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Abstract

A recent paper of Balogh, Li and Treglown [3] initiated the study of Dirac-type problems 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.
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1. Introduction

In recent years there has been a significant effort to develop both Turdn 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 [A] := {1,...,h}. An ordered graph G with vertex set [n]
contains an ordered graph H on [4] if (i) there is an injection ¢ : [h] — [n] such that ¢(i) < ¢(j) for
all 1 <i < j < hand (i) ¢(i)¢(j) is an edge in G whenever i is an edge in H.

Turdn-type problems concern edge density conditions that force a fixed graph H as a subgraph in a
host graph G. Whilst the Erd§s—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 Turdn
problem for bipartite H. Indeed, for bipartite H, the error term in the Erd§s—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
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 concerns
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, although 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) > 6<(H,n) contains a perfect
H-tiling.

The analogous problem in the (unordered) graph setting has been studied since the 1960s (see, e.g.,
[1, 6, 13, 17, 20, 21]), and 45 years later, a complete solution, up to an additive constant term, was

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

Forum of Mathematics, Sigma 3

obtained via a theorem of Kiihn 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 y(H) > 3 compared to when y(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 y.(H) > 3.
This result will depend on several definitions and parameters that 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 (possibly empty) intervals so that no two vertices
belonging to the same interval are adjacent in H. The interval chromatic number y (H) of an ordered
graph H is the smallest r € N such that there exists an interval r-colouring of H.

One can think of the interval chromatic number as the natural ordered analogue of the chro-
matic number of a graph. Moreover, whilst the Erd§s—Stone—Simonovits theorem [8, 9] asserts that
1-1/(x(H)—1)+0(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 settingis 1 — 1/(y<(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 y.,(F) of an unordered
graph F is defined as

|F]

Xer (F) = (x(F) - 1)m,

where o (F) denotes the size of the smallest possible colour class in any y (F)-colouring of F.

Note that y(H) — 1 < xr(H) < x(H) for all graphs H, and y.,(H) = y(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/, (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 . (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 if x < yforall x € X and y € Y. Let B be a
complete k-partite unordered graph with parts Uy, ..., Uy 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;) < ¢(U;) if
o (i) < o(j): that is,

PUg-1(1)) < - < P(Ug1(1))-

For brevity, we will usually drop ¢ and just write U,-1(j) < -+ < Ug-1(g). Given t € N, write B(1)
for the blow-up of B with vertex set ey (p) Vx, Where the Vs are sets of 7 independent vertices; so
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there are all possible edges between V, and Vy, in B() if xy € E(B). Given an interval labelling ¢ of
B, let (B(t), ¢) be the ordered graph obtained from B(¢) by equipping V(B(t)) with a vertex ordering,
satisfying V. < V, forevery x, y € V(B) with ¢(x) < ¢(y). Werefer 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 = #(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 7 = 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, 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 y ., (B”) = x¢r(B). This bottle-like structure is where
the name bottlegraph is derived and was first used by Komlés [16] in the setting of unordered graphs.

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

Xor (F) :=1nf{x.r(B) : B is a bottlegraph of F}.

We say a bottlegraph B of F is optimal if xcr(B) = x,(F).

Notice that y<(H) — 1 < x,(H) for all ordered graphs H as each bottlegraph B of H must have
chromatic number at least y<(H) so y<(H) — 1 < y,(B). In fact, Proposition 2.6 in Section 2 yields
a stronger lower bound on y7,. (H). On the other hand, (in contrast to ., (F) for unordered graphs F),
we will also see examples of ordered graphs where y . (H) is much larger than y-(H). Note though
that y7.(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 & — 1 and & are adjacent; this is an immediate
consequence of Proposition 11.1. To aid the reader’s intuition, in Section 3.3, we give examples of
ordered graphs H, where we compute y,.(H). Various bounds on y,(H) are given in Section 1.

The next result, a simple corollary of [3, Theorem 4.3], shows that y 7, (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 ny = ng(H,n) so that every ordered graph G on n > ngy vertices with

1
o6 2 (1 - Xir(H))n

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/, (H) term in the minimum degree condition with any other fixed constant
terma < 1—1/y}, (H). Thus, Theorem 12.1 and Theorem 1.6 provide an analogue of Komlés’ 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 y.,.(H) and the
‘reason’ 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.

1The 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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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 [A] with r := y.(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,.; 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 Vi is empty. If H is the ordered complete
graph on r vertices, then H does not have alocal barrier; it is also easy to check that x/',. (H) = y<(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 i = 1 and j = r + 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
Xx<(H) > 3.

Theorem 1.8. Let H be an ordered graph with y<(H) > 3. Given any n > 0, there exists an integer
ny = no(H,n) so that if n > ng and |H| divides n, then

@ ( Yo (H))” <d<(H,n) < ( - @D +77)n if xir (H) > x<(H);
(ii) ( (H))n <6-(H,n) < ( - % + n)n if i (H) < x<(H) and H has a local barrier;
(iii) ( = (H))n <6<(H,n) < ( = (H) +n)n if i (H) < x<(H) and H has no local barrier.

Therefore Problem 1.1 is now asymptotically resolved. The reader might find it hard to see why
the value of §(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 y.,. (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 revolves around ‘space barrier’ constraints (i.e., one runs out of space
in some subset of vertices in the extremal bottlegraph).? 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 Theorem 1.8(iii).
Whilst our argument makes use of a lemma of Lo and Markstrom [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 6.ov(H, n) denote the smallest integer k such that every n-vertex (ordered) graph G with

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

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

6 A. Freschi and A. Treglown

0(G) = k contains an H-cover. As noted in [22], an easy application of Szemerédi’s regularity lemma
asymptotically determines &0y (H, 1) for all graphs H.

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

)n—lséwv(H,n)s 1- +n|n.

-z W) -1

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], Kiihn, Osthus and Treglown asymptotically determined the Ore-type degree condition that
forces an H-cover for any fixed graph H. There have also been several recent papers concerning minimum
¢-degree conditions that force H-covers in k-uniform hypergraphs; see, for example, [11, 12, 14].

Falgas-Ravry [10] raised the question of determining 6oy (H, 1) 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 ny = no(H,n) so
that if n = ng, then

@) (1 - m)n < bcov(H,n) < (l - m +r])n if H has no local barrier;

(ii) (1 - )ﬁ)n < 8eov(H,n) < (1 - m + n)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 Erd&s—Stone—Simonovits theorem 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 Erd§s—Stone—Simonovits theorem (and Proposition 1.9) is that
once a graph G is dense enough (or has large enough minimum degree) 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 — r—ll + 0(1))n whilst the corresponding threshold
for any ‘blow-up’ H' of H (so y<(H’) = y<(H) = r and H has a local barrier) is significantly higher,
namely (1 — % + 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 Kiihn and Osthus [21]. (See [21, Section 1.2] for the
definition of hef(H) = 1.)

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

Forum of Mathematics, Sigma 7

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 5(G) > k contains a perfect H-tiling. For every unordered
graph H,

6(H,n) = (1 )n+0(1),

X (H)
where x*(H) := x¢r (H) if hef(H) = 1 and x*(H) = x(H) otherwise.

Recall that every graph H satisfies y.,(H) < y(H). So by Komlés’ aforementioned almost perfect
tiling theorem [ 16], the minimum degree condition in Theorem 1.11 is enough to ensure that (C1) holds.
Meanwhile, those graphs H with hef(H) = 1 are precisely the graphs for which, at the almost perfect
tiling threshold, (C?2) is satisfied. Furthermore, for graphs H with hcf(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 hcf(H) = 1 here; 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, §(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 y (H) — 1 < y¢,(H)).

Interestingly, the opposite is true in the ordered graph setting when H has a local barrier and
X<(H) > 3 is such that y<.(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 §(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 y.(H) > 3, Theorem 1.8 essentially states that the almost perfect tiling
condition is the ‘last’ of conditions (C1)—(C3) to be satisfied. Therefore, surprisingly (at least to the
authors!), divisibility barriers play no role in Problem 1.1 for H with y<(H) > 3. In contrast, Theorem
1.9 in [3] shows that in the case when y<(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 ((x, H)-tilings). Let G and H be (ordered) graphs and x € [0, 1]. An (x, 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 (Koml6s [16]). Let H be a graph and x € (0, 1). Define

1 1
g(x,H) := (1 - X—(H) — 1)(1 —-x)+ (1 - ) )x.

Given any n > 0, there exists some ny = 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 (x —n, H)-tiling in G.
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Note that the minimum degree condition in Theorem 1.13 is the best possible in the sense that given
any fixed H and x € (0, 1), one cannot replace g(x, H) with any fixed gr(x, H) < g(x, 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) -nand 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 perspective, the function
g(x, 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, Question
8.2]. We provide an answer to this problem; for this, we require the following definitions.

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

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

Definition 1.15. Let H be an ordered graph and x € (0, 1]. We define x7,.(x, H) as
Xop(x, H) :=inf{y.,(B) : Bis an x-bottlegraph of H}.

Given any ordered graph H, if B is an x-bottlegraph of H, then y(B) > y<(H). This implies that
Xer(B) > x<(H) = 1, 50

Xer (X, H) 2 x<(H) - 1. e))

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.

