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Abstract

This thesis is concerned with embedding problems for large graphs under various types of
degree conditions in the host graph.

A conjecture by Bollobds and Komlés states that every graph with sufficiently high minimum
degree contains all spanning bounded-degree graphs with sublinear bandwidth.

We prove this conjecture, consider several variants as well as a bipartite analogue for sparse
host graphs. In addition, we characterise graph classes embraced by these results and confirm
a conjecture of Schelp on a Ramsey-type problem for trees. Our proofs are based on the
regularity method.

Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Einbettung grofler Graphen unter verschiedenen
Bedingungen an die Knotengrade eines Trigergraphen.

Eine Vermutung von Bollobds und Komlés besagt, dass jeder Graph mit hinreichend hohem
Minimalgrad alle aufspannenden Graphen mit beschranktem Maximalgrad und sublinearer
Bandweite enthélt.

Die Arbeit liefert einen Beweis dieser Vermutung, betrachtet verschiedene Variationen der
Fragestellung sowie ein Analogon fiir bipartite Graphen in diinnen Tragergraphen. Dariiber
hinaus wird eine Charakterisierung der von diesen Resultaten umfassten Graphenfamilien
erstellt und eine Vermutung von Schelp beziiglich eines Ramsey-Problems fiir Baume bestétigt.
Die Beweise basieren auf der Regularitdtsmethode.
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Chapter 1
Introduction

How do different parameters of combinatorial structures influence each other? And what
are the local or global properties they enforce?” These are questions common to extremal
combinatorics, Ramsey theory, and the theory of random structures. They form also the
starting point of this thesis.

The problems we consider concern characteristics that ensure the existence of certain
substructures. Such problems are called embedding problems because they can alternatively
be seen as the task to embed a given structure into an object with these characteristics. Their
study has led to a variety of results that are not only influential in many areas of mathematics
and computer science, but often beautiful as well. On many occasions they formulate simple
conditions for the embedding and connect seemingly unrelated parameters, thus exposing
charming and unexpected mathematical structure.

In graph theory the classical Erdos—Stone theorem is an eminent result of this type. It
considers the question how many edges are needed in a host graph G to ensure that a given
graph H can be embedded into G. The surprising answer is that neither (directly) the number
of vertices of H nor the number of its edges is crucial here, but its chromatic number.

The Erdés—Stone theorem applies to graphs H that are much smaller than the host graphs G
into which they are embedded. A series of other classical results in extremal combinatorics
(some of which we shall discuss in Section 1.1.1) concern the existence of so-called spanning
graphs H, i.e., graphs that have as many vertices as G. An interesting aspect of this kind
of results is that they assert a particular global structure (the spanning graph H) by way of
certain local properties of the host graph G, for example its minimum degree. A conjecture of
Bollobéds and Komlds claims that the chromatic number is of similar importance for this type
of embedding problems as for the Erdés—Stone theorem. More precisely, this conjecture states
that the minimum degree needed to embed a very general class of spanning graphs H, again,
solely depends on the chromatic number of H.

In this thesis we will prove the conjecture of Bollobas and Komlds, consider several variations
of this result, and discuss a number of implications.

In nature the term regularity usually signifies that a structure or arrangement constitutes a
particularly symmetrical or harmonious, often aesthetically pleasing pattern obeying certain
rules.

The regularity lemma of Szemerédi [91] is a remarkable result on the asymptotic structure of
graphs, which lies at the heart of the methodology used throughout this thesis, and describes
a phenomenon of a similar character. Roughly speaking, this lemma states that every graph
is built from relatively few pieces with a very regular structure and some negligible additional
“noise”. More precisely, the vertex set of a graph G can be partitioned into a constant number
of equally sized classes such that the following holds for most pairs (A4, B) of such classes: The
edges running between the classes A and B form a bipartite graph with uniform, random-like
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edge distribution. Such a partition is also called a regular partition and the random-like
bipartite graphs are the reqular pairs of this partition. As we will see, a regular pair is an
object well-suited for detecting certain structural features of the graph G that contains this
regular pair.

At first sight this might seem somewhat contradictory: we want to guarantee certain
structural properties but deal with “random-like” objects that, one might be tempted to think,
could be anything. However, one important characteristic of random graphs is that they are
rich in substructure: they usually contain many copies of all graphs H of constant size. And
in some sense this property carries over to the regular pairs (A, B) provided by the regularity
lemma. This motivates why partitions into regular pairs are extremely useful for verifying
that some host graph G contains a given graph H as a subgraph, which means that H embeds
into G.

Before stating our results in Section 1.2 we will give a short account of the relevant previous
work in the area in Section 1.1. In Section 1.3 we will then sketch and explain some techniques
that are used in many parts of this thesis and that pivot around the application of the regularity
lemma.

1.1 History

In this section we provide some of the most important background material concerning extremal
graph theory (see Section 1.1.1) and Ramsey theory® (see Section 1.1.2). This will enable us
to put our results in context later. We distinguish between questions and results for dense
graphs (Sections 1.1.1 and 1.1.2) and such for sparser graphs (Section 1.1.3) as the latter ones
are of a slightly different flavour.

1.1.1 Extremal graph theory

A well-known result in computer science states that it is computationally difficult to decide
whether a graph has a Hamilton cycle. This problem is NP-complete. Similar results can be
formulated for the appearance of substructures other than cycles. It is therefore valuable to
determine particularly simple conditions that are at least sufficient for the appearance of such
substructures. Establishing such conditions is a central topic in extremal graph theory.

A number of results in this area concern the existence of subgraphs of different kinds under
various vertex degree conditions. In other words, one is interested in embedding a given graph
into a so-called host graph fulfilling some specified properties, e.g., having high average degree
or high minimum degree.

Many early results in extremal graph theory study the appearance of a subgraph H in
an n-vertex graph G, where H is typically much smaller than G,,. We will briefly explain
the most important of them in the following paragraph. Then we shift our attention to the
analogous problem for growing subgraphs H,, i.e., the case when the graph H,, that we want
to embed into G,, depends on n.

!These areas are certainly not disjoint. In addition, it seems to the author, there is no obvious consensus on
where their respective boundaries are nor whether any of the two is a (proper) subset of the other. But for
the results discussed here the distinction seems rather natural.
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The subgraph containment problem

The birth of extremal graph theory was marked by a result which is by now a classic: Turan’s
theorem [93] investigates how many edges a graph may have without containing a clique on r
vertices. The contra-positive of this question asks what average degree in a graph enforces a
complete graph K, on r vertices as subgraph. This formulation shows that Turdn’s theorem
can also be seen as a primal example for the type of embedding problems we described above.
It states that K, can be embedded into each n-vertex graph G with average degree strictly
greater than %n

Theorem 1.1 (Turén [93]). Every graph G on n vertices with average degree d(G) > “=3n
contains a complete graph K, on r vertices as a subgraph. O

The question what happens if K. is replaced by some different fixed graph H was considered
by Erdés, Stone, and Simonovits [31, 33] and led to one of the many generalisations of this
theorem. Their result, sometimes also called the fundamental theorem of extremal graph
theory, roughly states the following. The average degree of a host graph needed to guarantee
an embedding of a fixed graph H depends only on the chromatic number of H, i.e., the minimal
number of colours needed to colour the vertices of H in such a way that no two neighbouring
vertices receive the same colour (we will review all essential terminology in Chapter 2 or,
alternatively, in the chapter where we need it).

Theorem 1.2 (Erdés, Stone [31]). For every constant v > 0 and every fixed graph H with
chromatic number r > 2 there is a constant ng € N such that every graph G with n > ng
vertices and average degree d(G) > (T;? + ’y)n contains a copy of H as a subgraph. O

r—

Spanning subgraphs

When trying to translate Theorem 1.2 into a setting where the graphs H and G have the same
number of vertices, two changes are obviously necessary.

First of all, the average degree condition must be replaced by one involving the minimum
degree 0(G) of G, since we need to be able to control every single vertex of G. Also, for some
graphs H it is clear that the lower bound has to be raised at least to §(G) > 7";—In: simply
consider the example where G is the complete r-partite graph with partition classes almost,
but not exactly, of the same size (thus G has minimum degree almost “=n) and let H be the
union of |n/r| vertex disjoint r-cliques (see Figure 1.1).

Figure 1.1: The complete 4-partite graph G on 4n vertices with partition classes of size n — 1,
n, n, n+ 1 cannot contain n vertex disjoint copies of Kj.
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There are a number of results where a minimum degree of %n is indeed sufficient to
guarantee the existence of a certain spanning subgraph H. A well-known example is Dirac’s
theorem [29]. It asserts that any graph G on n vertices with minimum degree 6(G) > n/2
contains a Hamilton cycle, i.e., a cycle on n vertices.

Another early result on large r-chromatic subgraphs of graphs with minimum degree %n
follows from a theorem of Corradi and Hajnal [26] that every graph G with n vertices and
0(G) > 2n/3 contains |n/3]| vertex disjoint triangles, a so-called (almost) spanning triangle
factor.

Theorem 1.3 (Corradi, Hajnal [26]). Let G be a graph on n vertices with minimum degree
§(G) = 2n. Then G contains a triangle factor on 3|n/3] vertices. O

This was generalised by Hajnal and Szemerédi [48], who proved that every graph G with
§(G) > “Ln must contain a family of [n/r| vertex disjoint cliques, each of order r.

Theorem 1.4 (Hajnal, Szemerédi [48]). Let G be a graph on n vertices with minimum degree
Ln. Then G contains a K, factor on r|n/r] vertices. O

A further extension of Theorem 1.3 was suggested by Pésa (see, e.g., [32]), who indicated
how Dirac’s Theorem concerning the existence of a Hamilton cycle and the spanning union of
many disjoint triangles could actually fit into a common framework. He conjectured that at
the same degree threshold 6(G) > 2n where the theorem of Corrddi and Hajnal (Theorem 1.3)
promises the existence of a spanning triangle factor, a graph GG must indeed contain a much
more rigid substructure — the square of a Hamilton cycle (where the r-th power of a graph
is obtained by inserting an edge between every two vertices with distance at most r in the
original graph, and the square of a graph is its second power, see Figure 1.2). Observe that
the square of a cycle on 3t vertices contains ¢ vertex disjoint triangles.

Conjecture 1.5 (Pésa). An n-vertex graph G with minimum degree §(G) > 2n/3 contains
the square of a Hamilton cycle.

Figure 1.2: The square of a Hamilton cycle.

The following approximate version of this conjecture for the case r = 3 was proved by Fan
and Kierstead [34]: For every constant v > 0 there is a constant ng such that every graph G
on n > ng vertices with §(G) > (2/3 + v)n contains the square of a Hamilton cycle. Fan and
Kierstead [35] later also gave a proof for the exact statement (i.e., with v = 0 and ng = 1) for
the square of a Hamilton path. In fact, they showed that for the existence of a square of a
Hamilton path, the minimum degree condition 6(G) > (2n — 1)/3 is sufficient and sharp.

Theorem 1.6 (Fan, Kierstead [35]). Fvery graph G on n > ng vertices with minimum degree
0(G) > (2n — 1)/3 contains the square of a Hamilton path. O
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Finally, Komlés, Sarkozy, and Szemerédi [64] proved Pésa’s conjecture (Conjecture 1.5) for
large values of n.

A higher-chromatic analogue of Pésa’s Conjecture was proposed by Seymour [90] who
conjectured that the same statement remains true when “square” is replaced by “r-th power”
and 0(G) > 2n/3 by 6(G) > (r —1)n/r (this is also often called the Pésa—Seymour conjecture).
Notice that this is, again, exactly the degree threshold where Theorem 1.4 asserts a spanning
K,-factor. Komlos, Sarkozy, and Szemerédi [67] first proved an approximate version of this
result. Later the same authors [64, 68] gave a proof of the Seymour conjecture for fixed r and
sufficiently large graphs G.

Theorem 1.7 (Komlds, Sarkozy, Szemerédi [64]). For every integer r > 1 there is an integer
no such that every graph G on n > ng vertices with minimum degree 6(G) > (r — 1)n/r
contains the (r — 1)-st power of a Hamilton cycle.

Recently, several other results of a similar flavour have been obtained which deal with a
variety of spanning subgraphs H, such as, e.g., trees, F-factors, and planar graphs (see the
excellent survey [71] and the references therein). As an example we give the following theorem
due to Kiithn and Osthus [72] about spanning planar subgraphs.

Theorem 1.8 (Kiihn, Osthus [72]). There is ng such that every graph G with n > ng vertices
and minimum degree at least %n contains a spanning triangulation. O

1.1.2 Ramsey theory

Most results in this thesis are density type results that, such as the theorems stated above,
guarantee a certain substructure by way of conditions on the vertex degrees in a host graph.
In Chapter 8 however we obtain a Ramsey-type theorem. Such results consider partitions of
objects and usually guarantee that in an arbitrary partition one can find a given structure
which is entirely in one of the partition classes.

As an example, the famous theorem of Ramsey [82] states that for any fixed integer r
there is an integer m such that in any edge-colouring of K, with red and green there is a
monochromatic copy of K., that is, a copy entirely in red or in green. We write R(r) for the
smallest number m such that this is true.

Theorem 1.9 (Ramsey [82]). For every integer r there is an m such that any colouring of
the edges of K,, with two colours contains a monochromatic copy of K.,. O

This concept (and result) naturally generalises to graphs F' different from K, and, more
generally, to finite families of graphs F: Let R(F) denote the smallest integer m such that in
any edge-colouring of K, with red and green either there are copies of all members of F in
red or, or copies of all of them in green. In this case we also write K,, — F, say that K, is
Ramsey for F, and call R(F) the Ramsey number of F.

The investigation of Ramsey numbers has received much attention, and the structural theory
around extensions and generalisations of Theorem 1.9 and its analogues for different structures
has grown into a field on its own. For surveys on the topic we refer the reader to [44, 80].

Here we will concentrate on the case when F is a family of trees. Let 7; denote the class
of trees on t vertices, and let 7, be its restriction to trees of maximum degree at most A.
Haxell, Luczak, and Tingley [51] determined the asymptotically correct Ramsey number for
trees with small maximum degree.
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Theorem 1.10 (Haxell, Luczak, Tingley [51]). For all v > 0 there is an integer ty and a
positive n such that each tree T' € ’Z;A with bipartition classes of sizes t1 < to such that to > tg
and nta > A satisfies R(T) < (14 v)t, where t := max{2tq, 2t; + t2}. O

For general trees, Ajtai, Komlés, Simonovits, and Szemerédi [3] announced a proof of a
long-standing conjecture by Erdés and Sés, which implies that Ko;_o — 7; for large even t
and Kop_3 — 7 for large odd t. This is best possible. For the case of odd t this is also a
consequence of a theorem by Zhao [94] concerning a conjecture of Loebl (see also [52]).

Theorem 1.11. For t sufficiently large, Kot_o — T;. Ol

Let us now move on to a modification of the original Ramsey problem. The graph Kpr) is
obviously a Ramsey graph for F with as few vertices as possible. However, one may still ask
whether there exist graphs with fewer edges which are Ramsey for F. The minimal number of
such edges is also called size Ramsey number and denoted by Rs(F). Trivially Rs(F) < (R(Q}—)),
but it turns out that this inequality is often far from tight. For the class of bounded-degree
trees 7,2, for example, a result of Friedman and Pippenger [36] implies a linear size Ramsey
number of order R(7,2) = O(A*t). Haxell and Kohayakawa [50] improved on this bound and
replaced it with O(At).

More generally, Beck [14] asked whether the size Ramsey number of bounded-degree graphs
is always linear. R6dl and Szemerédi [88] showed that this is not true. They constructed
n-vertex graphs H with maximum degree 3 and with size Ramsey number at least nlog®n for
some positive constant c¢. A non-trivial upper bound, on the other hand, was established by
Kohayakawa, Rodl, Schacht, and Szemerédi [61]. Their result shows that the class of n-vertex
graphs with maximum degree A has size Ramsey number at most O(n2_1/ A logl/ A n).

1.1.3 Sparse universal graphs

The graph embedding problems we discussed so far all fit into a common framework. Given a
class of graphs H, we are interested in identifying host graphs G which have the property that
they contain all graphs from H as subgraphs. Such graphs G are called universal for H.

In this language, most results presented in Section 1.1.1 guarantee universality via different
degree conditions. However, they require the host graph to be dense and in fact often even
everywhere dense, inasmuch as every vertex of G has at least a well-specified positive fraction
of all other vertices as neighbours. This raises the question which sparser structures can serve
as host graphs.

Sparse random graphs have proven to provide a suitable setting for constructing universal
graphs G with few edges (although for several concrete families the best known constructions
of universal graphs can be obtained without randomness, we will see below). Indeed, Alon,
Capalbo, Kohayakawa, R6dl and Ruciniski [8] showed that a sparse random balanced bipartite
graph Gy, ,,, (on 2n vertices where every edge running between the two partition classes, which
are of size n each, exists independently with probability p) is universal for the class of spanning
balanced bipartite bounded-degree graphs on 2n vertices if p = p(n) = o(1) is sufficiently large.
For the exact formulation, let H(n,n,A) denote the class of all balanced bipartite graphs on
2n vertices with maximum degree A.

Theorem 1.12 (Alon, Capalbo, Kohayakawa, Rodl, Ruciniski, Szemerédi [8]). There is
a positive ¢ such that for all A > 2 the random balanced bipartite graph G, with p >
c(logn/n)V?2 is asymptotically almost surely universal for H(n,n, A). O
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In addition the same authors demonstrated that even more can be said when one considers
copies of smaller bipartite graphs. Assume that H(n,n,A) in the theorem above is replaced by
the class H([nn], [nn], A) of all balanced bipartite graphs on 2[nn] vertices with maximum
degree A for a small constant 1. Then the same random graph G, ,, , with p as in Theorem 1.12
is fault-tolerant in the sense that even the deletion of a substantial proportion of its edges does
not destroy universality for H([nn], [nn],A). In other words, G, , contains many copies of
all graphs from H([nn], [nn], A) everywhere.

Theorem 1.13 (Alon, Capalbo, Kohayakawa, Rédl, Ruciriski, Szemerédi [8]). For every
v € (0,1] and every integer A > 2 there are constants n > 0 and ¢ > 0 such that for
p > c(log n/n)l/2A the random balanced bipartite graph I' = Gy, ,, , asymptotically almost surely
has the following property. Let G be any subgraph of ' such that |E(G)| > v|E(T)|. Then G
is universal for H([nn], [nn], A). O

This result can also be interpreted in the context of Ramsey-type questions. It states that
any colouring of the edges of G, ,, with |1/7] colours has a colour class that is universal for
H([nnl, [an], A).

Turning to non-bipartite graphs Alon and Capalbo [6, 7| gave explicit constructions of
graphs that are universal for the class H(n, A) of all graphs with n vertices and maximum
degree A. They improved on several other constructions of H(n, A)-universal graphs (see [8, 9]).
Universality of sparse random graphs for H(n, A) was studied in [8, 27].

Theorem 1.14 (Alon, Capalbo [7]). For every A > 3 and every integer n there is a constant ¢
and a graph G with at most cn®>=2/2 edges that is universal for H(n, A). Ol

With regard to Ramsey-type questions Kohayakawa, Rédl, Schacht, and Szemerédi [61]
recently obtained a result of similar flavour as Theorem 1.13 for G, , (on vertex set {1,...,n}
where every edge exists independently with some sufficiently high probability p). Their theorem
states that in every 2-colouring of the edges of G, , there is a colour class that is universal

for H([nn], A).

Theorem 1.15 (Kohayakawa, Rédl, Schacht, Szemerédi [61]). For every A > 2 there exist
constants n > 0 and ¢ > 0 such that for p > c(log n/n)l/A the random graph Gy, , asymptotically
almost surely is Ramsey for H([nn], A). O

This theorem implies the bound on the size Ramsey number of bounded-degree graphs
mentioned in the previous section. Observe that the bound on p in this theorem is better than
the one in Theorems 1.12 and 1.13.

1.2 Results

In this section we present the main results contained in this thesis and fit them into the picture
drawn in the previous section. We will describe various embedding results concerning large
subgraphs in dense graphs (Section 1.2.1) as well as in sparse random graphs (Section 1.2.4).
In addition we will discuss a characterisation of the graph classes covered by these results
(Section 1.2.2) and prove a Ramsey-type result for trees (Section 1.2.3). All results will be
repeated in the respective chapters that cover their proofs.
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1.2.1 Spanning subgraphs of sublinear bandwidth

In the beginning of Section 1.1.1 we considered the question what minimum degree §(G) of an
n-vertex graph G forces a particular graph H to be a spanning subgraph of G. We explained
that we certainly need to have 6(G) > ﬁ—ln and saw different concrete examples where this is
already sufficient.

In an attempt to move away from results that concern only graphs H with a special, rigid
structure (such as powers of Hamilton cycles), a naive conjecture could be that 6(G) >
(’”;—1 + 7v)n suffices to guarantee that G contains a spanning copy of any r-chromatic graph H
of bounded maximum degree. However, the following simple example shows that this fails in
general. Let H be a random bipartite graph with bounded maximum degree and partition
classes of size n/2 each, and let G be the graph formed by two cliques of size (1/2 + «)n each,
which share exactly 2vn vertices. It is then easy to see that G cannot contain a copy of H,
since in H every vertex set X of size (1/2 — v)n has more than 2yn neighbours outside X. In
short, the obstruction here is that H has good expansion properties.

The conjecture of Bollobas and Komlés

One way to rule out such expansion properties for H is to restrict the bandwidth of H (as
we will explain more in detail in Section 1.2.2 and Chapter 4). A graph G has bandwidth
at most b, if there exists a labelling of the vertices by numbers 1,...,n, such that for every
edge ij of the graph we have |i — j| < b. Bollobds and Komlés [62, Conjecture 16] conjectured
that every r-chromatic graph on n vertices of bounded degree and bandwidth limited by o(n),
can be embedded into any graph G on n vertices with §(G) > (=1 4+ y)n. In Chapter 5 we
provide a proof of this conjecture.

Theorem (Theorem 5.1). For all A € N and v > 0, there exist constants f > 0 and ng € N
such that for every n > ng, if H is an r-chromatic graph on n vertices with A(H) < A, and
bandwidth at most fn and if G is a graph on n vertices with minimum degree §(G) > (%—l—’y)n,
then G contains a copy of H.

Note that for some results mentioned in the last section, the additional term +n in the
minimum degree condition is not needed (or can be replaced by a smaller term). In the general
setting, however, this is not possible: Abbasi [2] showed that if v — 0 and A — oo, then 3
must tend to 0 in Theorem 5.1.

Building on the techniques developed for obtaining this result, we will consider different
ways to weaken the minimum degree assumption in Theorem 5.1, which we describe in the
following paragraphs.

Bipartite host graphs

Theorem 5.1 implies in particular that for any v > 0, every balanced bipartite graph H on 2n
vertices with bounded degree and sublinear bandwidth appears as a subgraph of any 2n-vertex
graph G with minimum degree (1 + «)n, provided that n is sufficiently large.

For Hamilton cycles H it is known that this minimum degree condition can be replaced by
a much weaker condition if we have additional structural information about the host graph G:
If G is a balanced bipartite graph then 6(G) > n/2 suffices to find a Hamilton cycle in G
(see [78]). In Chapter 6 we show that a slightly bigger minimum degree threshold already
forces all balanced bipartite graphs H with bounded degree and sublinear bandwidth.
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Theorem (Theorem 6.2). For every v and A there is a positive constant 3 and an integer ng
such that for all n > ng the following holds. Let G and H be balanced bipartite graphs on 2n
vertices such that G has minimum degree 6(G) > (3 +v)n and H has mazimum degree A and
bandwidth at most Bn. Then G contains a copy of H.

Results of a similar nature have recently been established by Zhao [95], and by Hladky and
Schacht [53] who considered the special case of coverings of G with disjoint copies of complete
bipartite graphs.

Ore conditions

Recall that Dirac’s theorem asserts the existence of a Hamilton cycle in n-vertex graphs of
minimum degree at least n/2. Ore [81] realised that this conclusion remains true even under a
weaker condition. He showed that it is not necessary to control the degree of every vertex
independently but that it suffices to guarantee a high degree sum for pairs of non-adjacent
vertices.

Theorem 1.16 (Ore [81]). Every n-vertex graph G = (V, E) with deg(u) + deg(v) > n for all
xy € E contains a Hamilton cycle. Ol

Similarly one might ask whether it is possible to replace the minimum degree condition in
Theorem 5.1 by an Ore-type condition. In Chapter 7 we show that this is indeed the case for
3-colourable graphs GG. We obtain the following theorem.

Theorem (Theorem 7.2). For all A,y > 0 there are ,ng > 0 such that for all n > ng the
following holds. Let G = (V, E) and H be n-vertex graphs such that H is 3-colourable, has
mazimum degree A(H) < A and bandwidth at most fn, and G satisfies deg(u) + deg(v) >
(% +v)n for all xy ¢ E. Then G contains a copy of H.

The proof of this theorem uses a recent result due to Kierstead and Kostochka [56] that
establishes an Ore-type version of the Hajnal-Szemerédi theorem (Theorem 1.4).

1.2.2 Characterising sublinear bandwidth

In the preceding paragraphs we discussed a number of results concerning the embedding of
graphs H with sublinear (or small linear) bandwidth. By definition such graphs H admit
a vertex ordering in which the neighbourhood of every vertex v is restricted to some few
vertices which immediately precede or follow v. This is beneficial in (and heavily used by)
the proofs of the aforementioned embedding results, insofar as they construct the required
embedding sequentially, following such an ordering. In this sense the bandwidth constraint
helps to “localise” the dependencies one needs to take into account during the embedding.

Recall also that the bandwidth constraint was introduced because results such as Theorem 5.1
do not hold without this extra condition. However, one may wonder whether it cannot be
replaced by other constraints. In addition, in view of our embedding results, it is natural to
ask which graph classes actually have sublinear bandwidth.

We will pursue these questions in Chapter 4 and show, for example, that planar graphs of
bounded maximum degree have sublinear bandwidth.

Theorem (Theorem 4.1). Suppose A > 4. Let G be a planar graph on n wvertices with
mazximum degree at most A. Then the bandwidth of G is bounded from above by 15n/loga (n).
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Similar results can be formulated for graphs of any fixed genus (i.e., graphs that can be
drawn without crossings on other surfaces than the plane) and, more generally, for any graph
class defined by a fixed set of forbidden minors (see Section 4.2.1).

The following example, that also showed that Theorem 5.1 becomes false if not restricted
to graphs H of sublinear bandwidth, demonstrates that not all graphs with small maximum
degree have sublinear bandwidth: with high probability a random bipartite graph G on n
vertices with bounded maximum degree cannot have small bandwidth since in any linear
ordering of its vertices there will be an edge between the first n/4 and the last n/4 vertices in
this ordering. The reason for this obstacle is that G has good expansion properties.

This implies that graphs with sublinear bandwidth cannot exhibit good expansion properties.
One may ask whether the converse is also true, i.e., whether the absence of large expanding
subgraphs in bounded-degree graphs must lead to small bandwidth.

In fact, Theorem 4.1 is a consequence of the proof of the following result that characterises
sublinear bandwidth in various ways, among them expansion properties. This result relates
different graph parameters (whose definition we defer to Chapter 2) and proves that the concepts
of sublinear bandwidth bw(H), sublinear treewidth (denoted by tw(H)), bad expansion
properties (which are measured by the so-called non-expansion b.(H)), and sublinear separators
(whose size is quantified by s(H)) are equivalent for graphs of bounded maximum degree. A
class of graphs is hereditary if it is closed under taking induced subgraphs.

