Section 2 yields a stronger lower bound on x},.(H). On the other hand, (in contrast to x..(F') for
unordered graphs F') we will also see examples of ordered graphs where x7.(H) is much larger than
X<(H). Note though that x}.(H) < h for any ordered graph H on [h] as K} is a bottlegraph of
H. In fact, this upper bound is attained when H is such that 1 and 2 are adjacent or h — 1 and
h are adjacent; this is an immediate consequence of Proposition 11.1 below. To aid the reader’s
intuition, in Section 3.3 we give examples of ordered graphs H where we compute x%.(H). Various
bounds on x},.(H) are given in Section 11.
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The next result, a simple corollary of [3, Theorem 4.3], shows that x,(H) is a relevant parameter
for forcing an almost perfect H-tiling in an ordered graph.

Theorem 1.6 (Balogh, Li and Treglown [3]). Let H be an ordered graph. Then for every n > 0,
there exists an integer ng = ng(H,n) so that every ordered graph G on n > ngy vertices with

contains an H-tiling covering all but at most nn vertices.

At first sight it is not clear if the minimum degree threshold in Theorem 1.6 is best possible.
However, Theorem 12.1 in Section 12 shows that Theorem 1.6 is best possible in the sense that
one cannot replace the 1 —1/x}.(H) term in the minimum degree condition with any other fixed
constant term a < 1 — 1/x}.(H). Thus, Theorem 12.1 and Theorem 1.6 provide an analogue of
Komlos’ theorem in the ordered setting.

Unusually, in the proof of Theorem 12.1, for most ordered graphs H we do not simply produce
an explicit extremal example. Indeed, if one has not explicitly computed the value of x%.(H) and
the ‘reason’ why it takes this value, then it seems difficult to produce such an explicit extremal
example. Instead, the proof splits into a few cases and uses various tools and results that we
introduce in the paper.

At this point the reader may wonder if the conclusion of Theorem 1.6 can be strengthened to
ensure a perfect H-tiling. For some ordered graphs H this is possible. However, for other ordered
graphs one will require a significantly higher minimum degree condition. The following definition
is the critical concept for articulating this dichotomy for H with y~(H) > 3.

Definition 1.7 (Local barrier). Let H be an ordered graph on [h] with r := x<(H) > 2. We say
that H has a local barrier if for some fixed i # j € [r + 1] the following condition holds. Given any
interval (r+ 1)-colouring of H with colour classes V] < --- < V,.41 such that V; = {v} is a singleton
class, there is at least one edge between v and V; in H.

Note that in this definition we may have that a colour class Vj is empty. If H is the ordered
complete graph on r vertices then H does not have a local barrier; it is also easy to check that
X5 (H) = x<(H) = r. Given r > 2, let H' be any complete r-partite (unordered) graph with at
least 2 vertices in each colour class. Let H be any ordered graph obtained from H’ by assigning
an interval labelling to H'; so x<(H) = r. Then one can check that H has a local barrier with
parameters ¢ = 1 and j = r 4+ 1 as in Definition 1.7.

We are now able to state our main result which resolves Problem 1.1 for all ordered graphs H
with x<(H) > 3.

Theorem 1.8. Let H be an ordered graph with x<(H) > 3. Given any n > 0, there exists an
integer ng = no(H,n) so that if n > ng and |H| divides n then
: 1 1 ; .
() (1— by ) n < 0<(Hon) < (1= g tn)m i x5 (H) = x<(H);
.. 1 1 .
(ii) (1 - m) n < d<(H,n) < (1 — = —|—7]) n if x5H(H) < x<(H) and H has a local
barrier;
(iii) (1 - ﬁ) n < Jd-(H,n) < (1 - x*#(H) +77> n if x5 (H) < x<(H) and H has no local
barrier.
IThe reader may not immediately see why Theorem 1.6 is a corollary of Theorem 4.3 from [3] as there is an
error term in the minimum degree condition in the latter theorem. However, a standard trick (see, e.g., the proof of
Corollary 6.6 in [7]) always allows one to omit an error term in a minimum degree condition that forces an almost

perfect H-tiling.
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Therefore Problem 1.1 is now asymptotically resolved. The reader might find it hard to see why
the value of 6~ (H,n) behaves as in Theorem 1.8, and indeed, it took the authors quite some time
to discover the correct behaviour of this problem. In Section 1.3 we give further intuition on this
result. In Section 3 we give examples of H in each case (i)—(iii) of the theorem. In Section 2 we
give the extremal constructions for Theorem 1.8. In particular, in cases (i) and (iii) the extremal
examples are ‘bottlegraphs’ — complete multipartite ordered graphs where each part has the same
size except at most one smaller part; in Section 11 we explicitly compute the value of x%.(H)
for a range of H, and thus the minimum degree threshold in Theorem 1.8 also. The explanation
for why these extremal ‘bottlegraphs’ do not have perfect H-tilings revolve around ‘space barrier’
constraints, (i.e., one runs out of space in some subset of vertices in the extremal bottlegraph).2
However, the ‘reason’ for obtaining a space barrier can be somewhat involved (and unlike any other
space barrier extremal example we have ever seen before); we discuss this in Section 3.1.

The proof of Theorem 1.8 applies an absorbing theorem from [3, Theorem 4.1] and Theorem 1.6
above. The main novelty is to prove an absorbing theorem for ordered graphs H as in Theo-
rem 1.8(iii). Whilst our argument makes use of a lemma of Lo and Markstrém [23], and seems
rather natural, it is different to any absorbing proof we have previously seen (in particular, we do
not use local-global absorbing as in [3]). See Section 9 for an overview of our absorbing strategy.

1.2. A Dirac-type theorem for vertex covers. Given (ordered) graphs H and G, we say that
G has an H-cover if every vertex in G lies in a copy of H. Note that the notion of an H-cover is
an ‘intermediate’ between seeking a single copy of H and a perfect H-tiling; in particular, a perfect
H-tiling in G is itself an H-cover. Given any n € N and any (ordered) graph H, let dcov(H,n)
denote the smallest integer k such that every n-vertex (ordered) graph G with §(G) > k contains
an H-cover. As noted in [22], an easy application of Szemerédi’s regularity lemma asymptotically
determines dcoy(H,n) for all graphs H.

Proposition 1.9. [22, Proposition 6] For every graph H and every n > 0, there exists an integer
no = no(H,n) so that if n > ng then

(1—X(H1)_1>n—1§6m(ﬂ,n)s (1—X(H1)_1+n> n.

Proposition 1.9 implies that, asymptotically, the minimum degree threshold for ensuring an H-
cover in a graph G is the same as the minimum degree threshold for ensuring a single copy of H
in G. In [22, Theorem 5|, Kiithn, Osthus and Treglown asymptotically determined the Ore-type
degree condition that forces an H-cover for any fixed graph H. There has also been several recent
papers concerning minimum /-degree conditions that force H-covers in k-uniform hypergraphs; see,
e.g., [11, 12, 14).

Falgas-Ravry [10] raised the question of determining .oy (H,n) for all ordered graphs H. Our
next result asymptotically answers this question.

Theorem 1.10. Let H be an ordered graph and n > 0. Then there exists an integer ng = no(H,n)
so that if n > ng then

(1) (1 - W) n < eon(H,n) < (1 - ﬁ + 77) n if H has no local barrier;
1

(ii) (1 - x%(H)) n < deon(H,n) < (1 —x=mm T 7]) n if H has a local barrier.

Theorem 1.10 is a direct consequence of some of the auxiliary results we use in the proof of
Theorem 1.8. Note that the behaviour of the threshold in Theorem 1.10 is perhaps unexpected.
Indeed, unlike in the unordered setting, Theorem 1.10 and the Erdés—Stone—Simonovits theorem

2See [15] for a discussion on space barriers.



for ordered graphs imply that the asymptotic minimum degree thresholds for forcing a copy of H
and an H-cover are different if H has a local barrier.

Furthermore, a key moral of the Erdés—Stone—Simonovits theorem (and Proposition 1.9) is that
once a graph G is dense enough (or has large enough minimum degree) so as to ensure a copy
of K, (or a K,-cover) then G must contain every fixed graph H (or an H-cover) for every H of
chromatic number r. An intuition for this comes from Szemerédi’s regularity lemma. However, the
analogous moral is not true for H-covers in ordered graphs. Indeed, if H is an ordered complete
graph on r vertices (so x<(H) = r and H has no local barrier) then Theorem 1.10 tells us the
minimum degree threshold for forcing an H-cover in an n-vertex ordered graph is (1 — 15 +o(1))n
whilst the corresponding threshold for any ‘blow-up’ H' of H (so x<(H') = x<(H) = r and H
has a local barrier) is significantly higher, namely (1 — 1 4 o(1))n. This should hint to the reader
that the regularity method behaves differently in the ordered setting; in particular, if H has a local
barrier this provides an obstruction when applying the regularity lemma. More discussion on the
regularity method for ordered graphs can be found in [3, Section 3.1].

1.3. Intuition behind the threshold in Theorem 1.8. In this subsection we build up further
intuition behind the threshold in Theorem 1.8. For this it will be useful to first take a step back and
consider perfect H-tilings in unordered graphs. In this setting the Dirac-type threshold is governed
by two factors:
(C1) The minimum degree needs to be large enough to force an almost perfect H-tiling.
(C2) The minimum degree must be large enough to prevent ‘divisibility’ barriers within the host
graph that constrain us from turning an almost perfect H-tiling into a perfect H-tiling.

This is made precise by the following theorem of Kiithn and Osthus [21].
Theorem 1.11 (Kiihn and Osthus [21]). Let 6(H,n) denote the smallest integer k such that every

graph G whose order n is divisible by |H| and with §(G) > k contains a perfect H-tiling. For every
unordered graph H,

1
d(H,n) = <1 — X*(H)> n+0(1),
where x*(H) := xer(H) if hef(H) =1 and x*(H) := x(H) otherwise.

Recall that every graph H satisfies x..(H) < x(H). So by Komlés’ aforementioned almost
perfect tiling theorem [16], the minimum degree condition in Theorem 1.11 is enough to ensure
(C1) holds. Meanwhile those graphs H with hef(H) = 1 are precisely the graphs for which, at
the almost perfect tiling threshold, (C2) is satisfied. Furthermore, for graphs H with hef(H) # 1,
(C2) is only guaranteed to be satisfied once the n-vertex host graph has minimum degree around
(1—1/x(H))n.

We do not state the precise definition of hef(H) = 1 here; see [21, Section 1.2]. However, the
following example is instructive. Let H be any connected bipartite graph and let n € N be divisible
by |H|. Consider the n-vertex graph G that consists of two disjoint cliques whose sizes are as
equal as possible so that neither is divisible by |H|. Then whilst G contains an almost perfect
H-tiling, the divisibility constraint on the clique sizes prevents a perfect H-tiling. Thus all such H
are examples of graphs with hef(H) # 1. In particular, 6(G) =n/2—0(1) = (1-1/x(H))n—0(1),
so (G is an extremal example for Theorem 1.11 in this case.

As mentioned earlier, another necessary condition for a Dirac-type threshold for perfect H-tilings
is the following:

(C3) The minimum degree needs to be large enough to force an H-cover.

Condition (C3), however, does not factor into the statement of Theorem 1.11 as Proposition 1.9
shows that one can ensure an H-cover ‘earlier’ than an almost perfect H-tiling (recall that x(H) —

1 < xer(H)).
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Interestingly, the opposite is true in the ordered graph setting when H has a local barrier and
X<(H) > 3 is such that x<(H) > x’.(H). Indeed, in this case, Theorem 1.8(ii) essentially states
that the H-cover condition is the ‘last’ of conditions (C1)—(C3) to be satisfied. In particular,
Extremal Example 1 in Section 2 shows that for every H satisfying Definition 1.7, there are n-
vertex ordered graphs with 6(G) > (1 —1/x<(H))n — 1 for which a certain vertex does not lie in a
copy of H.

In all other cases when x<(H) > 3, Theorem 1.8 essentially states that the almost perfect tiling
condition is the ‘last’ of conditions (C'1)—(C3) to be satisfied. Therefore, surprisingly (at least to
the authors!), divisibility barriers play no role in Problem 1.1 for H with x<(H) > 3. In contrast,
Theorem 1.9 in [3] shows that in the case when x-(H) = 2, each of (C1), (C2) and (C3) can be
the condition that governs the Dirac-type threshold for perfect H-tiling, depending on the choice
of H.

1.4. A Dirac-type theorem for H-tilings. In addition to determining the Dirac-type threshold
for almost perfect tilings in unordered graphs, Komlés [16] provided a best-possible minimum degree
condition for forcing an H-tiling covering a certain proportion of the vertices in a graph G.
Definition 1.12 ((z, H)-tilings). Let G and H be (ordered) graphs and = € [0, 1]. An (z, H)-tiling
in G is an H-tiling covering at least x|G/| vertices. So a (1, H)-tiling is simply a perfect H-tiling.

Theorem 1.13 (Komlés [16]). Let H be a graph and = € (0,1). Define

o= () (L)

Given any n > 0, there exists some ng = no(x, H,n) € N such that if G is a graph on n vertices
where n > ng and 6(G) > g(x, H) - n then there exists an (v — n, H)-tiling in G.

Note that the minimum degree condition in Theorem 1.13 is best possible in the sense that given
any fixed H and z € (0,1), one cannot replace g(z, H) with any fixed ¢'(z, H) < g(z, H) (see [16,
Theorem 7] for a proof of this).

The function g(x, H) is quite well-behaved. Indeed, for fixed H, g(x, H) grows linearly in x.
Note that ¢g(0, H) - n and g(1, H) - n are the asymptotic minimum degree thresholds for ensuring
an n-vertex graph contains a copy of H and an almost perfect H-tiling respectively. From this
prospective, the function g(z, H) can be viewed as a linear interpolation of these two thresholds.

The question of obtaining an ordered graph analogue of Theorem 1.13 was raised in [3, Ques-
tion 8.2]. We provide an answer to this problem; for this we require the following definitions.

Definition 1.14 (z-bottlegraphs). Let H be an ordered graph and z € (0, 1]. An unordered graph
B is an z-bottlegraph of H if it satisfies the following properties:

(i) B is a complete k-partite graph with parts Uy, Us, ..., Uy, for some k € N.
(ii) There exists some m € N such that |U;| < m and |U;| = m for every ¢ > 1.
(iii) Given any permutation o of [k] and any interval labelling of B with respect to o, the
resulting ordered graph contains an (z, H)-tiling.

Definition 1.15. Let H be an ordered graph and = € (0, 1]. We define x},.(x, H) as
Xop(z, H) := inf{x.r(B) : Bis an z-bottlegraph of H}.
Given any ordered graph H, if B is an z-bottlegraph of H then x(B) > x<(H). This implies
that xer(B) > x<(H) — 1 and so
(1) Xer(z, H) 2 x<(H) — 1.
An application of Theorem 1.13 together with a tool from [3, Lemma 6.2] yields the following

minimum degree condition for the existence of (x, H)-tilings in ordered graphs.
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Theorem 1.16. Let H be an ordered graph, x € (0,1) and define

Given any n > 0, there exists some ng = no(z, H,n) € N such that if G is an ordered graph on n
vertices with n > ng and 6(G) > (f(x, H) +n)n then G contains an (x, H)-tiling.

The minimum degree condition in Theorem 1.16 is best possible in the following sense. Let H and
x € (0,1) be fixed. Given any 0 < a < 1 —1/x},(x, H), and any sufficiently large n € N, consider
any n-vertex graph B that satisfies (i) and (ii) of Definition 1.14 for some choice of k,m € N and
where

an < 8(B) =n—m = (1—XCT<B)>n<f(x,H)-n.

So Xer(B) < x%.(x,H). (Note such a graph B exists for any choice of 0 < a < 1—1/x%.(z,H).)
Then by definition of x.(x, H) there is a permutation o of [k] and an interval labelling ¢ of B with
respect to o, such the resulting ordered graph (B, ¢) does not contain an (z, H)-tiling.

A draw-back of Theorem 1.16 is that it seems hard to compute x}.(z, H) in general. However,
in Section 14 we describe the behaviour of the function f(z, H) for some fixed ordered graphs H.
In particular, akin to Theorem 1.13, if H has x<(H) = 2 then f(z, H) is linear in z. Perhaps
surprisingly though, there are ordered graphs where f(x, H) is only piecewise linear. We also
compute f(z, H) for every ordered graph H and every z that is not too big.