Theorem 1.16. Let H be an ordered graph and x € (0, 1), and define

1
feH) = (1 - —)
Xxer(x, H)
Given anyn > 0, there exists some ng = no(x, 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 the best possible in the following sense. Let H
and x € (0, 1) be fixed. Given any 0 < @ < 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<6(B)=n—m=(1 )n<f(x,H)-n.

1

Xcr(B)
So xer (B) < xi,(x, H). (Note such a graph B exists for any choice of 0 < a < 1 —1/x},.(x, H).) Then
by definition of y.,. (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 (x, H)-tiling.

A drawback of Theorem 1.16 is that it seems hard to compute y;.,.(x, H) in general. However, in
Section 14, we describe the behaviour of the function f(x, H) for some fixed ordered graphs H. In
particular, akin to Theorem 1.13, if H has y<(H) = 2, then f(x, H) is linear in x. Perhaps surprisingly,
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though, there are ordered graphs where f(x, H) is only piecewise linear. We also compute f(x, H) for
every ordered graph H and every x 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 & contains several results that 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 ., (H) and also compute x.,.(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 the 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

Givenn € N, let [n] := {1, ...,n}. A nearly balanced interval partition of [n] is a partition of [n] into
intervals Wi < --- < W;, where ||W;| - |W;|| < 1forevery 1 <1, j < t. Similarly, a t-partite graph with
vertex classes Vi, ..., V; is nearly balanced if ||V;| — |V;|| < 1forevery 1 <i,j <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) \ A].
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(A, B) := ¢(G[A, B]).

For an (ordered) graph G and a vertex x € V(G), we define Ng (x) as the set of neighbours of x in G
and dg(x) := [Ng(x)|. For X C V(G), we define dg (x, X) := |[Ng(x) N X|. Given (ordered) 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 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 V| < --- < V,. such that xy € E(G) for every
x € V;and y € V; withi # 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 € Vy tov €V, precisely when xy 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; () for
the corresponding vertex class in G (¢). 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) < --- < By(t), where
|B;(t)| = t|B;| for all i € [k].

Throughout the paper, we omit all floor and ceiling signs whenever they 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 nondecreasing 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, for example, a < b or a < b>.
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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 that does not contain an
H-cover (and thus no perfect H-tiling) and whose minimum degree is more than (1 — 1/ y<(H))n -1,
thereby giving the lower bounds in Theorem 1.8(ii) and Theorem 1.10(ii).

Extremal Example 1. Letn,r € Nand i, j € [r+1] withi # j. Let Fy(n,r,i, j) be an n-vertex ordered
graph consisting of vertex classes U; < --- < U,y that satisfy the following conditions:

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

o Fi(n,r,i,j)\ {u} is a complete r-partite ordered graph with parts Uy, ..., U;_1, Uis1, - .. Urs1;
o u is adjacent to all other vertices except those in U;.

Note that
.. n—1 1
0(Fi(n,r,i,j))=n—-1-|Ujl=n-1- {TJ > (1 - ;)n— 1. 2)

Furthermore, we now prove that Fj(n,r,i, j) does not contain an H-cover (or a perfect H-tiling),
provided that y< (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, letr .= y(H), andlet n € N. If H has a local barrier, then there
existi,j € N, withi # j and a vertex u € Fy(n,r,i, J), such that there is no copy of H in Fy(n,r,1, j)
covering the vertex u. In particular, Fy(n,r,1, j) does not contain an H-cover or a perfect H-tiling.

Proof. Suppose H has a local barrier with respect to i # j € [r + 1], as defined in Definition 1.7. Let
u be the vertex in the singleton class U; of F|(n,r,i, j). Suppose there is a copy of H in F(n,r,i, )
covering the vertex u. Then the interval (r + 1)-colouring U; < --- < U4+ of Fi(n,r,i, j) induces an
interval (r + 1)-colouring V| < --- < V.41 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, j;
thus, there is no copy of H in Fy(n,r,i, j) covering the vertex u. O

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

1
6(;()V(H’n) > (1 - m)n

and, if |H| divides n

1
6<(H, n) > (1 - m)l’l

Next we prove a general lower bound on 6« (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 that does not
contain a perfect H-tiling and whose minimum degree is at least (1 — 1/, (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 £ := { ﬁ + 1J. Define F»(H, n)

to be the unordered complete [n/{]-partite graph on n vertices such that all classes have size ¢ except
one class of size at most ¢.
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It is easy to check that the minimum degree of F»(H, n) is

6(F,(H,n))=n—{=n- {

n 1
1 - - 1. 3
PR ( xzf,<H>)” ©)

Additionally, there exists a certain ordering of the vertices of F,(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 F»(H, n) such that the ordered graph (F,(H,n), ¢) does not contain a perfect H-tiling.
Proof. The critical chromatic number of F,(H, n) is

n

n
FBHn)) =2« 1 _
Xcr( 2( ’n)) ¢ n/er(H) Xer

(H).

It follows that F>(H, n) is not a bottlegraph of H. Hence, by definition, there exists a permutation o
of [[n/€]] and an interval labelling ¢ of F,(H,n) with respect to o such that (F>(H, n), ¢) does not
contain a perfect H-tiling. m}

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|,

S<(H.n) 2 6(Fy(H,m)+12 (1 B er(H))"'

Next we give a general lower bound for é.,, (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 F3(H, n) be the complete (y<(H)—1)-
partite ordered graph on n vertices with parts of size as equal as possible.

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

n 1
6(F3(H,n)) =n— L(—<(H) — J > (1 - X—<(H) — l)n - 1.

As y<(F3(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
1) (Hn)>6(F(Hn))+l>(1— ! )n
cov P = 3 B X< (H) _1 .

For n divisible by y<(H) — 1, F3(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/(y<(H) — 1))n. Thus,
combined with Theorem 1.6, this immediately implies that, for all ordered graphs H,

x<(H) =1 < x¢, (H). 4)
Actually, we close the section by proving an even stronger lower bound on y}, (H).

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

r—1
h-1

Xer(H) 2 (r—1) +
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Proof. Let B be an arbitrary bottlegraph of H. It suffices to show that y.,(B) > (r — 1) + Z—j If
Xcr(B) > r, then we are done (since i > r), so for the rest of the proof, we assume that y.,(B) < r.
In particular, as (4) implies that y.,(B) > r — 1, this means B has exactly r parts. Let By denote the
part of B of the smallest size. Pick any interval labelling ¢ of B; then there exists some ¢ € N such that
the ordered blow-up (B(?), ¢) contains a perfect H-tiling . Since B has exactly r parts, it follows that
every copy of H in (B(t), ¢) intersects all parts of B. Hence,

B(t
B10] > 3 = 2 = dsi/n — 111> BU/m
and so
o | B B | B o r—1
Xer (B) = (=D (= ) = - 4 -

In Section 3.3, we give a family of ordered graphs H for which the lower bound on 7, (H) in
Proposition 2.6 is tight.

3. Motivating examples
3.1. An example for Theorem 1.5(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 y},.(H); if one
takes a complete multipartite graph G with y.-(G) < xi,.(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 equiv-
alently can be translated into an argument that explains why an ordered graph is an extremal example
for cases (i) and (iii) of Theorem 1.8. In this way, one can view x7,.(H) as ‘encoding’ properties of the
extremal example.

In Section 11, we will compute y7,. (H) for various classes of ordered graphs H. Often these arguments
will be somewhat involved; thus, in these cases, the reason the extremal example for Theorem 1.8 does
not contain a perfect H-tiling is also ‘involved’. That is, in general, the reason 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 H; < H, < H3 of size ¢, 1, £, respectively.

For H as in Example 3.1, we have that y/.(H) = (462 = 1)/6? > 3 = y.(H). (In fact, in Proposi-
tion 11.5, we compute y7,. (F) for all complete 3-partite ordered graphs F.) Thus, for such H, we are in
case (i) of Theorem 1.8, so

2

¢
402 — 1

0<(H,n) = (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 G| < G, < G3 < Gy,
where

nt?

Gil = |Ga| = |G| = | ——
1G1] = 1G2| = G35 {452_1

nt?
J+1 and |G4|=n—3{4€2—_1J—3
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Note that G4 is the smallest part since |G;| > n/4 fori = 1,2,3 and |G4| < n/4. In particular,

nt? nt? £2
5(G)=n— ~1>n- “1=(1- -
(G) =n {452—1J T a1 ( 452—1)”

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

1G] = ] Al )

Note that if H’ € A, then H’ has at most £ + 1 vertices in G| U G,, while if H’ € BB, then H’ has at most
¢ vertices in G| U G. It follows that

|G1| +1G2| < (£+ D]A]+£]B]. (6)
Combining (5) and (6) yields the following:

©) |G| +|Go| = |A|l O L|G1|+£|Gy| - |G
|A|+|B|2| 1] |[2| ||Z |G1] |€22| |Gl

20-1(| ne? L) s 21 n> \ _ n
o \l4r-1 2 \42-1) 20+1°

The above is a contradiction since

_6l_ _n
TH| 26+ 17

Al +1B| = [H|

Hence, G 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 G; moreover, the reason G| U G is ‘too big’, whilst not difficult, is not
obvious at first sight (i.e., we needed to consider how two types of copies of H intersect G{ U G»).