Theorem (Theorem 4.6). Let A be an arbitrary but fized positive integer and consider a
hereditary class C of graphs such that all graphs in C have mazimum degree at most A. Let C,,
be the set of those graphs in C with n vertices. Then the following four properties are equivalent:

(1) For all 51 > 0 there is ny such that tw(H) < (in for all H € C,, with n > ny.
(2) For all By > 0 there is na such that bw(H) < fon for all H € C,, with n > no.
(3) For all B3,e > 0 there is ng such that bo.(H) < B3n for all H € C,, with n > ns.
(4) For all By > 0 there is nyg such that s(H) < B4n for all H € C,, with n > ny.

Consequently the bandwidth constraint in our embedding results is in some sense precisely
the “right” constraint: The embedding results become false if this constraint is omitted
because we cannot hope to embed graphs with good expansion properties, and restricting the
bandwidth rules out exactly these graphs.

1.2.3 Trees in tripartite graphs

The size Ramsey number of a class F of graphs asks for the minimal number of edges in
a graph that is Ramsey for F. A question of similar flavour is what happens when we do
not only want to find Ramsey graphs for F with few edges, but require in addition that the
number m of vertices is very close to R(F). This question has two aspects: a quantitative
one (i.e., how many edges can be deleted from the complete graph K,, so that the remaining
graph is still Ramsey) and a structural one (i.e., what is the structure of edges which may be
deleted). Questions of a similar nature were explored by Gyéarfas, Sarkozy, and Schelp [47]
when F consists of an odd cycle and by Gyéarfas, Ruszinké, Sarkozy, and Szemerédi [46]
when F consists of a path. Our focus here is on the case when F is a class of trees.

Schelp [89] posed the following Ramsey-type conjecture about trees in tripartite graphs:
For n sufficiently large the tripartite graph K, , , is Ramsey for the class T, of trees on
t < (3 —¢e)n/2 vertices with maximum degree at most A for constant A. The conjecture thus
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asserts that we can delete three cliques of size m/3 from the graph K, with m only slightly
larger than R(7;*) while maintaining the Ramsey property. In addition Schelp asked whether
the same remains true when the constant maximum degree bound in the conjecture above is
replaced by A < %t (which is easily seen to be best possible). In Chapter 8 we prove a result
that is situated in-between these two cases, solving the problem for trees of maximum degree
n® for some small o and hence, in particular, answering the first conjecture above.

Theorem (Theorem 8.1). For all € > 0 there are a > 0 and ng € N such that for all n > ng
Kn,n,n - ZAa
with A <n® and t < (3 —¢)n/2.

As for most embedding results in this thesis, we use the regularity lemma to establish this
theorem. Due to the nature of the methods related to this lemma it follows that Theorem 8.1
remains true when K, , , is replaced by a much sparser graph: For any fixed p € (0,1] a
random subgraph of K, ,, with edge probability i allows for the same conclusion, as long
as n is sufficiently large (see Section 8.7).

1.2.4 Sparse random graphs

Another way to formulate Theorem 5.1 (see page 8) is to say that the complete graph K, is
robust with respect to the containment of spanning bounded-degree subgraphs with sublinear
bandwidth in the following sense: An adversary may arbitrarily delete edges of the graph K,
such that each vertex looses at most an % — v fraction of its incident edges. Then the resulting
graph still contains every r-chromatic graph with bounded maximum degree and sublinear
bandwidth as a subgraph. This raises the question whether the same remains true when K,
is replaced by a much sparser (but in some sense regular) graph I', i.e. by an n-vertex graph
with e edges such that e/n? tends to 0 as n goes to infinity. Clearly, K, cannot be replaced
by just any sparse graph I' and hence it seems natural to ask whether a random graph G,
can play its role.

In Chapter 9 we will prove that this is true when we are interested in the embedding of
almost spanning bipartite graphs H.

Theorem (Theorem 9.1). For every n,vy > 0, A > 1 there exist positive constants 3 and c
such that the following holds asymptotically almost surely for T' = G, , with p > c(log n/n)l/A.
Every spanning subgraph G = (V,E) of I with degg(v) > (5 4+ v)degp(v) for allv € V
contains a copy of every graph H on m = (1 — n)n vertices with maximum degree A(H) < A
and bandwidth bw(H) < fn.

Observe that this result uses the same bound on p as Theorem 1.15. In fact we utilise
methods developed in [61] for proving this theorem and combine them with suitably adapted
methods for the proof of Theorem 1.13 in [8]. Note that in contrast to both of these theorems
we embed graphs H that are almost as big as the host graph. The price we have to pay,
however, is that we need to restrict the number of deleted edges at each vertex separately.

1.3 Techniques

In this section we will briefly describe some of the central ideas underlying our methods for
proving the embedding results given in the previous section. We have already indicated that
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many of our proofs are based on the regularity lemma and that a regular partition is suitable
for the embedding of graphs. In these proofs we will often also use the so-called blow-up
lemma, a tool for embedding graphs into regular pairs (which we explain more in detail in
Section 1.3.1). In order to successfully apply the regularity lemma and the blow-up lemma
a sequence of preparatory and intermediate steps is necessary which usually require a fair
amount of work. Our goal in this section is to discuss some of the necessary steps while
omitting most technical details. We start with a more detailed account of regular partitions.

1.3.1 Regular partitions and the blow-up lemma

As explained earlier, the regularity lemma guarantees the existence of e-regular partitions of
graphs. Let us shed some more light on this concept and provide a few definitions that will be
necessary for the following considerations.

The density d(A, B) of a bipartite graph (A, B) with partition classes A and B is the
number of its edges divided by the number of all possible edges |A||B|. The pair (4, B) is
called e-regular if all subsets A’ of A and all subsets B’ of B have the property that their
density d(A’, B") differs from the density d(A, B) by at most . An e-reqular partition of a
graph G = (V, E) is a partition of V' \ Vp with |Vj| < ¢|V| into vertex sets Vi, ..., Vi, so-called
clusters, such that (V;,V}) forms an e-regular pair for all but at most an e-fraction of all
possible index pairs ¢, j. The regularity lemma then guarantees the existence of an e-regular
partition of G into k clusters where k only depends on ¢ but not on the size of G.

While an empty bipartite graph is e-regular for all e, it will of course not be useful in
applications concerning the embedding of a graph. For these applications we need regular
pairs that have many edges (dense pairs). The information which pairs in a regular partition
are dense is captured in the so-called reduced graph R of the partition, which contains a vertex
for each cluster and an edge for every e-regular pair with density at least d for some small
constant d (much bigger than ¢).

At the very beginning of this chapter we indicated that regular pairs are “random-like” in the
sense that they contain any (bipartite) graph of fixed size. What is more surprising is that we
can even guarantee much bigger structures in dense regular pairs (A, B). The so-called blow-up
lemma [65]—the other crucial ingredient to many proofs in this thesis besides the regularity
lemma—implies that (A, B) is almost as rich in spanning bounded-degree subgraphs as the
corresponding complete bipartite graph if (A, B) satisfies the additional property that every
vertex has a d-fraction of all possible neighbours. Such pairs are called (g, d)-super-regular.
This additional condition is no severe restriction as any regular pair can easily be transformed
into a super-regular pair by omitting a few vertices (see Proposition 3.6).

More generally, the blow-up lemma allows for the embedding of spanning graphs into systems
of super-regular pairs. To make this more precise, assume that we find, say, a triangle in
the reduced graph. This corresponds to a triple of clusters in G such that each cluster pair
is a dense regular pair. As explained we can remove a small number of vertices to obtain
super-regular pairs. Assume further that we are given a 3-colourable graph H whose colour
classes smaller than the clusters. If, in addition, the maximum degree of H is bounded by a
constant A, then the blow-up lemma guarantees a copy of H in the subgraph of G induced by
the three clusters in the triangle (if ¢ is sufficiently small). This method naturally generalises
to graphs H with higher chromatic number: If we want to embed an r-colourable graph H
into GG, then we can use a complete graph K, on r vertices in the reduced graph.

12
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1.3.2 Connected factors and bandwidth

With the strategy described in the previous section we can embed small but linear-sized
graphs H into a host graph G = (V, E) by finding a single dense super-regular “spot” in a
regular partition of G. If we find many such spots, then we can use the blow-up lemma for each
of them separately. Assume, for example, that the reduced graph has a perfect matching M
and that the graph H consists of small vertex-disjoint bipartite graphs, say, copies of K23 23.
Then we could map the first copies of K23 23 to the first edge of M, the next few copies to the
next edge of M, and so on, and in this way embed an almost spanning graph H on as many
as (1 — )|V vertices (we might not be able to use the vertices in the exceptional set Vp).

If we want to embed (almost) spanning connected graphs H, then using disconnected
matching edges in the reduced graph obviously no longer suffices. But if we manage to
decompose H into small segments by removing some vertices (this is for example possible if H
has small bandwidth), then we can still use a similar strategy. Consider again the example
of a bipartite graph H and a matching M with m edges in the reduced graph. We cut H
into m segments and assign each segment to an edge of M. Then we need to show that the
segments can be connected to form a copy of H. This, however, is possible if M is a connected
matching, that is, if each pair of M-edges is connected by a path P in R. Roughly speaking,
for two segments Hi and Hy assigned to edges e; and ey of M that need to be connected we
can simply do the following. We use a few vertices of the segments H; and H,, which we
call connecting vertices and assign them to the clusters of the path P (but do not yet embed
them). In doing so, we make sure that neighbouring vertices of H are assigned to neighbouring
clusters on P (this is again possible if H has small bandwidth).

In order to obtain the embedding of H into G we will then, in a first step, embed the few
connecting vertices, using a greedy strategy. Then, in a second step, we embed the remaining
vertices of each segment with the help of the blow-up lemma.

The possibility of using connected matchings in this way was pointed out by Luczak [76].
If H is not bipartite but 3-colourable, then the concept of a connected matching has to be
replaced by a connected triangle factor. A connected triangle factor is a covering of the
reduced graph R with triangles that are connected by sequences of triangles where each pair
of consecutive triangles in such a sequence shares an edge. This was used by Komlds, Sarkozy,
and Szemerédi [64] to prove Pdsa’s conjecture for large graphs and can easily be generalised
to higher-chromatic H.

In our proofs we usually apply the blow-up lemma in the way just explained (this method is
captured in Lemma 3.12). The blow-up lemma only treats graphs H with constant maximum
degree. This entails the constant maximum degree bounds in most of our results. An exception
is Theorem 8.1 where we embed trees, which are graphs of a structure simple enough so that
we can develop an alternative embedding lemma (Lemma 8.12) dealing with growing maximum
degrees.

1.3.3 Regularity and inheritance of graph properties

The question now is how we guarantee the existence of the substructures exploited in the
previous section, such as connected matchings or connected triangle factors, in the reduced
graph. One of the important observations is that the reduced graph R = (Vg, Er) “inherits”
certain properties from the host graph G. For example, it is well known that minimum
degree conditions translate from G to R in this way: if G has minimum degree «|V| then R
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has minimum degree at least o/|Vg| with o/ only slightly smaller than « (see Lemma 3.4).
Accordingly, if we were interested in showing that a particular, say, 2-colourable graph H is
contained in every graph G with minimum degree «|V|, then we could alternatively prove
that every graph R = (Vg, Er) with minimum degree o/|Vg| contains some large connected
matching. Applying this result to the reduced graph R of G would then help to show the
former result.

In this way, we reduced the original embedding problem to a simpler one. This can indeed
be considered as one of the main strengths of the regularity method for embedding problems:
Instead of looking for a particular substructure in a host graph G we search for a member of a
more general class of substructures in the reduced graph corresponding to G.

1.3.4 Balancing

There is a problem we have been ignoring so far. When assigning the vertices of one segment H;
of H to an edge (or a triangle) in the reduced graph R, it might happen that the clusters in this
edge receive very different amounts of vertices because H; has colour classes of very different
sizes (i.e., it is a very unbalanced graph). If we want to embed spanning or almost spanning
graphs, however, this is fatal: As all clusters have the same size, we will over- or under-fill
them. To solve this problem, we will refine the partition of H into segments that we used so
far and cut H into much smaller pieces. We will then distribute these small pieces among
the super-regular spots in the reduced graph, guaranteeing a more balanced assignment of
vertices to clusters. For approaching this last step we use one of the following methods, which
we explain for the example of a bipartite graph H where we have a connected matching M in
the reduced graph.

Py

P,

Figure 1.3: Balancing by mapping some vertices between two neighbouring pieces P, and P»
of H to the vertices of a 5-cycle v1,vs,v3, vq,v5 in the reduced graph R while still
mapping most vertices of P; and P, to the edge e = vgvy.

One idea is to still assign all pieces of one segment to the same edge e of M but to change
the “orientation” of the colour classes in the pieces from time to time. It turns out that this
can be done with the help of an odd cycle in the reduced graph by assigning some vertices
of H to the clusters of this odd cycle, as is illustrated in Figure 1.3 for the case when H is a
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tree. (If H is not bipartite but r-chromatic, then we can use a copy of K, instead of an odd
cycle, as is shown in Chapter 5.)

The application of this procedure, however, requires additional structure (an odd cycle in
the reduced graph), which we cannot always guarantee (as in Chapter 6, where we consider
bipartite graphs and thus get bipartite reduced graphs). But if the graph H is itself balanced
(which does not prevent the segments from being unbalanced), then we can still use the
following observation. A random assignment of the small pieces to the edges e of M will
ensure that for each e the pieces assigned to e form roughly a balanced subgraph of H. So,
using the connecting strategy described above, we are done.

Yet another possibility is to replace the (balanced bipartite) matching M by a structure
that represents the ratio of the colour classes of H in a better way. This is performed in
the proof of Theorem 8.1 in Chapter 8, where we substitute the edges of M by unbalanced
bipartite graphs Kj ;.

1.3.5 Adjusting regular partitions

The balancing method described above provided us with a homomorphism from H to the
reduced graph that maps roughly the same number of vertices to each cluster—but not quite.
While this is no problem if the graph H is slightly smaller than G (recall that all clusters have
the same size), we might get into trouble if H and G are of the same size because, obviously,
the number of vertices we can embed into a cluster is limited by its size.

For this reason we might have to modify the partition of G slightly and shift some vertices
to different clusters until the cluster sizes match the number of assigned H-vertices exactly.
(In addition we will have to integrate the vertices in the extra set Vj into the clusters, but
this we ignore here.) This shifting, however, needs to be done rather carefully: While dense
regularity is robust towards such small alterations, super-regularity is not. Suppose that we
want to find a vertex u that we can shift from a cluster Vs to a cluster V;, and let (V;, V;) form
a super-reqular pair. To preserve the super-regularity of (V;, V;) we need to ensure that u has
sufficiently many neighbours in Vj;. For this it would help if (Vjs, V}) forms a dense regular pair,
since then most vertices in Vi have many neighbours in V; and could thus serve as candidates
for wu.

Figure 1.4: Moving a vertex from V7 to V,; and then one from V4 to V; thus decreasing the
size of V7 and increasing the size of Vi. All continuous lines represent regular pairs
in the reduced graph, super-regular pairs are denoted by thicker lines.

Hence, besides the super-regular spots needed for the application of the blow-up lemma, we
would like our reduced graph to have some rich and well-connected structure of regular pairs.
As an example, consider the reduced graph R depicted in Figure 1.4 where the thicker lines
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represent super-regular pairs. If we wanted to reduce the size of cluster V7 and increase the
size of cluster V1 in R then we could use the strategy outlined above: We find a vertex in V7
with many neighbours in V5 and Vg (which exists because (V7,V5) and (V7, V) are regular
pairs) and move it to Vj, thus maintaining super-regularity of (Vi, Vs) and (V4, V). Then, we
find a (presumably different) vertex in V4 with many neighbours in V5 and V3 and move it
to V1.

1.3.6 A lemma for H and a lemma for (¢

In our proofs we will often use a pair of lemmas that ‘prepare’ the graphs H and G for the
embedding, which we will call lemma for H and lemma for G, respectively. The lemma for G
will typically construct a regular partition of the graph G (using the regularity lemma as
described in Section 1.3.1), guarantee the necessary structural properties of this partition
(as explained in Sections 1.3.2 and 1.3.3), and adjust the partition to the needs of H (see
Section 1.3.5). The lemma for H, on the other hand, provides a partition of H that is compatible
to this partition of G in view of the embedding task (using the bandwidth constraint and the
balancing method outlined in Section 1.3.4).

After these preparations we can then apply regularity-based embedding lemmas (such as
the blow-up lemma) to embed H into G.

1.3.7 Regularity in sparse graphs

For sparse graphs (such as the graph G in Theorem 9.1) the conclusion of the regularity lemma
becomes trivial—any pair with density at most ¢ is e-regular. This suggests a modification of
this concept for sparse graphs. The idea is to consider a “scaled” version of regularity and
measure all densities (and hence regularity) relatively to the overall density of the graph under
study (see Section 3.4). A regularity lemma for this sparse version of regularity was observed
independently by Kohayakawa and Rodl (see [57, 59]).

Moreover, the development of a corresponding regularity method suitable for dealing with
embedding problems in sparse graphs recently gained much attention (see, e.g., the survey by
Gerke and Steger [41]). Even so, much less is known compared to dense graphs. In particular
embedding lemmas (such as the blow-up lemma) are not available in full generality. When the
host graph G is a subgraph of a sparse random graph, however, a variety of embedding-type
results were obtained. In Chapter 9 we illustrate that in this case the approach described
above can partly be transferred to the sparse setting.
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1.4 Organisation

This thesis is structured as follows.

— We split the explanation of the notation and concepts that we use into two parts. Basic
definitions are provided in Chapter 2. Most notions concerning regularity are treated
together with the regularity method in Chapter 3.

— Next we discuss structural properties of graphs with sublinear bandwidth and give the proof
of Theorems 4.1 and 4.6 in Chapter 4. This is based on joint work with Andreas Wiirfl,
Klaas Pruessmann, and Anusch Taraz [19].

— Then we turn to embedding results. In Chapter 5 we prove the conjecture of Bollobas and
Komlés and obtain Theorem 5.1. This is based on joint work with Mathias Schacht and
Anusch Taraz [20, 21].

— In Chapter 6 we consider a bipartite version of this theorem in the form of Theorem 6.2
which is based on joint work with Peter Heinig and Anusch Taraz.

— Ore conditions and the proof of Theorem 7.2 are covered in Chapter 7. This result is based
on joint work with Sybille Miiller [18].

— The Ramsey-type result on trees, Theorem 8.1, is established in Chapter 8. It is based on
joint work with Jan Hladky and Diana Piguet [17].

— In Chapter 9 we move to sparse graphs and present the proof of Theorem 9.1 which was
obtained in joint work with Yoshiharu Kohayakawa and Anusch Taraz.

— In Chapter 10 we close with some remarks on recent related work.

The illustrations at the beginning of each chapter of this thesis are by Heike Bottcher and are
printed here with her kind permission.
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Definitions ¥

In this chapter we provide the definitions of most concepts that we shall use throughout the
thesis. For all elementary graph theoretic concepts not defined in this chapter we refer the
reader to, e.g., [28, 92]. In addition, we defer most definitions that are not used in many
chapters to later and only introduce them once we need them. In particular, all terminology
concerning the regularity method is introduced in Chapter 3.

2.1 Basic notions

Graphs. All graphs in this thesis are finite, simple and undirected, unless noted otherwise.
Let G = (V, E) be a graph. We also denote the vertices of G by V(G) := V and their number,
which is also called the order of G, by v(G) := |V/|. Similarly, E(G) := E are the edges of
G, and their number is e(G) := |E|. Edges {u,v} of G are frequently simply denoted by uv.
Let A, B,C C V be pairwise disjoint vertex sets in G. We define F(A) := EN (‘24) and write
E(A, B) for the set of edges with one end in A and one end in B and e(A, B) for the number
of such edges. Moreover, G[4] is the graph with vertex set A and edge set E(A). Analogously,
G[A, B] is the bipartite graph with vertex set AUB and edge set F(A, B) and G[A, B, (] is
the tripartite graph with vertex set AUBUC and edge set E(A, B)UE(B,C)UE(C, A). For
convenience we frequently identify graphs G with their edge set E(G) and vice versa. For an
edge set F' we denote by A N F' the set of vertices from A that appear in some edge of F. For
a vertex v € V we write Ng(v) or simply N(v) for the neighbourhood of v in G and Np(v)
denotes the set of neighbours of v in B. The union of all neighbourhoods of vertices in A is
also denoted by Ng(A) or simply N(A), and Np(A) := Ng(A) N B. The common or joint
neighbourhood of two vertices u and v, i.e., the set of all vertices that are neighbours of both
w and v, is denoted by NZ({u,v}) or simply NJ(u,v) or N(u,v). More generally, NJ(A)
is the joint neighbourhood of all vertices in A and NG(A) := NG (A) N B. For v € V we let
dg(v) := |Ng(v)| be the degree of v in G and, similarly, dg(v) := |Np(v)|.

For basic graph parameters we use standard notation. In particular, §(G) is the minimum
degree and A(G) the maximum degree of a graph. The maximum size of a clique in G is the
clique number w(G). By a(G) we denote the independence number of a graph, i.e., the size of
a largest stable (or independent) set in G. The diameter diam(G) is the maximal distance
between two vertices in G.

A partition of a graph G is a partition of its vertex set V(G) into disjoint sets. A (proper)
vertex colouring or simply colouring o of a graph is a colouring of V such that all pairs of
vertices v and v with uv € E receive different colours. The colour classes of o, i.e., the sets
formed by vertices of the same colour, are also called partition classes of this colouring. A
colouring of GG can equivalently be regarded as a partition of G into independent sets. The
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chromatic number x(G) is the minimal number of colours needed for a proper vertex colouring
of G. And an equitable colouring of G is a colouring, such that for any two colour classes X,
Y C V we have |X|—|Y| < 1. Notice that in the Chapter 8, where we consider problems
from Ramsey theory, we typically consider colourings of the edges of G and do not impose
any (general) restriction on these colourings.

A graph H is a subgraph of G if there is an edge-preserving injective mapping f from V(H)
to V(G), i.e., an injective function f: V(H) — V(G) such that for every edge {u,v} € E(H)
we have {f(u), f(v)} € E(G). In this case we also say that G contains a copy of H and that f
is an embedding of H into GG, and write H C G. The subgraph or copy is induced if non-edges
of H are mapped to non-edges of G and spanning if H and G have the same number of
vertices. We say that a subgraph H of G covers a vertex v of G if v is contained in some edge
of H. A graph G is called universal for a class of graphs H if G contains all graphs from H
as subgraphs. A packing of two graphs H and G is an embedding of H into the complement
of G. A graph homomorphism or simply homomorphism from H to G is an edge-preserving
(not necessarily injective) mapping h: V(H) — V(G). All these notions naturally generalise
to hypergraphs.

Among others, we shall use the following special graphs. A path on n vertices is denoted
by P,, a cycle on n vertices by C),. The graph K, is the complete graph on n vertices. The
graph K3 is also called triangle. K, ;, is the complete bipartite graph with partition classes of
size n and m, and similarly K, ,,,  is the complete tripartite graph on n +m + k vertices. A
Hamilton cycle is a cycle on n vertices and a Hamilton path a path on n vertices.

The r-th power G" of a graph G = (V, E) is the graph on vertex set V and with edges uv
for all vertices u and v of distance at most r in G. The second power G2 is also called the
square of G. A square-path on n vertices is the square of P,, and a square-cycle on n vertices
the square of C),. A vertex set S C V(G) is called s-independent in G if S is independent in
the s-th power G* of G.

Let H be a fixed graph. An H-factor in a graph G is a subgraph of GG consisting of vertex
disjoint H-copies. A perfect H-factor is an spanning H-factor. A K,-factor is also called
r-factor. A matching is a 2-factor. We shall frequently identify a matching M with its edges
(but say so in this case). The size |M| of the matching M is the number of its edges.

Numbers. For positive integers a and b with a < b we let [a] denote the set {1,...,a} and
[a,b] :=={a,...,b}. Further, (a,b] = {a+1,...,b} and the sets [a,b) and (a,b) are defined
accordingly. For numbers z, y, and z we write x =y £ z if |z — y| < 2.

Let n,k,7 € N. An integer partition of n is a sequence of natural numbers that add up
to n. We call an integer partition (n; ;)i je(r) of n (with n;; € N for all i € [k] and j € [r])
r-equitable, if |n; ; —n; | <1 for all i € [k] and j, j' € [r].

To simplify the presentation, addition and subtraction in the index of an integer parti-
tion (n;);e[x) is modulo k, unless stated otherwise. This means, for example, that nj,1 denotes
ni, Ngt+o denotes ng, ng denotes ng, and n_; denotes ni_;. The same rule applies to other
partitions and sequences indexed by [k] or by [k] x [r].

In addition, we shall frequently omit floor and ceiling signs || and [| when they are not
relevant in a particular calculation or argument.

Sets. An /-set is a set with exactly ¢ elements. Let I be an index set. A family of indexed
sets or an indexed set system is a sequence X = (XZ-: 1el ) of (not necessarily distinct) sets.
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For finite I we define |X| = |I| and write X’ C X if X’ is a subfamily of X. A system of
distinct representatives for the family X is a sequence of distinct elements (x;: i € I) such
that x; € X; for all i € I.

Hall’s theorem states that a bipartite graph G = (AUB, E) contains a perfect matching
covering A if and only if for all subsets A’ C A we have that |[Ng(A’)| > |A’|. This inequality
is also called Hall’s condition and can alternatively be formulated for finite set systems: the
indexed set system X = (Xi: 1€l ) has a system of distinct representatives if and only if for
every subfamily X’ of X we have ||JX'| > |X/].

Asymptotics. For asymptotic notation we use the Landau symbols O(n), o(n), Q2(n). The
symbol <, however, is reserved for relations between small constants. For example, when we
write £ < &' for two positive real numbers € and &’ then we mean that ¢ < &’ and that we can
make &' arbitrarily small by choosing ¢ sufficiently small.

2.2 Graph parameters

In this section we define a series of graph parameters that describe different aspects of the
global structure of a graph. We start with the bandwidth of a graph, a concept central to this
thesis. Roughly speaking, this parameter measures how well a graph resembles a path.

Definition 2.1 (bandwidth). Let G = (V. E) be a graph on n vertices. The bandwidth of G
is denoted by bw(G) and defined to be the minimum positive integer b, such that there ezists a
labelling of the vertices in V' by numbers 1,...,n so that the labels of every pair of adjacent
vertices differ by at most b.

Another way to say this is that G is a subgraph of the bw(G)-th power of a path (and not a

subgraph for any lesser power). To give an example, a cycle C,, = v1, v9, ..., v, has bandwidth
2 as the following labelling shows: simply assign the numbers [n] to the vertices of C, in the
order v1, Un, V2, Un—1, U3, Un—2; V4, - -5 U[(ny1)/2]-

Next, we will introduce the notions of tree decomposition and treewidth. A tree decomposition
tries to arrange the vertices of a graph in a tree-like manner and the treewidth measures how
well this can be done.

Definition 2.2 (treewidth). Let G = (V, E) be a graph. A tree decomposition of G is a pair
{X;:iel}, T=(I,F)) where {X; :i € I} is a family of subsets X; CV and T = (I, F) is
a tree such that the following holds:

(a) Uier Xi =V,

(b) for every edge {v,w} € E there exists i € I with {v,w} C X;,

(¢) for everyi,j,k € I: if j lies on the path from i to k in T, then X; N X} C Xj.
The width of ({X;:1 € I},T = (I, F)) is defined as max;ecy | X;| — 1. The treewidth tw(G) of
G is the minimum width of a tree decomposition of G.