1.5. Organisation of the paper. The paper is organised as follows. In Section 2 we give the
extremal constructions for Theorems 1.8 and 1.10. In Section 3 we give some examples of ordered
graphs H that fall into each of the three cases of Theorem 1.8. In Section 4 we state a new
absorbing theorem (Theorem 4.2) and an absorbing theorem from [3] and combine them with
Theorem 1.6 to prove Theorem 1.8. The subsequent sections therefore build up tools for the proof
of Theorem 4.2: in Section 5 we state a couple of useful properties of bottlegraphs; in Section 6
we introduce Szemerédi’s regularity lemma and related useful results; some tools for absorbing are
given in Section 7; Section 8 contains several results which give flexibility in how one can interval
colour certain ordered graphs H.

In Section 9 we give a sketch of the proof of Theorem 4.2 before proving it and Theorem 1.10
in Section 10. In Section 11 we give general upper and lower bounds on x},(H) and also compute
Xi-(H) for a few general classes of ordered graphs H.

In Section 12 we prove that the minimum degree condition in Theorem 1.6 is best possible. The
proof of Theorem 1.16 is given in Section 13; in the subsequent section we describe the behaviour
of the function f(x, H) for some choices of H. We conclude the paper with some open problems in
Section 15.

1.6. Notation. Given n € N, let [n] := {1,...,n}. A nearly balanced interval partition of [n] is
a partition of [n] into intervals Wy < --- < Wy where ||[W;| — |W;|| < 1 for every 1 < i,j < t.
Similarly, a t-partite graph with vertex classes Vi,...,V; is nearly balanced if ||V;| — |V;|| < 1 for

every 1 <14,5 <t.

If G is an (ordered) graph, |G| denotes the size of its vertex set, and e(G) denotes the number
of edges in G. Given A C V(G), the induced subgraph G[A] is the subgraph of G whose vertex
set is A and whose edge set consists of all of the edges of G with both endpoints in A. We define
G\ A := G[V(G)\ 4]. For two disjoint subsets A, B C V(G), the induced bipartite subgraph G|A, B]
is the subgraph of G whose vertex set is A U B and whose edge set consists of all of the edges of G
with one endpoint in A and the other endpoint in B. We write e(4, B) := e¢(G[A, B]).

For an (ordered) graph G and a vertex x € V(G), we define Ng(z) as the set of neighbours of z
in G and dg(z) := |Ng(x)|. For X C V(G) we define dg(x, X) := |[Ng(x) N X|. Given (ordered)
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graphs G and H and X C V(G) we say that G[X] spans a copy of H in G if H is a spanning
subgraph of G[X].

Given an ordered graph G we say that V) < --- <V, is an interval r-colouring of G to mean that
there is an interval r-colouring of G with colour classes V; < - -- < V.. We say that an ordered graph
G is complete r-partite if there exists an interval r-colouring V3 < --- < V, such that zy € E(G)
for every x € V; and y € V; with 7 # j. We refer to the V;’s as the parts of G.

Given an unordered graph G and a positive integer ¢, let G(¢) be the graph obtained from G by
replacing every vertex x € V(G) by a set V,, of t vertices spanning an independent set, and joining
u €V, to v € Vj, precisely when zy is an edge in G; that is, we replace the edges of G' by copies of
K. We will refer to G(t) as a blown-up copy of G. If U; is a vertex class in G then we write U;(t)
for the corresponding vertex class in G(t). We use analogous notation when considering blown-up
copies of complete k-partite ordered graphs. In particular, given a complete k-partite ordered graph
B with parts By < --- < By, the ordered blow-up B(t) of B consists of parts Bi(t) < --- < Bg(t)
where |B;(t)| = t|B;| for all i € [k].

Throughout the paper, we omit all floor and ceiling signs whenever these are not crucial. The
constants in the hierarchies used to state our results are chosen from right to left. For example, if
we claim that a result holds whenever 0 < @ < b < ¢ < 1, then there are non-decreasing functions
f:(0,1] = (0,1] and g : (0, 1] — (0, 1] such that the result holds for all 0 < a,b,c¢ < 1 with b < f(c)
and a < g(b). Note that a < b implies that we may assume in the proof that, e.g., a < b or a < b?.

2. EXTREMAL CONSTRUCTIONS

In this section we provide the extremal examples for Theorems 1.8 and 1.10. First, consider
the case when H has a local barrier. We now construct an n-vertex ordered graph which does
not contain an H-cover (and thus no perfect H-tiling), and whose minimum degree is more than
(1 —=1/x<(H))n — 1, thereby giving the lower bounds in Theorem 1.8(ii) and Theorem 1.10(ii).

Extremal Example 1. Let n,r € N and i,j € [r + 1| with i # j. Let Fy(n,r,i,j) be an n-vertex
ordered graph consisting of vertex classes Uy < - -- < U,41 which satisfy the following conditions:

e U; = {u} is a singleton class while the remaining vertex classes are as equally sized as
possible, and in particular, |U;| = L";IJ;

o Fi(n,ri,7)\{u} is a complete r-partite ordered graph with parts Uy, ..., Ui—1,Uit1, ... Ups1;
e u is adjacent to all other vertices except those in Uj.

Note that
-1 1
(2) 5(F1(n,r,i,j)):n—1—wj\:n—1—V J><1—>n—1.
T T

Furthermore, we now prove that Fi(n,r,,j) does not contain an H-cover (nor a perfect H-tiling)
provided that x<(H) = r and H has a local barrier with respect to parameters i,j € [r + 1].

Lemma 2.1. Let H be an ordered graph, let r := x<(H) and let n € N. If H has a local barrier
then there exist i,j € N, with i # j, and a vertex uw € Fy(n,r,i,j) such that there is no copy of H
in Fy(n,r,i,7) covering the verter u. In particular, Fy(n,r,i,7) does not contain an H-cover nor
a perfect H-tiling.

Proof. Suppose H has a local barrier with respect to ¢ # j € [r+1], as defined in Definition 1.7. Let

u be the vertex in the singleton class U; of Fi(n,r,4,7). Suppose there is a copy of H in Fy(n,r,i,7)

covering the vertex w. Then the interval (r + 1)-colouring Uy < -+ < U,41 of Fi(n,r,i,j) induces

an interval (r + 1)-colouring Vi < -+ < V41 of H such that V; = {v} is a singleton class and

there is no edge between v and V;. This contradicts the assumption that H has a local barrier with

respect to i, 7; thus, there is no copy of H in Fi(n,r,i,j) covering the vertex u. [l
9



We immediately obtain the following corollary of Lemma 2.1 and (2).

Corollary 2.2. Let H be an ordered graph and let n € N. If H has a local barrier then

Scov(H,m) > <1 — X<1H)> n

and, if |H| divides n

setttn) > (1= ) m

0

Next we prove a general lower bound on d.(H,n) which is asymptotically sharp if the ordered
graph H does not have a local barrier. Similarly to before, we construct an n-vertex ordered graph
which does not contain a perfect H-tiling and whose minimum degree is at least (1—1/x%.(H))n—1,
thereby giving the lower bound in cases (i) and (iii) of Theorem 1.8.

Extremal Example 2. Let H be an ordered graph and n € N. Set £ := {X*L(H) + 1J. Define

Fy(H,n) to be the unordered complete [n/l|-partite graph on n vertices such that all classes have
size £ except for one class of size at most £.

It is easy to check that the minimum degree of Fy(H,n) is

3) 5(F2(H,n)):n—€:n—t<z:gm+lJ2<1—X:TtH))n—1.

Additionally, there exists a certain ordering of the vertices of Fy(H,n) such that the resulting
ordered graph does not contain a perfect H-tiling:

Lemma 2.3. Let H be an ordered graph and n € N such that |H| divides n. There exists an
interval labelling ¢ of Fo(H,n) such that the ordered graph (Fao(H,n),$) does not contain a perfect
H-tiling.
Proof. The critical chromatic number of Fy(H,n) is

n

XCT(FQ(H7 n)) = Z < m = X:T(H)

It follows that Fy(H,n) is not a bottlegraph of H. Hence, by definition, there exists a permutation

o of [[n/f]] and an interval labelling ¢ of Fy(H,n) with respect to o such that (Fy(H,n),¢) does
not contain a perfect H-tiling. O

Lemma 2.3 and (3) immediately imply the following corollary.

Corollary 2.4. Let H be an ordered graph. Then given any n € N divisible by |H|,

5-(H,n) > 6(Fy(H,n)) +1> <1 -~ EH)> n
O

Next we give a general lower bound for d..,(H,n) which is asymptotically sharp if the ordered
graph H does not have a local barrier, thereby giving the lower bound in Theorem 1.10(i).

Extremal Example 3. Let H be an ordered graph and n € N. Let F35(H,n) be the complete
(x<(H) — 1)-partite ordered graph on n vertices with parts of size as equal as possible.
10



It is easy to check that the minimum degree of F3(H,n) is

S(Fy(H,n)) = n — L«(;IL)J > <1 _ X<(;)1) n—1.

As x<(F5(H,n)) < x<(H), F3(H,n) does not contain a copy of H and thus does not contain an
H-cover. We therefore obtain the following result.

Lemma 2.5. Let H be an ordered graph and n € N. Then

Seon(F, ) > 8(Fy(H,n)) +1 > (1 _ X<(I;)—1> n.

0

For n divisible by x<(H) — 1, F35(H,n) also shows that the minimum degree threshold that
ensures an almost perfect H-tiling in an n-vertex ordered graph is more than (1—1/(x<(H)—1))n.
Thus, combined with Theorem 1.6 this immediately implies that, for all ordered graphs H,

(4) X<(H) =1 < xg(H).
Actually, we close the section by proving an even stronger lower bound on x?*.(H).

Proposition 2.6 (A lower bound for x}.(H)). Let H be an ordered graph on h vertices and
r:= x5 (H). Then,

r—1

h—1

Proof. Let B be an arbitrary bottlegraph of H. It suffices to show that xcr(B) > (r — 1) + 5=1. If
Xer(B) > r then we are done (since h > r), so for the rest of the proof we assume that y..(B) < r.
In particular, B has exactly r parts. Let B; denote the part of B of smallest size. Pick any interval
labelling ¢ of Bj; then there exists some ¢ € N such that the ordered blow-up (B(t),¢) contains
a perfect H-tiling H. Since B has exactly r parts, it follows that every copy of H in (B(t), ¢)
intersects all parts of B. Hence,

Xer(H) = (r—1) +

B(t
B0 = 1 = T = BI/n > 18] > [BI/n

and so
|B| r—1

Rt

5] > (r—1)

Yer(B) = (r = Vipr=ip 2

0

In Section 3.3 we give a family of ordered graphs H for which the lower bound on x}.(H) in
Proposition 2.6 is tight.

3. MOTIVATING EXAMPLES

3.1. An example for Theorem 1.8(i). Recall that Extremal Example 2 yields the lower bound
in cases (i) and (iii) of Theorem 1.8. The argument in Lemma 2.3 is rather straightforward.
This is because of the definition of x%.(H); if one takes a complete multipartite graph G with
Xer(G) < X% (H), then by definition there is a vertex labelling of G so that the resulting ordered
graph does not contain a perfect H-tiling.

Therefore, if one provides an argument that justifies why a bottlegraph of H is optimal, this
equivalently can be translated into an argument which explains why an ordered graph is an extremal
example for cases (i) and (iii) of Theorem 1.8. In this way, one can view xI.(H) as ‘encoding’
properties of the extremal example.

11



In Section 11 we will compute x%,.(H) for various classes of ordered graphs H. Often these
arguments will be somewhat involved; thus, in these cases the reason why the extremal example for
Theorem 1.8 does not contain a perfect H-tiling is also ‘involved’. That is, in general the reason
why extremal examples do not contain perfect H-tilings is not as immediate as Lemma 2.3 might
suggest. We illustrate this point through the following example.

Example 3.1 (An example for Theorem 1.8(i)). Let £ > 2 and let H be the complete 3-partite
ordered graph with parts Hy < Hs < Hs of size £,1,{ respectively.

For H as in Example 3.1, we have that x%.(H) = (442> —1)/{*> > 3 = x<(H). (In fact, in
Proposition 11.5 below we compute x7,.(F') for all complete 3-partite ordered graphs F'.) Thus, for
such H we are in case (i) of Theorem 1.8 and so

S (H,n) = (1 - 4@52_1 + 0(1)> n.

We now describe an extremal example for Theorem 1.8 for such H. Let n € N such that |H]|
divides n and n > 20. Let G be the complete 4-partite ordered graph on n vertices with parts
G1 < G9 < G3 < G4 where

ntl? ne?
|G1] = |G| = |G35] \‘452—1J + an |G4] =n 3\‘452—1J 3
Note that G4 is the smallest part since |G;| > n/4 for i = 1,2,3 and |G4| < n/4. In particular,

nt? nt? 0
(@) =n— || —1>n— 1= (1= n—1.
(@) =n LW—J =T < 452—1>”

Suppose for a contradiction that G contains a perfect H-tiling H. Let A C H be the set of copies
of H in H which have exactly ¢ vertices in G and set B := H \ A. This immediately implies

(5) |G| > €] Al

Note that if H' € A then H' has at most £ + 1 vertices in G1 U Gy while if H' € B then H' has at
most £ vertices in G1 U Gs. It follows that

(6) |G|+ |Go| < (€+ DJA[ + £]B].
Combining (5) and (6) yields the following:

© G Go| — |A| ©) LG1] + £|G2| — |G
A+ GGG Z 1AL @ 6]+ 1Gal - G

_2€—1 nf? 1 >2€—1 nt? omn
Iz 402 — 1 2 402 —1) 2041

The above is a contradiction since

_l6l_ _n
C|H| 20+ 1

| Al +1B] = [#]

Hence, GG does not contain a perfect H-tiling.

Note that G is a ‘space barrier’ construction as our argument tells us that G; U G» is ‘too big’ to
ensure a perfect H-tiling in GG; moreover, the reason why G1 U G5 is ‘too big’, whilst not difficult,
is not at first sight, obvious (i.e., we needed to consider how two types of copies of H intersect
G U GQ)

Space barrier constructions occur in many other settings too (e.g., the Kithn—Osthus perfect
tiling theorem [20]). However, all previous graph space barrier constructions we are aware of have
a different flavour to the above space barrier G. Indeed, previously known examples fail to contain
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the desired substructure due to some very immediate property that means one vertex class is ‘too
small’ or ‘too big’.

In Section 11 we compute x},.(H) precisely for several classes of ordered graphs. In particular,
we give other ordered graphs H that fall into case (i) of Theorem 1.8, namely all complete 3-partite
ordered graphs and all complete r-partite ordered graphs whose smallest part is the first or last
part (see Propositions 11.3 and 11.5).

3.2. An example for Theorem 1.8(ii). The next example provides a family of ordered graphs
that fall into case (ii) of Theorem 1.8.

Example 3.2 (An example for Theorem 1.8(ii)). Let r,k > 3 and let H be the ordered graph with
vertex set V(H) = [(r — 1)k + 2] and edge set E(H) = {(1,(r —1)k+2)}U{((s — Dk +2,sk+2) :
s € [r—1]} (see Figure 1). So x<(H) =r.

F1GURE 1. The ordered graph H as in Example 3.2 for r =4 and k£ = 3.

Let B the complete r-partite graph with parts Bj,..., B, where |B;| = k for i € [r — 1] and
|Br| = 2. Observe that x.(B) = (r — 1) + 2/k. It is straightforward to check that for any
permutation o of [r] and any interval labelling ¢ of B with respect to o, the ordered graph (B, ¢)
contains a spanning copy of H; hence B is a simple bottlegraph of H. It follows that

. 2
Xcr(H) < XCT(B) - (7‘ - 1) + % <r= X<(H)
Furthermore, H has a local barrier: for any interval (r + 1)-colouring {1} < V; <--- <V, of H we
have that (r — 1)k 4+ 2 € V, and thus there is one edge between {1} and V.

3.3. An example for Theorem 1.8(iii). Next we consider a family of ordered graphs which fall
into case (iii) of Theorem 1.8.

Example 3.3 (An example for Theorem 1.8(iii)). Let r,k > 2 and let H be the ordered graph with
vertex set V(H) = [(r — 1)k + 1] and edge set E(H) ={((s —1)k+1,sk+1):se€[r—1]}. So H
is the path (1)(k+1)2k+1)...((r— 1)k +1) and x<(H) = r (see Figure 2).