Space barrier constructions occur in many other settings, too (e.g., the Kiihn—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 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 the 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 1.5(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)). Letr, k > 3, and let H be the ordered graph with vertex
setV(H) =[(r—1)k+2]andedgeset E(H) = {(1, (r—1)k+2)}U{((s=1)k+2,5k+2) : s € [r—1]}
(see Figure 1). So y<(H) =r.

Let B be the complete r-partite graph with parts By, ..., B,, where |B;| = k fori € [r — 1] and
|B,-| = 2. Observe that y.(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
Xer(H) < Xer(B) = (r = D) + = <71 = y<(H).

Furthermore, H has a local barrier: for any interval (r + 1)-colouring {1} < V| < --- < V,. of H, we
have that (r — 1)k + 2 € V., and thus there is one edge between {1} and V..
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{ { { { {
1 2 3 4 5 6 7 8 9 10 11

Figure 1. The ordered graph H as in Example 3.2 forr =4 and k =3

{ o {
1 2 3 4 5 6 7

Figure 2. The ordered graph H as in Example 3.3 forr =4 and k =2

3.3. An example for Theorem 1.8(iii)
Next we consider a family of ordered graphs that 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 = Dk + 1,sk+1) : s € [r—1]}. So His
the path (1)(k+1)(2k+1)...((r — 1)k +1) and y<(H) = r (see Figure 2).

We will explicitly compute x,. (H). In particular, we prove that /... (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 By, ..., B,, where |B;| = k fori € [r — 1] and |B,| = 1. Observe that y.,(B) = (r — 1)+ 1/k. Itis
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, so
Xor(H) < xer (B) = (r—1)+1/k. Moreover, Proposition 2.6 implies that in fact y.,. (H) = (r—1)+1/k.

Finally, we show that H does not have a local barrier. Leti # j € [r+ 1]. If i ¢ {1,r + 1}, there
exists an interval (r + 1)-colouring V| < --- < V.41 of H such that V; = {x} withx # (s — 1)k + 1 for
every s € [r]. Then x is isolated in H, so clearly there is no edge between x and V;. If i = 1, there exists
an interval (r + 1)-colouring V; < --- < V,.41 of H such that V; = {1} and V; = 0; so again, there is no
edge between V; and V;. The case i = r + 1 is analogous; we take V; = {(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 systematically
by Rodl, Ruciriski and Szemerédi [25] but that has roots in earlier work (see, e.g., [19]). Given ordered
graphs G, H and aset W C V(G), aset S C V(G) is called an H-absorbing set for W if both G[S] and
G[W U §] 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 vertices, 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
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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| € 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
max{y<(H), x&r (H)}

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
M. Finally, observe that M| U M, is a perfect H-tiling in G.

Thus we have proven that

0(G) > |1 - +0(1) |n.

1
max{y<(H), x&r (H)}

In particular, this is asymptotically sharp if 7, (H) > xy<(H) (by Corollary 2.4) orif x7.,.(H) < y<(H)
and H has alocal barrier (by Corollary 2.2), therefore proving cases (i) and (ii) of Theorem 1.8. However,
if x7,.(H) < y<(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:

0<(H,n) <(1-

+o(1)|n.

Theorem 4.2 (Absorbing theorem for nonlocal barriers). Let H be an ordered graph on h vertices with
X<(H) = 3, and let 7 > 0. If H does not have a local barrier and x..(H) < x<(H), then there exists
anng € Nand 0 < v < n so that the following holds. Suppose that G is an ordered graph on n > ny
vertices and

1

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| € hN and |W| < vn.

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 y<(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 y(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 immedi-
ately 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 y.(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

3More precisely, here divisibility barrier means an ordered graph H with y< (H) = 2 that satisfies Property B as defined in [3,
Page 3].
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(i) 8(G) = (1= gty +n)nif X2 (H) = < (H):
(i) 6(G) > (1 - m + n)n if ¥’ (H) < y<(H) and H has a local barrier;
(iii) 6(G) = (1 - ﬁ + r])n if x?,(H) < x<(H) and H has no local barrier.

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

o |Abs| < vn;
o 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 5(G’) > (1 - 1/x%,(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 not covered by M.
Since |H| divides n, |[V(M)| and |Abs|, we have that |H| divides |[W| too. Also, [W| < v3n, and hence
G’'[W U Abs] contains a perfect H-tiling M. Finally, observe that M| U M, is a perfect H-tiling of
G, as desired. ]

5. Bottlegraphs

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

Proposition 5.1. Let H be an ordered graph and B be a bottlegraph of H. There exist a bottlegraph B’
of H and an integer m € N such that y.,(B’) = x¢r (B) and all parts of B’ have size m except one part
with size at most m.

Proof. Let B be a bottlegraph of H so B is a complete k-partite unordered graph with parts By, ..., B
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 Bj, ..., B}, where

|B| =

(k-1|By| ifi=1
|B| — |Bi| otherwise.
So |B’| = (k — 1)|B|. Furthermore, we have
|B}| = (k= 1)|Bi| = k|B1| - |B1| < |B| - |B1] = | B}l

for every i > 1. It follows that

(k=DIBI_ (k=1%Bl_ _ (k=DIBl _
B=1B]] ~ (k= DIBI= (k- DBl [BI-|Bi]

Xcr(B,) = Xcr (B).

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 |By|, while the vertices in B; can be partitioned into (k — 1) sets of sizes
|Bs2|, . ..,|Bkl, respectively, for every i > 1. This implies that B’ contains a perfect B-tiling consisting
of (k — 1) copies of B.

Let {Cy,...,Cr_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 ¢ :=t11; . .. t;—1. Then the ordered blow-up (C;(¢), ¢;) contains a perfect H-tiling M, for
eachi e [k —1].

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

Forum of Mathematics, Sigma 17

Finally, M U --- U Mj_; 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 x7,.(H) = x7, (1, H).

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

Proof. Let X := {x.r(B) : Bis abottlegraph of H} and X} := {x.,(B) : Bis a l-bottlegraph of H}.
Thus, inf X = yJ,.(H) and inf X1 = x7,.(1, H). By definition of a bottlegraph and 1-bottlegraph, we
have that X C X'; so to prove the proposition, it suffices to show that X C A7.

Given any bottlegraph B of H, let B’ be the bottlegraph of H obtained by applying Proposition 5.1.
So B’ satisfies conditions (i) and (ii) in the definition of a 1-bottlegraph of H and y.,(B’) = xcr(B).
As B’ is a bottlegraph of H, there is some # € N so that B’(r) satisfies condition (iii) of the definition of
a 1-bottlegraph of H. Then B’(7) is a 1-bottlegraph of H with y,(B’(t)) = xcr(B’) = xcr (B). Thus,
X C A, as desired. O

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

__e(A,B)
d(A.B) = T

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)| < &. Given d € [0, 1], the pair (A, B)g is (g, d)-regular
if G is e-regular and d(A, B) > d.

We now state some well-known properties of g-regular pairs. The first (see, e.g., [18, Fact 1.5])
implies that one can delete many vertices from an (&, 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” € A, B C B with |A’| = a|A| and |B’| = «|B|. Then (A’,B")g is (¢',d — &)-regular with
g’ = 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 integer t > 2, any € > 0 and any {y € N,
there exists Ly = Lo(e,t,€y) € N such that for every d € (0, 1] and for every nearly balanced t-partite

graph G = (Wy,...,W;) on n > L vertices, there exists an { € N, a partition Wlp, Wl.l s Wf of W;
Jor each i € [t] and a spanning subgraph G’ of G such that the following conditions hold:
1. &h <€ < Ly,

2. dg'(x) > dg(x) — (d + &)n for every x € V(G);

3. |Wi0| < en/t for everyi € [t];

4. |Wij| = |Wl.j,./|f0r everyi,i’ € [tland j,j' € [£];

5. Foreveryi,i’ € [t] and j, ]’ € [{] either (Wi.i,Wi.’;/)G/ is an (&, d)-regular pair or G'[Wl'.i, Wij;/] is
empty.

We call the Wi.i clusters, the W? the exceptional sets and the vertices in the W? exceptional vertices.
We refer to G’ as the pure graph. The reduced graph R of G with parameters €, d and ¢ is the graph

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

18 A. Freschi and A. Treglown

whose vertices are the Wl.j (where i € [t] and j € [£]) and in which Wij Wl], is an edge precisely when

( Wl.j , Wl.j;l)G/ is (&, 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 < g,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, €y, then 5(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]). LetO < &€ < d and q,t € N. Let R be a graph with V(R) = {vy,..., v}
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 (&, 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 vertices with maximum degree A. Set
§:=d-geand ey =62+ A). Ife < &y andt — 1 < goq, then there are at least (9q)" labelled
copies of H in G so that if x € V(H) lies in U; in R(t), then x is embedded into V; in G.

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

7. Absorbing tools

In this section, we state some useful results for proving the existence of H-absorbing sets. The first result
is the following crucial lemma of Lo and Markstrém [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 ny € N such that the following holds. Suppose that G is an ordered graph
on n > ng vertices so that for any x,y € V(G), there are at least En*"~! (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;
o M is an H-absorbing set for any W C V(G) \ M such that |W| € hN and |W| < (£/2)*"n/(325*h3).