It follows directly from the definition that tw(G) < bw(G) for any graph G: if the vertices
of G are labelled by numbers 1,...,n such that the labels of adjacent vertices differ by at
most b, then I :=[n —b|, X; :={i,...,i+b} fori e [ and T := (I, F) with F := {{i — 1,7} :
2 <i < n— b} define a tree decomposition of G with width b.

A separator in a graph is a small cut set that splits the graph into components of limited
size.
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Definition 2.3 (separator, separation number). Let 0 < o < 1 be a real number, s € N and
G = (V,E) a graph. A subset S C V is said to be an (s,«)-separator of G, if there exist
subsets A, B CV such that

(a) V= AUBUS,

(b) IS| < s, |A[,|B] < a|V], and

(¢) E(A,B)=0.
We also say that S separates G into A and B. The separation number s(G) of G is the
smallest s such that all subgraphs G' of G have an (s,2/3)-separator.

A vertex set is said to be expanding if it has many external neighbours. We call a graph
non-expanding, if every sufficiently large subgraph contains a subset which is not expanding.

Definition 2.4 (expander, non-expanding). Let € > 0 be a real number, b € N and consider
graphs G = (V,E) and G' = (V' E"). We say that G’ is an e-expander if all subsets U C V'’
with |U| < |V'|/2 fulfil IN(U)| > €|U|. (Here N(U) is the set of neighbours of vertices in U
that lie outside of U.) The graph G is called (b,e)-non-expanding, if no subgraph G' C G with
[V'| > b vertices is an e-expander. Finally, we define the e-non-expansion b.(G) of G to be
the minimum b for which G is (b + 1,¢)-non-expanding.

There is a wealth of literature on this class of graphs (see e.g. [54]). In particular, it is
known that for example (bipartite) random graphs with bounded maximum degree form a
family of e-expanders. We also loosely say that such graphs have good expansion properties.

Finally, a graph is planar if it can be drawn in the plane without edge crossings and the
genus of a graph G counts the minimum number of handles that must be added to the plane
to embed the graph without edge crossings.

2.3 Random variables and random graphs

The notation and terminology we use for probabilities, random variables, and related concepts
is standard (in the theory of random graphs) and follows [55].

By Bi(n,p) we denote the binomial distribution with parameters n and p. The term
Chernoff’s inequality (or Chernoff bound) collects different exponentially decreasing bounds
on tail distributions of sums of independent random variables. In this thesis we shall use the
following versions for a binomially distributed random variable Y and real numbers ¢ > 0 and
s> 6EY (see [55, Chapter 2]):

PlY > 7TEY] < exp(-TEY), (2.1)
PY|>EY +t] < 2exp(—2t*/n), (2.2)
PlY|>EY + s] < exp(—s).

We further use the following formulation of a concentration bound sometimes attributed to
Hoeffding.

Theorem 2.5 (Hoeffding bound [13, Theorem A.1.16]). Let X1, ..., X be independent random
variables with E X; = 0 and | X;| <1 for alli € [s] and let X be their sum. Then P[|X| > a] <
2exp(—a?/(2s)). O
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The study of random graphs is a lively area with many surprising results, far-reaching
applications and elegant techniques. We will just introduce (and need) some of the more basic
definitions here. For more information see [55, 13].

Let p: N — [0,1] be a function. The random graph G, is generated by including each
of the (g) possible edges on n vertices with probability p = p(n) independently at random.
By linearity of expectation, the expected number of edges incident to a vertex of G, , equals
(n — 1)p. Therefore, the parameter p governs the average degree, or what we call the density
of the graph.

A class of graphs that is closed under isomorphism is called a graph property. A hereditary
graph property is closed under taking induced subgraphs.

For a fixed function p we say that the random graph G, , has a graph property P asymptot-
ically almost surely (abbreviated a.a.s.) if the probability that G, , € P tends to 1 as n goes
to infinity.

We close with the following Lemma which collects some well known facts about the edge
distribution in random graphs G,, ,,. This lemma follows directly from the Chernoff bound for
binomially distributed random variables.

Lemma 2.6. Iflog* n/(pn) = o(1) then a.a.s. the random graph T' = G,,,, has the following
properties. For all vertex sets X, Y, Z C V(I') with X NY = 0 and |X|,|Y],|Z| > 2

” logn’
|Z] <n— Toen Wwe have

(i) er(X) = (1 5p('5).

(i) er(X,Y) = (1 £ z)plX|IY,

(i) 3,cpdegr(2) = (1% 70| Z[n. O
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Chapter 3
The regularity method

As explained in the introduction many proofs in the following chapters rely on the celebrated
regularity lemma of Szemerédi [91]. This lemma was originally (in the late 1970s) motivated
by a famous question concerning the existence of arithmetic progressions in sets with positive
density, but has since then turned out to be useful for a variety of important questions. In
particular it has been the key instrument for the solution of a number of long-standing open
problems (such as, e.g, Theorem 1.7) in extremal graph theory (see the surveys [70, 71] for a
more detailed account on this topic).

In this chapter we will state the regularity lemma (Section 3.1), formulate some relevant con-
sequences (in Sections 3.1 and 3.2 where we treat regularity and super-regularity, respectively),
and introduce some related tools, such as the blow-up lemma (Section 3.3). We conclude the
chapter by discussing a sparse analogue of regularity and a sparse version of the regularity
lemma (Section 3.4).

3.1 Regular partitions of graphs

The regularity lemma relies on the concept of an e-regular pair. To define this, let G = (V| E) be
a graph. For disjoint nonempty vertex sets A, B C V the density d(A, B) := e(A, B)/(|A||B])
of the pair (A, B) is the number of edges that run between A and B divided by the number of
possible edges between A and B. In the following let ,d € [0, 1].

Definition 3.1 (e-regular). The pair (A, B) is e-regular, if for all A* C A and B’ C B with
|A'| > e|A| and |B'| > €|B| it is true that |d(A, B) — d(A’, B')| < e. An e-regular pair (A, B)
is called (e, d)-regular, if it has density at least d.

Next, we will state a version of Szemeredi’s regularity lemma that is useful for our purposes,
the so-called degree form (see, e.g., [70, Theorem 1.10]). As explained earlier, the regularity
lemma asserts that graphs have regular partitions. The following definition makes this concept
(which we shall only use in a later version of the regularity lemma, Lemma 3.4, however)
precise.

Definition 3.2 (regular partition, reduced graph). An (g, d)-regular partition of G with
reduced graph R = (Vg, ER) is a partition VoUViU. ..UV of V with |Vy| < elV|, Vg = [k],
such that (V;,V;) is an (e, d)-reqular pair in G whenever ij € Egr. If such a partition exists,
we also say that R is an (g,d)-reduced graph of G or that VoUViU. ..UV} is regular on R.
Moreover, R is the maximal (e, d)-reduced graph of the partition VoUViU--- UV} if there is no
ij € Er with i,j € [k] such that (V;,V}) is (e,d)-reqular. The partition classes V; with i € [k]
are called clusters of G and Vy s the exceptional set.
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We sometimes also call a vertex ¢ of the reduced graph a cluster and occasionally identify it
with its corresponding set V;. When the exceptional set V{ is empty (or we want to ignore
it as well as its size) then we frequently omit it and say that V3U... UV} forms an (e, d)-
regular partition or V1U...UV} is regular on R. Finally, a partition VoUViU. ..UV, of V is
an equipartition if |V;| = |V;| for all 4, j € [k].

The degree form of the regularity lemma now takes any sufficiently large graph G and
generates a “blueprint” G’ of G that differs only slightly from G. The graph G’ consists of
constantly many regular pairs all of which are either dense or do not contain any edges at
all. In our formulation of the lemma the graph G’ does not appear explicitly; it is the graph
obtained by taking out all edges of G that are not part of some dense regular pair.

Lemma 3.3 (regularity lemma, degree form). For all € > 0 and ko there is k1 such that
for every d € [0,1] every graph G = (V,E) on n > ki vertices has an equipartition V =
VoUWVIU ... UV, with kg < k < k1 and |Vy| < en such that for each v € V; with i € [k] there
are at most (d+ €)n edges e € E with v € e that are not in some (g, d)-regular pair (V;, Vj)
with j € [k]. 0

In other words, every graph G has an (g, d)-regular partition with reduced graph R on
k < kq vertices such that most edges of G lie on edges of R. The crucial point here is that the
upper bound k; on the number of clusters does not depend on the order n of G but only on &.
However, this dependence is rather unfortunate: Proofs of the regularity lemma bound k; by a
tower of 2s with height proportional to e~® (where e ° cannot be replaced by anything better
than log(1/e) as was shown by Gowers [43]). As a consequence, results obtained with the
help of this lemma typically talk about huge graphs only. This is also true for the embedding
results in this thesis. A good description for the order of magnitude is “larger than the number
of atoms in the universe”. The more the merrier.

In the introduction we explained that the reduced graph inherits certain properties from
the graph G and that this is useful in applications of the regularity lemma. The next lemma
illustrates this inheritance for minimum degree conditions. This is a simple corollary of the
degree form of the regularity lemma (see, e.g., [74, Proposition 9)).

Lemma 3.4 (regularity lemma, minimum degree version). For every v > 0 there exist d > 0
and g9 > 0 such that for every 0 < € < g9 and every integer ko there exists k1 so that the
following holds. For every v > 0 every graph G on n > ki vertices with 6(G) > (v + v)n has
an (g,d)-regqular equipartition V- = VoUV4U . ..UV} with reduced graph R such that ko < k < ky
and 6(R) > (v +v/2)k. O

In Chapter 7 we will see another example of this inheritance principle (see Lemma 7.4).
In general, we shall use different versions and corollaries of the regularity lemma in different
chapters, that we only introduce as we need them (see, e.g., Lemma 8.6).

3.2 Super-regularity

For the blow-up lemma (Lemma 3.9), which we will describe below, we need the concept of
a super-regular pair. Roughly speaking, a regular pair is super-regular if every vertex has a
sufficiently large degree.

Definition 3.5 (super-regular pair). An (g,d)-reqular pair (A, B) in a graph G = (V, E) is
(e, d)-super-regular if every vertex v € A has degree degg(b) > d|B| in B and every v € B
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has deg4(v) > d|A| in A. A partition V = VoUViU...UVj is (e, d)-super-regular on a graph
R = ([k], ER), if all pairs (V;,V;) with ij € Er are (e, d)-super-reqular.

Similarly as for (g, d)-regular partitions we may also omit the set V) here and say that the
partition V4U. ..UV} is super-regular on R.

Lemma 3.3 asserts that graphs have regular partitions. However, for embedding spanning
graphs we need to construct a partition that is also super-regular for certain cluster pairs (cf.
Section 1.3.2). The following two propositions indicate how to connect these two worlds and
find such super-regular pairs in a regular partition. The first proposition implies that every
(e, d)-regular pair (A, B) contains a “large” super-regular sub-pair (A’, B').

Proposition 3.6. Let (A, B) be an (e, d)-reqular pair and B’ be a subset of B of size at least
e|B|. Then there are at most | A| vertices v in A with |[N(v) N B'| < (d —¢)|B/|.

Proof. Let A’ ={v € A: |N(v)NB'| < (d—¢)|B’|} and assume to the contrary that |A’| > ¢|A|.
But then d(A’, B") < ((d —¢)|A'||B'|)/(|A"||B'|) = d — £ which is a contradiction since (4, B)
is (g, d)-regular. O

We will say that all other vertices in A are (e, d)-typical with respect to B’ (or simply
typical, when € and d are clear from the context). Repeating Proposition 3.6 a fixed number
of times, we obtain the following proposition (see, e.g., [74, Proposition 8]).

Proposition 3.7. Givene,d >0 and A € N set ¢’ :=2eA/(1 —eA) and d' :=d —2eA. Let
G be a graph with an (g, d)-reqular equipartition with reduced graph R and let R’ be a subgraph
of R with A(R') < A. Then G has an (', d")-reqular equipartition with reduced graph R which
is super-reqular on R'. Ol

We close this section with the following useful observation. It states that the notion of
regularity is “robust” in view of small alterations of the respective vertex sets.

be a pair such that

Proposition 3.8. Let (A, B) be an (e,d)-reqular pair and let (/Al,A Az :
(A, B) is an (¢,d)-regular

|AAA| < a|A| and |BAB| < 8|B| for some 0 < a, 3 < 1. Then,
pair with

é:=c+3(Va+/B) and d:=d—2(a+p).

If, moreover, (A, B) is (¢, d)-super-regular and each vertez v in A has at least d|B[ neighbours
in B and each vertez v in B has at least d|A| neighbours in A, then (A, B) is (¢, d)-super-regular
with ¢ and d as above.

Proof. Let A, B, A and B be as above. First we estimate the density of (A B) Let
d' :=d(A, B) > d be the density of (4, B). If (A, B) had the same density as (A, B), we would
have e(A, B) = d'|A||B|. The actual value of (A, B) can deviate by at most

|AAA|-|BUB|+ |BAB|-|AUA| < o|A|- (1+ B)|B| + B|B| - (1 + a)|A|
< 2(a+ B)|A||B|

from this value. So, clearly

~

d=d—2a+p)<d —2(a+p) <dA,B)<d +2a+7).
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Now let A’ C A and B’ C B be sets of sizes |A/| > £|A| and |B'| > £|B|. Denote A’ N A by A’
and B’ N B by B’ and observe that

A > A = alA] = (€ = a)|A] = (e + VA)|A| > e(1 + ) |A| = ¢]Al.
Similarly, |B'| > ¢|B|. It follows that d’ —e < d(4’, B') < d’ + . Moreover, |A’| < |A’| and
. . . A .
A2 4] - ald| 2 141 -0l > 0 - v,
5
where the last inequality follows from the definition of €. The same calculations yield
(1- VBB < |B|<|B.
For the number of edges between A’ and B’ we therefore get

e(A',B') > e(A,B') > (d' —¢)|A||B'| > (d —)(1 — Va)(1 — /)| A'|| B|
> (d —e—va— /BB
since «, 8 < 1. Similarly,
e(A',B') <e(A,B)+ (A - |A))|B'|+ (|1B'| - |B'|)| A
< (d' +¢)|A||B'| + Vol A||B'| + /BIA|| B|
(d'+e+Va++/p)AB.

With this we can now compare the densities of (A, B') and (A, B):

IN

,B) —d(A'B') < (d +2(a+ ) — (d —e— Va—/B) <&
d(

d(
d(A',B') —d(A,B) < (d +e+Va++/p)—(d —2a+p) <

IJ>>

This implies that (A, B) is (¢, d)-regular. The second part of the proposition follows immediately
from Definition 3.5, since d|A| < d|A| and d|B| < d|B|. O

3.3 Embedding lemmas

Now we turn to the regularity-related embedding results that we will apply. We first introduce
the blow-up lemma (Section 3.3.1). Then we complement this lemma with another embedding
result, which we call partial embedding lemma (Section 3.3.2). In the last part of this section
we combine these two embedding lemmas to obtain a “general” embedding lemma which
captures how we will use the blow-up lemma and the partial embedding lemma later in our
proofs (Section 3.3.3).

3.3.1 The blow-up lemma

One important feature of super-regular pairs is that a powerful lemma, the blow-up lemma
proven by Komlés, Sarkozy and Szemerédi [65] (see also [85] for an alternative proof),
guarantees that bipartite spanning graphs of bounded degree can be embedded into sufficiently
super-regular pairs. In fact, the statement is more general and allows the embedding of graphs
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H into partitions that are super-regular on some graph R if there is a homomorphism from H
to R that does not send too many vertices of H to each cluster of R.

For specifying the homomorphism from H to R in the language of partitions we use the
following definition. Let R = ([k|, Er) and H = (W, F) be graphs. A partition W =
WiU...UWy of H is an R-partition if zy € F for x € W; and y € W; implies ij € E(R).

Lemma 3.9 (Blow-up lemma [65]). For every d, A, ¢ > 0 and r € N there exist constants
e = e(d,A,e,r) and o = a(d,A,c,r) such that the following holds for all v < r. Let
R = ([''],ERr), G = (V,E), and H = (W, F) be graphs with A(H) < A such that G has
a partition V.= ViU...UV,s which is (g,d)-super-reqular on R and H has an R-partition
W = WhiU...UW,. where |W;| < |V;| = n; for every i € [r']. Moreover, suppose that in each
class Wi there is a set of at most o - minje(,1 n; special vertices y, each of which is equipped
with a candidate set Cy, C V; with |Cy| > ¢|Vi|. Then there is an embedding of H into G' such
that each special vertex is mapped to a vertex in its candidate set. O

We also say that the special vertices y in Theorem 3.9 are image restricted to C.

3.3.2 The partial embedding lemma

In the introduction (see page 13) we described that our embedding strategy will usually
be to apply the blow-up lemma on local super-regular spots in the reduced graph for some
large segments of the graph H separately. In order to connect these segments to form a
copy of the whole graph H we will use the following weaker embedding lemma (concerning
only linear sized, but not spanning embeddings) which is formulated in the less restrictive
environment of (e, d)-regular pairs. This lemma takes a small subgraph B of H on vertex set
XUY and produces a partial embedding of this graph: it embeds the vertices in X and creates
(sufficiently large) sets C,, for the vertices y € Y suitable for the future embedding of these y.
In the next section we will explain how this is used in conjunction with the blow-up lemma.

A lemma similar to Lemma 3.10, in a slightly different context, was first obtained by Chvatal,
Rodl, Szemerédi, and Trotter [25] (see also [28, Lemma 7.5.2]). The only difference between
Lemma 3.10 and their embedding lemma is that we only embed some of the vertices of the
graph B into G.

Lemma 3.10 (Partial embedding lemma). For every integer A > 0 and every d € (0,1]
there exist positive constants ¢ = c¢(A,d) and € = (A, d) such that the following is true. Let
G = (V,E) be an n-vertex graph that has an (e,d)-regular partition V. = V1U... UV} with
reduced graph R on k vertices. Let, furthermore, B = (Vp, Ep) be a graph with A(B) < A
that admits a homomorphism h: Vg — Vg into R satisfying |h=1(i)| < 2¢|Vi| for all i € [K]
and let Vg = XUY be an arbitrary partition of its vertex set. Then there exist an embedding
f: X =V of B[X] into G and sets Cy C Vy,) \ f(X) for ally € Y such that for ally € Y

we have
(1) f(z) € Vip for allz € X,
(i) Cy € Ng(f(z)) for all z € Np(y) N X, and
(i) |Cy| = c|Vhy)l-

In other words, Lemma 3.10 provides a mapping f for those vertices x € X of B into the
cluster Vj,(,) required by h, respecting the edges between such vertices. Moreover, for the other
vertices y € Y of B, it prepares sufficiently large sets Cy C Vj,(,y \ f(X) such that, no matter
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where y will later be embedded in C), it will be adjacent to any of its already embedded
neighbours € Ng(y) N X. We will also call these sets C,, candidate sets for the vertices in Y
(they will be used as candidate sets for the blow-up lemma in the following section).

The proof of Lemma 3.10 follows very much along the lines of the embedding lemma
from [25]. We also proceed iteratively, embedding the vertices in X into G one by one.

Proof. Given A and d, choose ¢ := (d/2)*/2 and ¢ := ¢/A. Note, that this implies £ <
(d/2)2/4 < d/2. Let G, R and B with V(B) = XUY be graphs as required. For the size
of X we have | X| < 2¢|V;| for all i € [k] by assumption. We now construct the embedding
f: X — V(G). For this, we will create sets C not only for the vertices in Y, but for all
vertices b € V(B). First, set Cy := V) for all b € V(B). Then, repeat the following steps for
each x € X:

(a) For all b € Np(z), delete all vertices v € Cy with |[Ng(v) N Cy| < (d — €)|Cy|.
(b) Then, choose one of the vertices remaining in Cy, as f(z).

(¢) For all b € Np(x), delete all vertices v € Cp with v & Ng(f(x)).

(d) For all b € V(B), delete f(z) from C}.

We claim, that at the end of this procedure, f and the Cy with y € Y are as desired. Indeed,
f is an embedding of B[X] into G and conditions (i) and (4i) are satisfied by construction.
It remains to prove that condition (4ii) is satisfied and that f(z) can be chosen in step (a)
throughout the entire procedure.

We start by showing, that we always have |Cy| > c|[Vjp)| for all b € V(B). This implies
condition (4 ). In total, step (d) removes at most |X NV} )| vertices from each Cy. By the
choice of f(z) in step (@) and (b), an application of step (¢ ) to a vertex b € Np(z), reduces
the size of C} at most by a factor of d—e. Since each vertex in b € B has at most A neighbours,
we always have

|Cy| > (d — E)A\Vh(b)\ — XNVl = ((d/2)" - 2)| Vi)l = %(d/Q)A\Vh(b)\ = c|Viw)l-

Finally we consider step (a). The last inequality shows that we always have |Cy| > c|Vj)| >
e[Vl for every vertex b € V(B). Consequently, by Proposition 3.6, at most Ae|Vj,(,)| vertices
are deleted from C, in step (a). Since Ae|Vy| < (¢/2)|[Viz)| < |Crl, the set C; does not
become empty and thus f(x) can be chosen in step (b). O

3.3.3 A general embedding lemma

When embedding a spanning graph H into a host graph G a possible strategy is as follows:
Assume we are given a regular partition of G' with cluster graph R and a subgraph R’ C R
which consists of many small components such that the partition of G is super-regular on
each of these components. Assume further that we have a partition of H that is “compatible”
with the partition of G (exact definitions follow below). Then we will first use the fact that
G is regular on R and apply the partial embedding lemma (Lemma 3.10) to embed some
few special vertices of H and define candidate sets for their neighbours. In a second step we
will use the blow-up lemma (Lemma 3.9) separately on each component of R’ to embed all
remaining vertices of H into clusters of G and the edges between them on super-regular pairs
corresponding to edges of R’.

This joint application of partial embedding lemma and blow-up lemma is encapsulated in the
next lemma, the general embedding lemma. Before stating it we need to make the notion of
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“compatible” partitions precise. This is addressed in the following definition where we require
the partition of H to have smaller partition classes than the partition of G (condition (7))
and to be an R-partition. This means that edges of H run only between partition classes that
correspond to a dense regular pair in G (condition (4i)). Further, in each partition class W; of
H we identify two subsets X; and Y; that are both supposed to be small (condition (éiz)). The
set X; contains those vertices that send edges over pairs that do not belong to the super-regular
pairs specified by R’ and Y; contains neighbours of such vertices.

Definition 3.11 (e-compatible). Let H = (W, Ex) and R = ([k], Er) be graphs and let
R = ([k], Er) be a subgraph of R. We say that a vertex partition W = (W;);cp of H is
e-compatible with an integer partition (n;);c;x of n and with R’ C R if the following holds.
For i € [k] let X; be the set of vertices in W; with neighbours in some W; with ij & Eps, set
X :=UX; and Y; := Ng(X)NW;\ X. Then for all i,j € [k] we have that

(@) Wil < n,

(1) xzy € Ey for x € W; and y € W implies ij € ER,

(71) |Xi| <en; and |Y;| < e-min{n; : i and j are in the same component of R'}.

The partition W = (W;);ci) of H is e-compatible with a partition V = (V;)icix) of a graph G
and with R' C R if W = (W;);eq is e-compatible with (|Vi])iep and with R’ C R.

The general embedding lemma asserts that a bounded-degree graph H can be embedded
into a graph G if H and G have compatible partitions in the sense explained above.

Lemma 3.12 (general embedding lemma). For all d,A,r > 0 there is € = e(d,A,r) > 0
such that the following holds. Let G = (V, E) be an n-vertex graph that has an (e, d)-regular
partition V- = (Vi)iejx) with reduced graph R on [k] which is (¢, d)-super regular on a graph
R’ C R connected components having at most r vertices each. Further, let H = (W, Ey) be
an n-vertex graph with mazvimum degree A(H) < A that has a vertex partition W = (W);cin
which is e-compatible with V = (V;);er and R' C R. Then H C G.

Proof. Given d, A, and r we request constants epp;, and cpg, from Lemma 3.10 with input
d and A. Further, Lemma 3.9 with input d, A, ¢pp, and r provides constants g and ag,.
We set £ := min{epgy, €p1, %aBL}. Now, let the graphs G = (V, E) and H = (W, Eg), the
partitions V = ViU - - UV, and W = WhU - - - UWy, the reduced graph R = (Vg, Eg) and its
subgraph R’ be such that the conditions of the lemma are satisfied.

Our first goal is to apply the partial embedding lemma (Lemma 3.10). To this end, for
all i € [k], let X; and Y; be the sets in Definition 3.11, set X = JX;, ¥V := UV, and
B := H[XUY]. Let h: V(B) — Vg be the mapping that maps each vertex v € V(B) = XUY
to the unique cluster ¢ in R with v € W;. This is a homomorphism because WU - - - UW},
is e-compatible with R" C R. Moreover, for all i € [k] we have |h=1(i)| < 2¢|V;| since
h~1(i) € X;UY; by definition of h and, again by e-compatibility, |X; U Y;| < 2¢|V;|. Since
additionally A(B) < A(H) < A, the graph B, and the homomorphism h satisfy the conditions
of Lemma 3.10. As e < epgp, we can apply this lemma to the graph G, its partition ViU~ - - UV},
with reduced graph R, and to B and h, and obtain an embedding f: X — V of B[X]| = H[X]
into G with f(z) € Vj(,) for all z € X and candidate sets Cy C Vi) \ f(X) forally € Y. We
have now already embedded all the vertices in X but not yet those in Y.

We will embed the remaining vertices of H by using the blow-up lemma separately on
each component of R'. For this purpose let Rf,..., R, be the components of R'. Now,
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fix j € [s], let 7} := [R}|, let i(1),...,i(r}) be the vertices of R, and observe that for
each vertex i of R;- the partial embedding lemma generated candidate sets C for at most
Yi| <e- minifev(R;_) |Vir| < agy, - minifev(R;_) |Vir \ Xi| vertices y € W; with |Cy| > cppi|Vi| >
cpen|Vi \ X;|. Since € < apy, e, and R; has at most r vertices we can provide the blow-up
lemma with these candidate sets together with the graphs R, G; := G[Vyy U+ U Vjy \ X]
and Hj := H[WjyU---U Wy \ f(X)] and obtain an embedding f; of Hj into Gj.

We claim that the united embedding ¢g: W — V defined by

2 = flz) ifzeX
9(@) {fj(x) it z € V(H;)

is an embedding of H into G. Indeed, let xy be an edge of H. If both xz,y € X then
g9(z)g(y) = f(x)f(y), which is an edge of G because f is an embedding. Similarly, if x and
y are both in the same graph Hj, then g(z)g(y) = f;j(x)f;(y) is an edge of G as f; is an
embedding. By the definition of X it remains to consider the case x € X,y ¢ X which implies
that y lies in some graph H; and y € Y by the definition of Y. Accordingly, the partial
embedding lemma (Lemma 3.10) defined a candidate set Cy for y with Cy C Ng(g(x)) and
the blow-up lemma (Lemma 3.9) guaranteed f;(y) € C,. It follows that g(x)g(y) = f(z)f;(y)
is also an edge of G in this case. 0

3.4 Sparse graphs

In this section we will consider a sparse version of the regularity lemma, developed by
Kohayakawa and R6dl (see [57, 59]). Before stating this lemma we introduce the necessary
definitions.

In Section 1.3.7 we explained that the key to a meaningful regularity concept for sparse
graphs G is to scale all densities (that we determine or compare) by dividing them by a scaling
factor p. This scaling factor p can be thought of as the density of the graph G (or some
super-graph I' of G) or, more abstractly, as a parameter measuring how sparse the graphs
are that we are interested in, which will usually depend on the number n of vertices in G.
The following definitions provide scaled versions (and hence sparse analogues) of density and
regularity.