FIGURE 2. The ordered graph H as in Example 3.3 for r =4 and k = 2.

We will explicitly compute x%.(H). In particular, we prove that x%.(H) < x<(H) and that H
does not have a local barrier. We first construct a bottlegraph of H. Let B denote the complete
r-partite graph with parts B, ..., B, where |B;| = k for i € [r — 1] and |B,| = 1. Observe that
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Xer(B) = (r — 1) + 1/k. Tt is straightforward to check that for any permutation o of [r] and any
interval labelling ¢ of B with respect to o, the ordered graph (B, ¢) contains a spanning copy of
H. Thus, B is a simple bottlegraph of H and so x%.(H) < x(B) = (r — 1) + 1/k. Moreover,
Proposition 2.6 implies that in fact x5 (H) = (r — 1) + 1/k.

Finally, we show that H does not have a local barrier. Let i # j € [r+1]. If i & {1,741}, there
exists an interval (r 4+ 1)-colouring Vi < -+ < V.41 of H such that V; = {z} with  # (s — 1)k + 1
for every s € [r]. Then x is isolated in H and so clearly there is no edge between x and Vj. If
i = 1, there exists an interval (r + 1)-colouring Vi < --- < V;41 of H such that V; = {1} and
V; = 0; so again, there is no edge between V; and V;. The case ¢ = r + 1 is analogous; we take
Vi={(r—1)k+1} and V; = 0.

4. PROOF OF THEOREM 1.8

In this section we present some intermediate results and explain how they imply Theorem 1.8.
Crucial to our approach will be the use of the absorbing method, a technique that was introduced sys-
tematically by Rodl, Rucinski and Szemerédi [25], but that has roots in earlier work (see, e.g., [19]).
Given ordered graphs G, H and a set W C V(G), a set S C V(G) is called an H-absorbing set for
W if both G[S] and G[W U S] contain perfect H-tilings. In [3, Theorem 4.1], Balogh, Li and the
second author provided a minimum degree condition that ensures an ordered graph G contains a
set Abs that is an H-absorbing set for every not too large set W C V(G) \ Abs.

Theorem 4.1 (Balogh, Li and Treglown [3]). Let H be an ordered graph on h wvertices and let
n > 0. Then there exists an ng € N and 0 < v < n so that the following holds. Suppose that G is
an ordered graph on n > ng vertices and

502 (1= gy 1)

Then V(G) = [n] contains a set Abs so that
o |Abs| < wvn;
e Abs is an H-absorbing set for every W C V(G) \ Abs such that |W| € hN and |W| < v3n.

Theorems 1.6 and 4.1 can be combined to yield a minimum degree condition that forces a perfect
H-tiling. Indeed, let G and H be ordered graphs and suppose that

1

061> (1= gy o)

We first invoke Theorem 4.1 to find a set Abs C V(G) which is an H-absorbing set for any not
too large set W C V(G) \ Abs. Then we apply Theorem 1.6 to G \ Abs to find an H-tiling M,
which covers all but a small proportion of vertices in G\ Abs. Let W denote the set of such vertices
in G\ Abs. Since W is relatively small, Abs is an H-absorbing set for W, and thus G[W U Abs]
contains a perfect H-tiling Ms. Finally, observe that M U Msj is a perfect H-tiling in G.

Thus we have proven that

5 (H,n) < (1 -

1
+o(1 ) n.
mas (), e () Y
In particular, this is asymptotically sharp if x%.(H) > x<(H) (by Corollary 2.4) or if x}.(H) <
X<(H) and H has a local barrier (by Corollary 2.2), therefore proving cases (i) and (ii) of The-

orem 1.8. However, if x%.(H) < x<(H) and H does not have a local barrier then this minimum
degree condition can be substantially lowered. To achieve this, we need a new absorbing result:

Theorem 4.2 (Absorbing theorem for non-local barriers). Let H be an ordered graph on h vertices

with x<(H) > 3 and let n > 0. If H does not have a local barrier and x%,.(H) < x<(H), then there
14



exists an ng € N and 0 < v <K n so that the following holds. Suppose that G is an ordered graph on
n > ng vertices and

0(G) > <1—X<([;)_1+n>n.

Then V(G) = [n] contains a set Abs so that

o |Abs| <vn;
o Abs is an H-absorbing set for every W C V(G) \ Abs such that |W| € kN and |W| < v3n.

Note that the statement of Theorem 4.2 is false if one allows y<(H) = 2; indeed, the conclusion
of the theorem fails for so-called divisibility barriers H.?> However, one can adapt our proof and
relax the hypothesis of Theorem 4.2 to x<(H) > 2 if one additionally assumes H is not a divisibility
barrier. We will not do this in this paper, however, as [3, Theorem 1.9] already resolves the perfect
H-tiling problem for ordered graphs H with x<(H) = 2.

We postpone the proof of Theorem 4.2 to Section 10. With Theorem 4.2 at hand, we can now
give the proof of Theorem 1.8.

Proof of Theorem 1.8. First note that the lower bounds in parts (i)—(iii) of the theorem follow
immediately from Corollary 2.4 (for (i) and (iii)) and Corollary 2.2 (for (ii)). Thus it remains to
prove the upper bounds.

Let H be an ordered graph with x<(H) > 3 and let n > 0. Let n € N be sufficiently large and
such that |H| divides n. Let G be an ordered graph on n vertices with minimum degree so that

(i) 6(G) = <1 - m +77) nif xg.(H) = x<(H);
(ii) §(GQ) > (1 — ﬁ(ﬁ’) + 77) n if x5 (H) < x<(H) and H has a local barrier;

(iii) o(GQ) > (1 — m + 17) n if x5.(H) < x<(H) and H has no local barrier.

Recall that x’.(H) > x<(H) — 1. Thus, by Theorem 4.1 (for cases (i) and (ii)) and Theorem 4.2
(for case (iii)), there exists some 0 < v < n and a set Abs C V(G) such that

o |Abs| < vn;
e Abs is an H-absorbing set for every W C V(G)\ Abs such that |[W| € |H|N and |W| < v3n.

Let G’ := G\ Abs. In all cases we have that §(G') > (1 — 1/x5.(H))|G'|.

Since n was chosen to be sufficiently large, by Theorem 1.6 there exists an H-tiling M; in G’
covering all but at most v>n vertices. Let W C V(G’) denote the set of vertices which are not
covered by M. Since |H| divides n, |V (M;)| and |Abs| we have that |H| divides |W| too. Also,
|W| < v3n, hence G'[W U Abs] contains a perfect H-tiling Mo. Finally, observe that M U My is
a perfect H-tiling of GG, as desired. U

5. BOTTLEGRAPHS

In the following proposition we show that it suffices to consider bottlegraphs where all parts are
of the same size except for perhaps one smaller part.

Proposition 5.1. Let H be an ordered graph and B be a bottlegraph of H. There exists a bottlegraph
B’ of H and an integer m € N such that xr(B') = xer(B) and all parts of B’ have size m except
for one part with size at most m.

3More precisely, here divisibility barrier means an ordered graph H with x<(H) = 2 that satisfies Property B as
defined in [3, Page 3].
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Proof. Let B be a bottlegraph of H; so B is a complete k-partite unordered graph with parts
By, ..., By for some k € N. Without loss of generality, we may assume that |B;| < |B;| for every
i > 1. Let B’ be the complete k-partite unordered graph with parts Bf,..., B}, where

Bl = {(k— )|By| ifi=1

‘ |B| — |B1|  otherwise.
So |B'| = (k — 1)|B|. Furthermore, we have
|Bil = (k= 1)|B1| = k| B1| — |B1| < |B| - |B1] = |Bj]
for every i > 1. It follows that

n_ (k—1)|B| (k—1)*|B] (k—1)|B|
X B =B T G- niBl - k- DB 18- By
It remains to show that B’ is a bottlegraph of H. Observe that the vertices in B can be partitioned
into (k — 1) sets of size |B;| while the vertices in B} can be partitioned into (k — 1) sets of sizes
|Ba|, . .., |Bg| respectively, for every i > 1. This implies that B’ contains a perfect B-tiling consisting
of (k — 1) copies of B.

Let {C4,...,Ck_1} be a perfect B-tiling in B’ (i.e., each C; is a copy of B in B’). Let o be a
permutation of [k] and let ¢ be an interval labelling of B’ with respect to o. For every C;, ¢ induces
an interval labelling ¢; of C; with respect to some permutation o; of [k]. Since B is a bottlegraph,
given any i € [k — 1], there exists some ¢; € N such that the ordered blow-up (C;(;), ¢;) contains
a perfect H-tiling. Set t := tyto...tx_1. Then the ordered blow-up (C;(t), ¢;) contains a perfect
H-tiling M;, for each i € [k — 1].

Finally, My U---UMj_ is a perfect H-tiling of the ordered blow-up (B'(t), ¢). Since o, ¢ were
arbitrary, B’ is a bottlegraph of H. O

Note that the notion of a bottlegraph of H (Definition 1.4) and 1-bottlegraph (Definition 1.14)
are not quite the same. However, the next result implies that x%.(H) = x}.(1, H).

Proposition 5.2. Let H be an ordered graph. Then x%.(H) = x5, (1, H).

Proof. Let X := {xcr(B) : B is a bottlegraph of H} and X} := {x(B) : B is a 1-bottlegraph of H}.
Thus, inf X = x}.(H) and inf X} = x,.(1, H). By definition of a bottlegraph and 1-bottlegraph we
have that X7 C X’; so to prove the proposition it suffices to show that X C Aj.

Given any bottlegraph B of H, let B’ be the bottlegraph of H obtained by applying Propo-
sition 5.1. So B’ satisfies conditions (i) and (ii) in the definition of a 1-bottlegraph of H and
Xer(B') = xer(B). As B’ is a bottlegraph of H, there is some ¢ € N so that B'(t) satisfies con-
dition (iii) of the definition of a 1-bottlegraph of H. Then B’(t) is a 1-bottlegraph of H with
Xer (B'(t)) = Xer(B') = xer(B). Thus, X C Xy, as desired.

([

6. THE REGULARITY LEMMA

In the proof of Theorem 4.2 we will make use of the regularity method. In this section we state
a multipartite version of Szemerédi’s regularity lemma and some other related tools. First, we
introduce some basic notation.

The density of an (ordered) bipartite graph with vertex classes A and B is defined to be
_ (A, B)

A B):= .
WA B) = 415
6
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Given € > 0, a graph G and two disjoint sets A, B C V(G), we say that the pair (A, B)g (or simply
(A, B) when the underlying graph is clear) is e-regular if for all sets X C A and Y C B with
|X| > ¢|A| and |Y| > €|B|, we have |d(A, B) —d(X,Y)| < e. Given d € [0, 1], the pair (4, B)g is
(e,d)-regular if G is e-regular, and d(A4, B) > d.

We now state some well-known properties of e-regular pairs. The first (see, e.g., [18, Fact 1.5])
implies that one can delete many vertices from an (e, d)-regular pair and still retain such a regularity

property.

Lemma 6.1 (Slicing lemma). Let (A, B)g be an e-regular pair of density d, and for some a > ¢,
let A" C A, B C B with |A’| > a|A| and |B'| > «|B|. Then (A',B')q is (¢/,d — €)-regular with
¢/ := max{e/a,2¢e}.

The following theorem is a multipartite version of Szemerédi’s regularity lemma [27] (presented,
e.g., as Lemma 5.5 in [3]).

Theorem 6.2 (Multipartite regularity lemma). Given any integert > 2, anye > 0 and any by € N
there exists Ly = Lo(e, t,£p) € N such that for every d € (0, 1] and for every nearly balanced t-partite
graph G = (Wy,...,Wy) on n > Lg vertices, there exists an { € N, a partition WZ-O, Wil, el Wf of

W; for each i € [t] and a spanning subgraph G' of G, such that the following conditions hold:

(1) o <€ < Ly;

(2) der(x) > dg(x) — (d+e)n for every x € V(G);

(3) |W?| <en/t for every i € [t];

(4) Wi = [W'| for every i,i’ € [t] and j,7 € [0];

(5) for every i,i’ € [t] and j,j' € [{] either (le, VV;)G/ is an (e, d)-regular pair or G’[VVZJ, WZJ,/]
18 empty.

We call the WZJ clusters, the WZ»O the exceptional sets and the vertices in the I/Vi0 exceptional
vertices. We refer to G’ as the pure graph. The reduced graph R of G with parameters ¢, d and (g
is the graph whose vertices are the sz (where i € [t] and j € [¢]) and in which WZJ ng is an edge
precisely when (Wl] , Wg/)gl is (g, d)-regular. The following well-known corollary of the regularity
lemma shows that the reduced graph almost inherits the minimum degree of the original graph.

Proposition 6.3. Let 0 < e,d,k < 1 and let G be an n-vertex graph with 6(G) > kn. If R is
the reduced graph of G obtained by applying Theorem 6.2 with parameters €,d, ly, then §(R) >
(k-2 —d)|R|.

A useful tool to embed subgraphs into G using the reduced graph R is the so-called key lemma.

Lemma 6.4 (Key lemma [18]). Let 0 < € < d and q,t € N. Let R be a graph with V(R) =
{vi,...,ux}. We construct a graph G as follows: replace every vertex v; € V(R) with a set V; of q
vertices and replace each edge of R with an (g,d)-regular pair. For each v; € V(R), let U; denote
the set of t vertices in R(t) corresponding to v;. Let H be a subgraph of R(t) on h wvertices with
mazimum degree A. Set § :=d —¢ and g9 := 6°/(2+ A). If e < g and t — 1 < goq then there are
at least (eoq)" labelled copies of H in G so that if v € V(H) lies in U; in R(t), then x is embedded
mto V; in G.

As in [3], some of our applications of Lemma 6.4 will take the following form: suppose within an
ordered graph G we have vertex classes Vi < ... <V} so that each pair (V;,V})q is (¢, d)-regular.
Then Lemma 6.4 tells us G contains many copies of any fixed size ordered graph H with x-(H) = k,
where the ith vertex class of each such copy of H is embedded into V;.
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7. ABSORBING TOOLS

In this section we state a couple of results which are useful for proving the existence of H-
absorbing sets. The first result is the following crucial lemma of Lo and Markstrom [23]; we present
the ordered version of their result which appeared as Lemma 7.1 in [3].

Lemma 7.1 (Lo and Markstrom [23]). Let h,s € N and & > 0. Suppose that H is an ordered
graph on h vertices. Then there exists an ng € N such that the following holds. Suppose that G
is an ordered graph on m > ng vertices so that, for any x,y € V(G), there are at least En*h—!
(sh—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| < (£/2)"n/4;

e M is an H-absorbing set for any W C V(G) \ M such that |W| € hN and |[W| <

(£/2)n/(3252h7).

Informally, we will sometimes refer to a set X satisfying the assumptions of Lemma 7.1 as a
chain of size | X| between vertices = and y. The next lemma states that it is in some sense possible
to concatenate chains.

Lemma 7.2. Let H be an (ordered) graph on h vertices, let a, B,y > 0 and s1,s2,n € N where
0< 1/7’1 L 7KL a,p, 1/h, 1/81,1/82.

Let G be an (ordered) graph on n vertices, x,y € V(G) and A C V(G) \ {z,y} where |A] > an.

Suppose that for every z € A there exist at least fn*t"=1 (s;h — 1)-sets X C V(G) such that both

G[X U {z}] and G[X U {z}] contain perfect H-tilings and similarly there exist at least Bn*2"~1

(soh —1)-sets Y C V(QG) such that both G[Y U{y}| and G[Y U{z}] contain perfect H-tilings. Then

there exist at least yn1t520=1 () 4 s3)h — 1)-sets Z C V(G) such that both G[Z U {x}] and
G[Z U{y}] contain perfect H-tilings.