Informally, we will sometimes refer to a set X satisfying the assumptions of Lemma 7.1 as a chain of
size | X| between vertices x 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, and let a, 8,y > 0 and s, s, n € N, where
O<l/n<xy<a,pB,1/h1/s1,1/s;.

Let G be an (ordered) graph on nvertices, x,y € V(G) and A C V(G)\ {x, y}, where |A| > an. Suppose
that for every z € A, there exist at least fn*'""=" (sih — 1)-sets X C V(G) such that both G[X U {x}]
and G[X U {z}] contain perfect H-tilings and similarly there exist at least fn**"~1 (soh — 1)-sets
Y C V(G) such that both G[Y U{y}] and G[Y U{z}] contain perfect H-tilings. Then there exist at least
yn )= (51 4 53)h = 1)-sets Z C V(G) such that both G[Z U {x}] and G[Z U {y}] contain perfect
H-tilings.

Proof. Letz € A, and let X,Y be an (s h — 1)-set and an (sph — 1)-set, respectively, which satisfy the
above properties, with X, Y disjointsothat y ¢ X andx ¢ Y. Then X U {z} UY isan ((s1 +s2)h — 1)-set
and both G[(X U {z} UY) U {x}] 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
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fixed choice of z, there are at least Sn*'"~! — n*17=2 > gps17=1/2 suitable choices for X. For a fixed X,
there are at least Sn*2"~! — s; hn*2"=2 > Bn*2"=1/2 choices for Y. Therefore, in total, there are at least

(an) - (Bn*1"71)2) - (Bn*2"1)2) S yp(srs)h-1
((s1 +s)h—1)! =Y

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 := y(H). We say that H is flexible if for every
i € [r — 1], there exists an interval (r + 1)-colouring

Vi<-oo<Vi<{x} <V <--- <V,

of HsuchthatbothV; < --- < V;U{x} <V <---<V,andV; < --- <V, <ViggU{x} < - <V,
are interval r-colourings of H.

In the next lemma, we show that given a flexible ordered graph H, there exists a complete y(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 := y(H). If H is flexible, then the
following holds. For every i € [r — 1], let V| < --- < Vl’ <{x} <V, <--< Vi 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 Fy < --- < F, such that

r—1 .
rh+2rh- Z Vil fork € {l,r};
|Fk| = l:,al,l )
2rh+2rh- 3 |Vi|  otherwise.
i=1

Thus, |F| = 2r(r — 1)h%. Let s\, ...,s, € Z such that sy + --- + 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[| = |Fi| + 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 Vli << Vl.i U{x;} < ‘./ii+1 < .-+ < Vi of H and rh copies of the interval
r-colouring V| < --- <V < V! U {x;} <--- <V, of H. Forevery 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)k copies of H in this tiling, |F| = 2r(r — 1)h?.

Note that for every pair of consecutive classes (Fy, Fx+1), we could independently move rh vertices
from Fj to Fi41 to yield a new complete r-partite ordered graph that still contains a perfect H-tiling;
similarly, we could move rh vertices from Fy.; to Fy (these 2rh vertices fulfil the role of x; in their
respective interval r-colourings of H). We are going to use this observation to construct a perfect
H-tiling in F’.

Set tx := s1 +---+s¢ for k € [r] and typ := 0. For every pair of consecutive classes (Fx, Fx+1),
if tx > 0, move t; vertices from Fy,| to Fy; otherwise, move —t; vertices from Fy to Fy.;. This is
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possible since |tx| < |si| +--- + |s,| < rh by assumption. Note that the size of the new kth class is
|Fi| + tx — ti-1 = |Fi| + sk = |F}|, and 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 := y<(H). If H is flexible, then
the following holds. Let F be the complete r-partite ordered graph with parts Fy < --- < F, as in
Lemma 8.2, and let t € N. For any sy, ...,s,,{ € NU {0} such that s; +---+ s, = Ch < th and any
complete r-partite ordered graph F' with parts F| < --- < F] of size |F}| = t|Fy|+ s 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(¢) contains
a perfect H-tiling, too.

We prove that F’ contains a perfect H-tiling by induction on ¢. If £ = 0, then F’ = F(t), so F’
contains a perfect H-tiling.

Assume ¢ > 0. For every k € [r], let s; € N U {0} such that 5 < sx and s] +---+ s, = h. Let
Q1 < --- < Q, be an interval r-colouring of H. Notice that V(F’) can be partitioned into four sets
X,Y,W, Z such that

X NF| == OlFl, [YNFl = (= DIFi|+ (sx = sp),
(W F=10kl, |Z] = |Fr|+s; = 1Qkl,

for every k € [r]. Observe that

o If non-empty, then F’[X] is a copy of F (¢ — ¢), and thus F’[X] contains a perfect H-tiling.

o If £ =1, then 5; = s for every k € [r], so F’[Y] is the empty graph. Otherwise, F’[Y] contains a
perfect H-tiling by the inductive hypothesis since (s; —s7) + -+ + (s, — ;) = (( = 1)h and
sk — ;. 2 O forevery k € [r].

o F’[W] spans a copy of H.

o F’[Z] contains a perfect H-tiling by Lemma 8.2 since

r

Dl =10 =h=h=0

k=1
and |s; — |Q|| < h for every k € [r].
Altogether, this clearly implies F’ contains a perfect H-tiling. O

Our goal now is to show that if x,.(H) < y<(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 v := y<(H). If H is not flexible,
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 fixed.

Proof. Since H is not flexible, there exist some i € [r — 1] such that there is no interval (r + 1)-colouring
Vi<ooo<Vi<{x}<Viyp<---<V,of HsuchthatbothV; < --- < V; U{x} < V4 <--- <V, and
Vi< <V < Vi U{x} <--- <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;41; so z = y + 1. Note that y must be adjacent to some vertex in U, as otherwise
the interval (7 + 1)-colouring Uy < --- < U; \ {y} < {y} < Uiy1 < --- < U, satisfies the flexibility
property, a contradiction. Let y” be the smallest vertex in U;,; adjacent to y. Similarly, let z” be the
largest vertex in U; adjacent to z.
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Claim 8.5. Given any r-colouring Q| < --- < Q, of H, y € Q; and z € Q1.

Fix an arbitrary interval r-colouring Q| < --- < Q, of H; say that 7 lies in the kth interval Q. Note
that Q) < -+ < Qr N [z'] < (Ui \ [Z']) < Uiy < -+ < U, is an interval colouring of H. If (i) k < i—1
or (ii) k =i —1and 7’ = y, then y<(H) < r, a contradiction. If k =i — 1 and z’ # y, then the interval
(r + 1)-colouring Q1 < --- < Qi1 N [Z'] < (Ui \ [Z']) < {z} < Uis1 \ {z} < - -+ < U, satisfies the
flexibility property, a contradiction to our initial assumption in the proof. Thus k > i, which implies that
zis contained in the (i + 1)th interval Q;,; or above since z and 7’ are adjacent. Similarly, we can show
that y is contained in the ith interval Q; or below. This implies that, since y, z are consecutive vertices
in H, y lies in Q; and z in Q;;. This completes the proof of the claim.

By the claim above, and as z = y + 1, we conclude that y is the largest vertex in Q;. Hence, the
number of vertices in the first i intervals of any given interval r-colouring of H is exactly y, yielding the
required result. m

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

Proof. Letr := y<(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 i intervals of any given interval
r-colouring of H is, say, y for some fixed y € N. Consider a bottlegraph B of H with y.,(B) < r (which
exists by definition of x,.(H) and as y7,.(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 |B|| < 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 o. Recall that
the ordered graph (B, ¢) has parts B,-1(j) < -+ < B,-1(,). Then there exists some ¢ € N such that
the ordered blow-up (B(t), ¢) contains a perfect H-tiling. In particular, this perfect H-tiling consists of
t|B|/h copies of H. By assumption, each copy of H has exactly y vertices lying in the first i parts of
(B(1), ¢), which implies that the first i parts contain exactly yz|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
o such that o~!(1) = 1, then there are fewer than itm vertices in the first i parts of (B(z), ¢), while if
o~ 1(r) = 1, then there are precisely itm vertices in the first i parts of (B(t), ¢). O

Note that one really does require y;.,. (H) < x<(H) in the statement of Corollary 8.6; consider, for
example, 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 := y<(H) > 3.

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

6(G) > (1 - % +o(1))n.

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

To achieve this, we first divide [#] 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 > Ww.

We then show that given an arbitrary pair of clusters W and W’ in R, for almost every pair of vertices
x € Wandy € W, we can find many chains between x and y. We achieve this gradually through various
steps:
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o Given a copy T of K, in the reduced graph R and an arbitrary cluster W in 7, we prove that for
almost every pair of vertices x, y € W, we can find many chains between x and y. This is quite
straightforward, and the only property of H we use is that y.(H) = r.

o 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 y<(H) < x7, (H), formally stated in Corollary 8.6, will be
the main ingredient here.

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

Next, given an arbitrary vertex x € V(G), we use the minimum degree condition to find a particular
structure £ in G containing x and resembling an extremal construction for graphs that have a local barrier,
namely Extremal Example [; in particular, the vertex classes of Extremal Example | 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.