Let G = (V, E) be a graph, p € (0, 1], and €,d > 0 be reals. For disjoint nonempty U, W C V
the p-density of the pair (U, W) is defined by dg ,(U, W) :=eq(U,W)/(p|U||W|).

Definition 3.13 ((¢,d, p)-dense). The pair (U, W) is (e,d, p)-dense if dg,(U',W') > d—¢
for allU" CU and W CW with |U'| > e|U| and |U’'| > e|U|. Omitting the parameters d, or
e and d, we may also speak of (¢, p)-dense pairs, or p-dense pairs.

Let us remark that the two-sided error bound we saw in the definition of (dense) regularity
is replaced by a one-sided error bound in this definition. More precisely, instead of requiring
lde p(U,W) —dgp(U',W')| < e (which were a “true” sparse analogue of regularity, cf. Defini-
tion 3.1) we demand only dg ,(U’,W’) > d — e. But for our embedding applications it is only
this lower bound that is of interest (we do not mind if there are “too many” edges).

We now turn to the definition of a p-dense partition.

Definition 3.14 (p-dense partition). An (e,p)-dense partition of G = (V, E) is a partition
VoUViU.. UV, of V with |Vy| < e|V| such that (V;, V) is an (g,p)-dense pair in G for all but
at most e(4) pairs ij € ([g]).
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As before, the partition classes V; with ¢ € [r] are called the clusters of the partition and V;
is the exceptional set. Moreover, an (g, p)-dense partition VoUViU. ..UV, is an (e, d, p)-dense
partition of G with reduced graph R = ([r], E(R)) if the pair (V;,V}) is (e, d, p)-dense in G
whenever ij € E(R).

The sparse regularity lemma asserts p-dense partitions for sparse graphs G without dense
spots. To quantify this latter property we need the following notion. Let > 0 be a real
number and K > 1 an integer. We say that G = (V, E) is (n, K)-bounded with respect to p if
for all disjoint sets X,Y C V with | X|,|Y| > n|V| we have eq(X,Y) < Kp|X||Y].

Lemma 3.15 (sparse regularity lemma). For each ¢ > 0, each K > 1, and each ro > 1
there are constants r1, v, and ng such that for any p € (0, 1] the following holds. Any graph
G = (V, E) with |V| > ng, and which is (v, K)-bounded with respect to p admits an (g, p)-dense
equipartition with r clusters for some rg <1 < 7ry. O

In analogy to the (dense) regularity lemma this lemma produces a partition of a sparse
graph into a constant number of p-dense pairs (with the restriction that we consider only
bounded graphs). Moreover, as is true for dense regular pairs, it follows directly from the
definition that sub-pairs of p-dense pairs again form p-dense pairs (Proposition 3.8 discusses a
similar property of dense regular pairs but is much more general).

Proposition 3.16. Let (X,Y) be (e,d,p)-dense, X' C X with |X'| = u|X|. Then (X',Y) is
(i, d,p)-dense. O

Also Proposition 3.6 has a sparse counterpart: Neighbourhoods of most vertices in a p-dense
pair are not much smaller than expected. Again, this is a direct consequence of the definition
of p-dense pairs.

Proposition 3.17. Let (X,Y) be (g,d,p)-dense. Then less than | X| vertices x € X have
[Ny (@) < (d—e)plY]. 0

But in contrast to the non-sparse case the size of such neighbourhoods may be tiny (if
p = o(1)). Recall, for example, that the iterative embedding procedure in the proof of the
partial embedding lemma presented above (Lemma 3.10) was based on the fact that typical
vertices in a regular pair have neighbourhoods of linear size. Therefore it is not surprising
that establishing embedding results for p-dense pairs (or partitions) is often more difficult.
As we shall discuss in Chapter 9, however, such results do exist if we consider p-dense pairs
inside a random graph. This is also the setting of the following and last lemma that we shall
formulate in this chapter.

Similarly as for dense graphs some properties of the graph GG translate to certain properties
of the reduced graph R of the partition constructed by the sparse regularity lemma. An
example of this phenomenon is given in the following lemma, Lemma 3.18, which is a minimum
degree version of the sparse regularity lemma. The minimum degree version of the dense
regularity lemma (Lemma 3.4) can be formulated in the following way. If an n-vertex graph G
is such that that each of its vertices has an a-proportion of all the n — 1 neighbours it has in
the complete graph K, as neighbours in G then the reduced graph R of a regular partition
of this graph has minimum degree only slightly smaller than «|V (R)|. The sparse analogue,
Lemma 3.18, now replaces the complete graph K, in this formulation by a random graph
I' = G, p. Consequently, the graph G is a subgraph of I' such that each vertex v of G satisfies
the following condition. The neighbourhood of v in the graph G is at least an a-proportion
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of the neighbourhood of v in the random graph I'. Then, as the lemma asserts, G has an
(¢,d, p)-dense partition with reduced graph R on r vertices and minimum degree almost ar.

Lemma 3.18 (sparse regularity lemma, minimum degree version for G, ;). For all o € [0, 1],
e > 0, and every integer ro, there is an integer r1 > 1 such that for all d € [0, 1] the following
holds a.a.s. for I' = G, if log*n/(pn) = o(1). Let G = (V,E) be a spanning subgraph of T
with degg(v) > adegr(v) for allv € V. Then there is an (e, d, p)-dense partition of G with
reduced graph R of minimum degree 6(R) > (a — d — €)|V(R)| with o < |V(R)| < 71.

Notice that, in contrast to the dense minimum degree version of the regularity lemma
(Lemma 3.4), we do observe “more” than a mere inheritance of properties here: the graph G
we started with is sparse, but the reduced graph R we obtain is dense. This will enables us,
as we shall illustrate in Chapter 9, to apply results obtained for dense graphs to the reduced
graph R, and hence use such dense results to draw conclusions about sparse graphs.

Proof. For the proof we shall use the sparse regularity lemma (Lemma 3.15) and the facts
about the edge distribution in random graphs provided by Lemma 2.6.
Given a, €, and rg let rq, v, and ng be as provided by Lemma 3.15 for input

e :=¢2/100, K:=1+¢, and r):=min{2r,[1/']}.

Let further d be given and assume that n is such that n > ng, logn > 1/¢’, and logn > 1/v.
Let I" be a typical graph from G,, , with log* n/(pn) = o(1), i.e., a graph satisfying properties
(7)—(4ii) of Lemma 2.6. We will show that then I" also satisfies the conclusion of Lemma 3.18.

To this end we consider an arbitrary subgraph G = (V| E) of I" that satisfies the assumptions
of this lemma. By property (ii) of Lemma 2.6 the graph G C I' is (1/logn,1 + 1/logn)-
bounded with respect to p. Because 1+ 1/logn < 1+ ¢’ = K the sparse regularity lemma
(Lemma 3.15) with input &/, K, and r{, asserts that G has an (¢’,p)-dense equipartition
V = VyuUWU...UV/, for some r{ <’ < 1. Observe that there are at most r'v/e’ clusters in
this partition which are contained in more than /v/&’ pairs that are not (¢’, p)-dense. We add
all these clusters to V{j, denote the resulting set by V and the remaining clusters by V1,..., V.
Then rg < r'/2 <r <r; and we claim that the partition V' = VoUViU. ..UV, has the desired
properties.

Indeed, |Vp| < 'n + 1/v/e'(n/r") < en and the number of pairs in V;U. ..UV, which are not
(e,p)-dense is at most r - 7'V’ < 2r2V/e’ < (}). It follows that V4U... UV, is an (e, p)-dense
partition and hence an (g, d, p)-dense partition. Let R be the (maximal) corresponding reduced
graph, i.e., R has vertex set [r] and edges ij for exactly all (¢, d, p)-dense pairs (V;, V;) with 4,
j € [r]. It remains to show that we have 6(R) > (v —d — ¢)|R)|.

To see this, define L := |V| for all i € [r] and consider arbitrary disjoint sets X,Y C V(G).
Then )y degg(z) = 2eq(X) +eq(X,Y) +eq(X,V \ (X UY)) and therefore

ea(X,Y) > (a 3 degp(:n)) —2er(X) —er(X,V \ (X UY)).
zeX

By properties (i)—(7i) of Lemma 2.6 this implies

eq(X,Y) > oz(l — loén)ppﬂn _ 2(1 + loén)p<|)2(|>

o) P11 (= 1X1 =)
> (a(l —en—1+¢&)(n- |Y|))p|X| )

(3.1)

-1+

34



3.4 Sparse graphs

as long as | X| > n/logn and | X UY| < n—n/logn. Now fix i € [r] and let V; := V' \ (VoUV;).
Then
ec(Vi, Vi) < (degr(i) + 27‘\@) (1+¢€) pL? + (r— degR(i))dpL2

since each cluster is in at most r/v/e’ < 2rv/e’ irregular pairs, since R is an (¢/,d, p)-reduced
graph and G C T" is (1/logn, 1 + €’)-bounded with respect to p. On the other hand (3.1)
implies
ea(Vi, Vi) = (a(l = )n = (1+) (Vo + Vi) )IVa
> (oz(l —&)—(1+ E’)B\@)an

where we use |Vo| < (¢/ +Ve')n and |V;| < n/r) < e'n. We conclude that

(degR(i)(l +& —d)+2rVe'(1+€) + T’d)pL2 > (a(l - -1+ E’)3\@)prL2
since n/L > r. This gives

degp (i) > degp(i)(1+¢ — d) > (a(l ) = (1+E)3VE — 2V (1 +¢) — d)r

> (a—ae'—Q\@—d)rz(a—d—e)|R[.

Hence the (e, d, p)-dense partition V = VoUV;U. ..UV, has a reduced graph R with 6(R) >
(a—d—e)R|. 0
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Chapter 4

Bandwidth, expansion, treewidth,
and universality

The purpose of this chapter is to establish relations between the bandwidth and the treewidth
of bounded-degree graphs H, and to connect these parameters to the size of a separator of
H as well as the size of an expanding subgraph of H. Our results imply that if one of these
values is sublinear in the number of vertices of H then so are all the others (see Theorem 4.6
in Section 4.1). This implies for example that graphs of fixed genus have sublinear bandwidth
or, more generally, a corresponding result for graphs with any fixed forbidden minor (see
Corollary 4.9 in Section 4.2).

4.1 Relations

There are a number of different parameters in graph theory which measure how well a graph
can be organized in a particular way, where the type of desired arrangement is often motivated
by geometrical properties, algorithmic considerations or specific applications. Well-known
examples of such parameters are the genus, the bandwidth, or the treewidth of a graph. While
the the genus characterizes the surfaces on which a particular graph can be drawn without
crossings, the other two parameters describe how well a graph can be laid out in a path-like,
respectively tree-like, manner. The central topic of this chapter is to discuss the relations
between such parameters. We would like to determine how they influence each other and what
causes them to be large. To this end we will mostly be interested in distinguishing between
the case where these parameters are linear in n, where n is the number of vertices in the graph
under investigation, and the case where they are sublinear in n.

Clearly one reason for a graph to have high bandwidth are vertices of high degree. Thus the
star K 1 illustrates that in general even trees may have a bandwidth of order Q(n). In [24]
Chung proved however that any n-vertex tree T' with maximum degree A has bandwidth at
most 5n/loga (n). The following theorem extends Chung’s result to planar graphs.

Theorem 4.1. Suppose A > 4. Let H be a planar graph on n vertices with mazimum degree
at most A. Then the bandwidth of H satisfies

15n
bw(H) < ——.
) < fogatn)

It is easy to see that the bound in Theorem 4.1 is sharp up to the multiplicative constant—
since the bandwidth of any graph H is bounded from below by (n — 1)/ diam(H ), it suffices
to consider for example the complete binary tree on n vertices. (We remark in passing that
Theorem 4.1 implies that graphs with maximum degree 1 < A < 3 must satisfy an upper

37



Chapter 4 Bandwidth, expansion, treewidth, and universality

bound of bw(H) < 20n/loga(n).) Theorem 4.1 is used in [23] to infer a result about the
geometric realizability of planar graphs H = (V, E) with |V]| =n and A(H) < A.

As explained in the introduction we will show a more general theorem (Theorem 4.6) which
proves that the concepts of sublinear bandwidth, sublinear treewidth, bad expansion properties,
and sublinear separators are equivalent for graphs of bounded maximum degree. In order
to establish this theorem, we will now discuss quantitative relations between the parameters
involved. Since planar graphs are known to have small separators [75], we will get Theorem 4.1
as a byproduct of these results in Section 4.2.1.

Let us start with the following well known theorem due to Robertson and Seymour [83] that
relates the treewidth and the separation number of a graph.!

Theorem 4.2 (treewidth—separator, [83]). All graphs H have separation number
s(H) <tw(H)+1. O

This theorem states that graphs with small treewidth have small separators. By repeatedly
extracting separators, one can show that (a qualitatively different version of) the converse also
holds: tw(H) < O(s(H)logn) for a graph H on n vertices (see e.g. [16], Theorem 20). We
shall use a similar but more involved argument to show that one can establish the following
relation linking the separation number with the bandwidth of graphs with bounded maximum
degree.

Theorem 4.3 (separator—bandwidth). For each A > 4 every graph H on n vertices with
mazimum degree A(H) < A has bandwidth

< 6n
~ loga(n/s(H))

The proof of this theorem is provided in Section 4.3.1. Observe that Theorems 4.2 and 4.3
together with the obvious inequality tw(H) < bw(H) tie the concepts of treewidth, bandwidth,
and separation number well together. Apart from the somewhat negative statement of not
having a small separator, what can we say about a graph with large tree- or bandwidth? The
next theorem states that such a graph must contain a big expander.

bw(H)

Theorem 4.4 (non-expansion—treewidth). Let ¢ > 0 be constant. All graphs H on n vertices
have treewidth tw(H) < 2b.(H) + 2¢en.

A result with similar implications was recently proved by Grohe and Marx in [45]. It
shows that b.(H) < en implies tw(H) < 2en. For the sake of being self contained we present
our (short) proof of Theorem 4.4 in Section 4.3.2. In addition, it is not difficult to see that
conversely the non-expansion of a graph can be estimated via its bandwidth—which we prove
in Section 4.3.2, too.

Proposition 4.5 (bandwidth—non-expansion). Let ¢ > 0 be constant. All graphs H on n
vertices have b.(H) < 2bw(H)/e.

A qualitative consequence summarizing the four results above is given in the following
theorem. It states that if one of the parameters bandwidth, treewidth, separation number, or
non-expansion is sublinear for a family of graphs, then so are the others.

n fact, their result states that any graph H has a (tw(H)+1, 1/2)-separator, and doesn’t talk about subgraphs
of H. But since every subgraph of H has treewidth at most tw(H), it thus also has a (tw(H) + 1,1/2)-
separator and the result, as stated here, follows.
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4.2 Applications

Theorem 4.6 (sublinear equivalence theorem). Let A be an arbitrary but fized positive integer
and consider a hereditary class of graphs C such that all graphs in C have mazimum degree at
most A. Denote by C,, the set of those graphs in C with n vertices. Then the following four
properties are equivalent:

(1) For all $1 > 0 there is ny such that tw(H) < (yn for all H € C,, with n > ny.
(2) For all By > 0 there is ny such that bw(H) < fan for all H € C,, with n > na.
(3) For all B3, > 0 there is n3 such that b.(H) < fBsn for all H € C,, with n > ng.
(4) For all By > 0 there is nyg such that s(H) < B4n for all H € C,, with n > ny.

Proof. (1)=(4): Given B4 > 0 set 1 := (4/2, let ny be the constant from (1) for this i,
and set ny := max{ni,2/64}. Now consider H € C,, with n > ny. By assumption we have
tw(H) < fin and thus we can apply Theorem 4.2 to conclude that s(H) < tw(H) + 1 <
in+ 1< (B4/2+1/n)n < Byn.

(4)=(2): Given (B > 0 let d := min{4, A}, set By := d=%/%2 get ny from (4) for this 4,
and set ny :=ny. Let H € C,, with n > na. We conclude from (4 ) and Theorem 4.2 that

bw(H) < 6n 6n

< = .
~ loggn —loggs(H) ~ logyn — log,(d=6/82n) fam

(2)=(3): Given (3, > 0set By := £33, get ng from (2) for this 53 and set n3 := ny. By (2)
and Proposition 4.5 we get for H € C,, with n > n3 that b.(H) < 2bw(H)/e < 20n/e < [3n.
(3)=(1): Given 31 > 0, set (B3 := (1/4, € := (1/4 and get n3 from (3) for this (3
and e, and set n; := ng. Let H € C, with n > ngy. Then (%) and Theorem 4.4 imply
tw(H) < 2b.(H) + 2en < 203n + 2(51/4)n = Bin. O

4.2 Applications

For many interesting bounded-degree graph classes (non-trivial) upper bounds on the band-
width are not at hand. A wealth of results however has been obtained about the existence of
sublinear separators. This illustrates the importance of Theorem 4.6. In this section we will
give examples of such separator theorems and provide applications of them in conjunction
with Theorem 4.6.

4.2.1 Separator theorems

A classical result in the theory of planar graphs concerns the existence of separators of
size 24/2n in any planar graph on n vertices proven by Lipton and Tarjan [75] in 1977. Clearly,
together with Theorem 4.3 this result implies Theorem 4.1 from the introduction. This
motivates why we want to consider some generalizations of the planar separator theorem in
this section. The first such result is due to Gilbert, Hutchinson, and Tarjan [42] and deals
with graphs of arbitrary genus. 2

Theorem 4.7 (Gilbert, Hutchinson, Tarjan [42]). An n-vertex graph H with genus g > 0 has
separation number s(H) < 6,/gn + 2v/2n. O

2Again, the separator theorems we refer to bound the size of a separator in H. Since the class of graphs with
genus less than g (or, respectively, of F-minor free graphs) is closed under taking subgraphs however, this
theorem can also be applied to such subgraphs and thus the bound on s(H) follows.
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For fixed g the class of all graphs with genus at most g is closed under taking minors. Here F'
is a minor of H if it can be obtained from H by a sequence of edge deletions and contractions.
A graph H is called F-minor free if F' is no minor of H. The famous graph minor theorem by
Robertson and Seymour [84] states that any minor closed class of graphs can be characterized
by a finite set of forbidden minors (such as K33 and K5 in the case of planar graphs). The
next separator theorem by Alon, Seymour, and Thomas [12] shows that already forbidding
one minor enforces a small separator.

Theorem 4.8 (Alon, Seymour, Thomas [12]). Let F' be an arbitrary graph. Then any n-vertex
graph H that is F-minor free has separation number s(H) < |F|3/?\/n. O

We can apply these theorems to draw the following conclusion concerning the bandwidth of
bounded-degree graphs with fixed genus or some fixed forbidden minor from Theorem 4.3.

Corollary 4.9. Let g be a positive integer, A > 4 and F be an h-vertex graph and H an
n-vertex graph with mazimum degree A(H) < A.

(a) If H has genus g then bw(H) < 15n/loga(n/g).
(b) If H is F-minor free then bw(H) < 12n/loga (n/h3). O

4.2.2 Universality

In the previous section we argued that certain interesting graph classes have sublinear band-
width. Clearly, this knowledge has different consequences in conjunction with the embedding
results for graphs of sublinear bandwidth established in the later chapters of this thesis. In this
section we will briefly outline the nature of such implications. We concentrate on corollaries
of Theorem 5.1 here. Similar corollaries can of course be formulated concerning the other
embedding results.

Recall that a graph G that contains copies of all graphs H € H for some class of graphs
H is also called universal for H. Theorem 4.6 states that in bounded-degree graphs, the
existence of a big expanding subgraph is in fact the only obstacle which can prevent sublinear
bandwidth and thus the only possible obstruction for a universality result as in Theorem 5.1.
More precisely we immediately get the following corollary from Theorem 4.6.

Corollary 4.10. If the class C meets one (and thus all) of the conditions in Theorem 4.6,
then the following is also true. For every v > 0 and r € N there exists ng such that for all
n > ng and for every graph H € C, with chromatic number r and for every graph G on n
vertices with minimum degree at least (% + v)n, the graph G contains a copy of H. O

By Theorem 4.1 we infer as a special case that all sufficiently large graphs with minimum
degree (% + 7)n are universal for the class of bounded-degree planar graphs. Universal graphs
for bounded-degree planar graphs have also been studied in [15, 22].

Corollary 4.11. For all A € N and v > 0, there exists ng € N such that for every n > nyg
the following holds:

(a) Ewery 3-chromatic planar graph on n vertices with mazimum degree at most A can be
embedded into every graph on n vertices with minimum degree at least (% +v)n.

(b) Every planar graph on n vertices with mazximum degree at most A can be embedded
into every graph on n vertices with minimum degree at least (% +y)n. Ol
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This extends Theorem 1.8 due to Kiihn, Osthus & Taraz, which states that for every graph
G with minimum degree at least (% + y)n there exists a particular spanning triangulation
H that can be embedded into G. Using Corollary 4.9 it is moreover possible to formulate

corresponding generalizations for graphs of fixed genus and for F-minor free graphs for any
fixed F.

4.3 Proofs

4.3.1 Separation and bandwidth

For the proof of Theorem 4.3 we will use a decomposition result which roughly states the
following. If the removal of a small separator S decomposes the vertex set of a graph H into
relatively small components R;UP; such that the vertices in P; form a “buffer” between the
vertices in the separator S and the set of remaining vertices R; in the sense that disty (.S, R;)
is sufficiently big, then the bandwidth of H is small.

Lemma 4.12 (decomposition lemma). Let H = (V,E) be a graph and S, P, and R be
vertex sets such that V. = SUPUR. For b,r € N with b > 3 assume further that there are
decompositions P = PyU...UP, and R = R1U...URy of P and R, respectively, such that the
following properties are satisfied:
(i) |Ri|l <,

(it) e(RUP;, RjUP;) =0 forall1 <i<j<b,

(43) disty(u,v) >b/2 for allu € S and v € R; with i € [b].
Then bw(H) < 2(|S| + |P| +r).
Proof. Assume we have H = (V, F), V. = SUPUR and b,r € N with the properties stated

above. Our first goal is to partition V into pairwise disjoint sets By,..., By, which we call
buckets, and that satisfy the following property:

If {u,v} € E for u € B; and v € Bj then |i — j| < 1. (4.1)

To this end all vertices of R; are placed into bucket B; for each i € [b] and the vertices of S
are placed into bucket Bpy/9). The remaining vertices from the sets P; are distributed over the
buckets according to their distance from S: vertex v € P; is assigned to bucket Bj(,) where
j(v) € [b] is defined by

i if dist(S,v) > [b/2 —i|,
Jj(v) == < [b/2] — dist(S,v) if dist(S,v) < b/2 —i (4.2)
[b/2] 4+ dist(S,v) if dist(S,v) <i—0b/2.
This placement obviously satisfies

|Bj| < S|+ [P+ [Ri| <|S[+[P|+r (4.3)

by construction and condition (7). Moreover, we claim that it guarantees condition (4.1).
Indeed, let {u,v} € E be an edge. If v and v are both in S then clearly (4.1) is satisfied.
Thus it remains to consider the case where, without loss of generality, u € R;UP; for some
i € [b]. By condition (iz) this implies v € SUR;UP;. First assume that v € S. Thus
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dist(u, S) = 1 and from condition (i) we infer that u € P;. Accordingly u is placed into
bucket Bj(,) € {Bfy/21-1, Bls/21> Byj21+1} by (4.2) and v is placed into bucket By, /o) and so
we also get (4.1) in this case. If both u,v € R;UP;, on the other hand, we are clearly done
if u,v € R;. So assume without loss of generality, that v € P;. If v € P; then we conclude
from | dist(S,u) — dist(S,v)| < 1 and (4.2) that u is placed into bucket B,y and v into Bj,)
with [j(u) — j(v)| < 1. If v € R;, finally, observe that |dist(S,u) — dist(S,v)| < 1 together
with condition (iii) implies that dist(S,u) > b/2 — 1 and so u is placed into bucket B, with
j(u) € {i(v),i(v) — 1} by (4.2) and v is assigned to B; with ¢ = i(v). Thus we also get (4.1) in
this last case.

Now we are ready to construct an ordering of V respecting the desired bandwidth bound.
We start with the vertices in bucket Bj, order them arbitrarily, proceed to the vertices in
bucket Bs, order them arbitrarily, and so on, up to bucket By. By condition (4.1) this gives
an ordering with bandwidth at most twice as large as the largest bucket and thus we conclude
from (4.3) that bw(H) < 2(|S| + |P| + 7). O

A decomposition of the vertices of H into buckets as in the proof of Lemma 4.12 is also
called a path partition of H and appears e.g. in [30].

Before we get to the proof of Theorem 4.3, we will establish the following technical observation
about labelled trees.

Proposition 4.13. Let b be a positive real, T = (V, E) be a tree with |V| > 3, and ¢ : V — [0, 1]
be a real valued labelling of its vertices such that ) i, £(v) < 1. Denote further for allv € V
by L(v) the set of leaves that are adjacent to v and suppose that {(v)+3_ e £(w) = [L(v)|/b.
Then T has at most b leaves in total.

Proof. Let L C V be the set of leaves of T and I := V' \ L be the set of internal vertices.
Clearly

125w =Y () + Y ) ZZ‘L(;”:V;!

veV vel ueL(v) vel

which implies the assertion. ]

The idea of the proof of Theorem 4.3 is to repeatedly extract separators from H and the
pieces that result from the removal of such separators. We denote the union of these separators
by S, put all remaining vertices with small distance from S into sets P;, and all other vertices
into sets R;. Then we can apply the decomposition lemma (Lemma 4.12) to these sets S,
P;, and R;. This, together with some technical calculations, will give the desired bandwidth
bound for H.

Proof of Theorem 4.3. Let H = (V, E) be a graph on n vertices with maximum degree at
most A > 4. Observe that the desired bandwidth bound is trivial if logs n — loga s(H) < 6,
so assume in the following that loga n — loga s(H) > 6. Define

B :=logan —loga s(H) and b:=[p8]>7 (4.4)

and observe that with this choice of # our aim is to show that bw(H) < 6n/g.
The goal is to construct V = SUPUR with the properties required by Lemma 4.12. For
this purpose we will recursively use the fact that H and its subgraphs have separators of size
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at most s(H). In the i-th round we will identify separators S; , in H whose removal splits H
into parts V;1,...,Vip,. The details are as follows.

In the first round let Sy ; be an arbitrary (s(H),2/3)-separator in H that separates H into
Vi,1 and Vi 2 and set by := 2. In the ¢-th round, ¢ > 1, consider each of the sets V;_; ; with
J € [bi—1]. If |Viei ;] < 2n/b then let V; j» := V;_y j, otherwise choose an (s(H),2/3)-separator
Si i that separates H[V;_1 ;] into sets V; ;v and V; j~41 (where k and j’ are appropriate indices,
for simplicity we do not specify them further). Let S; denote the union of all separators
constructed in this way (and in this round). This finishes the i-th round. We stop this
procedure as soon as all sets V; j» have size at most 2n/b and denote the corresponding i by 7*.
Then b;+ is the number of sets V;« ;; we end up with in the last iteration. Let further x5 be
the number of separators S; ;, extracted from H during this process in total.

Claim 4.14. We have b;x < b and xg < b—1.