Proof. Let z € A and let X, Y be an (s1h — 1)-set and an (sah — 1)-set respectively which satisfy
the above properties, with X,Y disjoint so that y ¢ X and z ¢ Y. Then X U {2z} UY is an
((s1 + s2)h — 1)-set and both G[(X U{z}UY)U{z}] and G[(X U{z} UY) U {y}] contain perfect
H-tilings. Thus, it is enough to lower bound the number of such triples (z, X,Y). There are at
least an choices for z. Given a fixed choice of z there are at least fnsth—1 — ps1h=2 > ﬁnslh_l/Q
suitable choices for X. For a fixed X there are at least fn%2"~1 — s;hn®2"=2 > pn2"=1/2 choices
for Y. Therefore, in total there are at least

h—1 h—1
(O/n) . (57’],51 /2) . (57’},52 /2) > 'yn(81+82)h_1
((s1 + s2)h — 1)!
choices for Z, where the denominator here is because different choices of the triple (z, X,Y") can
yield the same set Z. O

8. FLEXIBLE COLOURING

In this section we prove several auxiliary results which will be particularly important for the
proofs of Theorem 4.2 and Theorem 12.1. We start with the following definition.

Definition 8.1. Let H be an ordered graph and let r := x<(H). We say that H is flezible if, for
every i € [r — 1], there exists an interval (r + 1)-colouring
N<-o<Vi<{z}< Vi <--- <V,

of H such thatboth Vi < --- < ViU{z} < Viy1 < <Viand Vi < -+ - <V, < VijU{z} < --- <V}
are interval r-colourings of H.
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In the next lemma we show that given a flexible ordered graph H, there exists a complete x (H)-
partite ordered graph F' such that F' contains a perfect H-tiling and any complete r-partite ordered
graph F’, whose parts have approximately the same sizes as the corresponding parts in F', contains
a perfect H-tiling too.

Lemma 8.2. Let H be an ordered graph on h vertices and let r := X<(H). If H is ﬂexz'ble then the
following holds. For every i € [r — 1], let V{ < --- < V! <{x;} <V} <--- < V! be an interval
(r+1)-colouring of H as described in Definition 8.1. Let F' be the complete r-partite ordered graph

with parts F1 < --- < F,. such that

r—1 .
rh+2rh- Y |V forke{l,r};
’Fk| = 1?11 '
2rh+2rh- Y |V} otherwise.
i=1

Thus, |F| = 2r(r—1)h2. Let s1,...,8, € Z such that s;+---+s, = 0 and |s;| < h for every i € [r].
Let F' be the complete r-partite ordered graph with parts F| < --- < F] such that |F}| = |Fj| + sy
for every k € [r]. Then both F and F' contain perfect H-tilings.

Proof. First, we explicitly construct a perfect H-tiling in F'. For every i € [r — 1], consider rh
copies of the interval r-colouring Vi < --- < Vi U {z;} < V4, < --- < V! of H and rh copies
of the interval r-colouring Vi < --- < Vi < Viiy U{z;} < --- < V! of H. For every k € [r] we
take the union of all the kth colour classes from the interval r-colourings above to obtain r new
classes. It is easy to check that the size of the new kth class is exactly the size of F}, so we have
just constructed a perfect H-tiling in F. In particular, as there are 2r(r — 1)h copies of H in this
tiling, |F| = 2r(r — 1)R2.

Note that for every pair of consecutive classes (Fj, Fj11) we could independently move rh vertices
from F} to Fii1 to yield a new complete r-partite ordered graph which still contains a perfect H-
tiling; similarly, we could move rh vertices from Fj1 to F (these 2rh vertices fulfill the role of xy,
in their respective interval r-colourings of H). We are going to use this observation to construct a
perfect H-tiling in F”.

Set ty := s1 + -+ si for k € [r] and to := 0. For every pair of consecutive classes (Fj, Fi11),
if ¢ > 0 move tj, vertices from Fyy1 to F}, otherwise move —t; vertices from Fjy to Fyiq. This is
possible since |tg| < |s1|+ -+ |sy| < rh by assumption. Note that the size of the new kth class is
|Fi| + ti — tg—1 = |F| + sp = | F}|, hence we just constructed a perfect H-tiling in F’. O

Observe that the ordered graphs F' and F’ in Lemma 8.2 have the same number of vertices. In
the next corollary we ease this restriction and allow F’ to have a few more vertices than F'.

Corollary 8.3. Let H be an ordered graph on h vertices and let v :== x<(H). If H is flexible then
the following holds. Let F' be the complete r-partite ordered graph with parts Fi < --- < F, as in
Lemma 8.2 and let t € N. For any s1,...,8:,¢ € NU{0} such that s; + --- + s, = Lh < th and
any complete r-partite ordered graph F' with parts F{ < --- < F]. of size |F[| = t|Fy| + sy for every
k € [r], both F(t) and F' contain perfect H-tilings.

Proof. By Lemma 8.2, F' contains a perfect H-tiling and thus clearly the ordered blow-up F'(t)
contains a perfect H-tiling too.
We prove that F’ contains a perfect H-tiling by induction on ¢. If £ = 0 then F’ = F(t) and so
F’ contains a perfect H-tiling.
Assume £ > 0. For every k € [r], let s} € NU {0} such that s} < s and s§ +---+ s, = h. Let
Q1 < -+ < @, be an interval r-colouring of H. Notice that V (F’) can be partitioned into four sets
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X,Y, W, Z such that
(XNF] = @E=0lFl, [YNF| = ((=1)|Fel+(sk—sp), [WNF| =1Qul, |Z] = [Fil+s,—|Qxl,
for every k € [r]. Observe that
e If non-empty then F'[X] is a copy of F(t — ¢), thus F'[X] contains a perfect H-tiling.
o If / =1 then s} = s;, for every k € [r] and so F'[Y] is the empty graph. Otherwise, F'[Y]
contains a perfect H-tiling by the inductive hypothesis since (s1—s] )+ - -+ (s, —s}.) = ({—1)h
and s — s, > 0 for every k € [r].
e F'[W] spans a copy of H.
e [[Z] contains a perfect H-tiling by Lemma 8.2 since

r

Y (sk—1Qu)=h—h=0

k=1
and |s) — |Qx|| < h for every k € [r].
Altogether this clearly implies F’ contains a perfect H-tiling. ([l

Our goal now is to show that if x%.(H) < x<(H) then H is flexible. This property is crucial for
the proof of Theorem 4.2, and is a corollary of the following lemma.

Lemma 8.4. Let H be an ordered graph with vertex set [h] and let r :== x<(H). If H is not flezible,
there exist some i € [r— 1] such that the number of vertices lying in the first i intervals of any given
interval r-colouring of H is fized.

Proof. Since H is not flexible, there exist some i € [r — 1] such that there is no interval (r + 1)-
colouring V4 < --- < V; < {x} < Vj11 < --- <V, of H such that both Vj < --- < V;U{z} < Vi1 <
o< Veand Vi < --- <V < Vipp U{z} < --- <V, are interval r-colourings of H.

Let U; < --- < U, be an interval r-colouring of H. Let y be the largest vertex in U; and let z be
the smallest vertex in U;11; so z = y 4+ 1. Note that y must be adjacent to some vertex in U; 11, as
otherwise the interval (r + 1)-colouring Uy < --- < U; \ {y} < {y} < Uiy1 < --- < U, satisfies the
flexibility property, a contradiction. Let 3’ be the smallest vertex in U, 1 adjacent to y. Similarly,
let 2’ be the largest vertex in U; adjacent to z.

Claim 8.5. Given any r-colouring Q1 < --- < Q, of H, y € Q; and z € Q;41.

Fix an arbitrary interval r-colouring Q1 < - -+ < @, of H; say that 2’ lies in the kth interval Qy.
Note that Q1 < --- < QN ['] < (U; \ [¢]) < Uiy1 < -+ < U, is an interval colouring of H. If (i)
k<i—1or(ii) k=1i—1and 2’ =y then x<(H) < r, a contradiction. If k =i —1 and 2’ # y then
the interval (r 4+ 1)-colouring @1 < -+ < Qi1 N[Z'] < (U; \ [¢])) < {2} < Ui \ {2z} < --- < U,
satisfies the flexibility property, a contradiction to our initial assumption in the proof. Thus, k > i,
which implies that z is contained in the (i + 1)th interval Q;+1 or above since z and 2’ are adjacent.
Similarly, we can show that y is contained in the ith interval Q); or below. This implies that, since
1y, z are consecutive vertices in H, y lies in @; and z in Q;41. This completes the proof of the claim.

By the claim above, the number of vertices in the first ¢ intervals of any given interval r-colouring
of H is exactly y, yielding the required result. ([l

Corollary 8.6. Let H be an ordered graph with vertex set [h]. If x5.(H) < x<(H), then H is
flexible.

Proof. Let r := x<(H). Suppose for a contradiction that H is not flexible. By Lemma 8.4, there

exist some i € [r — 1] such that the number of vertices lying in the first 7 intervals of any given

interval r-colouring of H is, say, y for some fixed y € N. Consider a bottlegraph B of H with
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Xer(B) < r (which exists by definition of x%,.(H) and as x}.(H) < r); note that B must consist of
precisely r parts. By Proposition 5.1 we may assume that B has parts By, ..., B, where |Bi| <m
and |B;| = m for some m € N. Let o be a permutation of [r] and ¢ be an interval labelling of B
with respect to 0. Recall that the ordered graph (B, ¢) has parts B,-1(;) < -+ < B,-1(;y. Then,
there exists some ¢t € N such that the ordered blow-up (B(t), ) contains a perfect H-tiling. In
particular, this perfect H-tiling consists of ¢|B|/h copies of H. By assumption, each copy of H has
exactly y vertices lying in the first 7 parts of (B(t),¢) which implies that the first ¢ parts contain
exactly yt|B|/h vertices; that is, the total number of vertices in these parts is independent of the
choice of o. This is clearly a contradiction as if we pick ¢ such that o=1(1) = 1 then there are
fewer than itm vertices in the first i parts of (B(t), ¢), while if 0=1(r) = 1 then there are precisely
itm vertices in the first i parts of (B(t), ¢). O

Note that one does really require x7,.(H) < x<(H) in the statement of Corollary 8.6; consider,
e.g., when H is a complete balanced r-partite ordered graph with parts of size at least 2.

9. PROOF SKETCH OF THEOREM 4.2

In this section we briefly present the main ideas behind the proof of Theorem 4.2 before giving
a rigorous argument in Section 10.1. Throughout this section we set r := x<(H) > 3.

Let H be an ordered graph such that x%.(H) < x<(H) = r and H has no local barrier. Let G
be an n-vertex graph with n sufficiently large and minimum degree

5(G) > <1 - +0(1)> n.

Our ultimate goal is to construct many chains between any given pair of vertices z,y € V(G); then
Lemma 7.1 will conclude the proof.

To achieve this, we first divide [n] into many nearly balanced intervals, remove all edges in G
which lie completely in some interval and then apply the multipartite version of the regularity
lemma to obtain a reduced graph R. This preconditioning process will make it convenient to work
with cliques in the reduced graph: if two clusters W and W’ are adjacent in R then by construction
either W < W' or W > W".

We then show that given an arbitrary pair of clusters W and W' in R, for almost every pair of
vertices # € W and y € W’ we can find many chains between z and y. We achieve this gradually
through various steps:

e Given a copy T of K, in the reduced graph R and an arbitrary cluster W in T', we prove
that for almost every pair of vertices x,y € W we can find many chains between z and y.
This is quite straightforward and the only property of H we use is that x<(H) = 7.

e Given a copy T of K, in the reduced graph R and two arbitrary clusters W, W' in T, we
prove that for almost every pair of vertices x € W and y € W' we can find many chains
between x and y. The “flexibility” guaranteed by the condition x(H) < x%,.(H), formally
stated in Corollary 8.6, will be the main ingredient here.

e Finally, we show that given any two arbitrary clusters W and W', for almost every pair of
vertices x € W and y € W’ we can find many chains between z and y. Since r > 3, this
fairly straightforwardly follows from the minimum degree of R and the previous point.

Next, given an arbitrary vertex z € V(G), we use the minimum degree condition to find a particular
structure £ in G containing z and resembling an extremal construction for graphs which have a
local barrier, namely Extremal Example 1; in particular, the vertex classes of Extremal Example 1
are replaced by some of the clusters in R. Assuming H does not have a local barrier, and using
Corollary 8.3, we find many chains between x and almost every vertex lying in a certain cluster W
in L.
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Analogously, given an arbitrary y € V(G)\ {z}, we find many chains between y and almost every
vertex lying in a certain cluster W’. By the previous steps, there exist many chains between almost
every vertex in W and almost every vertex in W’. By concatenation, this ensures many chains
between z and y and so the hypothesis of Lemma 7.1 is satisfied, thereby yielding Theorem 4.2.

10. PROOF OF THEOREM 4.2 AND THEOREM 1.10

10.1. Proof of Theorem 4.2. Let H be an ordered graph on h vertices such that x%.(H) < x<(H),
X<(H) >3 and H has no local barrier. Set r := x<(H).
Given any 1 > 0, define additional constants d,e1,e2,e3 € R and ¢y € N so that

(7) 0<l/ly<er<erKeg<<d<n,1/(rh).

Set ¢t := [4/n] and let Ly = Lo(e1,t,4y) > £y be as in Theorem 6.2. Additionally, let &1, &2, &3,84,&5 €
R and n € N so that

(8) 0<1/n<KE KU KB KL K K /L.
Define v := (£5/2)" /4 and s := 2r(r — 1)h + 1.

Let G be an ordered graph on n > Lg vertices with minimum degree

i(G) > <1—Ti1+n>n.

Let Wi < --- < W; be a nearly balanced interval partition of [n]. Let G’ be the ordered graph
obtained by deleting all edges lying in each W; from G. As t = [4/n] we have that |[W;| < [nn/4]
for all i € [t] and so

) 5@ > (1 -ty g) n.

r—1
Apply Theorem 6.2 to G’ with parameters €1, t, g and d to obtain a pure graph G” and a partition
wo, ..., I/Vf for every W;, where ¢y < ¢ < Ly. All non-exceptional clusters W/ have size m where
1/n e1mn nn

(10) m2 g ([5]-7) 2 5,

Let R be the corresponding reduced graph of G'. By (9), Proposition 6.3 implies that

(11) 5(R) > (1 oy ”) Rl.

r—1 3

Crucially, observe that if Wz] WZ, is an edge in R then, by construction of G’, i # ' and so either
Wi < Wi or WY > Wi

First, we prove that given a copy T of K, in R and an arbitrary cluster W in T, for almost every
pair of vertices x,y € W there exist many chains between x and y.

Claim 10.1. Let Ty < --- < T} be r clusters which form a copy of K, in R. Given any i € [r],
there exists a set A; C T; of size |A;| > (1 —eqr)|T;| such that the following holds: for every x € A;
there exists a set Cy C T; of size |Cy| > (1 — 2e9r)|T;| such that for every y € C, there are at least
&nt (b —1)-sets X C V(G) so that both G[X U {z}] and G[X U {y}] contain a copy of H.

Proof. Fix i € [r]. For every k # i, let

Ly = {1} eT;: dGH(U,Tk) < (d — 81)‘Tk|}.
Observe that dgv(Lk, T) < d — ¢; for every k # i. Suppose |Lg,| > €|T;| for some kg # i. Since
(T3, Ty ) is (€1, d)-regular then

|dGr (Liy, Tiy) — dar (Ti, Thy )| < €1
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and so dgr(Ly,, Tx,) > d — €1, a contradiction. Thus |Lg| < e1|T;| for every k # i. In particular,
|L1 UJ---u Lr| < 81(7“ — 1)|Tl| < 517’|TZ’|.
Let A; :=T; \ (L1 U---UL,). It follows from the previous inequality that
4] > (1 — )Ty,
Let © € A;. Define T} := Tj, N Ngn(z) for every k # ¢ and T} := T; \ {z}. By the slicing lemma
(Lemma 6.1), the pair (T,,T})q is (e2,d/2)-regular for every a # b € [r]. For every k # i, let
L, ={veT :de(v,T}) < (d/2 — 2)|T}]|}
By the same argument as before,
Ly U-- ULl < ear|T).
Let Cp :=T/\ (Lj U---UL.). The above inequality implies that
Col > (1 ean)|T!] > (1 2607)|Ty].

Let y € Cp. Define T} := T} N Ngv(y) = Ty N Ngv(x) N Nen(y) for every k # i and T =
T/ \{y} = T; \ {z,y}. By the slicing lemma, the pair (T,/,T})q is (e3,d/3)-regular for every
a # b € [r]. Furthermore, by construction, = and y are adjacent to all vertices in T} for every k # i.