Analogously, given an arbitrary y € V(G) \ {x}, 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 x and y,
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 & vertices such that x/.(H) < y<(H), x<(H) > 3 and H has no local
barrier. Set r := y<(H).
Given any 7 > 0, define additional constants d, €1, €3, €3 € R and {y € N so that

O<l/hyxe<xeg<xes<xd<n1/(rh). 7)

Sett :=[4/n],andlet Ly = Lo(&1,1, £y) = €y be asin Theorem 6.2. Additionally, let &1, &, €3, &4, 65 € R
and n € N so that

O<l/nxé < éy<éy<é<xé <1/L. ®)

Define v := (¢5/2)" /4 and s := 2r(r — 1)h + 1.
Let G be an ordered graph on n > L vertices with minimum degree

Let W) < --- < 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 ¢ = [4/n], we have that |W;| < [nn/4] foralli € [¢], so

I n

(G z2|l-——+=|n. 9

@12 (11 +2) o

Apply Theorem 6.2 to G’ with parameters &1, ¢, {p and d to obtain a pure graph G”” and a partition

Wl.o, R Wt.f for every W;, where £y < ¢ < L. All non-exceptional clusters Wl.] have size m, where
1/1n en nn
> =|l=-|-—) 2= 10
" 4 (L J t ) 5L (10)
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Let R be the corresponding reduced graph of G’. By (9), Proposition 6.3 implies that

17

Crucially, observe that if Wl.j Wl] is an edge in R, then, by construction of G’, i # i’, so either Wij < Wij;
or W/ > Wl’

First, we prove that given a copy T of K, in R and an arbitrary cluster W in 7, for almost every pair
of vertices x, y € W, there exist many chains between x and y.

Claim 10.1. Let T\ < --- < T, be r clusters that form a copy of K, in R. Given any i € [r], there exists a
set A; C T; of size |A;| = (1 — &1r)|T;| such that the following holds: for every x € A;, there exists a set
Cx CT; of size |Cx| = (1 = 2&5r)|T;| such that for every y € Cy, there are at least &,n"~' (h — 1)-sets
X C V(G) so that both G[ X U {x}] and G[X U {y}] contain a copy of H.

Proof. Fixi € [r]. Forevery k # i, let
Ly ={veT :dg(v,Ty) < (d —&)|Tk|}.

Observe that dg~(Ly,Tx) < d — &) for every k # i. Suppose |Li,| > &|T;| for some ko # i. Since
(Ti, Ty )G~ is (g1, d)-regular, then

|d»(Liys Try) — dgr (Ti, Tiy) | < €1
and so dg»(Lk,, Tx,) > d — €1, a contradiction. Thus |Lg| < &;|T;| for every k # i. In particular,
[LyU--- UL <e(r=DIT| <err|Ti|.
LetA; :=T; \ (L U---U L,). It follows from the previous inequality that
|Ail = (1 = &1n)|T;].

Let x € A;. Define T} := Ty N Ngr(x) for every k # i and T/ := T; \ {x}. By the slicing lemma
(Lemma 6.1), the pair (7, T, )c~ is (£2,d/2)-regular for every a # b € [r]. For every k # i, let

Ly ={veT :dg(v,T}) < (d]2 - &)|T{|}.
By the same argument as before,
[LjU---UL.| < &r|T/|.
Let Cy :=T/\ (L] U---U L}). The above inequality implies that
ICxl > (1= &20)IT/| 2 (1 - 2e2r)|T}].

Lety € Cy.Define T}" := T "\Ng~(y) = Tk N\ Ng»(x) "\Ng~(y) forevery k # i and T} := T/ \ {y} =
T; \ {x,y}. By the slicing lemma, the pair (7,7, )G~ is (&3,d/3)-regular for every a # b € [r].
Furthermore, by construction, x and y are adjacent to all vertices in 7,” for every k # i.

Let V| < --- <V, be an interval r-colouring of H. Pick any v € V;, and let H’ be the complete r-
partite ordered graph with parts V; < --- < 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 Vi C T} forevery k # i and V; \ {v} C T;”. Because x and y are adjacent to all vertices in 7,” for
every k # i, both G[X U {x}] and G[X U {y}] are spanned by a copy of H. O
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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 Ty < --- < T, be r clusters that form a copy of K, in R. For every i, j € [r], there
exist sets A; C Ty and A; C T of size |Aj| 2 (1 —e1r)|Ti| and |A;| > (1 — &1r)|T;| such that for every
x € A;andy € Aj, there are at least Ensh=1 (sh = 1)-sets X C V(G) for which both G[X U {x}] and
G[X U {y}] contain perfect H-tilings.

Proof. Fix i, j € [r]. As in the proof of Claim 10.1, for every k # i, we define
Ly :={veT;:dc(v.Tk) < (d—e)|Tk|}
and set A; :=T; \ (L U---U L,). In the proof of Claim 10.1, we saw that
[LyU---UL,| <& (r—1)|T;| < &1r|T;| and thus [A;] = (1 —&17)|T;].

Let x € A;. As in the proof of Claim 10.1, we define 7] := Ty N Ng~(x) for every k # i and
T} :=T; \ {x}. The pair (T,;, T, )G~ is (&2, d/2)-regular for every a # b € [r].
For every k # j, let

Ly ={veT;:de(v.T{) < (d/2 - &)|T{]}.

Note that L; is not quite the same as the corresponding set given in the proof of Claim 10.1 (it is defined
in terms of j not 7); however, as in the proof of Claim 10.1, we have that

L] V- UL < &r|T]].
Let C := T]f \ (L] U ---U L;y). The previous inequality implies that

7
€12 (1= )Tl = (1= ear)(d - en Tyl 2 S5, (12)

Let z € C. Define T} := T, N NG~ (z) for every k # j and TJT’ = T/f \ {z}. By the slicing lemma and
(7), the pair (T;/, T, )G~ is (&3, d/3)-regular for every paira # b € [r]. Furthermore, by construction, x
is adjacent to all vertices in 7, for every k # i, while z is adjacent to all vertices in 7, for every k # j.

Since y;,.(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!/" =1 vertex sets ¥ in G so that G[Y]
spans a copy of F*, where Fy C T, forevery k #iand F; \ {v} C T/.

Given any such set Y, since x is adjacent to all vertices in 7} (for all k # i), then G[Y U {x}] is
spanned by a copy of F and thus contains a perfect H-tiling. Similarly, since z is adjacent to all vertices
in 7} (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 T} be as in the statement of Claim 10.1; so |A;| > (1 — &17)|T;|. Let y € A;. By Claim
10.1, there exists a set Cy, C T; of size

|Cy| = (1 =2&r)|T;] (13)

such that for any z € C,, there exist at least En1 (h—1)-sets Z C V(G) so that both G[Z U {y}] and
G[Z U {z}] contain spanning copies of H.
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In summary, given any x € A; and y € A;, we have shown that for every z € C N C,, there exist at
least & n!F1=1 (|F| - 1)-sets ¥ such that both G[Y U {x}] 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, Cy C T}, note that

(7),(12),(13) (10) g1mqn
COC=ICI+IC = ICUGI 2 ICI+IGy =127 erlTjl =eim > 7=

Applying Lemma 7.2 with C N Cy, e117/(5Lo), €1, &2 playing the roles of A, a, 8,7y, we conclude that
there exist at least &nF =1 = &,p5h=1 (sh — 1)-sets X C V(G) such that both G[X U {x}] 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 x 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]l = (1 —gr)|W| and |A’| = (1 — e\r)|W’| satisfying the following: for every pair of vertices x € A
and y € 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)lRl.

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, 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 € W and
D C U with |A| = (1 —&gr)|W|and |D| = (1 — &1r)|U|. Similarly, apply Claim 10.2 with K’, W', U
playing the roles of K., 7; and T; to obtain sets A’ C W’ and D’ € U with |A’| > (1 — &;7)|W| and
ID’| = (1 -&n)|U|.

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

, , (10) nn
IDND’| > |D|+|D'|-|U|l = (1 -2&r)|U|=(1-2e1r)m > 6L

Applying Lemma 7.2 with D N D’,n/(6Ly), &2, &3 playing the roles of A, «, B,y, we conclude that
there exist 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, as desired. O

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

Claim 104. Let x € V(G). There exists some cluster W € V(R) and a set A C W of size |A| >
(1 = &2r)|W| satisfying the following: for every y € A, there exist at least & n*"™' (sh — 1)-sets
X C V(G) such that both G[X U {x}] and G[X U {y}] contain perfect H-tilings.
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Proof. Letx € V(G), and define
N*(x) :={W} € V(R) : dg:(x, W}) = n|W}|/100}.
Recall that every nonexceptional cluster W has size m. Hence, if W € N*(x), then there are at most m

neighbours of x in W, while if W ¢ N*(x), then there are at most 7m /100 neighbours of x in W. Finally,
there are at most £n vertices lying in exceptional clusters. Therefore,

1 ©
(1 - o g)n < dg (x) <m-|N*(x)| +nn/100 + & n,
r—

and thus

(1 —$+g)|R| < IN* (). (14)

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

o the Ts span a copy of K, in R;
o Ty € N*(x) forevery k € [r —1];
o if x € Wy, with kg € [¢], then Ty & Wy, forall k € [r].

By the properties above, we may relabel indices so that there isan i € [r + 1] and j € [r] for which
Th<---<Ti1<x<T;<---<T,

and Ty € N*(x) for every k # j.