We will postpone the proof of this fact and first show how it implies the theorem. Set
S :=U;eps Si» for j € [bi] define

Pj = {v € V= ; : dist(v, S) < 8/2} and R; = Vi \ Pj,

set P; = Rj = () for b= < j < b and finally define P := Ujep B and R :=Uep B

We claim that V = SUPUR is a partition that satisfies the requirements of the decomposition
lemma (Lemma 4.12) with parameter b and r = 2n/b. To check this, observe first that for
all i € [¢*] and j,j' € [b;] we have e(V;;,V;;) = 0 since V;; and Vj; were separated by
some Sy .. It follows that e(R;UP;, RjyUP;) = e(Vi+ j, Vix i) = 0 for all j, j' € [b;+]. Trivially
e(R;jUP}, RyUPj) = 0 for all j € [b] and b+ < j' < b and therefore we get condition (i) of
Lemma 4.12. Moreover, condition (éii) is satisfied by the definition of the sets P; and R;
above. To verify condition (i) note that |R;| < |V« ;| < 2n/b =r for all j € [bj«] by the choice
of * and |R;| = 0 for all b+ < j < b. Accordingly we can apply Lemma 4.12 and infer that

bw(H) < 2 <\S\ 1P| + 2:) . (4.5)

In order to establish the desired bound on the bandwidth, we thus need to show that
|S| + |P| < n/B. We first bound the size of S. By Claim 4.14 at most xg < b — 1 separators
have been extracted in total, which implies

S| <zg-s(H)<(b—1)s(H). (4.6)

Furthermore all vertices v € P satisfy disty(v,S) < 3/2 by definition. As H has maximum
degree A there are at most |S|(A%/2 —1)/(A — 1) vertices v € V' \ S with this property and
hence

B/2 _ B/2 —1)s n

S| +|P| < \S\(H%) < \S‘AA_Q = (b<A11 2(5) s(H)
:(b—l)n s(H)
(A—-2) n

where the third inequality follows from (4.4) and (4.6). It is easy to verify that for any « > 1
and A > 4 we have (A —2)y/z > logA =. This together with (4.4) gives (A —2)\/n/s(H) > (>

43



Chapter 4 Bandwidth, expansion, treewidth, and universality

and hence we get

b—1)n _n
Al

g2 B
Together with (4.5) this yields the assertion of the theorem.

It remains to prove Claim 4.14. Notice that the process of repeatedly separating H and
its subgraphs can be seen as a binary tree T on vertex set W whose internal nodes represent
the extraction of a separator S; j, for some i (and thus the separation of a subgraph of H into
two sets V; ; and Vi,j/) and whose leaves represent the sets V; ; that are of size at most 2n /b.
Clearly the number of leaves of T is b;+ and the number of internal nodes xg. As T is a binary
tree we conclude xg = b;+ — 1 and thus it suffices to show that 7" has at most b leaves in order
to establish the claim. To this end we would like to apply Proposition 4.13. Label an internal
node of 7' that represents a separator \S; ;, with |S; x|/n, a leaf representing V; ; with |V} ;|/n
and denote the resulting labelling by ¢. Clearly we have » .y, £(w) = 1. Moreover we claim
that

S|+ [P| <

lw)+ > L(w)>|L(w)|/b  forallwe W (4.7)
u€L(w)

where L(w) denotes the set of leaves that are children of w. Indeed, let w € W, notice that
|L(w)|] <2 as T is a binary tree, and let u and u’ be the two children of w. If |L(w)| = 0 we are
done. If |L(w)| > 0 then w represents a (2/3, s(H))-separator S(w) := S;_1 that separated a
graph H [V (w)] with V(w) := Vj_1; > 2n/b into two sets U(w) := V; j» and U'(w) :=V; j41
such that |U(w)| + |U'(w)| + |S(w)| = |V (w)]|. In the case that |L(w)| = 2 this implies

H) + e+ 1ty = BONE V@I T _ V)L

n

and thus we get (4.7). If |L(w)| = 1 on the other hand then, without loss of generality, u is a
leaf of T and |U’(w)| > 2n/b. Since S(w) is a (2/3, s(H))-separator however we know that
[V(w)| > 2|U’(w)| and hence
—_— / —_—
) 4t = ST _ S+ Viw)] - 0'(w)] = S(w)

20 ()| = [T (w)]  5(2n/b)

>

which also gives (4.7) in this case. Therefore we can apply Proposition 4.13 and infer that T
has at most b leaves as claimed. ]

4.3.2 Non-expansion

In this section we study the relation between non-expansion, bandwidth and treewidth. We
first give a proof of Proposition 4.5.

Proof of Proposition 4.5. We have to show that for every graph H and every € > 0 the
inequality b.(H) < 2bw(H)/e holds. Suppose that H has n vertices and let o : V' — [n] be
an arbitrary labelling of H. Furthermore assume that V/ C V with |V’| = b.(H) induces an
e-expander in H. Define V* C V' to be the first b.(H)/2 = |V'|/2 vertices of V’ with respect to
the ordering o. Since V’ induces an e-expander in H there must be at least eb.(H)/2 vertices

44



4.3 Proofs

in N* := N(V*)NV’. Let u be the vertex in N* with maximal o(u) and v € V* N N(u).
Asu & V* and o(u') > o(v') for all w/ € N* and v' € V* by the choice of V* we have
lo(u) —o(v)| > |N*| > eb(H)/2. Since this is true for every labelling o we can deduce that
b-(H) < 2bw(H)/e. O

The remainder of this section is devoted to the proof of Theorem 4.4. We will use the
following lemma which establishes a relation between non-expansion and certain separators.

Lemma 4.15 (non-expansion—separator). Let H be a graph on n vertices and let ¢ > 0. If
H is (n/2,e)-non-expanding then H has a (2en/3,2/3)-separator.

Proof of Lemma 4.15. Let H = (V, E) with |V| = n be (n/2,e)-non-expanding for £ > 0.
It follows that every subset V/ C V with |[V'| > n/2 induces a subgraph H' C H with the
following property: there is W C V'’ such that |[W| < |[V'|/2 and |[Ng/(W)| < e|WW|. We use
this fact to construct a (2en/3,2/3)-separator in the following way:

1. Define Vi :=V and i := 1.

2. Let H; := H[V.
3. Find a subset W; C V; with |[W;| < |V;|/2 and |Ng,(W;)| < e|W;].
4. Set S; := Ny,(W;), Vi1 := Vi \ (W; U S;).
5. If |Vis1] > 2n then set i := i+ 1 and go to step (2).
6. Set ¢* := ¢ and return
A= U Wi, B:=Viy, S:= Usi.
i=1 =1

2

This construction obviously returns a partition V = AUBUS with |B| < sn. Moreover,

|Vz*| > %n and H/VZ* < H/;*|/2 and hence

|Vi| <

2
Al =n —|B| = |S| = n — |Visa| = S| =n — (Vi 2 ~3"

= Wil = 1Sis)) = 18] < n -

The upper bound on |S| follows easily since

i* *

i 2
|S| = Z |Nu,(W;)| < 25|WZ~| =¢|A| < Zen.
i1 P

It remains to show that S separates H. This is indeed the case as Ng(A) C S by construction
and thus E(A, B) = 0. O

Now we can prove Theorem 4.4. As remarked earlier, Grohe and Marx [45] independently
gave a proof of an equivalent result which employs similar ideas but doesn’t use separators
explicitly.

Proof of Theorem 4.4. Let H = (V, E) be a graph on n vertices, € > 0, and let b > b.(H). It
follows immediately from the definition of non-expansion that every subgraph H' C H with
H' = (V' E") and |V'| > 2b also has b.(H') <b.

We now prove Theorem 4.4 by induction on the size of H. tw(H) < 2en + 2b trivially holds
if n < 2b. So let H have n > 2b vertices and assume that the theorem holds for all graphs with
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less than n vertices. Then H is (b, ¢)-non-expanding and thus has a (2en/3,2/3)-separator
S by Lemma 4.15. Assume that S separates H into the two subgraphs H; = (V4, Eq) and
Hy = (V, E9). Let (X1,T7) and (Xo,Ts) be tree decompositions of H; and Ha, respectively,
and assume that X3 N Xy = (). We use them to construct a tree decomposition (X,T') of H as
follows. Let X = {XZUS : X, € Xl}U{XZ'US 1 X, € XQ} and T = (Il Uly, ' = F;y UFQU{@})
where e is an arbitrary edge between the two trees. This is indeed a tree decomposition of H:
Every vertex v € V belongs to at least one X; € X and for every edge {v,w} € E there exists
i € I (where I is the index set of X') with {v,w} C X;. This is trivial for {v,w} C V; and
follows from the definition of X’ for v € S and w € V;. Since S separates H there are no edges
{v,w} with v € V] and w € V4. For the same reason the third property of a tree decomposition
holds: if j lies on the path from ¢ to k in T', then X; N X}, C X, as the intersection is S if
X;, X are subsets of V; and V5 respectively.

We have seen that (X,T) is a tree decomposition of H and can estimate its width. This
gives tw(H) < max{tw(H1),tw(H2)} + |S|. With the induction hypothesis we have

tw(H) < max{2e - |V1| + 2b, 2¢ - |Va| + 2b} + | 5]
< 2en + 2b.

where the second inequality is due to the fact that |V;| < (2/3)n and |S| < (2en)/3. O
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Chapter 5

The bandwidth conjecture
of Bollobas and Komlas

Minimum degree conditions that enforce the appearance of certain large subgraphs H in a
host graph G are the theme of several prominent results in extremal combinatorics. As we
saw in the introduction (Section 1.1.1) several theorems of this type assert the existence of
specific graphs H (such as Hamilton cycles in Dirac’s theorem or spanning K,-factors in the
Hajnal-Szemerédi theorem) if G has minimum degree at least 6(G) =n - (x(H) — 1)/x(H)
where n is the number of vertices in G. The Bollobds-Komlés conjecture (already discussed
in Section 1.2.1) formulates a similar criterion for the existence of a more general class of
subgraphs. In the present chapter we will prove this conjecture. We establish the following
theorem.

Theorem 5.1. For all r,A € N and ~v > 0, there exist constants 3 > 0 and ng € N such
that for every n > ng the following holds. If H is an r-chromatic graph on n vertices with
A(H) < A, and bandwidth at most fn and if G is a graph on n vertices with minimum degree
§(G) = (=2 +v)n, then G contains a copy of H.

Obviously, Hamilton cycles and their powers have constant bandwidth and are thus embraced
by this theorem. In addition, we saw in the last chapter that, for example, bounded-degree
F-minor-free graphs for any F' have sublinear bandwidth (Corollary 4.9) and, more generally,
that a hereditary class of bounded-degree graphs has sublinear bandwidth if and only if it
does not contain expanders of linear order (Theorem 4.6). In the introduction we furthermore
explained that expanders H in fact show that the claim of Theorem 5.1 no longer holds when
the bandwidth restriction on H is omitted.

This indicates that Theorem 5.1 can be regarded as a common generalisation of some of
the results concerning Hamilton cycles, their powers, or spanning K,-factors mentioned above
(and others, see also Section 1.1.1). Observe, however, that for (r — 1)-st powers of Hamilton
cycles H this is true only if r divides n, since otherwise x(H) = r + 1. We will return to this
topic in Section 5.1 where we discuss a more general result than Theorem 5.1 (which we shall
subsequently prove, see Theorem 5.2) that actually also includes those cases. In Section 5.2
we shall then describe the ideas and main lemmas used in the proof, which is presented in
Section 5.3. The remaining sections of this chapter cover the proofs of these lemmas. Some
technical results (as well as several ideas) obtained along the way will also be reused in later
chapters and hence prepare us for the proofs of other embedding results such as Theorem 7.2
in Chapter 7.

Before starting let us note that the analogue of Theorem 5.1 for bipartite H was announced
by Abbasi [1] in 1998, and a short proof based on our methods can be found in [49]. Moreover,
as mentioned already in the introduction, Abbasi [2] showed that the additional term yn in
the minimum degree condition in Theorem 5.1 cannot be omitted.
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5.1 The role of the chromatic number

The Pésa-Seymour conjecture (see Section 1.1.1) implies that the (r—1)-st power of a Hamilton
cycle on an odd number of vertices is forced as a spanning subgraph in any graph of minimum
degree “Ln (although it is (r + 1)- and not r-chromatic). In the same way other (r + 1)-
chromatic graphs are also forced already for this minimum degree. It seems that one important
question here is whether all » + 1 colours are needed by many vertices. For instance, the
critical chromatic number xq-(H) of a graph H is defined as

(X(H) = DV (H)]
V(H)| -0

Xer(H) =

where ¢ is the minimum size of the smallest colour class in a colouring of H with x(H) colours.
Obviously, x(H) — 1 < xr(H) < x(H), with (approximate) equality for o tending to 0 or
|V(H)|/x(H), respectively. This concept was introduced by Komlds [63], who proved that a
minimum degree condition of §(G) > (xer(H) — 1)n/xer (H) suffices to find a family of disjoint
copies of H covering all but en vertices of G. Kiihn and Osthus [73] further investigated this
question and managed to determine the corresponding minimum degree condition (up to an
additive constant) for the containment of a spanning H-factor for every H.

The following example shows however, that we cannot replace x(H) in Theorem 5.1 by
Xer(H). Let b, r, m, and n be positive integers such that r divides n and (b(r — 1) + 1)m = n.
Consider the graph H that is obtained from m vertex disjoint copies of the complete r-partite
graph K with one colour class of size one and r — 1 colour classes of size b by adding all edges
between different colour classes of the i-th and (i 4+ 1)-st such copy for all i € [m — 1] (this
graph is similar to the graph C], defined below, see page 49). Furthermore, let K, be the
graph K, minus an edge and let G be the graph obtained from K. by replacing the two
non-adjacent vertices by cliques Z; and Z, of size n/r each, all other vertices by independent
sets of size n/r, and all edges of K~ by complete bipartite graphs. Then H and G are graphs
on n vertices with §(G) = =2n—1, A(H) < 3br, bw(H) < 3br, x(H) = r, and xer =7 —1+7.
It is not difficult to check that H is not a subgraph of G because H is so “well connected”
that any potential copy of H in G could use only vertices in one of the two cliques Z7 and Zs.

Nevertheless our methods allow an extension of Theorem 5.1 that goes into a somewhat
similar direction. Assume that the vertices of H are labelled 1, ..., n. For two positive integers
x,y, an (r+ 1)-colouring o : V(H) — {0,...,r} of H is said to be (z,y)-zero free with respect
to such a labelling, if for each t € [n] there exists a ¢’ with ¢t <t <t + x such that o(u) #0
for all uw € [t',t' 4+ y]. We also say that the interval [¢/,t' + y] is zero free.

The following theorem states that the assertion of Theorem 5.1 remains true for (r + 1)-
colourable graphs H if the (r 4+ 1)-st colour is used by few vertices and does only appear rarely,
at well separated places in the bandwidth ordering of H.

Theorem 5.2. For all r,A € N and v > 0, there exist constants 3 > 0 and ng € N such
that for every n > ng the following holds. Let H be a graph with A(H) < A whose vertices
are labelled 1,...,n such that, with respect to this labelling, H has bandwidth at most Bn, an
(r 4+ 1)-colouring that is (8rfpn,4rfn)-zero free, and uses colour 0 for at most Bn vertices in
total. If G is a graph on n vertices with minimum degree §(G) > (r;—l +7)n, then G contains
a copy of H.

Obviously Theorem 5.2 implies Theorem 5.1, and the remaining part of this chapter is
devoted to the proof of Theorem 5.2.
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5.2 The main lemmas and an outline of the proof

In this section we introduce the central lemmas that are needed for the proof of our main
theorem. Our emphasis is to explain how they work together to give the proof of Theorem 5.2,
which itself is then presented in full detail in the subsequent section, Section 5.3. We will use
the strategy outlined in Sections 1.3 and 1.4, and apply the general embedding lemma together
with two structural lemmas that provide partitions, suitable for the general embedding lemma,
of the graph H and G, respectively. For these lemmas we need a few more definitions.
Suppose that m and r are integers. Let C], be the mr-vertex graph obtained from a path
on m vertices by replacing every vertex by a clique of size r and replacing every edge by a
complete bipartite graph minus a perfect matching (see Figure 5.1). More precisely,

V(Cr) = [m] x [r] (5.1)

and
{(i,5), (", N}y e E(Cl,) it i=i or |i—i|=1Aj#j. (5.2)
Let K], be the graph on vertex set [m] x [r] that is formed by the disjoint union of m
complete graphs on r vertices. Then K] C C and we call the complete graph on vertices
(1,1),...,(i,r) the i-th component of K], for i € [m]. Note moreover, that o: [m] x [r] — [r]
with o(i,7) := j for i € [m] and j € [r] is a valid r-colouring of CJ,,. We will later consider
vertex partitions (Vj j)icim, je[r) that are (g, d)-regular on Cy, for some € and d. Then we will
also say, that V; ; has colour j.

Figure 5.1: The graph C3 . The encircled triples of vertices form cliques of size 3 in C3,.

Remark. In what follows we shall frequently consider graphs R}, on vertex set [m] x [r] and
say that K], C C}, C R;.. Then we implicitly assume that the vertices of R, are labelled such

that this is consistent with these copies of K], and C), , i.e., the vertex set {i} x [r] forms the
i-th component of K], for each i € [m]| and [m] x {j} fm’ms colour class j of C), for each
j € lrl.

We can now state (and then explain) our first main lemma which asserts a regular partition
of the graph G with structural properties that will be suitable for embedding H into G.

Lemma 5.3 (Lemma for G). For all r € N and v > 0 there exist d > 0 and g9 > 0 such that

for every positive € < gq there exist k1 and & > 0 such that for all n > k1 and for every graph

G on vertex set [n] with 6(G) > ((r — 1)/r + y)n there exist k € N\ {0} and a graph R}, on

vertex set [k] x [r] with

(R1) k < ky,

(R2) 0(Ry) = ((r = 1)/r +~/4)kr

(R3) K CC}, C R}, and

(R4) there is an r-equitable integer partition (m;;)icik) jelr) of n with m;j > (1 —e)n/(kr)
such that the following holds.
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For every partition (”i,j)ie[k],je[r] of n with m;; — &on < n;; < m;j; + §n there exists a
partition (Vi,j)ie[k},je[r} of V' with

(V1) [Vijl = nij,

(V2) (Vij)ie,jer s (g,d)-regular on Ry, and

(V3) (Vij)ie,jelr s (€, d)-super-regular on Kj.

We give the proof of Lemma 5.3, which borrows ideas from [69], in Section 5.5. To illustrate
what this lemma says let us first assume for simplicity that n; ; = m; ;. In this case, Lemma 5.3
would guarantee a partition of the vertex set of G in such a way that the partition classes
form many (super-)regular pairs, and that these pairs are organised in a sort of backbone,
namely in the form of a C}, for the regular pairs, and, contained therein, a spanning family
K7 of disjoint complete graphs for the super-regular pairs.

However, the lemma says more. When we come to the point (R4), the lemma ‘has in mind’
the partition we just described, but does not exhibit it. Instead, it only discloses the sizes
m; ; and allows us to wish for small amendments: for every i € [k] and j € [r], we can now
look at the value m; ; and ask for the size of the corresponding partition class to be adjusted
to a new value n; ;, differing from m; ; by at most {on.

When proving Lemma 5.3, one thus needs to alter the partition by shifting a few vertices.
This is where the main difficulty lies. The strategy to solve this problem was outlined already
in Section 1.3.5. We will see that the existence of an almost spanning copy of C}, in the
reduced graph allows us to perform the alteration just described. In order to guarantee such a
structure in the reduced graph we will first solve the following special case of Theorem 5.1,
which asserts the copy of C, in a graph of high minimum degree.

Lemma 5.4 (backbone lemma). For all integers r > 1 and positive constants v and € there
exists ng = no(r,7,€) such that for every n > ng the following holds. If G is an n-vertex
graph with minimum degree 6(G) > ((r — 1)/r + v)n, then G contains a copy of C}, with
rm > (1 —¢e)n.

Now we come to the second main lemma. It prepares the graph H so that it can be
embedded into G. This is exactly the place where, given the values m; j, the new values n; ;
in the setting described above are specified.

Lemma 5.5 (Lemma for H). Let r,k > 1 be integers and let 3, £ > 0 satisfy 3 < £2/(302673).

Let H be a graph on n vertices with A(H) < A, and assume that H has a labelling of
bandwidth at most Bn and an (r + 1)-colouring that is (8rfpn,4rfn)-zero free with respect
to this labelling, and uses colour 0 for at most Bn vertices in total. Let R be a graph with
V(R}) = [k] x [r] such that 6(R},) > (r — 1)k and K] C C}, C Rj. Furthermore, suppose
(Mi5)ielk] jer) 95 an r-equitable integer partition of n with m;; > 358n for every i € [k] and
j€r]

Then there exists a mapping f: V(H) — [k] x [r] and a set of special vertices X C V(H)
with the following properties

(a) [X] < krén,
b) mij —&n < Wil o= |f71(0,5)] < mij +&n for every i € [K] and j € [r],
c) for every edge {u,v} € E(H) we have {f(u), f(v)} € E(R}), and
) if {u,v} € E(H) and, moreover, u and v are both in V(H)\ X, then {f(u), f(v)} €
E(KT).

(
(
(d
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In other words, Lemma 5.5 receives a graph H as input and, from Lemma 5.3, a reduced
graph R} (with K, C C} C Ry), an r-equitable partition (mi,j)ie[k],je[r] of n, and a parameter
&. Again we emphasise that this is all what Lemma 5.5 needs to know about G. It then
provides us with a function f which maps the vertices of H onto the vertex set [k] x [r] of
R}, in such a way that (i,7) with ¢ € [K], j € [r] receives n; j := |W; ;| vertices from H, with
|ni; —mi ;| < &n. Although the vertex partition of G is not known exactly at this point, we
already have its reduced graph Rj. Lemma 5.5 guarantees that the endpoints of an edge {u, v}
of H get mapped into vertices f(u) and f(v) of R}, representing future partition classes V()
and V() in G which will form a super-regular pair (see (d)) — except for those few edges
with one or both endpoints in some small special set X. But even these edges will be mapped
into pairs of classes in G that will form at least regular pairs (see (¢)). Lemma 5.5 will then
return the values n; ; to Lemma 5.3, which will finally produce a corresponding partition of
the vertices of G.

In the next section we give the precise details how Theorem 5.2 can be deduced from
Lemma 5.3 and Lemma 5.5 following the outline discussed above.

5.3 Proof of Theorem 5.2

In this section we give the proof of Theorem 5.2 based on the general embedding lemma
(Lemma 3.12), the lemma for G (Lemma 5.3), and the lemma for H (Lemma 5.5). In particular,
we will use Lemma 5.3 for partitioning GG, and Lemma 5.5 for assigning the vertices of H to
the parts of GG. For this, it will be necessary to split the application of Lemma 5.3 into two
phases. The first phase is used to set up the parameters for Lemma 5.5. With this input,
Lemma 5.5 then defines the sizes of the parts of G that are constructed during the execution of
the second phase of Lemma 5.3. We shall see that the two partitions we obtain are compatible
partitions (see Definition 3.11). This will enable us to apply the general embedding lemma,
Lemma 3.12 to embed H into G.

Proof of Theorem 5.2. Given r, A, and =, let d and £y be as asserted by Lemma 5.3 for input
r and 7. Let eqe = ecrn(d, A, ) be as given by Lemma 3.12 and set

g = mln{&o, EGEL) 1/4} . (53)
Then, Lemma 5.3 provides constants k1 and &y for this €. We define
€ := min{&y, eqpr/ (432 (A + 1)%)} (5.4)

as well as 3 := min{¢?/(302673), (1 —€)/(35k17)} and ng := k1, and consider arbitrary graphs
H and G on n > ng vertices that meet the conditions of Theorem 5.2.

Applying Lemma 5.3 to G we get an integer k with 0 < k < kq, graphs Kj, C ], € R} on
vertex set [k] X [r], and an r-equitable partition (m; ;)ic[k), je) of 7 such that (R1)-(R4) are
satisfied. Now all constants that appear in the proof are fixed. To summarise, this is how they
are related:

1 1
SHY>d>e> —>E> 0.
A k1

Before continuing with Lemma 5.3, we would like to apply the Lemma 5.5. Note that owing
to (R4) and the choice of 3 above, we have m; j > (1—¢)n/(kr) > 3504n for every i € [k], j € [r].
Consequently, for constants k, 3, and §, graphs H and K; C C} C Rj, and the partition
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(™i,5)ie[k],jelr) of 7 we can indeed apply Lemma 5.5. This yields a mapping f: V(H) — [k] X [r]
and a set of special vertices Xy C V(H). These will be needed later. For the moment we are
only interested in the sizes n; ; := |W; ;| = |f~1(i,j)| for i € [k] and j € [r]. Condition (b) of
Lemma 5.5 and the choice of £ < & in (5.4) imply that

mi; —&n < mj—&n <ngj <myj+En <my 4+ &on

for every i € [k], j € [r]. Accordingly, we can continue with Lemma 5.3 to obtain a partition
V= (Vij)iek),jerr) With Vi ;| = n; j that satisfies conditions (V1)-(V3) of Lemma 5.3. Note
that
(R4) (5.3),(5.4)

=mn;j >m;j—&n > (1—8)%—&”2(1—(54—5]{77‘))% > %%
Now, we have partitions V(H) = (Wi ;)ic[x],jelr) of H and V(G) = (Vij)ien, je[r of G with
|Wi ;| = |Vij| = n;; for all i € [k], j € [r]. Furthermore, by (V2) and (V3) the partition
V(G) = (Vij)ic[k).jelr) s an (g, d)-regular partition with reduced graph R}, that is (e, d)-super-
regular on Kj, with ¢ < eqg, by (5.3).

To finish the proof we will use the general embedding lemma, Lemma 3.12, on the graphs
H and G with their respective partitions and the reduced graph R = Rj, and its subgraph
R' = K}, (with components of size r). For applying this lemma it remains to verify that
(Wi j)ielk),jer] 18 Ecr-compatible with (Vj ;)i jeir) and K € Ry, ie., we need to check
conditions (7)—(4ii) of Definition 3.11. We just saw that (i) is satisfied, and (7i) holds by (c)
of Lemma 5.5. To see (#i) we define X’ := Xy U Ny(Xp) where Xy is the set of special
vertices generated by Lemma 5.5. Observe that this implies |X'| < (A + 1)krén by (a)
of Lemma 5.5. Now let the set X be as in Definition 3.11 and set X;; := X N'W;; and
Yi; = Nug(X)NW;;\ X for all i € [k] and j € [r]. Owing to (d) of Lemma 5.5, we have
X;; € X C X’ and hence

Vij

(5.5)

(5.4) 1 1n 65 1
‘Xi,j| < |X,’ < (A + 1)]‘37"5” < ZgGELiﬂ < 7€GEL|W,]'|
which implies the first part of (i) in Definition 3.11. For the second part, we use that
Y;,;| < AlX| < AlX’| and so the same calculation implies |Y; ;| < egrr|Vi j| for all i,4" € [k]
and 7, j" € [r]. Accordingly all requirements of the general embedding lemma, Lemma 3.12,
are satisfied and we get that H is a subgraph of G. O

Algorithmic embeddings

We note that the proof of Theorem 5.1 presented above yields an algorithm, which finds an
embedding of H into G, if H is given along with a valid r-colouring and a labelling of the vertices
respecting the bandwidth bound Gn. This follows from the observation that the proof above is
constructive, and all the lemmas used in the proof (Lemma 5.3, Lemma 5.5, and the general
embedding lemma, Lemma 3.12, which in turn combines the blow-up lemma, Lemma 3.9, and
the partial embedding lemma, Lemma 3.10) have algorithmic proofs. Algorithmic versions of
the blow-up lemma were obtained in [66, 87]. In [66] a running time of order O(n3376) was
proved. The key ingredient of Lemma 5.3 is Szemerédi’s regularity lemma for which an O(n?)
algorithm exists [60] (for an O(n?37) algorithm see [10]). All other arguments in the proof
of Lemma 5.3 can be done algorithmically in O(n?) (see Section 5.5). Similarly, the proof of
Lemma 5.5 is constructive if an r-colouring of H and an ordering respecting the bandwidth
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bound is given (see Section 5.6). Finally, we note that the proof of the partial embedding
lemma (following along the lines of [25]) gives rise to an O(n?) algorithm. Thus there is an
O(k x ((1/k + &)n)3376 4+ n? + n?) = O(n>37%) embedding algorithm, where the implicit
constant depends on v and A only.