Let V4 < --- <V, be an interval r-colouring of H. Pick any v € V; and let H' be the complete
r-partite ordered graph with parts Vi <--- <V;\ {v} <--- <V,. Using (7), (8) and (10), the key
lemma (Lemma 6.4) implies that there exist at least £&;n"~! vertex sets X in G so that G[X] spans

a copy of H' where Vj, C T} for every k # i and V; \ {v} C T/". Because x and y are adjacent to all
vertices in T} for every k # i, both G[X U{z}] and G[X U {y}] are spanned by a copy of H. O

We now prove that given a copy T of K, in the reduced graph R and two arbitrary clusters W
and W' in T, for almost every pair of vertices x € W and y € W’ there exist many chains between
x and y. Recall s = 2r(r —1)h + 1.

Claim 10.2. Let Th < --- < T} be r clusters which form a copy of K, in R. For every i,j € [r],
there exist sets A; C T; and A; C Tj of size |A;| > (1 —eir)|T;| and |A;| > (1 —eqr)|T}| such that
for every x € A; and y € A; there are at least &Enh=l (sh — 1)-sets X C V(G) for which both
GIX U{z}] and G[X U{y}| contain perfect H-tilings.
Proof. Fix i,7 € [r]. As in the proof of Claim 10.1, for every k # i, we define
L :={v eT;:dgr(v,T) < (d —e1)|Tk[}
and set A; :=1T;\ (L1 U---UL,). In the proof of Claim 10.1 we saw that
|LiU-- UL, <ei(r—1)|T;| <er|T;| and thus [A;] > (1 —err)|Ti.

Let z € A;. As in the proof of Claim 10.1, we define T} := T}, N Ngv(x) for every k # i and
T} :=T; \ {«}. The pair (T,,T})c» is (e2,d/2)-regular for every a # b € [r].

For every k # j, let

L;c = {U € T'j, : dG//(’U,T]::) < (d/2 — 52)|T];|}

Note that L) is not quite the same as the corresponding set given in the proof of Claim 10.1 (it is
defined it terms of j not i); however, as in the proof of Claim 10.1 we have that

|Ly U--- U Ly| < eor|T}].
Let C':=Tj\ (L} U---U L}). The previous inequality implies that

(M d
(12) C1 = (1= ean)|Tj] = (1 —ear)(d — )| T3] = S|Tjl-
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Let 2z € C. Define T} := T}, N Ngn(z) for every k # j and T := T; \ {z}. By the slicing
lemma and (7), the pair (T, T}')g» is (e3,d/3)-regular for every pair a # b € [r]. Furthermore, by
construction, x is adjacent to all vertices in T} for every k # ¢ while z is adjacent to all vertices in
T} for every k # j.

Since x%.(H) < x<(H), by Corollary 8.6 H is flexible. Let F' be the complete r-partite ordered
graph with parts F} < --- < F as defined in Lemma 8.2. Recall that |F| = 2r(r — 1)h% = (s — 1)h.
Pick any v € F; and let F'* be the ordered graph obtained by removing the vertex v from F. In
particular, F™* is a complete r-partite ordered graph with parts F} < --- < F; \ {v} <--- < F,. By
(7), (8) and (10), the key lemma (Lemma 6.4) implies that there exist at least &;n/F1~1 vertex sets
Y in G so that G[Y] spans a copy of F* where F}, C T}/ for every k # i and F; \ {v} C T}

Given any such set Y, since x is adjacent to all vertices in T}’ (for all k # i) then G[Y U {z}] is
spanned by a copy of F' and thus it contains a perfect H-tiling. Similarly, since z is adjacent to all
vertices in T}/ (for all k # j) then G[Y U {z}] is spanned by a complete r-partite ordered graph F”
on |F| vertices where each part of F’ differs in size by at most one compared to the corresponding
part in F'. Thus, Lemma 8.2 implies G[Y" U {z}| contains a perfect H-tiling.

Let A; C Tj be as in the statement of Claim 10.1; so |A;| > (1 —e17)|Tj|. Let y € Aj. By
Claim 10.1, there exists a set C,, C T} of size

(13) Cy| = (1 = 2e97)[T}]

such that for any z € Oy there exist at least £,n"~1 (h —1)-sets Z C V(G) so that both G[Z U {y}]
and G[Z U {z}| contain spanning copies of H.

In summary, given any x € A; and y € A;, we have shown that for every z € C' N Cy there
exist at least &nlFI=1 (|F| — 1)-sets Y such that both G[Y U {z}] and G[Y U {z}] contain perfect
H-tilings and similarly there exist at least &;n~! (h — 1)-sets Z such that both G[Z U {y}] and
G[Z U {z}] contain perfect H-tilings. Furthermore, as C,C, C T; note that

[CNCy| =I|Cl+|Cyl = [CUCy| = |C| +|Cy| — [T} 2 elllj| =em = 5Lo

Applying Lemma 7.2 with CNCy,e1n/(5L0), &1, &2 playing the roles of A, «, 3,7, we conclude that
there exist at least &nlFHh=1 = &nsP=1 (sh — 1)-sets X C V(G) such that both G[X U {z}] and
G[X U {y}| contain perfect H-tilings, as desired. O

In the next claim we show that given any arbitrary pair of clusters W and W' in the reduced
graph R, for almost every pair of vertices x € W and y € W’ there exist many chains between z
and y. The assumption r > 3 is crucial here.

Claim 10.3. For every pair of clusters W and W' in R, there exist sets A C W and A’ C W' of
size |A] > (1 — e1r)|W| and |A'| > (1 — e17)|W'| satisfying the following: for every pair of vertices
r € A andy € A there are at least £&3n*"~1 (2sh — 1)-sets X C V(G), such that both G[X U {x}]
and G[X U {y}| contain perfect H-tilings.

Proof. Recall the reduced graph R has minimum degree

5(R) > (1 - % g) R|.

Using the above minimum degree condition, given any two adjacent clusters in R, one can greedily
construct a copy of K, in R containing them both.
Since r > 3, 6(R) > |R|/2 and so the clusters W and W' have a common neighbour U in R. Let
K and K’ be two copies of K, in R containing W,U and W', U respectively.
Apply Claim 10.2 with K, W, U playing the roles of K., T; and T} to obtain sets A C W and
D C U with |A| > (1 —er)|W| and |D| > (1 — e17)|U]|. Similarly, apply Claim 10.2 with K', W/,
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U playing the roles of K, T; and T} to obtain sets A’ C W’ and D' C U with |A'| > (1 —eyr)|W|
and |D'| > (1 —e1r)|U|.

By Claim 10.2, for any z € A, y € A’ and z € D N D', there exist at least &n®'~1 (sh — 1)-
sets Y C V(G) such that both G[Y U {z}] and G[Y U {z}] contain perfect H-tilings and &n®'!
(sh —1)-sets Z C V(G) such that both G[Z U {y}| and G[Z U {z}] contain perfect H-tilings.

Furthermore, since D, D’ C U then

/ / 10 nn
|IDND'| > |D|+|D'|—|U| > (1—=2e17)|U| = (1 —2e17)m > 6Ly

Applying Lemma 7.2 with DN D', n/(6Lg), &2, &3 playing the roles of A, «, 3,7, we conclude that
there exist at least £&3n?*"~1 (2sh — 1)-sets X C V(G) such that both G[X U {z}] and G[X U {y}]
contain perfect H-tilings, as desired. n

In the next claim we use the minimum degree condition of the reduced graph R to find a structure
L containing an arbitrary vertex z and resembling the extremal construction for an ordered graph
which has a local barrier. Furthermore, we prove that there exist many chains between x and
almost every vertex in some cluster in L.

Claim 10.4. Let x € V(G). There exists some cluster W € V(R) and a set A C W of size
|A| > (1 —eor)|W| satisfying the following: for everyy € A there exist at least &' (sh—1)-sets
X C V(G) such that both G[X U{z}]| and G[X U{y}] contain perfect H-tilings.

Proof. Let x € V(G) and define
N*(z) :={W} € V(R) : des(x, W}) > n|W}|/100}.

Recall that every non-exceptional cluster W has size m. Hence, if W € N*(z) then there are at
most m neighbours of x in W, while if W ¢ N*(z) then there are at most 17m /100 neighbours of z
in W. Finally, there are at most 1n vertices lying in exceptional clusters. Therefore,

)

1
<1 R Z) n < dei(z) < m-|N*(2)| +nn/100 + ein.

and thus
(14) 1L Y R < V)
r—1 3 - -

Using (11) and (14), we can greedily find r clusters T1,...,T, in R such that

e the T}’s span a copy of K, in R;
o T} € N*(x) for every k € [r — 1];
o if z € Wy, with kg € [t] then T}, Wy, for all k € [r].

By the properties above, we may relabel indices so that there is an ¢ € [r+ 1] and j € [r] for which
< <Tihmh<z<i<---<T,
and Ty, € N*(x) for every k # j.
Define T} := T}, N Ngr(x) for k # j and T} := T;. By construction, [Ty > 7m/100 for every
k € [r]. Thus, by the slicing lemma (Lemma 6.1), (T}, T}) g~ is (€2, d/2)-regular for every a # b € [r].
We will show that the cluster W := T} is as desired for the claim. For every k # j, let
Ly := {U € T'j, : dG//(’U,T]:;) < (Cl/2 — 82)|T]g|}
It is easy to show that [Lg| < e2|T}[. Let A:=T}\ (L1 U---UL;), then

[A] > (1= e2r)|Tj] = (1 — e2r)|T.
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Let y € A. Define T} := T; N Ngn(y) for every k # j and T;' = T; \ {y}. By the slicing lemma,
(T}, T))ar is (e3,d/3)-regular for every a # b € [r]. Furthermore, z and y are adjacent to all
vertices in T} for every k # j (see Figure 3).

Yy X

FIGURE 3. In this picture, we take r = 3, T1 < T < z < T3 and 57 = 1. Note
that (77 \ {y},1%), (T3 \ {y},T%) and (T4, T}) are regular pairs, while z and y are
adjacent to all vertices in Ty and Tj .

Since H has no local barrier, there exists an interval (r + 1)-colouring
i< oo <Viag<{u}<Vi<--- <V,

of H such that there is no edge between v and V. Furthermore, as x}.(H) < x<(H), H is flexible
by Corollary 8.6. Let F' be the complete r-partite ordered graph with parts F; < --- < F,. as
defined in Lemma 8.2 and let F’ be the complete r-partite ordered graph with parts F] < --- < F)
where
| = {|Fk|+yvk|+1 if k= 7,
F | Fi| + Vil otherwise.
Note that

,
14> [Vil=1+(h—1)=h
k=1
thus, both F' and F’ contain perfect H-tilings by Corollary 8.3.

Pick any u € F]’ Note that F’\ {u} is the complete r-partite ordered graph such that the kth
part has size |Fg| + |Vi| for every k € [r] and |F'\ {u}| = |F| 4+ h —1 = sh — 1. By the key lemma
(Lemma 6.4), there exist at least £&,n"~1 (sh — 1)-sets X C V(G) such that G[X] spans a copy of
F'\{u} with Fy C Ty for every k # j and F}\ {u} C T} It remains to show that both G[X U {z}]
and G[X U{y}] contain perfect H-tilings.

First, we consider G[X U{xz}]. Since G[X] spans a copy of F'\ {u} with F}, C T}’ for every k # j
and F}\ {u} C T}, then X can be partitioned into two sets Y, Z such that

Y NTY| = [Vi| and |ZNTY| = |F|

for every k € [r]. Note that G[Z] spans a copy of F', thus G[Z] contains a perfect H-tiling. On the
other hand, G[Y] spans a copy of H \ {v}. Recall that z is adjacent to all vertices in T}’ for every
k#jand T | < x <T/. Thus, G[Y U {z}] spans a copy of H in G where x plays the role of v.
It follows that G[X U {x}] contains a perfect H-tiling.
Next, we consider G[X U{y}]. Since y € T} and y is adjacent to all vertices in 7}’ for k # j, then
G[X U{y}] spans a copy of F’ and so G[X U {y}| contains a perfect H-tiling. O
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Remark 10.5. Note that Claim 10.4 holds even if we relax the hypothesis of Theorem 4.2 to allow
X< (H) > 2; that is, we did not use the condition that r > 3 anywhere in the proof of this claim.
This fact will be useful in the proof of Theorem 10.7 in the next subsection.

Our final claim states that given arbitrary vertices z,y € V(@) there exist many chains of
bounded size between x and y.

Claim 10.6. Let x,y € V(G). There exist at least &n*sh=1 (4sh — 1)-sets X C V(G) such that
both G| X U{z}] and G[X U{y}| contain perfect H-tilings.

Proof. By Claim 10.4 there exist clusters W, W’ € V(R) and sets A C W, A" C W' of size
|A| > (1 —eor)|W| and |A’| > (1 — eor)|W'| such that for every z € A and 2’ € A’ there exist at
least £&n*"=1 (sh — 1)-sets Y C V(@) such that both G[Y U {z}] and G[Y U {z}] contain perfect
H-tilings and at least &n*"~1 (sh —1)-sets Y’ C V(@) such that both G[Y' U {y}] and G[Y'U{2}]
contain perfect H-tilings.

Furthermore, by Claim 10.3 there exist sets D C W, D" C W' of size |D| > (1 — e1r)|W| and
|D'| > (1—&17)|W’| such that for every z € D and 2’ € D’ there exist at least &3n2s" =1 (2sh—1)-sets
Z C V(@) such that both G[Z U{z}] and G[Z U {2'}] contain perfect H-tilings. Note that

(10) pn
IAND| > (1 - 2e9r)|W| = (1 — 20r)m > -,
6Lg
(10)
|A'ND'| > (1 —2e9r)|[W'| = (1 - 2e9r)m > 6777”
0

Apply Lemma 7.2 to y and any z € AND with A'ND’,n/(6Ly),&s, & playing the roles of A, «, 3,7;
we conclude that there are at least £m3*"~! (3sh — 1)-sets X’ C V(@) such that both G[X' U {z}]
and G[X’ U {y}| contain perfect H-tilings.

Next apply Lemma 7.2 to x and y, with AND,n/(6Ly), &4, &5 playing the roles of A, «, 3,7; this
yields at least &5n*" =1 (4sh —1)-sets X C V(@) such that both G[X U{z}] and G[X U{y}] contain
perfect H-tilings, as desired. ]

Observe that, by Claim 10.6, the hypothesis of Theorem 7.1 is satisfied with 4s and &5 playing
the roles of s and €. Thus, V(G) contains a set Abs so that
o [Abs] < (€5/2)n/4;
e Abs is an H-absorbing set for any W C V/(G) \ Abs such that |[WW| € AN and |W| <

(€5/2)%'n/ (5125%Rh3).
Recall that v = (£5/2)" /4. Therefore we have that |Abs| < vn and by (7) and (8) we have that
v3 < (£&5/2)%"/(51252h3); so Abs is as desired. 0

10.2. Proof of Theorem 1.10. By arguing as in Claim 10.4, we obtain the following result.

Theorem 10.7. Let H be an ordered graph that does not have a local barrier and let n > 0. There
exists an ng € N so that the following holds. If G is an ordered graph on n > ng vertices with

0(G) > (1_X<(;)—1 +77> n,

then for any vertex x € V(G) there exists a copy of H in G covering the vertex x.

Proof. Let r := x<(H). Given such an ordered graph G, define constants as in (7) and ().
As in the proof of Theorem 4.2, apply the regularity lemma, and then argue as in the proof of
Claim 10.4 to obtain the following: given any = € V(G), there are disjoint 77,...,7) C V(Q)
where |T}| > n%n/(500Lg) and i € [r + 1], j € [r] such that
TN<- - <T ,<zx<T < - -<T
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(T,,T}) is (e2,d/2)-regular for every a # b € [r]; = is adjacent to all vertices in T}, for any k # j.
As H does not have a local barrier, there exists an interval (r + 1)-colouring

i< oo <Viag<{o}<Vi<--- <V,

of H such that there is no edge between v and V;. By the key lemma, there exists some set
X C V(G) such that G[X] spans a copy of H \ {v} with V}, C T} for every k € [r]. Since z is
adjacent to all vertices in T}, for every k # j, G[X U {z}] spans a copy of H in G, as desired. O

We are now ready to prove Theorem 1.10 using Theorem 4.1 and Theorem 10.7.

Proof of Theorem 1.10. Note that the lower bounds stated in Theorem 1.10 follow immediately
from Corollary 2.2 and Lemma 2.5. It remains to prove the upper bounds.