Define T := Ty N Ng'(x) for k # j and T]' := T;. By construction, |T}| > nm/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 :={ve TJf tdgr(v,TY) < (d]2 - &)|T;|}.
It is easy to show that |Lg| < sleJfI. Let A := ij \(LiU---UL,),then
[A] > (1 = &) |T]| = (1 - &20)|T}].

Let y € A. Define T;” := T] N Ng~(y) for every k # j and ij’ = ij \ {»}. By the slicing lemma,
(T, T} )G~ is (&3,d/3)-regular for every a # b € [r]. Furthermore, x and y are adjacent to all vertices
in 7, for every k # j (see Figure 3).

Since H has no local barrier, there exists an interval (r + 1)-colouring

Vi<-oo<Vigqp<{v}<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

\F/| = |Fr| + |Vl +1 itk =,
, |Fr| + Vil otherwise.

Note that

1+Z|Vk|=1+(h—1)=h,
k=1
and thus both F and F’ contain perfect H-tilings by Corollary 8.3.
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y X

Figure 3. In this picture, we take r = 3, T| < T, < x < Tz and j = 1. Note that (Ty \ {y},T}),
(M \{y}, 1Y) and (T,’, T;) are regular pairs, while x and y are adjacent to all vertices in T, and T}’

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

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

Y NT'| = V| and |ZNT,| = |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 x is adjacent to all vertices in 7}” for every k # j
and T, <x <T/". Thus G[Y U {x}] 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 € 7; and y is adjacent to all vertices in 7;” for k # j, then
G[X U {y}] spans a copy of F’, so G[X U {y}] contains a perfect H-tiling. O

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 » > 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 x, y € V(G), there exist many chains of bounded
size between x and y.

Claim 10.6. Let x,y € V(G). There exist at least £sn**"~! (4sh — 1)-sets X C V(G) such that both
G[X U {x}] 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 — &r)|W| and |A’| = (1 — &r)|W’| such that for every z € A and 7’ € A’, there exist at least
En’t1 (sh—1)-sets Y C V(G) such that both G[Y U {x}] and G[Y U {z}] contain perfect H-tilings
and at least &,n°"~! (sh — 1)-sets Y/ C V(G) such that both G[Y’ U {y}] and G[Y’ U {z’}] contain
perfect H-tilings.
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Furthermore, by Claim 10.3, there exist sets D € W, D’ € W’ of size |D| > (1 — &(r)|W| and
|D’| > (1 —&7)|W’| such that for every z € D and 7’ € D’, there exist at least £&3n>"~! (25sh — 1)-sets
Z C V(G) such that both G[Z U {z}] and G[Z U {z'}] contain perfect H-tilings. Note that

) nn

(10
[AND| = (1-2&r)|W|=(0-2er)m > —,
6L

) nn

(10
[A’ND'| 2 (1-2&n)|W'|=(1-2er)m > —.
6Lo

Apply Lemma 7.2 to y and any z € A N D with A’ N D’,n/(6Ly), &3, &4 playing the roles of A, @, 8, y;
we conclude that there are at least &1~ (3sh — 1)-sets X’ C V(G) 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 A N D, n/(6Ly), &4, &5 playing the roles of A, a, B, v; this
yields at least &sn*s"~1 (4sh — 1)-sets X C V(G) such that both G[X U {x}] and G[X U {y}] contain
perfect H-tilings, as desired. O

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;
o Abs is an H-absorbing set for any W C V(G) \ Abs such that |W| € AN and
IWI < (£5/2)*"n/ (51257 1°).

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.

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 1 > 0. There exists
an ny € N so that the following holds. If G is an ordered graph on n > ng vertices with

6(G) = (1- n|n,

_— 4+
X<(H) -1
then for any vertex x € V(G), there exists a copy of H in G covering the vertex Xx.

Proof. Let r := y<(H). Given such an ordered graph G, define constants as in (7) and (8). 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 x € V(G), there are disjoint 77, ..., 7} € V(G), where |T}| > n*n/(500Lg)
andi € [r+ 1], j € [r] such that

T <. <T_ , <x<T/<---<T/;

(T;,T}) is (&2, d/2)-regular for every a # b € [r]; x is adjacent to all vertices in 7} for any k # j.
As H does not have a local barrier, there exists an interval (r + 1)-colouring

Vi<ooo<Vig<{vi<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 Vi C T, for every k € [r]. Since x is adjacent to all
vertices in 7, for every k # j, G[X U {x}] 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.
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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 > 0. Let G be an ordered graph on n vertices with n sufficiently
large and minimum degree:

(i) 6(G) = (1 - )ﬁ + n)n if H has a local barrier;
(ii) 6(G) = (1 - m + n)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(G). Let y €
V(G) \ {x}. By Theorem 4.1, there exists a set X C V(G) such that both G[ X U {x}] 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. O

11. Properties of x}, (H)

In this section, we provide various bounds on the parameter y7,.(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 := y(H). Let C denote the set of
interval r-colourings of H. Define

(_(H) = max |H{| and ¢*(H) := max |H,|.
(Hj<---<H,)eC (H<---<H,)eC

Then x*,(H) > max{h/C_(H), h/¢*(H)}.

Proof. We only prove that y7,.(H) > h/{_(H), as the proof that y,.(H) > h/¢* (H) is analogous. Let B
be a bottlegraph of H with parts By, . . ., By for some k € N. Our aim is to show that y.,(B) > h/(_(H).
By Proposition 5.1, we may assume there exists some m € N such that

|[Bx| <m and |B;|=m

for every i € [k — 1]. Let ¢ be an interval labelling of B such that the ordered graph (B, ¢) has parts
By < -+ < By. Since B is a bottlegraph, there exists a r € 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 By; thus

mt = |By|t < {_(H)|H| = ¢_(H)|B|t/h.
Since y.r(B) = |B|/m, the above implies x.»(B) > h/¢_(H) and so y;..(H) = h/{_(H). O

Note that Proposition 11.1 implies that if H is such that 1 and 2 are adjacent or & — 1 and & are
adjacent, then x/,. (H) = h.

Proposition 11.2. Let H be an ordered graph on h vertices, and let r := y<(H). Let C denote the set of
interval r-colourings of H. Define

(. (H) = max {min |H,-|}.
(H <---<H,)eC |i€e[r]

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

¢ (H) = min |H;]|.
i€[r]
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Let k := | h/¢.(H)], and let B be the complete (k + 1)-partite unordered graph with parts By, ..., B4
such that

|Bisi| = (h =kl (H)) - (h!) and  |Bs| = i(H) - (h!)

for every s € [k]. Note that By, is the smallest part and may be empty. We have that |B| = A - h! and

Xer(B) = h/C.(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 0. Note that V((B, ¢)) = [h - (h!)]. Set ¢y := 0 and

ti = (|Hi| +---+|H;]) - (h!)
for every i € [r]. Forevery j € [h!] andi € [r], let
T; = [tic + JIH A\ [t + ( — D[H:]

Observe that the set of intervals {T; }jern) is a partition of [#;] \ [#;-1], and in particular the set of all
intervals TJ’: is a partition of [A - (h!)].

Relabel the parts of (B, ¢) by B},...,B;, sothat B] <--- < B} .
Bj and B, forsomei € [r], j € [h!] and s € [k]. Since |Tj’f,| = |H;| for every j’ € [h!], it follows that

Suppose that T]’f intersects both

|(ByU---U B\ [1i1]]

is not divisible by |H;|, as otherwise no TJ’:, would intersect both By and B/, for any j’ € [h!], and in
particular for j” = j, contradicting our assumption. However, |B| U -+ - U B{| and #;_ are both divisible
by h!, and thus [(B] U --- U BY) \ [t;-1]| is divisible by |H;|, reaching a contradiction. Therefore, every
T} is a subset of some B{.

Suppose T} and sz_'+1 are both subsets of some By; then
IBS| > (i + jlHin]) = (ticy + (j = DIH:]) = (B! = j + DIH;| + j|Hia| 2 (A1 +1) - Lo(H),

again reaching a contradiction. It follows that the ordered graph 7; spanned by le < e < T; is a
complete r-partite ordered subgraph of (B, ¢). Since |T;| = |H;|, 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/€,(H), .

The next result follows easily from the previous bounds.

Proposition 11.3. Let H be a complete r-partite ordered graph on h vertices with parts Hy < --- < H,
such that (i) |Hy| < |H;| for everyi € [r] or (ii) |H,| < |H;| for everyi € [r]. Then x},.(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) = |H,|, and hence Propositions 11.1 and 11.2 imply that x.,.(H) = h/|H;|.
Case (ii) follows similarly. O

In [3], Balogh, Li and the second author (implicitly) computed x7, (H) for any H such that y . (H) = 2.
Their result can easily be recovered using Propositions 11.1 and 11.2.

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

h
)(Zr(H)=m-

Proof. Lett_(H),¢t*(H),{+(H) be as in Propositions 11.1 and 11.2.