5.4 The backbone lemma

In this section we prove Lemma 5.4. The proof is a simple consequence of the following result
concerning the Pésa—Seymour conjecture [68] that we already mentioned in the introduction
and state (and need) here in a weaker form only (cf. Section 1.1.1). In what follows we denote
by P,:fl the (r — 1)-st power of a path on kr vertices, where

VP! = (k] x [r] (56)
and
{(s,t),(s',t)y € B(P[™Y) if s=5 or f=s+1At<t (5.7)

Observe that this notation is slightly non-standard: Py ~Lis (r — 1)-st power of a path Py,
(and not of a path on k vertices). Similarly, recall that C], is the graph on mr vertices defined
in (5.1) and (5.2) (and not the r-th power of a cycle Cy,).

Theorem 5.6 (Komlés, Sarkozy, and Szemerédi). For every r > 2 there exists ko such that
every graph R on kr > ko vertices with minimum degree 6(R) > @kr = (r — 1)k contains a
copy of P]:_l.

Figure 5.2: The graph P2. The encircled triples of vertices form cliques of size 3 in P2.
Vertices (s,1) are at the botom, vertices (s,2) in the middle, and vertices (s, 3) at
the top, s € [m].

Notice that P’~! is a subgraph of the graph C”, (see Figure 5.2). On the other hand, there
is an “equipartite” homomorphism from CJ, to the (r — 1)-st power of a Hamilton path.

Proposition 5.7. Let k> 1 and { > r > 1. Let C}, be the graph defined in (5.1) and (5.2)
and let P,:_l be the graph defined in (5.6) and (5.7). Then there exists a graph homomorphism
p: V(Cr,) — V(P such that

(—r< ’go_l((s,t))’ <l+r

for all (s,t) € [k] x [r] = V(P 1).
Proof. 1t is straight-forward to check that the following map

e - ([0 1]

is a graph homomorphism from C}, to Py ~1 with the desired property. 0
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Now Lemma 5.4 follows from a joint application of the regularity lemma (in form of
Lemma 3.4), Theorem 5.6, Proposition 3.7, Proposition 5.7, and the general embedding
lemma (Lemma 3.12). More precisely, we first apply Lemma 3.4 to the graph G with
0(G) > ((r —1)/r + v)n and infer that the corresponding reduced graph R satisfies 6(R) >
((r—1)/7)|V(R)|. Consequently, Theorem 5.6 implies that R O P, ~". Since A(P, ') < 3(r—1)
we can, owing to Proposition 3.7 applied with R’ = P} ~1 remove about |V (G)| vertices from
G such that edges of P ~! correspond to super-regular pairs in the adjusted partition. Finally,
thanks to Proposition 5.7 we find a partition of P; ~1 that is compatible with the partition of
G. Thus we can apply Lemma 3.12 and conclude that G contains an almost spanning copy of
C),. Below we give the technical details of this proof.

Proof of Lemma 5.4. For r = 1 the lemma is trivial, as C}, is simply an independent set.
Hence, let » > 2 and v, € > 0 be given. We apply Lemma 3.4 with vy and obtain constants d,
g0 > 0. We set dgg, = d/2, Ager, = 3(r — 1), and rge, = r and get egp, = €apn(d, A, 7) from
Lemma 3.12. We then set
min{e, €9, egpL, d}
1007

Moreover, let ko be given by Theorem 5.6 for r and set

5RL . —

k{ := max{rko + r,4r/v,10r /ex.} .

Next, we continue the application of Lemma 3.4 with %sRL and k{, and obtain k;. Finally,
we let ng = [10k?7r3 /e, ]. After we fixed all constants, we consider the input graph G on
n > ng vertices from Lemma 5.4. We have §(G) > ((r — 1)/r +~)n. Consequently, Lemma 3.4,
applied with 7, 3, and k() fixed above, yields an integer &', k{ < k' < k1, an (3en., d)-regular
equipartition VoUV1U. ..UV = V(G) with reduced graph R on vertex set [k']. Without loss
of generality, we may assume that k' = kr for some integer k > kg, since otherwise, we simply
unite V) with up to at most r — 1 vertex classes V; (i > 0) and obtain an exceptional set V],
which obeys

|Vb/| < ’VO| + (7" — 1)% < (%5RL + rk,;él)n < epn.

Note that, since k' > k{, > 4r/~, the resulting reduced graph R still satisfies
d(Rg) > ((7‘ - 1)/r —f—’y/?)k:/ —(r—1)> ((7" -1)/r+ 'y/4)k:r.

Moreover, as k = |k'/r] > |k{/r| > ko (where ko came from Theorem 5.6), we infer by
Theorem 5.6 that P ~1 C Rg. Observe further that Kj C Py -1

We now apply Proposition 3.7 with eg;,, with d, and R’ = K] C Rg. This way we get an
(¢/,d')-regular partition VjUV/U...UV/ with clusters of size at least L := (1 —&’)n/kr and
reduced graph Rg that is (¢/, d’)-super-regular on K, with

5, - 2€RLT/(1 - €RLT) é EGEL and d, - d - 2€RLT > d/2

Hence, in view of Proposition 5.7 we can apply the general embedding lemma, Lemma 3.12, to
G[V \ V{] with (qp, d/2)-regular partition V{U...UV{ with reduced graph R = P{~! C Rg,
and to H = C}, for £ = L — r where H is partitioned as dictated by the homomorphism
@ from Proposition 5.7. It is easy to check that these partitions and reduced graphs are
eapr-compatible (the set X contains only the 2(r + 1)r(k — 1) vertices with neighbours in two
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K, ’s of the P, ~! under the homomorphism ). Consequently, G contains a copy of C”, (with
m = kf) on rm = rkl vertices. Moreover, we have

rm=rkl =rk(L—r)=rk ((1 — 6')]% — 7“) > (1 —eqp)n — 2k > (1 — e)n,

because 12k < %571 by our choice of ng. O

In this proof we used the fact that the reduced graph R of our host graph G contains the
(r — 1)-st power of a spanning path. It is not difficult to verify (by repeating almost the same
proof) that this spanning path power in R could easily be replaced by an almost spanning path
power in R, and that this is indeed all we need for proving the existence of an almost spanning
copy of C, in GG. This yields the following lemma which we will use only in chapter 7.

Lemma 5.8. For all integers r > 1 and positive reals p and d there exists a positive eg
such that for all e < g9 and integers ki there is an integer ng > ki such that the following
holds. Let G = (V, E) be a graph on n > ng vertices that has an (g, d)-regular equipartition
VoUWViU . ..UV, with reduced graph R and r < k < ky. If R contains the (r — 1)-st power
P[_l of a path on vl > (1 — e)k vertices then G contains a copy of C), for some m with
rm > (1 — p)n. O

5.5 The lemma for ¢

The main ingredients for the proof of Lemma 5.3 are Szemerédi’s regularity lemma, which
provides a reduced graph R for G, and the backbone lemma which guarantees the copy of a
C} in R. This subgraph is sparse enough, so that we can transform the corresponding regular
pairs into super-regular pairs. On the other hand, its structure is rich enough so that we can
use it to develop a strategy for moving vertices between the clusters of R in order to adjust
the sizes of these clusters (as outlined in Section 1.3.5). We will first consider the special
case of Lemma 5.3 that n; ; = m;; for all i € [k], j € [r]. This is captured by the following
proposition.

Proposition 5.9. For allr € N and v > 0 there exist d > 0 and eg > 0 such that for all
0 < e < gg there exists k1 such that for all n > kir and for every graph G on vertex set [n]
with §(G) > ((r — 1)/r 4+ ~v)n there exists k € N\ {0}, and a graph R}, on vertex set [k] x [r]
with

(R1) k < Ky,
(R2) 6(Ry) = ((r —1)/r +~/4)kr
(R3) K, CC}, C R}, and
(R4) there is an r-equitable partition (m; ;)icik) jer] of n with m;; > (1 —¢e)n/(kr) such

that the following holds.

There is a partition (Ui j)icx) jeir) of V' with

(UD) Uil = mij,

(U2) (Uij)iem,jepr s (¢,d)-regular on Ry, and

(U3) (Uij)iem,jelr s (&, d)-super-regular on Kj .

5
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Notice that once we have Proposition 5.9, the only thing that is left to be done when proving
Lemma 5.3 is to show that the sizes of the classes U; ; can be slightly changed from m; ; to
n;j without “destroying” properties (U2) and (U3).

For the proof of Proposition 5.9 we proceed in three steps. From the regularity lemma we
first obtain a partition UgUU{U - - - UU}, of V(G) with reduced graph R such that K} C C} C R.
According to this occurrence, we will then rename the vertices of R from [k'] to [k] x [r] and
thus obtain Rj. In a similar manner we rename the clusters in the partition. We then use
Proposition 3.7 to get a new partition UgU(U";)ic|y jex) that is super-regular on Kj, (and
still regular on Ry). In a last step we distribute the vertices in Uy to the clusters U}’; with
i € [k] and j € [r], while maintaining the super-regularity. The partition obtained in this way
will be the desired r-equitable partition (U ;)i je[k-

Proof of Proposition 5.9. We first fix all constants necessary for the proof. For r = 1 the
Proposition holds trivially. Let » > 2 and v > 0 be given. The regularity lemma in form
of Lemma 3.4 applied with ' =  yields positive constants d’ and (. We fix the promised
constants d and g for Proposition 5.9 by setting

d:=min{d'/3,7/4} and e¢:=¢. (5.8)

Now let some positive ¢ < g9 be given, for which Proposition 5.9 asks us to define k;. For
that first define

¢’ :=min {e*, ()% 7*} - 107371 (5.9)
and let ko be sufficiently large so that we can apply the backbone lemma, Lemma 5.4, with r, /2
and €’ to graphs R’ on k' > rkq/(1—¢’) vertices with minimum degree §(R’) > ((r—1)/r+~/2)k’.
We then define an auxiliary constant k{, by

kg := max {rko/(1 —€'),10r/v} + /(1 — &) (5.10)

and let k] be given by Lemma 3.4 applied with +/, ¢/, and k. We finally set k; := [k} /r] for
Proposition 5.9. After we have defined k1, let G = (V, E) be a graph satisfying the assumptions
of Proposition 5.9.

Since ¢’ < e < g¢ = ¢, and by the choice of ¢}, and d’, Lemma 3.4 applied with input 7' =7,
e, ki and v/ := (r — 1)/r yields an (&', d’)-regular equipartition UgUU{U---UU;, =V of G
with reduced graph R’ on vertex set [k'] such that §(R') > ((r—1)/r+~/2)k" and k{ < k' < k].
By the choice of kg, Lemma 5.4 implies that C}, C R’ with k > [(1 — ')k’ /r]. Let R}, be the
graph induced by the k7 vertices corresponding to this occurrence of C in R’ and rename the
vertex set of R}, to [k] x [r] accordingly. We clearly have K} C C} C R}, and thus we get (R3).
In addition, we will also rename the clusters of G’ accordingly in order to obtain a vertex
partition (U] ;)icx],jer)- Observe, that kr < k' < ky < kyr. Therefore R} satisfies property

.3 . .
(R1) of Proposition 5.9. Moreover, R} is an (¢/,d’)-reduced graph for G[U{U---UU}, ] with

(5.10)

VIR =kr>1 - —r>0 =Nk, —r > rky 5.11
k 0

and

(5.9),(5.10)

SR >6(R) =k —r>((r=1)/r+~/2=Y-r > ((r=1)/r+~/4)kr.

Thus, we also have property (R2). Proposition 3.7 applied with R, := R/, with R}, := K] and
accordingly A(R; ;) < r implies that there is an (¢”, d”)-regular partition Uy U (U, )ic[k),jepr) Of
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5.5 The lemma for G

G with reduced graph R’ that is (¢”, d”)-super-regular on K where ¢’ = 2¢'r/(1—¢'r) < 10e'r
and d" = d' — 2¢'r > d'/2 by (5.9). Let L” denote the size of the clusters in this partition.
Then

n n
. >L">(1- 105’T)E and |UY| < 10e'rn . (5.12)

In order to obtain the required partition of V' with clusters U, ; for i € [k], j € [r] we will
distribute the vertices in Uy to the clusters U]’; so that the resulting partition is r-equitable
and still (e, d)-regular on R} and (e, d)-super-regular on K.

For this purpose, let u be a vertex in Uj. The i-th component of K7, is called u-friendly, if
u has at least dn/(kr) neighbours in each of the clusters U;’; with j € [r]. We claim that each
u € U has at least vk components that are u-friendly. Indeed, assume for a contradiction
that there were only x < vk such u-friendly components for some u. Then, since u has less
than (r — 1)L” + dn/(kr) neighbours in clusters of components that are not u-friendly, we can

argue that

d
INg(u)| < zrL” + (k — ) <(r Sy k”) ol
r
=k(r—1)L"+2L" + (k x)in +|U{| e E(r l)ﬁ pAly Cjn + 10e'rn
N kr 0 kr 77‘ r
(5.8),(5.9) r — 1 r>2 —1
< ! n+1n+ln+zn < z +v|n,
T r 4r 4 r

which is a contradiction.

In a first step we now assign the vertices u € Ul as evenly as possible to u-friendly
components of K. Since each vertex u € Uy has at least vk such u-friendly components, each
component of K] gets assigned at most |Uy|/(vk) vertices.

Then, in a second step, in each component we distribute the vertices that have been assigned
to this component as evenly as possible among the r clusters of this component. It follows
immediately that the resulting partition is r-equitable. Moreover, every cluster Ui"’j with
i € [k], j € [r] gains at most

|U(’)’| (512) 10e’rn (5.12) 10&’r2 , (5:9) 20’12 CE)) "
TS o S 7(1_105,T)L < = Ul < VUl (5.13)

vertices from U] during this process. The resulting partition (Uz’,j)z‘e[k:},je[r} of V satisfies
properties (U1)—-(U3). Indeed, define

5.9)

(5.12) (
mi; = |U; | > \UI"]| =L" > (1-10r)n/(kr) > (1 —¢e)n/(kr),

and note that for this choice (R4) and (U1) of Proposition 5.9 hold. Moreover, recall that
(Ui'))iclk),jelr) is (10e'r, d’/2)-regular on R} and (10e'r, d’/2)—super—regu}ar on KJ. By (5.13),
Proposition 3.8 with o = § = Ve assures that (Uij)ielk),jer 18 (€,d)-regular on Ry and
(€, d)-super-regular on K, where

U
¢:=10r+6Ve’ and d:= % — 4.
Since 10e'r 4+ 6v/e’ < e and d'/2 — 4V’ > d'/3 > d by (5.8) and (5.9), this implies (U2) and

(U3) and concludes the proof of Proposition 5.9. O
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Chapter 5 The bandwidth conjecture of Bollobas and Komlds

It remains to show how to deduce the lemma for G (Lemma 5.3) from Proposition 5.9. As
mentioned earlier, we need to show that the sizes of the clusters can be slightly changed. In
order to achieve this, we will develop a technique for adapting the cluster sizes step by step by
moving one vertex at a time from one cluster to another cluster until each cluster has exactly
the right number of vertices.

As explained already in Section 1.3.5 the problem is that every vertex that is moved to a
new cluster which is part of a super-regular component of K} must make sure that it has
sufficiently many neighbours inside the neighbouring clusters within the component. For this,
we will exploit the high minimum degree of R;, as well as the structure of C7. The following
two facts will allow us to move vertices between different clusters. The first observation will
be useful to address imbalances within clusters of one colour class of C7.

Fact 5.10. Suppose that (V; j)ic(i] je[r) %S @ vertex partition that is (e, %d)—regulcn“ on Cy and
satisfies |V; j| > n/(2kr) for all i € [k] and j € [r]. Now, fir i € [k] and j € [r]. Then,
there are at least (1 — 2re)n/(2kr) “good” vertices v € V; j that have at least (3d — e)n/(2kr)
neighbours in each set Vi j with i’ € {i —1,i+ 1} and j' € [r]\ {j}.

Proof. Note that (i,j) is connected to each of the (i’,§") in C. Since (V;;)icm, jep) I8 (€, 3d)-
regular on C} we can apply Proposition 3.6 with input ¢, %d, A=V, and B= B =Vy j for
each i € {i —1,i+ 1} and j' € [r] \ {j}. It follows that at least |V ;| — 2(r — 1)e|Vj ;| vertices
of V; j have more than (4d — €)|Vys ;7| neighbours in each Vj j;. This implies the assertion of

Fact 5.10, because

n n
| _ > (1 — _ > (1 — .
Vigl = 20r = DelVigl = (1= 2(r ~ Vo) > (1 — 2re) (514)
and n
(3d —&)|Vir | > (%d_g)%‘

O]

Before we move on, let us quickly illustrate how Fact 5.10 is used in the proof of Lemma 5.3.
For this purpose assume further that (Vi,j)z‘e[k},je[r} is also super-regular on K. Now suppose
that for some ¢ < ¢’ € [k] and j € [r] we would like to decrease the size of V; ; and increase the
size of Vi j. Then by Fact 5.10 there is some vertex v (in fact many vertices) in V; ; which has
“many” neighbours in each V41 ; with 5 € [r]\ {j}. Hence, we can move v from Vj ; to Vit ;
without loosing the super-regularity on Kj. Repeating this process by moving a vertex from
Vit1,; to Viga j and so on, we will eventually reach Vi ; (see Figure 5.3). Observe that it is of
course not necessarily the vertex v € V; ; we started with, which is really moved all the way to
Vir; during this process, but rather a sequence of vertices each moving one cluster further.
After such a sequence of applications of Fact 5.10, we end up with a new partition with the
following properties. The cardinality of V; ; decreased by one and |V ;| increased by one. All
other clusters do not change their size. Therefore such a sequence of moves, decreases the
imbalances within clusters of colour j in C} and we say that we moved a vertex along colour
class j of Cf from V; ; to Vi ;.

The next simple fact allows to address imbalances across different colours. More precisely,
it will be used for moving a vertex v from cluster V; ; to a cluster Vi« j with j # j.

Fact 5.11. Let R}, be a graph on vertex set [k] x [r] and suppose that (V; j)ic(x) jer 15 @ vertex
partition that is (¢, 3d)-reqular on R}, and satisfies |V j| > n/(2kr) for alli € [k] and j € [r].
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5.5 The lemma for G

Figure 5.3: Moving a vertex from V;; to V31 along colour class 1 of C’ﬁ and thus decreasing
the size of V1 and increasing the size of V3 1.

Now, fiz i,i* € [k] and j+,57 € [r]. If for each j' € [r] with j # j= the vertex (i*,7') is a
neighbour of (i,j*) in R}, then there are at least (1 — 2re)n/(2kr) “good” vertices v € V; j+
that have at least (3d — e)n/(2kr) neighbours in each Vi ji with j' € [r], j' # j~.

Proof of Fact 5.11. The existence of the vertices v follows similarly as in the proof of Fact 5.10.
Indeed, by Proposition 3.6, there are at least

|Vijt| = (r = 1DelV; j+| = (1 —re)n/(2kr) > (1 — 2re)n/(2kr)
such vertices (cf. (5.14)). O

The idea of the technique for adapting the cluster sizes now is as follows. We pick one
cluster " that has too many vertices compared to the desired partition and one cluster C~
that has too few vertices at a time. If C* and C'~ have the same colour then we can move
a vertex along C} from C to C~ by repeatedly applying Fact 5.10. If C* and C~ are of
different colours j© and j~ on the other hand we first find a cluster Dt that has the same
colour as C" and a component ¢* of K| such that the vertex (¢,j7) corresponding to D in
Rj, has edges to all vertices (¢*,j') in R}, with j' € [r], j/ # j~. Next, we use Fact 5.11 in order
to move a vertex from DV to the cluster D~ corresponding to the vertex (¢*,77) of Rj,. Then
we can proceed as before and move one vertex along C} from C* to D' and one from D~ to
C~ (see Figure 5.4). We repeat this process until every cluster has exactly the right size.

This is only possible, however, if we can guarantee the existence of the cluster D in R}, in
each step. If this is the case then we say that Rj is colour adjustable.

Definition 5.12 (colour adjustable). Let R} be a graph on vertex set [k| x [r] with C}, C R},.
We say that C} is colour adjustable in R} if for all j*,j= € [r] with j© # j~ there are
i,1* € [k] such that (i,77) has edges to all (¢*,5") in R}, with j' # j~ and j’ € [r].

In our setting the copy of Cj} in the reduced graph Rj is colour adjustable thanks to its
high minimum degree as we will show in the proof of Lemma 5.3 below. Never the less, we
shall formulate the adjustment technique just described for general colour adjustable graphs
in the following lemma. This lemma will be reused in Chapter 7 where we do not deal with
reduced graphs R of sufficiently high minimum degree anymore.

Lemma 5.13 (adjusting lemma). For all integers r and constants d, € > 0 there is & > 0
such that for all integers k there is a & > 0 such that for all integers n the following holds. Let

59



Chapter 5 The bandwidth conjecture of Bollobas and Komlds

Figure 5.4: Moving a vertex from C* to D%, then from Dt to D~, then from D~ to C~ and
thus decreasing the size of C* and increasing the size of C~.

G = (V, E) be an n-vertex graph that has an (¢',d)-regular partition V = (U; j)icik jer] With
reduced graph R}, on vertex set [k] x [r] such that |U; ;| > n/(2rk) for alli € [k],j € [r]. Assume
further that K, C Cy. C Ry, the copy of Cy, is colour adjustable in R, and (U; j)ic[k) je[r]
(€', d)-super regular on Kj;. Let (n; j)icir) jelr) be an integer partition of n with n; ; = |U; ;| +&n.
, 3d)-regular partition V = (Vij)iek),jer) with reduced graph Ry that is
(e, 3d)-super-regular on K}, and satisfies |Vi j| = n;; for all i € [k],j € [r].

Then there is an (e

Proof. Given r, d, and ¢ we assume without loss of generality that ¢ < 1/(3r) and first choose
an auxilliary constant ¢’ and then ¢’ such that the following inequalities are satisfied

12¢' <id, 6y/3¢<ie, ¢<i(1-2re), and & <ie. (5.15)
Then we receive the constant k as input and fix & with
2kre < &'/ (kr). (5.16)

Let G, its partition V' = (U j)icx),jei) and the integer partition (n;;)ic(x e be given,
assume that all assumptions of the lemma are satisfied, and let (m;;);c(x) jer) be the integer
partition defined by m; ; := |U; ;| for all i € [k], j € [r]. Our goal is to modify the partition
V = (Uij)ier),jeir] gradually until we get a partition V' = (Vj ;)i jeir) With the desired
properties.

We initially set V; ;j := U ; for all ¢ € [k], j € [r]. In the following, we shall perform several
steps to move vertices out of some clusters and into some other clusters. For this purpose we
will use Facts 5.10 and 5.11. During this so-called balancing process we will call a cluster V; ;
deficient, if |V; ;| < n; j, and excessive, if |V; ;| > n; j. In the end we will neither have deficient
clusters nor excessive clusters and thus obtain the desired partition.

As indicated earlier, one iteration of the balancing process is as follows. Choose an arbitrary
excessive cluster V;+ ;+ and a deficient cluster V; ;. Note that there are deficient clusters as
long as there are excessive clusters by definition, and vice versa. We distinguish two cases. If
j* =7 we use Fact 5.10 for moving a vertex along colour class j* of C} from cluster Vit j+
to cluster V; ;. (We will argue below why the hypothesis of Fact 5.10 is satisfied.)

Otherwise, we first use that R} is colour adjustable and conclude that there are indices
i,7* € [k] such that (4,j7) has edges to all (i*, ;') with 5/ # j~ and j’ € [r]. Hence we can
apply Fact 5.11 to cluster V; ;+ and move one of the vertices v € V; ;+ with many neighbours in
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5.5 The lemma for G

all Vi« j» with j' # j~ and j’ € [r] from cluster V; ;+ to V< j-. Then, we can proceed similarly

as in the previous case and move one vertex along colour class j* of C} from cluster Vi+ j+ to

cluster V; j+ and one vertex along colour class j~ of C} from Vi« ;- to V- ;- with Fact 5.10.
In total at most

L
> Iniy — miyl < krén
i=1 j=1
iterations have to be performed in order to guarantee that |V ;| = n;; for all i € [k] and

J € [r]. Moreover, in each iteration not more than one vertex gets moved out of each V; ; with
i € [k], j € [r], and at most one vertex gets moved into each V; ;. So, throughout the process
we have

(5.16)
UiVl < 2-hrgn < €', (5.17)

for all i € [k], j € [r].
Note that, since by (5.15) we have (1 — 2re)n/(2kr) > &'n/(kr), in every step the “moving”
vertex v can be chosen from the set of (1—2re)n/(2kr) “good” vertices guaranteed by Facts 5.10
and 5.11. In addition it follows that
n (.15 n
>

(5.17)
Vigl 2 [Ussl = [Us50Vi50 = (3-€) 1 =2 31~ (5.18)
after (and throughout) the balancing process for all i € [k], j € [r]. Recall that (U ;)i jefr 18
(¢/,d)- regular on I} and (¢, d)-super-regular on Kj. Therefore, we can apply Proposition 3.8
with input &', d, A := U, j, A=V j» and B = Uy jr, B:=V; ,j+ for any neighbouring vertices
(i,7) and (i’,j’) in Rj,. For this, we set

Q= ﬂ P 35/ > ‘UIMIA‘/P#Z’

> for all p € [k] and ¢ € [r], (5.19)
V.l

where the inequality follows from (5.17) and (5.18). With

=c' +3(vVa+/B) =E e 163 <

(5 15)

and o15)
5 (5.19) 5.18) 4
d:=d—-2a+p) = d-12¢ > 3d.

we deduce from Proposition 3.8 that (V; ;)ic(x] je|r) Temains (g, $d)-regular on R}, and, since we
only moved “good” vertices, (V; j)ic[x], je[] TeMains (¢, 1d) super-regular on K throughout the
entire process. This also justifies that the hypotheses of Facts 5.10 and 5.11 are satisfied and
we could therefore indeed apply these facts throughout the entire balancing process. Observe
that (Vi ;)ie[k],jer) has all required properties. O

Now Lemma G is a straightforward consequence of Proposition 5.9 and Lemma 5.13.