Let H be an ordered graph and 1 > 0. Let G be an ordered graph on n vertices with n sufficiently
large and minimum degree

(i) 0(G) > (1 - ﬁ(H) + 77) n if H has a local barrier;

(ii)) §(G) > (1 - m + 77) n if H does not have a local barrier.

In case (ii) we obtain an H-cover by Theorem 10.7. In case (i), consider any x € V(H). Let
y € V(G) \ {z}. By Theorem 4.1 there exists a set X C V(G) such that both G[X U {z}] and
G[X U{y}] contain perfect H-tilings. In particular, there exists a copy of H in G covering x. Thus,
G has an H-cover, as desired. ]

11. PROPERTIES OF x},.(H)

In this section, we provide various bounds on the parameter x.(H). We start by showing some
natural upper and lower bounds.

Proposition 11.1. Let H be an ordered graph on h vertices and let r := x<(H). Let C denote the
set of interval r-colourings of H. Define

(_(H) = max |H1| and ¢ (H):= max |H,|.
(Hi<--<Hp)eC (Hi<-<Hp)eC

Then x*.(H) > h/l_(H) and x%.(H) > h/¢* (H).

Proof. We only prove that x*.(H) > h/{_(H) as the proof that x}.(H) > h/¢* (H) is analogous.
Let B be a bottlegraph of H with parts Bi,..., By for some k£ € N. Our aim is to show that
Xer(B) > h/¢_(H). By Proposition 5.1, we may assume there exists some m € N such that

|Bx| <m and |Bj|=m

for every i € [k — 1]. Let ¢ be an interval labelling of B such that the ordered graph (B, ¢) has
parts By < --- < Bj. Since B is a bottlegraph, there exists a t € N so that (B(t),$) contains a
perfect H-tiling H. Note H consists of |B|t/h copies of H and every copy of H has at most {_(H)
vertices in B, thus

mt = |By|t < (_(H)|H| = (_(H)|B]|t/h.

Since X¢r(B) = |B|/m, the above implies x.r(B) > h/¢_(H) and so x}.(H) > h/{_(H). O
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Proposition 11.2. Let H be an ordered graph on h vertices and let r := x<(H). Let C denote the
set of interval r-colourings of H. Define

(. (H) = in |H;| ;.
+(H) <H1<I?3}ér>ec{§2iﬁ '}

Then %, (H) < h/€; (H).
Proof. Let H; < --- < H, be an interval r-colouring of H such that

(4 (H) = min |H,|.
i€]r]

Let k := |h/¢;(H)| and let B be the complete (k + 1)-partite unordered graph with parts
By, ..., Bgy1 such that

Butl = (h— ke (H)) - (b)) and  [B| = €,.(H) - (h!)

for every s € [k]. Note that By is the smallest part and may be empty. We have that |B| = h - h!
and XCT‘(B) = h/€+(H)

We will now prove that B is a simple bottlegraph of H. Let o be a permutation of [k + 1] and
let ¢ be an interval labelling of B with respect to o. Note that V((B,¢)) = [h- (h!)]. Set to:=0
and

ti = ([Hy| + -+ [Hy)) - (h)

for every i € [r]. For every j € [h!] and i € [r], let
T} = [tioy + j|Hil] \ [tie1 + (7 — 1)|Hil].

Observe that the set of intervals {ZI?}je[hg] is a partition of [t;] \ [t;—1] and in particular the set of
all intervals T} is a partition of [h - (h!)].

Relabel the parts of (B, ¢) by By, ..., B, so that By <--- < Bj_,. Suppose that T]’ intersects
both B, and B, for some i € [r], j € [h]] and s € [k]. Since |T;,| = |H;| for every j' € [hl], it
follows that

(B U~ UB)\ [t]

is not divisible by |H;|, as otherwise no T]?, would intersect both Bf, and B;_ , for any j' € [h!l],

and in particular for j/ = j, contradicting our assumption. However, |Bj U---U B.| and ¢;_; are
both divisible by h! and thus [(BjU---U B.)\ [t;—1]| is divisible by |H;|, reaching a contradiction.
Therefore, every T} is a subset of some B..

Suppose T]Z and T;H are both subsets of some B, then
Byl > (ti + jlHi]) — (tim1 + (5 = DIH;]) = (A = j + 1) H;| + j|Hia| = (A + 1) - £4.(H),

again reaching a contradiction. It follows that the ordered graph T} spanned by le <o <Tjis
a complete r-partite ordered subgraph of (B, ¢). Since |T;| = |H;| then T; spans a copy of H in
(B, ¢) for every j € [h!]. The T}’s are disjoint and cover all the vertices of (B, ¢), thus they yield
a perfect H-tiling. Since o, ¢ are arbitrary, B is a simple bottlegraph of H. In particular,

Xer(H) < Xer(B) = h/y(H).
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The next result follows easily from the previous bounds.

Proposition 11.3. Let H be a complete r-partite ordered graph on h wvertices with parts Hy <
.-+ < H, such that (i) |H1| < |H;| for every i € [r] or (ii) |H,| < |H;| for every i € [r]. Then
X5.(H) =h/|Hi| > x<(H) in case (i) and x}.(H) = h/|H,| > x<(H) in case (ii).

Proof. For case (i), let /_(H) and ¢ (H) be as in Proposition 11.1 and Proposition 11.2 respectively.
Note that ¢_(H) = ¢, (H) = |Hi|, hence Propositions 11.1 and 11.2 imply that x%.(H) = h/|Hi|.
Case (ii) follows similarly. O

In [3], Balogh, Li and the second author (implicitly) computed x},.(H) for any H such that
X< (H) = 2. Their result can be easily recovered using Propositions 11.1 and 11.2.

Proposition 11.4 (Balogh, Li and Treglown [3]). Let H be an ordered graph with vertezx set [h]
such that x<(H) = 2. Define a™(H) to be the largest integer t € [h] so that [1,t] is an independent
set in H; o= (H) to be the largest integer t € [h] so that [h —t 4+ 1, h] is an independent set in H;
a(H) :=min{a*(H),a (H)}. Then
h
(H) = .
XCT( ) a(H)

Proof. Let ¢_(H),¢* (H),¢+(H) be as in Propositions 11.1 and 11.2.
Observe that both [1,a™(H)] < [@T(H) + 1,h] and [1,h — a (H)] < [h — o (H) + 1,h] are
interval 2-colourings of H. In particular,

(_(H)=at(H) and ¢*(H)=a (H),

and so x%.(H) > h/a(H) by Proposition 11.1. It remains to show that x%.(H) < h/a(H). If
a(H) < h/2 then ¢, (H) > o(H)* and so x,.(H) < h/a(H) by Proposition 11.2. If a(H) > h/2,
then both [1,a(H)] < [a(H)+1,h] and [1,h—«a(H)] < [h—«(H)+1, h] are interval 2-colourings of
H. Therefore the complete bipartite graph B with parts U, V of size |U| = a(H) and |V| = h—a(H)
is a simple bottlegraph of H. We have x..(B) = h/a(H) and thus x}.(H) < h/a(H). O

If x<(H) = 3, finding a closed formula for x%,.(H) already proves challenging. In the next result
we determine x%,.(H) for any complete 3-partite ordered graph H.

Proposition 11.5. Let H be a complete 3-partite ordered graph on h wvertices with parts Hi <
Hy < Hj of size hy, ho, hg respectively and let

min{hq, ha, h3} h
H) =(2- . .
9(H) < min{hq, h3} ) min{hq, h3}

Then x¢r(H) = g(H).

Proof. We may assume that h; < hs; the case hy > hs follows by the symmetry of the argument.
If hy < hy then x%.(H) = h/h1 by Proposition 11.3 and the result follows. So for the rest of the
proof we assume hg < h; < hs. Under these assumptions, g(H) = (2 — ha/hi)h/h1 > 3.

Claim 11.6. x}.(H) > g(H).

Let B be a bottlegraph of H with parts B, ..., By for some k € N. Note that k > 3 since H is
3-partite. Our aim is to show that x..(B) > g(H). By Proposition 5.1, we may assume that there
exists some m € N such that

|Bp| <m and |Bij|=m

“n fact, if a(H) < h/2 then £y (H) = a(H).
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for every i € [k — 1]. Pick an interval labelling ¢ of B such that the ordered graph (B, ¢) has parts
B < By < --- < By. By definition there exists some ¢ € N such that the ordered blow-up (B(t), ¢)
contains a perfect H-tiling M. Recall that we denote the parts of (B(t), ¢) by Bi(t) < --- < Bg(t).

Let M; be the set of copies of H € M whose first part H; lies completely in Bj(t) and let
My = M\ M. Note that every copy of H € M; has exactly h; vertices in Bj(t) and at most
hi+hg vertices in By (t)UBs(t), while every copy of H € My has at most hy vertices in By (t)UBa(t).
Since |Bi(t)| = |Ba(t)| = mt, it follows that

mt > hy - |M1| and 2mt < (hl —|—h2) . ’./\/11‘ + hq - |./\/l2|

The above implies that
h2 mit
- > (2 22) 1
M= a1l > (2= 52)
Since xcr(B) = |B|/m = |M|h/(mt) then x(B) > g(H), proving the claim.

Claim 11.7. If hi = hs then there exists a simple bottlegraph B of H with four parts such that
three parts of B have size h?; one part has size h? — h3; xer(B) = g(H).

(o) 2o (2

and so 3 < g(H) < 4. Let B be the complete 4-partite graph with parts Bj, Ba, B3, By where
|Bi| =hi —h3 and |B;|=hi
for every i = 2,3,4. Note that x..(B) = |B|/h? = g(H). It remains to show that B is a simple
bottlegraph of H.
Let o be a permutation of [4] and ¢ an interval labelling of B with respect to o. Recall that the
ordered graph (B, ¢) has parts B,-1(1) < B,-1(2) < By-1(3) < By-1(4). Either o 1(1),07(2) # 1
or 071(3),071(4) # 1. We will now deal with the former case.

Observe that V(B) can be partitioned into two sets X, Y of size |X| = hi(2h1 + h2) and |Y| =
(h1 — h2)(2h1 + h2) such that

Suppose h; = hz. Then

0 ifi=1,

hi(h1 — h if1 =2

¥ O By = { U ) =2,

hg(hl — hg) ifi = 3,

hi(hy — hg) if i =4,

and

h? ifi =1,
|X N Bafl(i)| = < hihy if 1 =2,

’Ba—l(i’))‘ — hiho + h% if 1 = 3,
and all remaining vertices of X lie in B,-1(y)-

In particular, (i) |X N By-1(y| = hi; |X N By-1(9)| = hihg; |X N By-1(3)] = hi — hihy + h3;
| XN By1(4)| = hiha —h3 or (ii) [X N By-1(y| = hi; [X N By-r)| = hihe; | XN By1(g)| = hi —hihs;
|X N By-1(4)] = h1ha. Thus, we have that (B, $)[X] contains a perfect H-tiling consisting of s
copies of H where the first and second parts Hy, Hz of every such copy of H lie in B,-1(7) and
Bg-1() respectively. Further, (B, ¢)[Y] contains a perfect H-tiling consisting of hy — hy copies of
H. The union of these two H-tilings yields a perfect H-tiling in (B, ¢).

The only remaining case is when o~!(3),07%(4) # 1. However, since h; = hs, this case will
follow by a symmetric argument to that of the previous case. Thus B is a simple bottlegraph of H.
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Claim 11.8. If g(H) is an integer then there exists a simple bottlegraph B of H such that X (B) =
g(H) (i.e., B has g(H) parts) and all parts of B have size h3.

Set k := g(H). Recall that £ > 3 and so k > 4 since k € N. Let B be the complete k-partite
graph with parts By, ..., By all of size h%. Notice x¢r(B) = k, so it remains to show that B is a
simple bottlegraph of H.

Let o be a permutation of [k] and ¢ an interval labelling of B with respect to o. Recall that the
ordered graph (B, ) has parts B,-1(1) < --» < By-1(y). Let X C V(B) be a set of size 4h3 — h3
such that

2 T
| X N By15)] = {hé ) le =125
hi—hs ifi=4.

Let H' be the complete 3-partite ordered graph with parts H| < H) < H} of size hy, hg, hy
respectively. By Claim 11.7, (B, ¢)[X] contains a perfect H’'-tiling consisting of 2hq — hg copies of
H'. Observe that by definition of k,

[V(B)\ X| = khi — (4hT — h3) = (2hy — h)(h3 — h1).

Thus we can partition V(B)\ X into 2h; — hg sets of size h3 — h; and assign each set to a copy of H'.
Notice that every copy of H’ together with its assigned set forms a copy of H; so we constructed a
perfect H-tiling in (B, ¢). Since o and ¢ are arbitrary, B is a simple bottlegraph of H.

Claim 11.9. There exists a simple bottlegraph B of H such that x..(B) = g(H).

Recall that hy < hy < hg. We may assume that g(H) is not an integer as otherwise we are done
by Claim 11.8. Given t € N and ¢ € NU {0}, let H(t,¢) be the complete 3-partite ordered graph
with parts H{ < Hy < Hj of size thy,thg,ths — ¢ respectively.

Set k:= [g(H)|. We define ¢,¢, s and B as follows:

o If g(H) > 4, there exist ¢,/ € N such that

¢ (9(H) = k)

t (2—hy/hy)’
since the right hand side of the above inequality is a positive rational number. Thus,
ho f/t ho h—ﬁ/t tho \ thy +thg +ths — ¢
15 k=gH)—(2——]|—=(2—— =2-— .
(15) 9(H) < h1> hy < hi) I th thy

Furthermore, we have

h2)2 _ <2 th2> thy + ths + thy

16 k>4>4—|— - —
( ) 2<= <h1 thy thi

Equations (15) and (16) imply that thg — ¢ > thy. Hence the < th; < ths — ¢ and so

thg) thy 4 tho +ths — ¢

oltre.) = (2 32 2

Let B be the simple bottlegraph of H(t,¢) as in Claim 11.8 and set s := 0.
e If 3 < g(H) <4, lett:=1and ¢ := hs— h;. Observe that the parts H; < Hj) < Hj of
H(t,?) have size hy, hg, hy respectively. Let B be the simple bottlegraph of H(t,¢) as in
Claim 11.7. Set s := h} — h3.
Note that in both cases, B is a complete (k + 1)-partite graph where each part has size (th;)?
except one smaller part of size t?s (which is empty if g(H) > 4).
Observe that g(H) — k is a rational number and

S
(17) 7 S 9 —k <1,

=k.
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Indeed, the lower bound is trivial if g(H) > 4; if 3 < g(H) < 4 then s = h3 — h3 and k = 3, so
g(H) —k > (2= ha/h1)(2h1 + ha) /by — k =4 — (ha/h1)? —3 =1 — (ha/h1)* = s/h1.
Thus, by (17), there exist a,b € NU {0} such that (a,b) # (0,0) and

a(l1—g(H)+ k) =0b(g(H) — k — s/h?) = a—l—b;% =(a+b)(g9(H)—k)

(18) — a(thy)? + bt’s = (a + b)(th1)*(g(H) — k).
Let B’ be the complete (k + 1)-partite graph with parts By, ..., By, where
|Bi| = (a+b)(th1)*(9(H) — k) and |Bj| = (a + b)(th1)?

for every i > 1. Notice x.-(B’) = g(H), so it remains to show that B’ is a simple bottlegraph of H.
Let o be a permutation of [k+1] and let ¢ be an interval labelling of B’ with respect to o. Recall
that the ordered graph (B’, ¢) has parts Bé_l(l) <---< B Let X,Y be two disjoint sets

in V(B') of size a|B| and b|B| respectively such that

(k+1)°

th1)? ifi<k+1
X0 By = alfin 7 < B
a(t®s) ifi=k+1,
and
b(thy)? if o= 1(i 1
Y N B,i;| = <21> ) U_l(z.)?é 7
b(t*s) ifo (i) =1
Notice that by (18) and the choice of the sizes of the parts of B’, all vertices in B!

fori <k;ass< h% it may be that some vertices in B’ _, arenot in X UY.
o~ 1(k+1)

Note that (B’,¢)[X] is a copy of (B(a),¢’) for some interval labelling ¢’. So as B is a simple
bottlegraph of H(t,¢), (B(a),¢’) contains a perfect H(t,f)-tiling M; consisting of

alB| _ a(thh)?g(H(t,0)) ho\ h—¢/t 1
1) = o o (2= ) 5 g =t

copies of H(t,¢). Similarly, (B’,¢)[Y] is a copy of (B(b),¢"”) for some interval labelling ¢” and it
contains a perfect H (t,¢)-tiling Ms consisting of

b|B|
(20) ——— =b(2hy — ho)t
[H(t, )|
copies of H(t, /). Note that the vertices in V(B’)\ (X UY) lie in B;,l(k+1
(2 —hg/h1)h/h1,

V(BY)\ (X UY)|=|B'| — (a+b)|B| = (a+b)(th)*g(H) — (a+b)|B|

WY (a4 b) (201 — ho)ht? = (2h1 — ha)(th — €)t) = (a -+ b)(2hn — ha)et.