Observe that both [1,a*(H)] < [a*(H)+1, k] and [1,h—a~ (H)] < [h—a” (H) + 1, h] are interval
2-colourings of H. In particular,

(_(H)=a*(H) and ¢'(H)=a (H),

so xi.(H) = h/a(H) by Proposition 11.1. It remains to show that x%,.(H) < h/a(H).If «(H) < /2,
then {4 (H) > a(H)*, s0 x;.(H) < hj/a(H) by Proposition 11.2. If «(H) > h/2, thenboth [1,a(H)] <
[@(H) + 1,h] and [1,h — a(H)] < [h — a(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) = hj/a(H), and thus x7,.(H) < h/a(H). O

If y<(H) = 3, finding a closed formula for y, (H) already proves challenging. In the next result, we
determine y;, (H) for any complete 3-partite ordered graph H.
Proposition 11.5. Let H be a complete 3-partite ordered graph on h vertices with parts Hy < Hy < H3
of size hy, ha, h3, respectively, and let
min{hy, ha, h3} h

min{hy, h3} | min{hy, h3}’

g(H):=(2-

Then x;,(H) = g(H).
Proof. We may assume that 7| < h3; the case h; > h3 follows by the symmetry of the argument. If

hi < hy, then x[.(H) = h/h; by Proposition 11.3, and the result follows. So for the rest of the proof,
we assume sy < hy < h3. Under these assumptions, g(H) = (2 — hy/hy)h/hy > 3.

Claim 11.6. x;, (H) > g(H).
Let B be a bottlegraph of H with parts By, ..., B for some k € N. Note that k > 3 since H is

3-partite. Our aim is to show that y.,(B) > g(H). By Proposition 5.1, we may assume that there exists
some m € N such that

|Brl| <m and |Bi|=m

for every i € [k — 1]. Pick an interval labelling ¢ of B such that the ordered graph (B, ¢) has parts
By < By < -+ < By. By definition, there exists some ¢ € N such that the ordered blow-up (B(?), ¢)
contains a perfect H-tiling M. Recall that we denote the parts of (B(z), ) by Bi(t) < --- < B(t).

Let M, be the set of copies of H € M whose first part H; lies completely in B;(¢), and let
My := M\ M. Note that every copy of H € M has exactly hy vertices in B;(t) and at most i + hy
vertices in B (t) U B;(t), while every copy of H € M, has at most /] vertices in B (f) U B, (¢). Since
|B1(t)| = |Ba(t)| = mt, it follows that

mt > hy - |[My| and 2mt < (hy + hy) - IMy| + hy - [ Ma].
The above implies that

hy \ mt
h

M = M| + Mz = (2— n
Since y¢r(B) = |B|/m = |M|h/(mt), xcr (B) = g(H), proving the claim.
4In fact, if @(H) < h/2,then €4 (H) = a(H)
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Claim 11.7. If hy = h3, 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% - h% Xer (B) = g(H).

Suppose i1 = h3. Then

NN AY A
o= 2= 2 =4- (32

s0 3 < g(H) < 4. Let B be the complete 4-partite graph with parts By, By, B3, B4, where
|Bi|=hi—h5 and |Bi=h}

foreveryi = 2,3, 4. Note that y.(B) = |B|/ h% = g(H). Itremains 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) < By-1(2) < By-1(3) < By-1(4y. Either 071 (1),071(2) # 1 or
o7 1(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| = h1(2h; + hy) and |Y| =
(hy — hy)(2hy + hy) such that

0 ifi=1,
h(hi - hy) ifi=2,
OV ) ifi=3,
hi(hi - hy) ifi =4,

YN B,

and

h? ifi=1,
|XﬂBo_—1(i)|= hihy ifi =2,
IBy-1(3)| — hihy + B3 ifi=3,

and all remaining vertices of X lie in B ;-1 4.

In particular, (i) [X N By-1(yy| = h X N Byl = hha; |X N Byl = h = hihy + h;
| XN 3071(4)| =hihy — h% or (ii) |[X N Bo-*](l)| = h%; | XN Bo.—l(z)l =hihy XN 3071(3)| = h% —hihy;
|X N By-1(4)] = h1hy. Thus we have that (B, ¢)[X] contains a perfect H-tiling consisting of /; copies
of H, where the first and second parts H;, H; of every such copy of H lie in B,-i(jy and B,-i(y),
respectively. Further, (B, ¢)[Y] contains a perfect H-tiling consisting of &} — &, 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), 0~!(4) # 1. However, since h; = hj, this case will follow
by a symmetric argument to that of the previous case. Thus B is a simple bottlegraph of H.

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 h%

Set k := g(H). Recall that k > 3, so k > 4 since k € N. Let B be the complete k-partite graph with
parts By, ..., Bg, all of size h% Notice y.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 0. Recall that the
ordered graph (B, ¢) has parts B,-1(j) < --+ < B,1(4). Let X C V(B) be a set of size 4h% - h% such that

h% ifi=1,2,3,

X 0Byl =
XN Boorol {hf—hg ifi = 4.
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Let H’ be the complete 3-partite ordered graph with parts H{ < H), < H} of size hy, h, hy, respectively.
By Claim 11.7, (B, ¢)[ X] contains a perfect H’-tiling consisting of 2/ — h; copies of H’. Observe that
by definition of &,

[V(B) \ X| = khi — (4h7 = h3) = (2h1 — ho) (h3 — hy).

Thus we can partition V(B) \ X into 2k — h; 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.r(B) = g(H).

Recall that 1, < h| < h3. 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(z, £) be the complete 3-partite ordered graph with parts
H]’ < Hé < Hé of size thy,thy, ths — €, respectively.

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

o If g(H) > 4, there exist t, £ € N such that

t_ (g(H)—k)h

t o (2-h/h)’

since the right-hand side of the above inequality is a positive rational number. Thus,

hy\ L/t h\h—"C€]/t thoy\thy +thy +thy — ¢
k=g(H)-|2- = |-—=2-—= =|2-— : 15
g( ) ( h ) h ( h]) h thy thy {as)

Furthermore, we have

2
ho thy\thy +thy +th;
k>d>d4— (2] =2 22|27 16

g (hl) ( lhl) thy (16)

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

thy

G(H(10) = (2 - %)

thi +thy +thy — ¢

=k.
thy

Let B be the simple bottlegraph of H(¢,¢) as in Claim 11.8, and set s := 0.
o If3 < g(H) < 4,lett := land ¢ := h3 — hy. Observe that the parts H{ < H}, < H} of H(t, () have size
hi, hy, hy, respectively. Let B be the simple bottlegraph of H(z,¢) as in Claim 11.7. Set s := h% - h%

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 < e(H) -k <1. (17)

2
h

Indeed, the lower bound is trivial if g(H) > 4; if 3 < g(H) < 4, then s = h? — h3 and k = 3, so
g(H) =k 2 (2= ha/h) 2h1 + ha) [hy =k =4 = (ha/h1)* =3 =1 = (ha/h1)* = s/ 7.
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Thus, by (17), there exist a, b € N U {0} such that (a, b) # (0,0) and

a(l1-g(H)+k)=>b(g(H) -k —s/h%) = a +b% =(a+b)(g(H)—k)
1

= a(th))? + bt*s = (a + b)(th))*(g(H) — k). (18)

Let B’ be the complete (k + 1)-partite graph with parts B/, ..., B, ,, where

;<+1’
|B{| = (a+b)(th))*(g(H) —k) and |B]| = (a+b)(th)’

for every i > 1. Notice ., (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 0. Recall
that the ordered graph (B’, ¢) has parts B;fl(]) <-ee < B:rfl(k+1)' Let X,Y be two disjoint sets in
V(B’) of size a|B| and b|B|, respectively, such that

XOB . |- a(th))? ifi<k+1,
ol a(t®s) ifi=k+1,

and

, b(thy)? ifo™'(i) # 1,
b(tcs)y ifo™(i)=1.
Notice that by (18) and the choice of the sizes of the parts of B’, all vertices in B’(r 1y are in X UY for
i<kyass < h%, it may be that some vertices in B:J"I(k+1) arenotin X UY.
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(¢, {)-tiling M consisting of

_h2 h—¢/t 1
h h th—-+¢

alBl  alth)’g(H1.0)
HGO - HG At (2

=a(2h; — )t (19)
copies of H(t, ). Similarly, (B, ¢)[Y] is a copy of (B(b), ¢"’) for some interval labelling ¢"’, and it
contains a perfect H(z, £)-tiling M, consisting of

b|B|
|H(z,0)]

= b(2hy — o)t (20)

copies of H(t,¢). Note that the vertices in V(B’) \ (X UY) lie in B:T
(2= ha/h1)h/hy,

k)’ Moreover, as g(H) =

IV(B)\ (XUY)|=|B'| - (a+b)|B| = (a+Db)(th))*¢(H) - (a +b)|B|

L0, 4 ) ((2/11 — ho)ht® = (2hy - hy)(th - f)z) = (a+b)(2h) — ha)et.