Proof of Lemma 5.3. We first fix the constants involved in the proof. Let r and v > 0 be
given by Lemma 5.3. For r and ~y, Proposition 5.9 yields constants d’ > 0 and ¢, > 0. For
Lemma 5.3 we set ey := min{e(, 1/2} and d := d’'/2. For given ¢ < g¢, we let €/ . be the
constant given by Lemma 5.13 for input 7, d replaced by d’ = 2d, and ¢. Then we fix

/

¢ :=min {e} ,,0,¢} . (5.20)
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As &' < gy < g we can apply Proposition 5.9 with r, v, and €' to obtain kj. Next, for all
k' € [k1] we let & be the constant provided by Lemma 5.13 for input r and d’, €, and &'
Finally, we define the constant &y promised by Lemma 5.3 to be the minimum of these &/,
kK e []{1]

Having fixed all the constants, let G = (V, E) be a graph on n > k; vertices with §(G) >
((r —1)/r 4+~)n. We now apply Proposition 5.9 with r, 7, and &’ to the input graph G and get
a positive integer k < k1, a graph R, and a partition (U; ;)i jer of V' so that (R1)—(R4)
and (U1)—(U3) of Proposition 5.9 hold with e replaced by ¢’ and d replaced by d’ = 2d. Since
e > ¢, this shows that k, R}, and m, ; = |U; ;| for all i € [k], j € [r] also satisfy properties
(R1)—(R4) of Lemma 5.3.

It remains to prove the ‘second part’ of Lemma 5.3. For that let (n; ;);c[ jer be an integer
partition of n = |V satisfying n; ; = m; j =&on for every i € [k], j € [r]. We would like to apply
Lemma 5.13 with parameters d’ = 2d, ¢, and k in order to modify the partition (U; ;)ic[k]jefr]
of G with reduced graph R}, and obtain a new partition (V; ;)i je[,) With cluster sizes as
prescribed by (ni,j)z‘e[k]ge[r]' We first need to check that all preconditions of this lemma are
satisfied.

By (R3) we have K} C C} C Ry, by (U2) and (U3) the partition (Ui j)icx jefr 18 (€', 2d)-
regular on R and (&', 2d)-regular on KJ, and from (R4) we get that |U; j| > n/(2kr). Further-
more, by (R2), the minimum degree §(R},) of the reduced graph is at least ((r —1)/r 4+ v/4)kr
which implies that the copy of C, in R}, is colour adjustable. Indeed, let j € [r] be arbitrary.
Then, for any i € [k] there is a component ¢* of K] such that (i, ) has edges to all vertices
(¢*,7') in this component (j’ € [r]) because 6(R}) > (r — 1)k. (This condition is stronger than
the one we need to be colour adjustable.)

Accordingly we can use Lemma 5.13 with parameters d' = 2d, ¢, and k as planned. By our
choice of &’ in (5.20) we obtain a partition (Vi ;)icx)je) of V with [Vj ;| = n; ; for all i € [k],
j € [r] that is (e, d)-regular on R}, and (g, d)-super-regular on K. Therefore (Vi ;)ic[],jelr]
satisfies (V1)—(V3) and this concludes the proof of Lemma 5.3. O

5.6 The lemma for H

In order to prove the lemma for H (Lemma 5.5), we need to exhibit a mapping f: V(H) —
[k] x [r] with properties (a)—(d). Basically, we would like to use the fact that H is almost
r-colourable, visit the vertices of H in the order of the bandwidth labelling and arrange that
f maps the first vertices of colour 1 to (1, 1), the first vertices of colour 2 to (1,2), the first
vertices of colour 3 to (1,3), and so on. Ignoring the vertices of colour 0, it would be ideal
if in this way, at more or less the same moment, we would have dealt with m 1 vertices of
colour 1, my 2 vertices of colour 2 and so on, since we could then move on and let f assign
vertices to the next component of K, C Cj.

However, the problem is that although the m; ; are r-equitable, i.e., almost identical, the
colour classes of H may vary a lot in size. Therefore, the basic idea of our proof of Lemma 5.5
will be to find a recolouring of H with more or less balanced colour classes (besides colour 0).

We emphasise that everything in this section is completely elementary (i.e. it does not
use any advanced machinery from the regularity method) but at times a bit technically
cumbersome. Therefore we split it into a series of simple propositions.

Proposition 5.14. Let c¢i,...,¢. € R be such that ¢y < ¢co < -+ < ¢ < c¢1 +x and
Ay 0 €R such that ¢, < ¢y <--- <) < +x. If we set ¢ :==c¢; + ¢, for all i € [r]
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then
max{c;} < min{c]} + z.
(2 (2

Proof. Tt clearly suffices to show that ¢; +c} < ¢j+c}+a for all i,5 € [r]. For i < j this follows
from ¢; <¢jand ¢ < ¢+ < c;- + 2. Similarly, for i > j we have that ¢; <c¢1+2 <¢;+x
and ¢, < c;». O

Now assume that the vertices of H are labelled 1,...,n. Recall that for an (r + 1)-colouring
o:V(H) — {0,...,r} of H an interval [s,t] C [n] is called zero free, if o(u) # 0 for all

€ [s,t]. Moreover, the colouring o is called (z,y)-zero free on the interval [a,b] C [n], if for
each t € [n] there exists an interval [t/ ¢’ + y| C [t,t + = + y] such that [t',¢ + y] N [a,b] is zero
free.

The following proposition investigates under what conditions a colouring remains (z, y)-zero
free when a few more vertices receive colour 0.

Proposition 5.15. Assume that the vertices of H are labelled 1,...,n. Let y be a positive
integer, a € [n] and suppose that o : V(H) — {0,...,r} is an (r + 1)-colouring that is
(8y,y)-zero free on [n] as well as (2y,y)-zero free on [a,n] with respect to this labelling.

Let a + 3y < b < a+ 5y and suppose that o’ is another (r + 1)-colouring that differs from
o in that some of the vertices in the interval (b,b+ y) now have colour 0, i.e., (¢/)~1(0) C
o L 0)U (b,b+y).

Then o' must still be (8y,y)-zero free on [n] and (2y,y)-zero free on [a + 6y, n].

Proof. By definition [b,b+ y] C [a + 3y, a + 6y]| and thus

(1) o' ’[1,a+3y] =0 ‘[l,a—&-Sy} and (11) o' ‘[b-l—y,n] =0 ‘[b-l—y,n} : (521)

First note that the second claim of the proposition is trivial, because b+ y < a + 6y and
part (ii) of (5.21) show that the fact that o is (2y,y)-zero free on [a,n] implies that o’ is
(2y,y)-zero free on [a + 6y, n].

As for the first claim, we need to show that for every ¢ € [n] there exists an interval
[t +y] C [t,t + 9y] which is zero-free under ¢’. Here we need to distinguish several cases.

t <a—6y: By part (i) of (5.21) the assertion follows from the fact that o is (8y, y)-zero
free on [n].
a—6y <t<a: The fact that o is (2y,y)-zero free on [a,n| implies (when applied to the
vertex a) that there is a zero free interval [t',¢' + y] C [a,a + 3y] C [¢,t + 9y]
under o. By part (i) of (5.21), [t/,¢ + y] is also zero free under o’
a<t<b+4y: The fact that o is (2y,y)-zero free on [a,n] implies (when applied to the
vertex b+ y) that there is a zero free interval [t',¢' +y] C [b+y,b+ 4y] C
[t,a 4 9y] C [t,t + 9y] under o. By part (ii) of (5.21), [t/,t' + y] is also zero
free under o
b+y <t: Here the assertion follows because part (ii) of (5.21) shows that the fact that
o is (8y,y)-zero free on [n] implies that o’ is (8y,y)-zero free on [b + y, n].

O]

Now we introduce the notion of switching two colours [,1" € [r] at some given vertex s, which
will be essential to transform the given colouring of H into one that uses the colours 1,...,r
in a more or less balanced manner. Basically, all vertices of colour [ after s are coloured by I’
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and vice versa. In order to avoid adjacent vertices of the same colour, we use the bandwidth
condition and colour vertices in the interval s — Gn, s + Gn that previously had colour [ with
colour 0.

Proposition 5.16. Assume that the vertices of H are labelled 1,...,n with bandwidth at most
Bn with respect to this labelling. Let s € [n] and suppose further that o: [n] — {0,...,7} is a
proper (r + 1)-colouring of V(H) such that [s — 20n,s + 20n] is zero free.

Then for any two colours I,1" € [r] the mapping o': [n] — {0,...,r} defined by

l ifo(v)=1s<w
I() _ r ifU(U):l,8+ﬂn<v
7 o ifo(v)=1,s—pn<v<s+pn

o(v)  otherwise

is a proper (r+1)-colouring of H. (We will say that o’ is obtained from o by an (1,1, Bn)-switch
at vertex s.)

Note that we only introduced new vertices of colour 0 in the interval [s — n, s + n] and
that all these vertices are non-adjacent since they have colour [ in o.

Proof. Indeed, as ¢’ is derived from the proper colouring o by interchanging the colours [ and
I" after the vertex s and introducing some new vertices of colour 0 in [s — n, s + (n], the
only monochromatic edges that o’ could possibly yield are edges {u, v} with either u < s and
s <wvand {o(u),o(v)} = {l,I'} or with ¢/(u) = o’(v) = 0. The second case is clearly ruled
out by the facts that H has bandwidth at most (n, that [s — 20n, s + 20n] is zero free under
o and that there are no edges between new vertices of colour 0. For the first case, since H
has bandwidth at most Gn, we must have that u € [s — On, s] and v € [s + 1, s + Sn]. But if
o(u) =1 and o(v) =1, then ¢’'(u) =0 and o'(v) = 1. If 0(u) =1’ and o(v) = on the other
hand, then ¢’(u) =" and o’(v) = 0. Hence, o’ is a proper (r + 1)-colouring. O

The next and final proposition is based on repeated applications of the three preceding ones
and sums up what we have achieved so far. For that we need one more definition: For x € N,
a colouring o: [n] — {0,...,r} is called z-balanced, if for each interval [a,b] C [n] and each
l € [r], we have

b—a
r
Proposition 5.17. Assume that the vertices of H are labelled 1,...,n with bandwidth at
most Bn and that H has an (r + 1)-colouring that is (8rfn,4rpn)-zero free with respect to
this labelling, which uses at most Bn wvertices of colour 0 in total. Let & be a constant with
B < &2/(48r) and assume that 1/€ is an integer. Then there exists a proper (r + 1)-colouring
o: V(H) — {0,...,r} that is (32rfn,4rfn)-zero free and 5¢n-balanced.

—x < ‘0_1(1)0 [a,b]| < b_Ta—{—a:.

The idea of the proof is as follows. We cut H into pieces of length &n and proceed by
induction. Suppose that we have found a colouring that is zero free and balanced on the first
p pieces. Then permute the colours on the remaining pieces such that the largest colour class
of the union of pieces 1 to p has the same colour as the smallest colour class of the (p + 1)-st
piece, and vice versa (again, ignoring colour 0). Now glueing the colourings together (as in
Proposition 5.16), the new colouring will be roughly as balanced on the first p + 1 pieces (see
Proposition 5.14) and as zero free (see Proposition 5.15) as the old one.
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Proof. Suppose that H, § and £ are given with the required properties. In the first part of the
proof, we will prove the following statement by induction (on p): for all integers p € [1/£] there

exists a proper (r + 1)-colouring o,,: [n] — {0,...,r} of the vertices of H with the following
properties:
op is (32rfpn,4rfn)-zero free on [n], (5.22)
op is (8rfn,4rfn)-zero free on [p&n,n], (5.23)
and for all j € [p]
max {loy, () N [ign]|} < min {lo, '() N [jen] |} + €n + 24rjpn. (5.24)

For p =1, we let o1 be the original (8r8n, 4r(n)-zero free (r + 1)-colouring of H. Hence
(5.22), (5.23), and (5.24) hold trivially.

Next suppose that oy, is given. For i € [r — 1], we will fix colours ;, I} and positions s; and
then obtain 0,41 from o, by a series of r — 1 appropriate (I;, [}, Bn)-switches at positions s;.
For this purpose recall that by induction (5.23) guarantees that o, is (8r3n, 4r3n)-zero free
on the interval [pén,n|. When applied to the vertex ¢ := p{n + 12r(n, there exists a vertex
t' € [p&n + 12rBn, p&n + 20r(Gn] such that [t',t' + 4r(3n] is zero free. Now choose positions

S1,...,8p_1 by letting sq :=t' +408n and s; := s;_1 +40n for all 2 < i <r — 1. Thus

pén+12rpn < ' <s1—2fn<s; <o <51 < 814200
t'+4(r—1)pn+26n < t' +4rpn. (5.25)

Now let ¢; be the number of vertices in [pén] with colour ¢ under oy, for i € [r] and suppose
w.l.o.g. that ¢; <--- < ¢,. For some (not yet specified) colours l;,1; we will obtain 0,4 from
op by consecutive (l;,1;, Bn)-switches at s; for all ¢ € [r — 1] and denote by ¢ the number of
vertices in the interval

I:=[t'+4rpn, (p+ 1)&n.

which have colour ¢ under o,41 for i € [r]. Observe that by (5.25), all switches occur before
the interval I, so since every permutation of the set [r] can be written as the composition of at
most r — 1 transpositions, it is clear that we can choose the colours l1,1},...,l,—1,l._; € [r]
such that ¢, <--- <.

Again by (5.25) we have [s1 — 20n, s,—1 + 20n| C [/, t' + 4r(n], which, by the choice of #/,
is zero free under o, at the beginning of the switches. Moreover, the switch at s;_; introduces
new vertices of colour 0 only in the interval [s;_1 — n, s;—1 + fn]| which (by definition of the
s;) is disjoint from [s; — 20n, s,_1 + 2(3n].

Thus we can be sure that before we apply the switch at s;, the interval [s; — 26n, s; + 20n]
is zero free. Hence we can apply Proposition 5.16 for each of the » — 1 switches and obtain
that 0,41 is again a proper (r + 1)-colouring of H.

It is now easy to check that o, satisfies the requirements (5.22), (5.23), and (5.24), with p
replaced by p+ 1. Indeed, properties (5.22) and (5.23) follow by evoking Proposition 5.15 with
y :=4rfn, a :=pén, and b :=t' € [pén + 12rfn, pén + 20rSn]. To prove (5.24), observe that
as opt1(v) = op(v) for all v < pén, we know by induction that (5.24) with 0,41 in the place of
op still holds for all j < p. Moreover, we have ‘J__&l(i) N [p&n]| = ¢;. Using that ¢; <--- < ¢,

p
together with, again, (5.24) from the induction for j = p, we now have

o, (1) N [pén]| < Joyy(2) N pén]| < -+ < Jo () N [pén]]
< |UI;:1(1) N [p&n]| + &n + 24rpFn.
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On the other hand, we have |ap+1( i)NI| = ¢;. Using that ¢, < --- < ¢} and |I| < &n <
&n + 24rplBn, we obtain

lopti(r) NI <o, L(r=1)nI[<--- <o,y (1) N1
<lo p+1()ﬂl|+§n+24rpﬁn.

we can now apply Proposition 5.14 with z := &n + 24rp0Gn to see that
mane {11 (0) 0 [(p + 1)6n] )

< min {logts ) N [(p + 1)gn]I} + &n+ 24rpBn + |[pén, (p + 1)gn] \ 1,

<t'+4rpn—pEn<24rLn

< ?2%;1 {‘Up+1(l) Ni(p+ l)fn]\} +&n+24r(p+1)6n
which implies equation (5.24) for j = p+ 1 as well. This completes the inductive proof of
statements (5.22), (5.23), and (5.24). Recall moreover that the switch at s; introduces new
vertices of colour 0 only in the interval [s; — On,s; + fn] for all ¢ € [r — 1]. Therefore each
of these switches introduces at most 28n new vertices of colour 0. Since o; has at most Gn

vertices of colour 0 it follows that o; colours at most j(r — 1)20n + fn < 2rjfn vertices with
0.

For the second part of the proof, set p := 1/£ and consider the (r + 1)-colouring o := oy,
whose existence we have proven in the first part. Recall that by (5.22) and (5.24) we know
that

o is (32rfpn,4rfn)-zero free on [n] (5.26)
and for all integers 1 < j < 1/¢
i o) 0 €]} < min {lo™0) 0 [ill} + €0 + 24rpn (5.27)

It remains to prove that o is 5¢n-balanced. Let iy and i_ be the colours in [r] that are
used most and least often in the interval [j{n] by o, respectively; and denote by ¢;, and ¢;_
the number of vertices of colour iy and i_ in [j&n], respectively. Set A := &n + 24rj3n and
rewrite property (5.27) as ¢;, < ¢;_ + A. Thus, since o uses at most 2rpfn vertices of colour
0 on [j¢n], we obtain that for all I € [r]

Jjén — 2rpBn
r

Since 3 < £2/(48r), we infer that for every j € [1/¢]

—A<c¢, —A<c S\U_l() NEn]| < e, <ei +A<‘]§

Jjén

P aen <l 1) ] < 22 + 26, (5.29)

Now for an arbitrary interval [a, b] C [n], we choose j, j' € [p] such that
a—én<jin<a<b<jtn<b+én.
This yields that

oM ) NG+ Dén, (5" = Dén][ < Jo D) N lasbl| < lo™H (1) N [ién, 5'€n)].
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The lower bound is equal to

o= O NG = Dén]] = o™ Q) N [(G + 1én]|
e ((j/ —Lén 2§n> - (U +T1)§” +2%n + 1)

- T
T r "

Similarly, the upper bound equals

o= (1) N [5€n] = o™ (1) N [€n)]
(5.28) (]lfn > (]ﬁn >
< + 2¢én | — 2én — 1

r

r
b — b—
g( +§”+2gn>—<“ E’”‘—2gn>+1g“+5§n.
T r r
Thus, o is 5¢n-balanced, which completes the proof of Proposition 5.17. 0

After these preparations, the proof of the lemma for H (Lemma 5.5) will be straightforward
and the basic idea can be described as follows. We will take the (r + 1)-colouring o of H which
is guaranteed by Proposition 5.17. Next we partition V' (H) = [n] into k intervals, where the
i-th interval will have length roughly m; 1 + --- 4+ m;,. In order to prove the lemma, define
f:V(H) — V(R}) = [k] x [r] in such a way that it maps all vertices in the i-th interval
with colour j # 0 to (4,7), i.e., the j-th vertex of the i-th component of Kj. Obviously the
bandwidth condition implies that two adjacent vertices u, v will either lie in the same or in
neighbouring intervals. If, for example, two adjacent vertices u,v both lie in the i-th interval,
then f(u) and f(v) are connected by an edge in E(K7), as required by (d) in the lemma.
If, on the other hand, u and v lie in neighbouring intervals, then f(u) and f(v) are vertices
of different colours in neighbouring components of K7, and as such connected by an edge of
E(C}) C E(Ry,) as needed by (c¢); and for this case we will need to define the set X to make
sure that (d) will not be required here. Finally, a little more care is needed for the vertices
that receive colour 0 by o.

Proof of Lemma 5.5. Given r, k and 3, let {, R} and H be as required. Assume w.l.o.g.
that the vertices of H are labelled 1,...,n with bandwidth at most Sn and that H has an
(8rBn, 4rfn)-zero free (r + 1)-colouring with respect to this labelling. Set & = £/(11r), and
note that 3 < €2/(302613) < (¢')%/(48r). Therefore, by Proposition 5.17 with input 3, ¢/, and
H, there is a (32r(n, 4rfpn)-zero free and 5¢'n-balanced colouring o: V(H) — {0,...,r} of
H.

Observe that for each set of r vertices in R}, the common neighbourhood of these vertices
is nonempty, because §(Rj,) > (r — 1)k. It follows that for each i € [k] there exists a vertex
r; € V(R}) = [k] x [r] that is adjacent in R}, to each vertex of the i-th component of K :

{ri,(i,5)} € E(Ry)  Vjelr] (5.29)

The vertices r; will be needed to construct the mapping f.
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Given an r-equitable partition (m; )ik jefr) of 1, set

Mi = Z miyj

JElr]

for i € [k]. Now let tg := 0 and ¢; := n, and for every i = 1,...,k — 1 choose a vertex

t; € ZZ: M, i M;r + 33rfn

i'=1 =1

such that o is zero free on [t; — On, t;+ (n]. Indeed, such a t; exists since o is (32r(n, 4r(n)-zero
free. We say that (¢;_1,t;] is the i-th interval of H. Vertices v € V(H) with v € [t; —On, t;+ (n]
for some ¢ € [k] are called boundary vertices of H. Observe that the choice of the ¢; implies
that boundary vertices are never assigned colour 0 by o.

Using o, we will now construct f: V(H) — [k] x [r] and X C V(H). For each i € [k], and
each v € (t;—1,t;] in the i-th interval of H we set

F) = {ri if o(v) =0,

(i,0(v)) otherwise,

and
X:={veV(H): o) =0}U{veV(H) : v is a boundary vertex}.

It remains to show that f and X satisfy properties (a)—(d) of Lemma 5.5.
Since o is 5¢'n-balanced, (n/r) — 5¢'n < |o~1(1)| for all [ € [r]. Consequently

H{v € [n]:o(v) =0} <r-5n. (5.30)
Moreover, there are exactly k - 206n boundary vertices and so we can bound
| X| < 5r&n + 2kBn < 6kré'n < krén,

which yields (a).

For (b), we need to estimate |W; ;|, the number of vertices in H that are mapped by f to
(i,7) for each i € [k] and j € [r]. First, the number of vertices of colour 0 that are mapped to
(i,7) can obviously be bounded from above by the bound in (5.30). Furthermore, the mapping
f sends all vertices v in the i-th interval of H with o(v) = j # 0 to (7, ), which are at most
(t; —ti—1)/r +5En vertices, because o is 5¢'n-balanced. Thus, by the choice of t;_; and ¢;, and
making use of the fact that [m; ; — M;/r| <1 (because the m; ; are known to be r-equitable),
we can bound

|Wi7j| < M + 5£/n + 5745/71 < w
T r

+10rén < m;j + 11ré'n = m;; +&n.
Similarly, |W; ;| > m; ;j — &n and this shows (b).

Now, we turn to (¢) and (d). For a vertex u € V(H), let i(u) be the index in [k] for which
u € (tiu)—1,ti(w)]- Let {u,v} be an edge of H. Since o is a proper colouring, this implies that
o(u) # o(v).

We will first consider the case that w and v are in the same interval of H and not of colour
0, i.e., i :=i(u) = i(v) and o(u) # 0 # o(v). By the definition of f, we have f(u) = (i,0(u))
and f(v) = (i,0(v)) and hence {f(u), f(v)} € E(K},), which proves (c¢) and (d) for this case.
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Next we consider the case where u and v are in the same interval ¢ = i(u) = i(v) of H and
one of them, say u, has colour 0. Here, by definition of X, we do not need to worry about
(d) and only need to verify (¢). Indeed, f(u) = r; and f(v) = (i,0(v)). Hence, by (5.29),
[f(u), f(v)} € E(R).

It remains to consider the case where v and v are in different intervals of . Then both of
them are boundary vertices, because the bandwidth of H is at most #n, so again by definition
of X, we only need to verify (¢). Moreover, o(u) # 0 # o(v) because by the choice of the
t; boundary vertices are never coloured with 0. Assume w.l.o.g. that u < v. It follows that
i(v) = i(u) + 1 and so f(u) = (i(u),o(u)) and f(v) = (i(u) + 1,0(v)). This implies that
{f(u), f(v)} € E(C}) C E(R},), which yields (c). O
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Chapter 6
Variation 1: Bipartite graphs

With the proof of the Bollobas—Komlés conjecture in the previous chapter we obtained
a minimum degree bound for the containment of r-chromatic spanning subgraphs H (cf.
Theorem 5.1). This bound is essentially best possible for an almost trivial reason: There
are graphs G with minimum degree just slightly smaller that are (r — 1)-colourable (see also
Section 1.2.1). Such G clearly do not contain H as a subgraph. These graphs are simply too
different in structure from H (the graph G can be partitioned into r» — 1 independent sets, H
cannot).

One may ask, however, whether it is possible to lower the minimum degree threshold in
Theorem 5.1 for graphs G and H that are structurally more similar and, in particular, have the
same chromatic number. In this chapter we will pursue this question for the case of balanced
bipartite graphs, i.e., bipartite graphs on 2n vertices with n vertices in each colour class.

Recall that Dirac’s theorem implies that a 2n-vertex graph G with minimum degree at
least n contains a Hamilton cycle. It follows from a result of Moon and Mooser [78] that this
threshold can be cut (almost) in half if G is balanced bipartite.

Theorem 6.1 (Moon & Moser [78]). Let G be a balanced bipartite graph on 2n vertices. If
0(G) > § +1, then G contains a Hamilton cycle. O

We prove that slightly increasing this minimum degree bound suffices already to obtain
all balanced bipartite graphs with bounded maximum degree and sublinear bandwidth as
subgraphs. We establish the following bipartite analogue of Theorem 5.1, halving the minimum
degree threshold in that result.

Theorem 6.2. For all v and A there is a positive constant 8 and an integer ng such that for
all n > ng the following holds. Let G and H be balanced bipartite graphs on 2n vertices such
that G has minimum degree 6(G) > (3 +~)n and H has mazimum degree A and bandwidth at
most Bn. Then H C G.

The proof of this theorem is given in Section 6.2. It follows the proof scheme that we saw in
the last section, but the arguments need to be adapted to the bipartite setting. In particular we
have to use a different strategy for “balancing” the graph H here (see Section 6.4; the concept
of “balancing” is explained in Section 1.3.4). Before providing the proof of Theorem 6.2 we
introduce in the next section a version of the regularity lemma designed for use with bipartite
graphs.

6.1 Bipartite regular partitions

In this chapter we deal with bipartite graphs and with regular partitions of such graphs. In our
proofs it will be essential that these regular partitions respect the bipartition of the graph that
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we start with, i.e., they should refine this bipartition. Since proofs of the regularity lemma
(see, e.g., [28]) iteratively construct refining partitions until a regular partition is obtained,
however, this is no problem. We can simply pass our bipartition to the regularity lemma as
initial partition. Accordingly we obtain “bipartite analogues” of the minimum degree version
of the regularity lemma (Lemma 3.4) or of Proposition 3.7 which, we recall, provides a regular
partition that is moreover super-regular on some subgraph of the reduced graph. This is
summarized in Lemma 6.3 below (whose proof is standard and will just be sketched here).
Before stating this lemma we will adapt the notation concerning regular partitions to this
bipartite setting.

The concepts of regular partitions and reduced graphs essentially remain as introduced in
Chapter 3, but all regular partitions that we consider in this chapter refine some bipartition
and all reduced graphs are bipartite. More precisely, for a bipartite graph G = (AUB, E) we
will obtain an e-regular partition (AgUBg)UA1UB1U. .. UALUBy, such that A = AgU...UAg
and B = BgU...UA;. In particular we have two different exceptional sets now, one in A called
Ap and one in B called By, each of size en at most. Hence, such a partition is an equipartition
if |Ay| = [Bi] = |Ag| = -+ = |Ag| = | Bgl.

In addition, we consider only regular pairs running between the bipartition classes, i.e.,
pairs of the form (A;, Bj). Consequently, all reduced graphs (also the maximal reduced graph
of a partition) in this chapter are bipartite.

We now state the version of the regularity lemma that we will use in this chapter.

Lemma 6.3 (regular partitions of bipartite graphs). For every & > 0 and for every A, kg € N
there exists k1 = k1(¢', ko) € N such that for every 0 < d' <1, for

0 2A¢

T IOA

and d":=d —2¢'A,

and for every bipartite graph G = (AUB, E) with |A| = |B| > k1 and §(G) > v|G| for some
0 < v < 1 there exists a graph R and an integer k with ky < k < k1 with the following
properties:

(a) R is a reduced graph of an (g',d')-regular equipartition of G with |V (R)| = 2k.
(b) 0(R) > (v—d —£")|R|.
(¢) For every subgraph R* C R with A(R*) < A there is an (”,d")-regular equipartition

AUB = ALUBUUAYOBI ... OAINBY

with A C A and B!’ C B for all 0 < i < k and (¢",d")-reduced graph R, which in
addition is (", d")-super-regular on R*.