1(;) are in XUY

)- Moreover, as g(H) =

Thus, we can divide V(B’) \ (X UY) into (a + b)(2h1 — ha)t sets of size ¢ and assign each set to a
copy of H(t,¢) in M1 U M. Note that each copy of H(t,¢) together with its assigned set forms a
copy of H(t,0). Thus we constructed a perfect H(t,0)-tiling in (B’, ¢). Since H(t,0) = H(t), this
yields a perfect H-tiling in (B, ¢), proving that B’ is indeed a simple bottlegraph of H.

Claim 11.9 implies that x%.(H) < g(H). Together with Claim 11.6, this concludes the proof.

t
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Observe that Propositions 11.3 and 11.5 combined with Theorem 1.8 yield the following result
which makes the threshold in Theorem 1.8 explicit for all complete 3-partite ordered graphs.

Theorem 11.10. Let H be a complete r-partite ordered graph on h vertices with parts Hy < --- <
H, where |H;| = h; for every i € [r].

o If hy < h; for every i > 1, then 6-(H,n) = (1 - Q +o(1 )) n.

o If hy < h; for every i € [r — 1], then d-(H,n) = (17&+0( ) n.

o Ifr =3 and hy < hy < hy then d<(H,n) = (1~ gl + 0 1)) n.

) =
o Ifr =3 and hy < hy < hy then d<(H,n) = (1= sy +0(1) ) n.

12. THE TIGHTNESS OF THEOREM 1.6

In this section we show that the minimum degree condition in Theorem 1.6 is best possible.
Given an ordered graph H, let c.(H) denote the smallest non-negative number which satisfies the
following: for every n > 0, there exists an integer ng € N such that if G is an ordered graph on
n > ng vertices and with minimum degree §(G) > c<(H)n then G contains an H-tiling covering all
but at most nn vertices. Observe Theorem 1.6 immediately implies that

1
(21) c<(H) < (1 — *> .
Xer (H)
In fact, we will show that equality holds.

Theorem 12.1. Let H be an ordered graph on h vertices. Then

Proof. By (21) it remains to prove that c<(H) > (1 — 1/x%.(H)). Throughout the proof, we let
¢ :=c<(H) and r := x<(H). Suppose for a contradiction that ¢ < (1 — 1/x%.(H)). We split the
proof into three different cases.

Case 1: x:.(H) > r.
Let n > 0 be sufficiently small and define ¢’ such that

(22) c’:—max{(l—i),c}+n<l—xzim.

Let 0 < v < n and let n € N be sufficiently large and divisible by h.
Let G be any ordered graph on n vertices with minimum degree

, (22) 1
(G)>cn > 1—;4—77 n

By Theorem 4.1, there exists a set Abs C V(G) such that |Abs| < vn and Abs is an H-absorbing
set for every W C V(G) \ Abs such that |[W| € hN and |W| < v3n. Let G’ := G\ Abs. Note that

(22)
(G > (=n)n > cn.

By the definition of ¢, and as n is sufficiently large, there exists an H-tiling M covering all but

at most v>n vertices in G’. Let W C V(G’) be the set of vertices not covered by M;j. Since

|[W| < v3n and h divides |W| (as h divides n, |Abs|, |[V(Mj)|), there exists a perfect H-tiling Mo
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in G[Abs UW]. Thus, M; U M, is a perfect H-tiling in G. Recall that G is an arbitrary ordered
graph on n vertices with §(G) > ¢'n, hence

d<(H,n)<dn< <1— n.

)
Xer (H)
This contradicts Corollary 2.4. Therefore, the initial assumption that ¢ < (1 —1/x}%.(H)) is false
and the result follows in this case.

Case 2: xi.(H) <r and H is flexible.

As H is flexible, there exists a complete r-partite ordered graph F with parts Fy < --- < F,. as
in Lemma 8.2. Pick > 0 sufficiently small so that

1
23 c+n+nF <1-
29) st
and
-1 *(H
(24) r Xer(H)

L=n|F| ~ 1+ nxg(H)
Let n € N be sufficiently large and divisible by h; we may choose 1 and n so that nn € N.
Recall that by (4), » — 1 < x}.(H) < r. Thus, it is not difficult to show that there exist a

complete r-partite unordered graph B on n vertices with parts By, ..., B, such that all parts have
the same size, except one smaller part, and

Xer (H
(25) o) o\ (B) < ).

1+ nx.(H)

Pick any permutation o of [r] and any interval labelling ¢ of B with respect to o. Up to relabelling,
we may assume that the complete r-partite ordered graph (B, ¢) has parts By < --- < B;.

Notice that (24) and (25) imply |Bg| > n|F|n for all k € [r]. Let X C V(B) such that | X NBy| =
n|Fx|n for every k € [r]. Clearly, (B, $)[X] is a copy of the ordered blow-up F(nn). Let B’ be
the ordered graph obtained from (B, ¢) by deleting the vertices in X; so B’ is a complete r-partite
ordered graph with parts B} < --- < By where B}, C By, for every k € [r]. Note that

Note that

2
§(B') > §(B) — nn|F| > (1— ! —77—77]F|>n(23) en.
o (H)

By the definition of ¢, there exists an H-tiling M; in B’ covering all but at most (nh)n vertices.
Let W C V(B’) be the set of vertices not covered by M. Furthermore, let s, := [WW N By | for every
k € [r]. Note that (B, ¢)[X UW] is a complete r-partite ordered graph with parts L1 < --- < L,
such that |Lg| = nn|Fg| + sk. Since s1 + -+ + s, = |W| < (yn)h and h divides |W|, then by
Corollary 8.3 there exists a perfect H-tiling My in (B, ¢)[X UW]. Finally, note that M; UMj is a
perfect H-tiling in (B, ¢). Since o, ¢ are arbitrary, this implies that B is a simple bottlegraph of H.
This is a contradiction since x.r(B) < x&.(H). Thus, the initial assumption that ¢ < (1—-1/x%,.(H))

is false and the result follows in this case.

Case 3: x5 (H) <r and H is not flexible.

Note that if x%.(H) < r then H is flexible by Corollary 8.6, a contradiction. Thus, x%.(H) = r.
In this case we actually produce an explicit extremal example to show that ¢ > 1—1/r.

Since H is not flexible, by Lemma 8.4 there exist some ¢ € [r— 1] such that the number of vertices
in the first ¢ intervals of any given interval r-colouring of H is fixed. Clearly, this implies that the
number of vertices in the last (r — ) intervals of any given interval r-colouring of H is also fixed.
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Since H has h vertices, the number of vertices in the first 7 intervals is at least ih/r or the number
of vertices in the last (r — ¢) intervals is at least (r — i)h/r. Without loss of generality we may
assume the former.

Fix 0 <n < 1 and n € N such that n/r and nn/r are integers. Let G be the complete r-partite
ordered graph on n vertices with parts G; < --- < G, of size

(o) rd=mn) if j <,
© {¢(1+(r—1)n) if j =r.
Observe that . .
6(G):n—g(1+(r—1)n): <1——(T_)77)n.

r r

By assumption, a copy of H in G has at least ih/r vertices in G; U --- U G;. Suppose M is an
H-tiling in G, then the number of copies of H in M is at most
GLU- UG _ n(1—n)
(ih/7) h
In particular, there are at least nn vertices in G which are not covered by M.
In summary what we have shown is that, given any ¢/ < 1—1/r, we can choose 1 > 0 sufficiently
small so that for an infinite number of choices of n € N, we can produce an n-vertex ordered graph

G with 0(G) > ¢/n and so that G does not contain an H-tiling covering more than (1 —n)n vertices.
So by definition ¢ > 1 — 1/r, as desired. O

13. PROOF OF THEOREM 1.16

This section is devoted to the proof of Theorem 1.16. We will need the following result from [3,
Lemma 6.2] which itself is a special case of a lemma of Barany and Valtr [4].

Lemma 13.1 (Balogh, Li and Treglown [3]). For n > k > 2, let Ay, As,..., Ax be nonempty
disjoint subsets of [n]. Then there exist sets Si,Sa2,...,Sk, where S; C A;, and a permutation
o= (0(1),0(2),...,0(k)) of the set [k], such that the following conditions hold for alli,j € [k]:

o |Si| = [|Al/k];

e S; < Sjifo(i) <o(y).

Proof of Theorem 1.16. Let H be an ordered graph on h vertices and let x € (0,1). Throughout
the proof we set r := x<(H). If r = 1 the statement of the theorem holds trivially, so we may
assume that r > 2. Observe that it suffices to prove that the theorem holds for any n > 0 sufficiently
small. Fix constants 0 < n < 1/x,.(z, H) and

(26) 0<e<(1—2x)n/(zh).

By definition of x.(x, H) there is an z-bottlegraph B of H with
" *(x, H

0 Koo H) < xa(B) < X0l

1- (77/12)XZ7‘('7;7 H) .
Let k := x(B) > r and let By,..., By be the parts of B. Fix t € N such that k/t < e.
Let n € N be sufficiently large and let G be an ordered graph on n vertices with minimum degree

5(G) > (1—M+n>n.

Recall by (1), xk-(z, H) > r —1; 80 6(G) > (1 —1/(r — 1) + n)n. By the Erdds—Stone-Simonovits
theorem for ordered graphs [24] there exists a copy of H in G. We remove the vertices of H from
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G and repeat the same process until we obtain a set W C V(G) such that G[W] contains a perfect
H-tiling W and [W| = | 32| h. Let G’ := G\ W. Observe that

1 n (27) 1 n
S(G! Z(1+> G'| > (1 + L) 1G],
(@) v m 3)l¢ @ 1)l

Since Xer(B(t)) = xer(B) (and ignoring the ordering of V(G’)), Theorem 1.13 implies there exists
a B(t)-tiling B in G’ which covers all but at most ¢|G’| vertices.

Consider a fixed copy of B(t) € B whose parts are Ay, ..., Ay with |A;| = t|B;| for every i € [k].
By Lemma 13.1, there exist sets S; C A; for every i € [k] such that |S;| > [|A4;|/k] > |B;| and a
permutation o of [k] such that S; < S; if o(i) < o(j). By discarding some vertices if necessary, we
may assume that |S;| = |B;| for every i € [k]. Note that the sets Si,..., Sk span a copy of B and
the ordering of V(G’) induces an interval labelling of B with respect to o.

Crucially, |A; \ S;| = (t — 1)| B;|, so we can repeatedly apply Lemma 13.1 to find a B-tiling in G’
covering all but at most

k|B| = (k/t)|B(t)]
vertices in our fixed B(t) € B. Furthermore, by Lemma 13.1, the ordering of V(G’) induces an
interval labelling on each of these copies of B. Since B is an z-bottlegraph, each of these copies

contains an (z, H)-tiling. Repeat this process for all B(t) € B and denote the union of all these
(z, H)-tilings as M. The number of vertices in G' covered by M UW is at least

o(1—k/)(1 = e)|G'| + |W| > 2(1 —)*(n — [W]) + |W|

(26)
> an — 2zen — x|W| + |W| > an.
Hence M UW is an (z, H)-tiling in G, as desired. O

14. COMPUTING THE THRESHOLD IN THEOREM 1.16 FOR SOME CHOICES OF H

In this section we investigate the behaviour of the function f(z, H) as defined in Theorem 1.16.
Recall that for an unordered graph H, the analogous function g(z, H) (defined in Theorem 1.13)
is linear in z. On the other hand, for a vertex-ordered graph H, the function f(x, H) can behave
rather differently. However, we first give an instance where f(x, H) does grow linearly in z.

Proposition 14.1. Let H be an ordered graph with vertex set [h] such that x<(H) = 2. De-
fine at(H) to be the largest integer t € [h] such that [1,t] is an independent set in H; o~ (H)
to be the largest integer t € [h] such that [h —t + 1,h] is an independent set in H; a(H) =
min{a™(H),a” (H)}. For any x € (0,1), we have
z(h —a(H))

5 :

Proof. Let H be an ordered graph with vertex set [h] so that xy<(H) = 2, and let z € (0,
Additionally, fix constants 0 < 1/N < n < 1 where N € N. We first prove that f(z, H)
2(h — a(H))/h.

By the definition of a™(H) and o~ (H) and the fact that x<(H) = 2, [1,at(H)] < [aT(H) +
1,h] and [1,h—a  (H)] < [h—a (H) +1 h] are interval 2-colourings of H. The maximality of
a™(H) implies o™ (H) > h — o~ (H), ie., o (H) + (H) — h > 0. Furthermore, the previous
observations imply that the vertices in [h —a™ (H) + 1 ot (H)| are isolated in H and in particular
[1L,h—a (H)] <[h—a (H)+1,at(H)] < [aT(H) + 1,h] is an interval 3-colouring of H. (Note
that [h — a~ (H) + 1,a™ (H)| may be empty.)

Let H' be an ordered graph such that:

e V(H') = [n] with b/ := Nh+ |(1 —x)Nh/x|;
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e V(H') can be partitioned into four intervals Dy < Dy < D3 < D4 where
|D1| = (h—a” (H))N, |Do| = (a"(H)+a (H) - h)N,

|Ds| = [(1 —@)Nh/z], [Ds| = (h—a"(H))N,

such that H'[Dq, Dy| is a complete 2-partite ordered graph and all vertices in Dy U D3 are
isolated in H'.
As[l,h—a (H)|<[h—a (H)+1,a™(H)] < [T (H) + 1,h] is an interval 3-colouring of H and
[h —a (H) + 1,a™(H)] is a set of isolated vertices, we have that H'[Dy U Dy U Dy4] contains N
disjoint copies of H. These copies form an (z, H)-tiling in H’ since Nh > xh/'.
Notice a™(H') = |D1| + |Da| + | D3| and o~ (H') = | D3| + | D3| + | Dy4|, thus

(28) a(H') = W —max{|D1|,|D4|} = h — N(h — a(H)).
As x<(H') = 2, Proposition 11.4 implies that
h/
29 *(H) = .
(20) XGH) =

Since H' contains an (x, H)-tiling, it follows that every 1-bottlegraph of H' is an z-bottlegraph of
H and so x}.(z,H) < x%,.(1, H'"). Proposition 5.2 implies that x%,.(1, H') = x%.(H'), so

= (k) () o) 2 o =)
_ #lh—olH))

xh' /N
Since N is arbitrarily large and h’'/N — h as N — oo, the above implies f(x, H) < z(h—a(H))/h.

Next we prove that f(x, H) > xz(h — a(H))/h. Without loss of generality, we may assume that
a(H) = a™(H). Let G be the ordered graph obtained by taking the complete 2-partite ordered
graph with classes U < V where

1—
\U| = Na™(H) + [:::th +1 and |V|=N(h—at(H)) -1,
T

and adding all possible edges to V. Suppose G contains an (x, H)-tiling H. Since |G| = Nh +
[PTINh] then H covers at least t Nh+ (1 —2)Nh = Nh vertices of G. Let H' C H where H' is an
H-tiling consisting of exactly N copies of H in G. Every copy of H has at most o™ (H) vertices in
U. Furthermore, there are precisely (I;JN hw vertices in G which are not covered by H’, thus

xNh-‘ < U,
X

|U| < Na™(H) + {

a contradiction. Therefore, the assumption that G contains an (x, H)-tiling is false. It follows from
Theorem 1.16 that

0(G) < (f(z, H) +n)|Gl.
Finally, we have
(G) _ N(h—o*(H))—1 _N(h—o*(H)) =1 _a(h—o*(H))—z/N
|G~ Nh+[22Nh| = Nh+EZNh+1 h+z/N '

As N can be chosen arbitrarily large and n arbitrarily small, it follows that f(z, H) > z(h—«a(H))/h.
]

flz, H) +n>
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In general, for any ordered graph H, if x is not too big then the function f(z, H) is linear in x.