Thus we can divide V(B’) \ (X UY) into (a + b)(2hy — hy)t sets of size € and assign each set to a copy
of H(t,€) in M U M,. Note that each copy of H(z, ), together with its assigned set, forms a copy
of H(t,0). Thus we constructed a perfect H(z,0)-tiling in (B’, ¢). Since H(¢,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 y.,. (H) < g(H). Together with Claim 11.6, this concludes the proof. O

Observe that Propositions 11.3 and 11.5 combined with Theorem 1.8 yield the following result that
makes the threshold in Theorem 1.8 explicit for all complete 3-partite ordered graphs.
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Theorem 11.10. Let H be a complete r-partite ordered graph on h vertices with parts Hy < -+ < H,,
where |H;| = h; for everyi € [r]:

o If hy < h; for everyi > 1, then 6.(H,n) = (1 - % +o(1))n.
o Ifh, < h; foreveryi € [r —1], then 6<(H,n) = ( - %’ +0(1))n.
2
o Ifr=3and hy < hy < h3, then 5.(H,n) = (1 - (Zhlhflhz)h +o(1))n.

2
o Ifr=3and hy < hy < hy, then 5.(H,n) = (1 - ﬁ +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 the best possible. Given
an ordered graph H, let ¢ (H) denote the smallest non-negative number that 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 6 (G) > c<(H)n, then G contains an H-tiling covering all but at most njn vertices.
Observe that Theorem 1.6 immediately implies that

1
me@—%ﬂﬁ. D

In fact, we will show that equality holds.

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

1
Cdm‘@_ﬁAm)

Proof. By (21), it remains to prove that c<(H) = (1 — 1/x},(H)). Throughout the proof, we let
¢ :=c<(H) and r := y(H). Suppose for a contradiction that ¢ < (1 — 1/x7,(H)). We split the proof
into three different cases.

Case 1: x:.(H) > r.

Let n > 0 be sufficiently small, and define ¢’ such that

¢ = max{(] - %),C} +n<1- erl([—[)‘ 22)

Let 0 < v < 1, and let n € N be sufficiently large and divisible by A.
Let G be any ordered graph on n vertices with minimum degree

@) 1
0(G)=c'n 2 [1-—=+n|n.
r

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| € AN and |W| < v3n. Let G’ := G \ Abs. Note that

(22)
6(G") = (c"=mn = cn.
By the definition of ¢, and as n is sufficiently large, there exists an H-tiling M covering all but at most

v3n vertices in G’. Let W C V(G”’) be the set of vertices not covered by M. Since |W| < v3n and h
divides |W| (as k divides n, |Abs|, |V(M)]), there exists a perfect H-tiling M» in G[Abs U W]. Thus

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

36 A. Freschi and A. Treglown

M U M, is a perfect H-tiling in G. Recall that G is an arbitrary ordered graph on n vertices with
6(G) = ¢’n, and hence

1
< c’ -
6<(H,n) <c'n< (1 er(H))n.

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: x!,.(H) < r and H is flexible.

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

c+n+n|Fl<1-

23
o 23

and

r—1 < X;r(H)
L-nlF|  1+nxi (H)

Let n € N be sufficiently large and divisible by /#; we may choose 1 and # so that nn € N.

Recall that by (4), r — 1 < x%,.(H) < r. Thus it is not difficult to show that there exists 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

(24)

Xer (H) .
T+ e () < Xer (B) < xgr(H). (25)

Note that

6(B)=(1— ! )n@(l_ 1 _)n
Xer(B)) Yo )"

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 B < --- < B,..

Notice that (24) and (25) imply |Bx| > n|F|nforallk € [r].Let X C V(B) suchthat | XNBy| = 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} < --- < B;, where B; C B for every k € [r]. Note that

(23)
6(B’) 2 6(B) —nn|F| = |1 - —n—-n|F||n = cn.

Xer(H)
By the definition of ¢, there exists an H-tiling M in B’ covering all but at most (17/2)n vertices. Let
W C V(B’) be the set of vertices not covered by M. Furthermore, let sx := |W N B} | for every k € [r].
Note that (B, ¢)[X U W] is a complete r-partite ordered graph with parts L; < --- < L, such that
|Li| = nn|Fi| + sg. Since sy + -+ - + 5, = |W| < (nn)h and h divides |W|, by Corollary 8.3, there exists
a perfect H-tiling M, in (B, ¢)[X U W]. Finally, note that M; U M, 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
Xer(B) < xi,.(H). Thus the initial assumption that ¢ < (1 — 1/y}, (H)) is false, and the result follows
in this case.

Case 3: x!,.(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 produce an explicit extremal example to show that ¢ > 1 — 1/r.
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Since H is not flexible, by Lemma 8.4, there exist some i € [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 — i) intervals of any given interval r-colouring of H is also fixed. Since H has
h vertices, the number of vertices in the first i intervals is at least i//r or the number of vertices in the
last (r — i) intervals is at least (r — i) #/r. Without loss of generality, we may assume the former.

Fix 0 < < 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

2(1-n) if j <r,
|Gj|: n . .
A+ (=l ifj=r.
Observe that
1 (-1
5(G):n—£(1+(r_1)n):(1___(r )77)”
r P

By assumption, a copy of H in G has at least ii/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

IGiU---UG;|  n(l-n)
G n

In particular, there are at least nn vertices in G that are not covered by M.

In summary, we have shown that given any ¢’ < 1 — 1/r, we can choose r7 > 0 sufficiently small
so that for an infinite number of choices of n € N, we can produce an n-vertex ordered graph G with
6(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. m]

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 A, Ay,...,Ax be nonempty
disjoint subsets of [n]. Then there exist sets S1,S2,...,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 all i, j € [k]:

o |S:I = [|Ail/k];
o Si <Sjifo(i)<a(j).

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

0<e< (1-x)n/(xh). (26)
By definition of y}., (x, H), there is an x-bottlegraph B of H with

Xer(x, H)
1—(n/12)x& (x, H)

Let k := y(B) > r, and let By, ..., By be the parts of B. Fix t € N such that k/f < &.

X;r(x’ H) < xer(B) < 27)
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Let n € N be sufficiently large, and let G be an ordered graph on n vertices with minimum degree

1
5(G) = (1 N S n)n.
Xer(x, H)
Recall by (1), xi,.(x,H) > r — 1550 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 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| = | % |h. Let G’ := G \ W. Observe that

1 n 27 1 n
(S(G/) > (1—*—+—)|G/| > (1— +—)|G’|.
xer(x,H) 3 Xcr(B) 4

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

Consider a fixed copy of B(t) € B whose parts are Ay, ..., A, with |A;| = f|B;| for every i € [k].
By Lemma 13.1, there exist sets S; C A; for every i € [k] such that |S;| > ||A;|/k] = |B;| and a
permutation o of [k] such that §; < §; if o7(i) < o (j). By discarding some vertices if necessary, we
may assume that |S;| = |B;| for every i € [k]. Note that the sets Sy, ..., Sx span a copy of B and the
ordering of V(G’) induces an interval labelling of B with respect to o.

Crucially, |A; \ S;| = (¢ — 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/0)|B(1)|

vertices in our fixed B(¢) € 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 x-bottlegraph, each of these copies contains an
(x, H)-tiling. Repeat this process for all B(¢) € B, and denote the union of all these (x, H)-tilings as
M. The number of vertices in G covered by M U W is at least

x(1=k/D)(1=&)|G'| + W] = x(1 - )*(n— W) + W]
(26)
> xn —2xen —x|W|+|W| > xn.

Hence M U W is an (x, 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(x, H) as defined in Theorem 1.16. Recall
that for an unordered graph H, the analogous function g(x, H) (defined in Theorem 1.13) is linear in
x. 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 x.

Proposition 14.1. Let H be an ordered graph with vertex set [ h] such that y<(H) = 2. Define a* (H) to
be the largest integer t € [h] such that [1,t] is an independent set in H; a~ (H) to be the largest integer
t € [h] such that [h — t + 1, h] is an independent set in H; and a(H) := min{a*(H),a” (H)}. For any

x € (0, 1), we have
ey = =D,

The proof of Proposition 14.1 and all the other results in this section can be found in the arXiv version
of this paper. Next we see that, in general, for any ordered graph H, if x is not too big, then the function
f(x, H) is linear in x.
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Proposition 14.2. Let H be an ordered graph on h vertices and r := y(H). Let C be the set of interval
r-colourings of H. Additionally, set

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

and xg = ﬁ Then for any x € (0, xo], where x < 1,

h—xT

f(X,H) =1- m

The following result states that f(x, H) is piecewise linear for certain types of H. These different
behaviours already suggest that computing f(x, 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 graph on h vertices with parts H| < --- < H,, where |H;| = {; for everyi € [r].

t t+1
o If tl— ¥ & < =Xh < (t+ 1)1 — X, G for somet € [1,r — 1], then
i=1 i=1

1 t
f(x,H):l—E((l—x)h+x;€,»).
.
o If@zﬂ’,—i}&,then
i=1

h—xt,
x,Hy=1-——.
A ) h(r-1)
In particular, for H fixed, f(x, H) is continuous and piecewise linear in x with r’ pieces, where r’ is the
number of strict inequalities in £} < --- < {,.

We conclude this section with the following result.

Proposition 14.4. Let H be an ordered graph; then

lim xe, (v, H) = xer (H) - and  lim xe, (x, H) = x<(H) = 1.
= x—

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. Depending on the
structure of H, this threshold depends on one of three factors: (C1) 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]).

https://doi.org/10.1017/fms.2022.92 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.92

40 A. Freschi and A. Treglown

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

1

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

Finally, whilst we have obtained some understanding of the function f(x, H), it would be interesting
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(x, H) is piecewise linear?
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