Proposition 14.2. Let H be an ordered graph on h vertices and r := x<(H). Let C be the set of
interval r-colourings of H. Additionally, set

T := max min |H;| ¢, J:= max max | H;|
1<i<r | (Hy<-<H,)eC 1<i<r | (Hy<-<H,)eC

and g 1= W Then for any x € (0, xg] where x < 1,
h—zxT
Hy=1- 1"

Proof. Let H be an ordered graph on h vertices with 7 := x<(H) and = € (0,z¢] where z < 1. Fix
constants 0 < 1/N <« n < 1 where N € N. We first show that f(z,H) <1— (h—2zT)/(h(r —1)).
Let B be the complete r-partite unordered graph with parts By, ..., B, where

N h
’Bl‘:NT and ‘Bz’: \‘ (—T)J
r—1\x

for every i # 1. We now prove that B is an z-bottlegraph of H. Note that for every i # 1,

(30) Bi| > { N (h—T>J _ NJ>NT=|B|.

r—1 \xg

Let o be a permutation of [r] and ¢ be an interval labelling of B with respect to o. Recall that
the ordered graph (B, ¢) has parts By-1(1) < -+ < Bs-1(y). Let Hy < --- < H, be an interval
r-colouring of H which minimises |H,(1)|. By the definition of T' we have that

|Bi| = NT > N|Hy1)|-
Furthermore, by the definition of J we have that for every i # 1,
(30)
|Bi| = NJ = N[Hy ;).

Hence, the ordered graph (B, ¢) contains an H-tiling H consisting of N disjoint copies of H. These
copies cover exactly Nh vertices of (B, ¢). In particular

z|B| < axNT + N <h —T) = Nh,
x

therefore, H is an (z, H)-tiling in (B, ¢). Since o, ¢ are arbitrary, B is indeed an z-bottlegraph of
H and thus x},(z, H) < x¢(B). Note that

Yer(B) = 12! _ Nl A G-7) <NNT+hN(§—T) U VI
B2l [% (%—T)J E-T) -1 (h—aT) -2
and so -
. S R _ (h—al) - L
fet =t em =" wm <! W —1)

As N is arbitrarily large, the above implies f(z, H) < 1— (h —2T)/(h(r — 1)).

Next we show that f(x,H) > 1— (h —2T)/(h(r — 1)). Suppose the value of T is achieved for
some interval r-colouring H < --- < H} of H and * € [r]; that is, T = |H}|. Let G be the
complete r-partite ordered graph with parts G; < --- < G, of where

=NT and Gi|:[N (h—T>—‘+1
x

Gix
G r—1
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for every i # i*. Notice that |G;| > |Gi«| for every i € [r] since x < z. Suppose there exists an
(z, H)-tiling H in G. By definition of T', every copy of H € H has at least T vertices in G;=, thus

|G-
< = N.
<
Hence, H covers at most Nh vertices of G. However,
h Nh
\G]>NT+N<—T> — = z|G| > Nh,
T x

contradicting the assumption that #H is an (x, H)-tiling. In particular, G does not contain an
(x, H)-tiling and so Theorem 1.16 implies

0(G) < (f(z, H) +n)|G|.
Let i # i*. We have that

56) _lel—16 _(, G -7+

i G| NT +(r—1) [ (2= T)] +7 -1
A=) 2 | (h—al)+ 2

Z(1_NT+N(2—T) =1- h(r—l)N '

As N can be chosen arbitrarily large and 7 arbitrarily small, it follows that f(z,H) > 1 — (h —
zT)/(h(r —1)). O

flz, H) +n>

The following result states that f(x, H) is piecewise linear for certain types of H. These different
behaviours already suggest that computing f(z, H) is likely to be a difficult task in general.

Proposition 14.3. Let ¢ < --- < {, be positive integers and x € (0,1]. Let H be a complete
r-partite ordered gmph on h vertices with parts Hy < --- < H, where |H;| = {; for every i € [r].

t+1
o If tl — Zf < (t+ 1)1 — > L for somet € [1,r — 1] then
i=1
flz, H) = 1—h<1—xh+xZ€>
o If U=mh >r£—2€ then

In particular, for H fized, f(x, H) is continuous and piecewise linear in x with v’ pieces where r’
18 the number of strict inequalities in £1 < --- < £,.

Proof. If x = 1, then the result follows from Propositions 5.2 and 11.3; so assume that x < 1. Let
T, J, zy be as in Proposition 14.2. For our choice of H, we have T'= J = ¢, and z¢ = h/(r{,). Note

that if
(1 —x)
 —— > 7y E l;,

SObserve that this value of f(z, H) coincides with the value of f(x, H) in the previous case when ¢t = r — 1.
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then z < xg. It follows from Proposition 14.2 that
h—zT h—xzt,
H=1-—" =1--——>"
fz H) h(r—1) h(r—1)

Throughout the rest of the proof, we assume that

t t+1
1—
(31) te—> 6 < x$h<(t+1)£t+1—§ 0
i=1 i=1

for some t € [1,7 — 1]. Fix constants 0 < 1/N <« n < 1 where N € N. We first prove that
f(z, H) is at most the claimed value. Let H' be the complete r-partite ordered graph with parts
H| < --- < H] such that the following holds:

e for every i < t,
t
N [1l—-z
H|=|— h ;

and so N{; < |H!| < Nl by (31);
e for every ¢ > ¢+ 1,

\H!| = N,

As N¢; < |H]| for every i € [r], there exists an H-tiling H in H’ consisting of exactly N copies of
H. Note that H covers exactly Nh vertices in H' and

t r
1-— 1—
x\H’|§;pN< wl’}H_E &)-HL‘N Z&—xN( $xh+h>—Nh.
1=1 i=t+1

Thus, H is an (z, H)-tiling in H'. Since H' contains an (z, H)-tiling, every 1-bottlegraph of H’ is
an z-bottlegraph of H, therefore x},.(z, H) < x&.(H').
Since |Hj| < --- < |H]|, Proposition 11.3 implies x%.(H') = |H'|/|H}|. Therefore,

# (e ne)]

t

f(x,H>(1M><<1xzr(lH'>>1Z{’1* <1_ ¢ )J ,

t
7(1;fh+zei>—1

=1 1

t
X
=1-—|((1- ; —.
ht(( x)h+x;€>+Nh

<1-

t T
N(T}HZ&)JFN Sl
=1

i=t+41

Since N can be chosen arbitrarily large, the above implies

1 t
fla, H) <1—=o ((1—m)h+x;&> .

Next we prove that f(x, H) is at least the claimed value. Let G be the ordered graph obtained
by taking the complete (¢ + 1)-partite ordered graph with parts G1 < --- < Gy41 where

¢ t
N {({l-=x
|Gir1]| = N (h— E €i> —t and |G| = |Vt< - h+ E'l @)“ +1

=1
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for every i < t, and adding all missing edges to Gy4+1. Suppose G contains an (z, H)-tiling H.
Observe that

t t
1—=z Nh
G| >N (thz;zi) +t+ N (h—z;&) —t=—- = |G| > Nh.
1= 1=
Hence, H covers at least Nh vertices in G. Let H' C H be an H-tiling consisting of exactly N
t
copies of H. Each copy of H has at most Y _ ¢; vertices in G; U---U Gy. Also,
i=1

|G| <N 1_xh+zt:£- +2t+ N h—iﬂ —t—@th
r i=1 l ' R 7

i=1

and so there are fewer than 1_79’;]\7 h + t vertices in G which are not covered by H’. This implies

é (1—x)Nh 1—=z !
|G1U~'UGt|<NZ€Z~—|—+t:N< . h—i—ZEi)—f-tS]GlU"-UGtL

: x :
=1 =1

which is a contradiction; hence G does not contain an (z, H)-tiling. Therefore, Theorem 1.16
implies that §(G) < (f(z, H) + n)|G| and so
¢
N [ 1-z
(e £0)] o1
56) |G- IGa] MG

t t
G 1G] th(chrZ&ﬂ+t+N(h—Z€i)—t
b i=1

=1

flz,H)+n>

t
]X<1;xh+z&'>+2 ) t 9
=1
>1-— - - :1—ht<(1—x)h+x2&>+Nh.
N<1x””h+z&>+]\f<h—2£i> i=1

i=1 i=1
Since n can be chosen arbitrarily small and N arbitrarily large, the above implies that

1 t
f(z,H) > 1—E ((1—x)h+x;&> :

We conclude this section with the following result.
Proposition 14.4. Let H be an ordered graph, then
ii_%xzr(%H) :XZT(H) and }ng%)X:T('r?H) =x<(H) -1
Proof. Let T, J,xo be as in Proposition 14.2. If x € (0,xz¢) then Proposition 14.2 implies
h —zT 1

—— = lim f(z,H) =1 — ————.
M —1) I = Ty
Since f(x,H)=1—1/x}(z, H), it follows from the above that

lim (2, H) = x<(H) — 1.

z—0

Let y,z € (0,1] with y < 2. Let B be a z-bottlegraph of H. Clearly every z-bottlegraph of H is a
y-bottlegraph of H, so x*.(y, H) < x%.(z, H). It follows that, for « € (0, 1], the function xZ,(x, H)
is non-decreasing. In particular,

flz,H)=1-

Xer(®, H) < X (1, H) = X7, (H)
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for every z € (0, 1]. The monotone convergence theorem implies that the limit ¢ := lim,_; x%.(z, H)
exists and ¢ < x%.(H). Fix arbitrary constants 0 < n,e < 1. Pick n € N sufficiently large and let
G be an ordered graph on n vertices with minimum degree

6(G)2<1—i+€>n2<1—m+5>n.

By Theorem 1.16, G contains a (1 — n, H)-tiling, i.e., an H-tiling covering all but at most nn
vertices. Recall the definition of c.(H) given at the beginning of Section 12: c¢.(H) denotes the
smallest non-negative number such that for every n > 0, there exists an integer ng € N so that if G
is an ordered graph on n > ng vertices and with minimum degree 6(G) > ¢ (H)n then G contains
an H-tiling covering all but at most nn vertices.
It follows that c«(H) < 1—1/¢ + ¢, and so c<(H) < 1 — 1/¢ since € > 0 is arbitrary. By
Theorem 12.1, c«(H) =1 —1/x}.(H) and thus x}.(H) < {. In particular, x%.(H) = £.
O

15. CONCLUDING REMARKS AND OPEN PROBLEMS

Theorem 1.8 together with [3, Theorem 1.9] asymptotically determine the minimum degree
threshold for forcing a perfect H-tiling in an ordered graph, for any fixed ordered graph H. De-
pending on the structure of H, this threshold depends on one of three factors: (C'1) the existence
of an almost perfect H-tiling; (C2) the avoidance of divisibility barriers; (C3) the existence of an
H-cover. Analogous factors govern the threshold for other perfect H-tiling problems in a range of
settings too.

Therefore, it would be extremely interesting to find a natural ‘local’ density condition (e.g.,
minimum degree, Ore-type, degree sequence) for an (ordered) graph, directed graph or hypergraph
for which the corresponding perfect H-tiling threshold depends on another factor. We suspect
no such problem exists. An alternative way to think about this question is as follows: are there
barriers, other than local and divisibility barriers, that prevent absorbing for a perfect H-tiling
problem?

Other than this general ‘meta problem’, it would be interesting to establish the Ore-type degree
threshold that forces a perfect H-tiling in an ordered graph G (and compare this threshold to the
corresponding Ore-type degree threshold for unordered graphs [22]).

In light of Theorem 1.6 it is natural to raise the following ordered graph analogue of the theorem
of Shokoufandeh and Zhao [26].

Conjecture 15.1. Let H be an ordered graph. Then there is a constant C = C(H) € N so that
the following holds. If G is an n-vertex ordered graph with

then G contains an H-tiling covering all but at most C' vertices.

Finally, whilst we have obtained some understanding of the function f(z, H), it would be inter-
esting to obtain a more complete understanding of how this function can behave in general. In
particular, is it true that for any fixed ordered graph H, f(z, H) is piecewise linear?

REFERENCES

[1] N. Alon and R. Yuster, H-factors in dense graphs, J. Combin. Theory Ser. B 66 (1996), 269-282.
[2] M. Balko, J. Cibulka, K. Kral and J. Kyné¢l, Ramsey numbers of ordered graphs, Electr. J. Combin. 27 (2020),
P1.16.
[3] J. Balogh, L. Li and A. Treglown, Tilings in vertex ordered graphs, (2020), https://arxiv.org/abs/2007.10832.
43



[4]
[5]

(6]

[7]

I. Bardny and P. Valtr, A Positive Fraction Erdés—Szekeres Theorem, Disc. Comp. Geometry 19 (1998), 335-342.
D. Conlon, J. Fox, C. Lee and B. Sudakov, Ordered Ramsey numbers, J. Combin. Theory Ser. B 122 (2017),
353-383.

K. Corrddi and A. Hajnal, On the maximal number of independent circuits in a graph, Acta Mathematica
Hungarica 14 (1963), no. 3-4, 423-439.

A. Czygrinow, L. DeBiasio, T. Molla and A. Treglown, Tiling directed graphs with tournaments, Forum Math.
Sigma 6 (2018), e2.

P. Erdds and M. Simonovits, A limit theorem in graph theory, Studia Sci. Math. Hungar. 1 (1965), 51-57.

P. Erdds and A.H. Stone, On the structure of linear graphs, Bull. Amer. Math. Soc. 52 (1946), 1087-1091.

V. Falgas-Ravry, personal communication.

V. Falgas-Ravry, K. Markstrom and Y. Zhao, Triangle-degrees in graphs and tetrahedron coverings in 3-graphs,
Combin. Probab. Comput. 30 (2021), 175-199.

V. Falgas-Ravry and Y. Zhao, Codegree thresholds for covering 3-uniform hypergraphs, SIAM J. Discr. Math.
30 (2016), 1899-1917.

A. Hajnal and E. Szemerédi, Proof of a conjecture of P. Erdés, Combinatorial Theory and its Applications vol.
1T 4 (1970), 601-623.

J. Han, A. Lo and N. Sanhueza-Matamala, Covering and tiling hypergraphs with tight cycles, Combin. Probab.
Comput. 30 (2021), 288-329.

P. Keevash and R. Mycroft, A geometric theory for hypergraph matching, Mem. Amer. Math. Soc. 233 (2014),
monograph 1098.

J. Komlés, Tiling Turdn Theorems, Combinatorica 20 (2000), 203-218.

J. Komlés, G.N. Sarkézy and E. Szemerédi, Proof of the Alon—Yuster conjecture, Discrete Math. 235 (2001),
255-269.

J. Komlés and M. Simonovits, Szemerédi’s Reqularity Lemma and its applications in graph theory, Combinatorics:
Paul Erd8s is eighty vol. II (1996), 295-352.

M. Krivelevich, Triangle factors in random graphs, Combin. Probab. Comput. 6 (1997), 337-347.

D. Kiithn and D. Osthus, Critical chromatic number and the complexity of perfect packings in graphs, 17th
ACM-SIAM Symposium on Discrete Algorithms (SODA 2006), 851-859.

D. Kiihn and D. Osthus, The minimum degree threshold for perfect graph packings, Combinatorica 29 (2009),
65-107.

D. Kiithn, D. Osthus and A. Treglown, An Ore-type theorem for perfect packings in graphs, SIAM J. Discr.
Math. 23 (2009), 1335-1355.

A. Lo and K. Markstrom, F-factors in hypergraphs via absorption, Graphs Combin. 31 (2015), 679-712.

J. Pach and G. Tardos, Forbidden paths and cycles in ordered graphs and matrices, Israel J. Math. 155 (2006),
359-380.

V. Rodl, A. Ruciniski and E. Szemerédi, A Dirac-type theorem for 3-uniform hypergraphs, Combin. Probab.
Comput. 15 (2006), 229-251.

A. Shokoufandeh and Y. Zhao, Proof of a tiling conjecture of Komlds, Random Structures € Algorithms 23
(2003), 180—205.

E. Szemerédi, Regular partitions of graphs, Problémes Combinatoires et Théorie des Graphes Colloques Inter-
nationauz CNRS 260 (1978), 399-401.

G. Tardos, Extremal theory of vertex or edge ordered graphs, in Surveys in Combinatorics 2019 (A. Lo, R.
Mycroft, G. Perarnau and A. Treglown eds.), London Math. Soc. Lecture Notes 456, 221-236, Cambridge
University Press, 2019.

44