Proof (sketch). As a first step we simulate the proof of the degree-form of the regularity
lemma (Lemma 3.4) starting with AUB as the initial partition (see also [28, Chapter 7.4],
or the survey [70]). This yields a partition into clusters Ay, ..., By such that for all vertices
v & Ag U By there are at most (d + £)n edges e € E with v € e such that e is not in some
(¢/,d')-regular pair (A;, Bj). Hence we get (a). Let R be the maximal (bipartite) (¢/,d’)-
reduced graph of this partition. Then, analogously as in Lemma 3.4 the graph R inherits the
minimum degree condition of G (except for a small loss). This yields (b). Finally, we use
Proposition 3.7 with R’ replaced by R* to obtain (c¢). O
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We remark that in the following AUB will denote the vertex set of the host graph G while
AUB is the vertex set of the bipartite graph H we would like to embed. The letters A; and
B; with i € [k] for some integer k will be used for the clusters of a regular partition of G as
well as for the vertices of a corresponding reduced graph.

6.2 Proof of Theorem 6.2

The proof of Theorem 6.2 is structured similarly as the proof of Theorem 5.2. We will use
the general embedding lemma (Lemma 3.12). For applying this lemma we need compatible
partitions of the graphs G and H which are provided by the next two lemmas. These lemmas
are bipartite version of Lemmas 5.3 and 5.5 (see also the explanations for these lemmas on
page 49 in Section 5.2). We start with the lemma for G which constructs a regular partition
of G whose reduced graph R contains a perfect matching within a Hamilton cycle of R.
The lemma guarantees, moreover, that the regular partition is super-regular on this perfect
matching (see Figure 6.1) and that the cluster sizes in the partition can be slightly changed.

Lemma 6.4 (Lemma for G). For every v > 0 there exists dic > 0 such that for every e >0
and every kg € N there exist k1 € N and €. > 0 with the following properties: For everyn > ki
and for every balanced bipartite graph G = (AUB, E) on 2n vertices with §(G) > (1/2 4 v)n
there exists ko < k < k1 and a partition (n;)icy) of n with n; > n/(2k) such that for every
partition (a;)ieir) of n and (bi)iep of n satisfying a; < n; + &en and by < n; + &en, for all
i € [k], there exist partitions

A=AU---UA, and B=DBU---UBy

such that
(G1) |Ai| = a; and |B;| = b; for all i € [K],
(G2) (A, By) is (e, duc)-super-regular for every i € [k].
(G3) (Ai, Bit1) is (e,duc)-reqular for every i € [k].

The proof of this Lemma is presented in Section 6.3. The following lemma, which we will
prove in Section 6.4, constructs the corresponding partition of H.

Lemma 6.5 (Lemma for H). For every k € N and every £ > 0 there ezists 3 > 0 and ny € N
such that for every n > ng and for every balanced bipartite graph H = (AUB’, F) on 2n vertices
having bw(H) < n and for every integer partition n = ny + --- + ng with n; < n/8 there
exists a set X CV(H) and a graph homomorphism f: V(H) — V(C), where C the cycle on
vertices Ay, Bo, Ag, ..., By, Ay, B1, A1, such that

(H1) [X] <€ 2%,

(H2) for every {x,y} € F with v € A\X andy € B\X there is i € [k] such that f(z) € A;

and f(y) € Bi;
(H3) |f~1(A)| < ni +&n and |f~1(By)| < ni + &n for every i € [K],

With these lemmas at our disposal, we are ready to give the proof of the main theorem.

Proof of Theorem 6.2. Given v and A let d = di¢ be the constant provided by Lemma 6.4 for
input . Let € be the constant Lemma 3.12 returns for input d, A, and r = 2. We continue
the application of Lemma 6.4 with input € and kg := 2 and get constants k1 and & and
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Figure 6.1: The regular partition constructed by Lemma 6.4 with super-regular pairs (A4;, B;)
and regular pairs (A;, Bi11).

set &y = &L.ee/(100AK?). Let further 3 be the minimum of all the values 8, and nj, be the
maximum of all the values nj; that Lemma 6.5 returns for input £ and &, where k runs from
ko to k1. Finally we set ng := max{n(, k1}.

Let G = (AUB, E) and H = (AUB, F) be balanced bipartite graphs on 2n vertices each
with n > ng, §(G) > (3 +~)n, A(H) < A, and bw(H) < 3n. We apply Lemma 6.4 to the
graph G in order to obtain an integer k and an integer partition (n;);cx) with n; > %n/k‘
for all 4 € [k]. Next, we apply Lemma 6.5 to the graph H and the integer partition (n;);c[
and get a vertex set X C AU B and a homomorphism f from H to the cycle C' on vertices
Ay, By, Ay, ... By, Ag, B1, A1 such that (H1)—-(H3) are satisfied. With this we can define
the integer partitions (a;);ex) and (b;)ie[ required for the continuation of Lemma 6.4: Set
a; = |f71(A;)| and b; := |f~1(B;)| for all i € [k]. By (H3) we have a; < n; + &un < n; + Ean
and b; < n; + & qn for all 7 € [k]. It follows that Lemma 6.4 now gives us vertex partitions
A = (Ai)ieiy and B = (Bi)iep for G such that (G1)-(G3) hold. We complement this
with vertex partitions A = (Ai)z‘e[k} and B = (Bi)ie[k] for H defined by A; := f~'(4;) and
B; := f~1(B;) and claim that we can use the general embedding lemma (Lemma 3.12) for
these vertex partitions of G and H.

Indeed, observe first that (G2) and (G3) imply that the partition V(G) = (A:)iciU(Bi)ic[x]
is (g, d)-regular with reduced graph C because d = dio. Further, by (G3) this partition is
(¢, d)-super regular on the graph R’ on the same vertices as C' and with edges A;B; for all
i € [k] (i.e., R is a perfect matching in C). The components of R’ have size r = 2. It
follows that we can apply Lemma 3.12 if the vertex partition V(H) = (Ai)ie[k]U(Bi)ie[k] is
e-compatible with the partition V(G) = (Ai)icyU(Bi)icik and with R" C C. To check this
note first that by (G1) we have |4;] = a; = |A;| and |B;| = b; = |B;] for all i € [k] and
thus Property (i) of an e-compatible partition is satisfied. Since f is a homomorphism from
H to C we also immediately get Property (ii) for (Ai)ie[k]o(éi)ie[k]- In addition, because
|A;| = a; < nj+&un for all i € [k], we also have |A;| > n;—kEun > %n/k—kﬁLHn > Aéu2kn/e
by the choice of &. This together with (H1) implies that | X N A;| < &u2kn < ¢]|4;| and
INg(X) N A;] < AIX| < Aéu2kn < g|Aj| for all 4, j € [k]. Similarly we get | X N B;| < ¢|B;|
and |Ng(X)NB;| < ¢|Bj| for all ¢, j € [k]. This clearly implies Property (i) of an e-compatible
partition.

Accordingly we can apply Lemma 3.12 to the graphs G and H with their partitions

V(G) = (A)ieciU(Bi)ici and V(H) = (Ai)ierU(Bi)ick), respectively, which implies that H
is a subgraph of G. O
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6.3 A regular partition with spanning cycle

In this section we will prove the Lemma for G. This lemma is a consequence of the regularity
lemma (Lemma 6.3), Theorem 6.1, and the following lemma which states that, under certain
circumstances, we can adjust a (super)-regular partition in order to meet a request for slightly
differing cluster sizes. This is a bipartite version of Lemma 5.13.

Lemma 6.6. Let k > 1 be an integer, 0 < £ < 1/(20k?) and let G = (AUB, E) be a balanced
bipartite graph on 2n vertices with partitions A = AjU---UA, and B = B{U---UBy such
that |Aj|,|Bj| > n/(2k) and (A}, B)) is (¢, d')-super-regular and (Aj, Bi, ) is (¢',d’)-regular
for all i € [k]. Let (a;)iciy and (b;)ick be integers such that aj,b; < &n for all i € [k] and
Dick] @ = 2ieqr) Ui = 0. Then there are partitions A = A1U---UAg and B = B1U---UBy,
with |A;| = |Al| + a and |B;| = |Bj| + b and such that (A;, B;) is (e, d)-super-reqular and
(Ai, Bit1) is (e,d)-reqular for all i € [k] where ¢ := ¢’ + 100k\/€ and d := d’ — 100k*\/€ — ¢'.

The proof of this lemma is deferred to the end of the section. First we will use it to prove
Lemma 6.4. To this end we will apply Lemma 6.3 to the input graph G. By (a) and (b) of
this lemma we obtain a regular partition with a bipartite reduced graph R of high minimum
degree. Theorem 6.1 then guarantees the existence of a Hamilton cycle in R which will imply
property (G3). This Hamilton cycle serves as R* in Lemma 6.3(¢), which promises a regular
partition of GG that is super-regular on R*. For finishing the proof we will use a greedy strategy
for distributing the vertices in the exceptional sets over the clusters of this partition (without
destroying the super-regularity required for (G2)) and then apply Lemma 6.6 to adjust the
cluster sizes as needed for (G1).

Proof of Lemma 6.4. Let 0 < v < 1/2 be given and set dyq := 7?/100. Now let € > 0 and
ko € N be given. We assume that ¢ < v2/1000, since otherwise we can set € := v2/1000, prove
the lemma, and all statements will still hold for a larger «.

Our next task is to choose ¢’ and d’. For this, consider the following functions in & and d’:

/

M= E:=¢"+6e"/v(1—¢"),

12
d" = d — 4¢' di=d" — 4" Jy(1 - €").

(6.1)

Observe that
dxd'«é and d< d' < d.

It is not difficult to see that ¢ > 0 and d’ > 0 can be chosen so that the following inequalities
are all satisfied:

~

ég%es, d—¢e>2d, v—d —€">0 (6.2)
Grv—Ni-d) 2543y, da-d) <y

Next, using (6.2), we can choose an integer k({, with ko < k{, such that for all integers k with
ki < k we have
(y—d -k >1. (6.4)

Apply Lemma 6.3 with ¢/, A := 2, and with kg replaced by k(, to obtain k;. Choose &.¢ > 0
such that

100k1 v/ < 156, 100(k1)*\/ég < dig. (6.5)

(0]
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Now let G be given. Feed d’ and G into Lemma 6.3 and obtain k € N with kg < kjj < k < ky
together with an (&, d')-regular equipartition of G into 2k + 2 classes and an (¢/, d’)-reduced
graph R on 2k vertices by (a) of Lemma 6.3. By assumption 6(G) > (% + v)n, so setting
v :=1/2 + ~ and making use of part (b) of Lemma 6.3, we get

(6.4)

0(R) = (3 +y—d =V(R) = 3|V(R) + (y—d' ="k = 5[V(R)|+1.

We infer from Lemma 6.1 that R contains a Hamilton cycle R*. Now apply part (¢) of
Lemma 6.3 and obtain an (¢”,d”)-regular equipartition of G with classes

A= AjU...UA] and B = B{U...UBy.

Obviously, R and thus R* are bipartite and so, without loss of generality (renumbering the
clusters if necessary), we can assume that R* consists of the vertices representing the classes

" "N " "ooan "N
17B27 27B37"'7Bk7 kalaAl

with edges in this order. Therefore, we know that the pairs (A7, Bj) and (A}, B}, ) are
(¢”,d")-super-regular for all ¢ € [k]. Let L := |A| = |B/| and observe that

n n
1-N=<L<—.
( )k‘ - Tk

Our next aim is to get rid of the classes A{ and B{ by moving their vertices to other
classes. We will do this, roughly speaking, as follows. When moving a vertex x € A{j to some
class A7, say, we will move an arbitrary vertex y € B{j to the corresponding class B} at the
same time. We will also make sure that z has at least d”|B/| neighbours in B} and y has at

least d”|AY| neighbours in A/. Here are the details for this operation. For an arbitrary pair
(x,y) € Af x B{ we define

Iw,y):={i € k]: [Na(@)NB|>d"|B| and |Na(y)n Al >d"|A7|}.

We claim that for every (a,b) € Ay x B{j we have |I(z,y)| > ~vk. To prove this claim, first
recall that L = |A}| = |B/| for all i € [k]. Define

I(z) :={i € [k]: |[Ng(z) N B{| = d"|B|}, I(y):={ie€ [k]: [Na(y) N A]| > d"|A]|}.
As |Af| = |Bf| < €"n we have

(3 +7)n < degg(x) < |I(@)|L + (k — |[(z)]) d"L +&"n
= [I(z)|(1 — d")L + kd"L + &"n.

and hence
G+yn—kd'L—e"n G+v—¢")n d"
(@)l = (1—d"L BT A A e
(6.3)
> (5+30k— g7k = (3 +37)k.

Similarly, [I(y)| > (4 + 1+)k. Since I(z) and I(y) are both subsets of [k], this implies that
|I(xz,y)| = |I(z) N I(y)| > vk, which proves the claim.
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We group the vertices in Aj U By into (at most €”n) pairs (x,y) € A x B{ and choose an
index i € I(x,y) which has the property that (A7, B!) has so far received a minimal number of
additional vertices. Then we move z into A and y into B!'. Hence, at the end, every cluster
A or B! gains at most ¢”’n/(vk) additional vertices. Denote the final partition obtained in
this way by

AUB = A|UBU. .. UALUBy.
Set a:= (3 :=¢€"/v(1 — ") and observe that

e'n

kT a(l — e”)% <al.

So Proposition 3.8 tells us that for all i € [k] the pairs (A;, B;) are still (¢, d)-super-regular
and the pairs (A4;, B;+1) are still (¢, d)-regular, because

A(ﬁl) H+6W_5H+3 \/>+\/> and
d'E d" — 46" Jy(1 ="y = d" —da = d" —2(a + B).

Now return to the statement of Lemma 6.4. We set n; := |A;| = |B;| for all i € [k]. Let
(ai)ick) and (b;);cpk be given and set al :==a; —n; and b := b; —n;. Then

aé’ < &an, b;’ < &gn, Zaé’zZai—Zni :n—nzozz%’.

Therefore we can apply Lemma 6.6 with parameter & to the graph G with partitions
AU, .. UAg and B1U...UBy,. Since

(6. 2) (6.5)
& +100kv/6u6 wetioe<e  and
(6. 2) (6.5)
— 100[432\/51 — € = 2diq — dyg = dyc,

we obtain sets A; and B; for each i € [k] such that |A;| = |A;|+a/ = n;+a} = a; and |B;| = b;,
and with the property that (A;, B;) is (e, d)-super-regular and (A;, B;11) is (g, d)-regular. This
completes the proof of Lemma 6.4. O

It remains to prove Lemma 6.6.

Proof of Lemma 6.6. The lemma will be proved by performing a simple redistribution al-
gorithm that will iteratively adjust the cluster sizes. Throughout the process, we denote by
A; and B; the changing clusters, beginning with A; := A and B; := BJ, and we call 4; a
sink when |A4;| < |A}| + @, and a source when |A;| > |A}| 4+ a; and analogously for B]. Each
iteration of the algorithm will have the effect that the number of vertices in a single source
decreases by one, the number of vertices in a single sink increases by one, and all other cluster
cardinalities stay the same.

We start by describing one iteration of the algorithm. Obviously, as long as not every
cluster in A has exactly the desired size, there is at least one source. We choose an arbitrary
source A;, and, as will be further explained below, the regularity of the pair (A;, B;+1) implies
that within A; there is a large set of vertices each of which can be added to the neighbouring
cluster A;;1 while preserving the super-regularity of the pair (A;4+1, Bi+1). We do this with
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one arbitrary vertex from this set. Thereafter, within A; ;1 there is again a large set of vertices
(the newly arrived vertex may or may not be one of them) suitable for being moved into A; o
while preserving the super-regularity of the pair (A4;42, Bit+2), and we again do this with one
arbitrary vertex from this set. We then continue in this way until for the first time we move a
vertex into a sink. (Typically it is not the vertex we initially took out of A; that arrives in the
sink.) This is the end of the iteration.

We repeat such iterations as long as there are sources, i.e. we choose an arbitrary source
(which may or may not be the one we have just removed a vertex from) and repeat what
we have just described. Since each iteration ends with adding a vertex to a sink while not
changing the cardinality of the clusters visited along the way, we do not increase the number
of vertices in any source, let alone create a new source, and hence after a finite number of
iterations (which we will estimate below) the algorithm ends with no sources remaining and
therefore all clusters within A having exactly the desired size.

We then repeat what we have just described for the clusters within B, the only difference
being that vertices get moved from B; into B;_1, not B;y1, since only in this direction a
regular pair can be used ((4;_1, B;) is regular, (A;4+1, B;) need not be regular).

We now analyse the algorithm quantitatively. Clearly, the total number of iterations (we
call it t) is at most the sum of all positive a} and all positive b;. Obviously, both the sum of
all positive a; and the sum of all positive b, can be each at most %kfn hence

1 1
t < gkén+ Skén = kén. (6.6)

We will now use this bound together with Proposition 3.8 to estimate the effect of the
redistribution on the regularity and density parameters. Since in each iteration each cluster
receives at most one vertex and loses at most one vertex, for every i € [k] and after any step
of the algorithm, we have

|A;AAL < 2t < 2kén,

and analogously |B;AB]| < 2k¢n. We now invoke Proposition 3.8 on the pairs (A;, B;) and
(Ai, Bit1), once with A= A;, B := B; then with A := A;, B := B;11 and we claim that we
may use « := 3 := 16k%¢. This is so because |A;| > |AL| —t > n/(2k) — 2kén and because
¢ < 1/(20k?) implies 2kén < 5kén — 20k3¢2n, hence |A;A AL < 2kén < (5kE — 20k3E%)n =
10k%¢(n/(2k) — 2kén) < a|Al], and analogously |B;AB!| < 3|B|. By Proposition 3.8, every
pair (A;, B;) and (A;, Biy1) is (&, d) regular with é := ¢ + 24k+/€ and d := d’ — 64k%¢, hence
€ < e and d > d, proving the parameters claimed in the lemma, as far as mere regularity goes.

As for the claimed super-regularity of the vertical pairs, let A;, B; and B;;1 be clusters at an
arbitrary step of the algorithm. Using Proposition 3.6 and (6. 6) we know that the pairs (A;, B;)
and (A;, Bit1) being (€, d)- regular implies that there are at least (1—¢)|A;| vertices in A; having
at least (d—&)|Biy1|—t > (d—&)|Bjy1| — 2kén neighbours in Bjy 1, and it remains to prove that
(d — &)|Bis1| — 2kén > d|B;1 1| which is equivalent to 2kén/|B;y1| < 100k%\/€ — 64k — 24KkE.
Because of 2kén/|Bi1| < 2kén/(|Bj, 1| —t) < 2kén/(n/2k — 2kEn) = 4k*¢/(1 — 4k*E) it is
therefore sufficient that 4k2¢/(1 — 4k%€) < 100k2\/€ — 64k%¢ — 24k+/€ and it is easy to check
that this is true by the hypothesis on &. O

6.4 Distributing H among the edges of a cycle

In this section we will provide the proof of the Lemma for H (Lemma 6.5). The idea is to
cut H into small pieces along its bandwidth order. These pieces are then distributed to the
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edges A; B; of the cycle C in such a way that the following holds. Let A; be all the vertices
from A and B; all the vertices from B that were assigned to the edge A;B;. Then we require
that A; and B; are roughly of size n;. Observe that this goal would be easy to achieve if H
was locally balanced, i.e., if each of the small pieces had colour classes of equal size. While this
need not be the case, we know that H itself is a balanced bipartite graph. Therefore we use a
probabilistic argument to show that the pieces of H can be grouped in such a way that the
resulting packages form balanced bipartite subgraphs of H (which we can then distribute to
the edges A;B;, meeting the above requirement). The details of this argument are given below
(see Lemma 6.7).

After the distribution of the pieces to the edges A;B; we will construct the desired homo-
morphism f in the following way. We will map most vertices of A; to A; and most vertices
of B; to B;. The remaining vertices will be mapped to other cycle vertices in C. This is
necessary because there might be edges between a piece assigned to A;B; and a piece assigned
to Ay By with i # 4/ that we need to take care of. In the proof of Lemma 6.5 on page 80 we
will explain how this is done.

Balancing H locally

We explained above that our goal is to group small pieces W1, ..., W, of the balanced bipartite
graph H on 2n vertices into packages Py, ..., Py that form balanced bipartite subgraphs of H.
This is equivalent to the following problem. Given the sizes a; and b; of the colour classes of
each piece W; (i.e., a; counts the vertices of W; that are in A and b; those that are in B) we
know that the a; sum up to n and the b; sum up to n. Then we would like to have a mapping
¢ : [(] — [k] such that for all i € [k] the a; with j € »~!(i) sum up approximately to the same
value as the b; with j € @~ 1(i). The following lemma asserts that such a mapping ¢ exists.
The package P; will then (in the proof of Lemma 6.5) consist of all pieces W; with j € ¢~ 1(i).

Lemma 6.7. For all 0 < £ < 1/4 and all positive integers k there exists £ € N such that for
all integers n > { the following holds. Let (n;)icix), (aj)jee, and (bj)jeq be integer partitions
of n such that n; < in and a; +b; < (1+&)22 for alli € [k], j € [(]. Then there is a map
@1 [(] = [k] such that for alli € [k] and G; ==} c 105 and b :=3 ;e 1 bj we have

a; <n;+&n and by < mi+E&n. (6.7)

In the proof of lemma 6.7 we will use the Hoeffding-bound for sums of independent random
variables given in Theorem 2.5.

Proof. For the proof of this lemma we use a probabilistic argument and show that under a
suitable probability distribution a random map satisfies the desired properties with positive
probability. For this purpose set ¢ := [k°/¢*| and construct a random map ¢: [{] — [k] by
choosing ¢(j) = @ with probability n;/n for i € [k], independently for each j € [¢]. For showing
that this map satisfies (6.7) with positive probability we first estimate the sum of all a;’s and
b;’s assigned to a fixed i € [k]. To this end, let 1, be the indicator variable for the event
©(j) =i and define a random variable S; := )" jepg Lj- Clearly S; is binomially distributed,
we have ES; = (2, and by the Chernoff bound P[|S;| > E S; + ] < 2exp(—2t?/() (see (2.2))
we get

P [\SZ- - e%\ > %ge} < 2exp(—1€20).
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Next, we examine the difference between the sum of the a;’s assigned to 7 and the sum
of the b;’s assigned to i. We define random variables D; ; := %(aj —b;)(1; — 2£) and set
D; = Zje[e] D; ;. Then ED; ; =0 and as a; + b; < 37" we have |D; j| < 1. Thus Theorem 2.5
implies
P[|D;] > §€€] < 2exp(—7£%0).
By the union bound, the probability that we have
5; — 2| < 20 and D] < 3¢ for alli € [K] (6.8)

is therefore at least 1 — k- 2 exp(—%ng) —k-2 exp(—%ng) which is strictly greater than 0 by
our choice of £. Therefore there exists a map ¢ with property (6.8). We claim that this map
satisfies (6.7). To see this, observe first that 32 D; = Djeo—1(y(a; —bj) =a; — b; by definition
of D;. Together with (6.8) this implies a; — b; < én. Moreover, we have S; = [~ 1(i)| and

= 3E B+ 3 -8 < SOOI 01+ -4
8) 1

(6.
S+ OT (% 4 Zet) + gtn < mitn
where the last inequality follows from § < % and n; < %n. Since an entirely analogous
calculation shows that b; < n; + &n, this completes the proof of (6.7). O

The Lemma for H

For the proof of Lemma H we will now use Lemma 6.7 as outlined above its statement. In this
way we obtain an assignment of pieces Wy, ... Wy of H to edges A;B; of C. This assignment,
however, does not readily give a homomorphism from H to C' as there might be edges between
pieces W; and W; 1 that end up on edges A;B; and Ay B; which are not neighbouring on C'
Never the less (owing to the small bandwidth of H) we will be able to transform it into a
homomorphism by assigning some few vertices of W; 1 to other vertices of C' along the path
between A;B; and A; By on C.

Proof of Lemma 6.5. Let k and £ be given. Give & := £/4 and k to Lemma 6.7, get ¢, set
= &'/(4lk) and ng := [£/(2€)], and let H and (n;);cx) be given as in the statement of the
present lemma.

We assume that the vertices of H are given a bandwidth labelling, partition V(H) along
this labelling into ¢ sets W1, ..., W, of as equal sizes as possible and define z; := |W; N /ﬂ and
yi := |[W; N B|. Then z; +y; = |Wi| < [2n/€] < 2n/¢+1 < (1 +€)2n/¢ and since n; < n/8
by hypothesis we can give (n;);cix), (i)icjq and (yi)icfg to Lemma 6.7 and get a ¢: [(] — [K]
with (6.7).

Let us discuss the main difficulty in our proof. Since the map ¢ is obtained via the prob-
abilistic method, there is no control over how far apart in the Hamilton cycle C' two sets
Wiy and W41y will be assigned by ¢. Hence these sets might end up in non-contiguous
vertices of the cycle C. If there are edges between W,y and W ;1) we need to guarantee,
however, that these edges are mapped to edges of C in order to obtain the desired homo-
morphism f. Therefore, we resort to a greedy linking process which constructs f and (thanks
to the bandwidth condition) needs to alter the assignment proposed by ¢ only slightly.

Let w; be the first vertex in W; and define sets of linking vertices by

Ly = [w; + (j — 1)Bn, wi + jfn)
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for every j € [2k] , and set L' := | J ici2k] L; Then all Lé have the common cardinality Sn and
|L| = 2kpn. Since § < 1/(4k¢) implies that 2k08n + pn < |2n/l] < |W;| for every i € [{], we
have L} C W; for every i € [¢] where [W;\L'| > fn, i.e. to the right of every set W; there are
at least On non-linking vertices.

We now construct a map f by defining, for every i € [¢],

fa) = | Aetimrlizz) @€ Ly with j € [2- (o) =i = 1)) mod K)], )
Agi) else,
for every z € W; N A, and
) = By(i—1)+1j/21 ity € L with j € [2- ((¢(i) — ¢(i — 1)) mod k)], (6.10)
B else,

for every y € W;N B, and show that this is indeed a homomorphism To do this it is convenient
to note that a set {A;, By} is an edge of C' if and only if 0 <4’ —i < 1.

Let arbitrary vertices z € A and y € B with {z,y} € F be given. Since the sets W; are
defined along the bandwidth labelling, either z and y are both within the same W; or  and y
lie in consecutive sets W; and W,;11. We will now distinguish several cases. For brevity let
I = [2- (((i) = p(i — 1)) mod k)].

Case 1. Both z and y lie within the same set W;.

Case 1.1. There is j € I; with = € Li hence f(r) = Agi—1)+[j/2)- Due to the bandwidth
condition together with |LZ| = pn,ify ¢ LZ and j + 1 € I;, then necessarily y € L% ,, which
explains the following three sub-cases.

Case 1.1.1. We have y € L;, hence f(y) = By(i—1)+[;/2], hence the difference of the indices of
f(z) and f(y) is [j/2] — |j/2], which is either 0 or 1 according to whether j is even or odd,
hence {f(x), f(y)} € E(C).

Case 1.1.2. We have y ¢ L’ and j+1 € I;, hence y € Lt %1, hence f(y) = p(i—1)+[(j+1)/2],
hence the difference of mdlces of f(y) and f(x)is [(j+1)/2] — |j/2], and this is always 1,
whether j is even or odd, so {f(z), f(y)} € E(C).

Case 1.1.3. We have y ¢ Li and j + 1 ¢ I;, hence f(y) = By,u. Here, j +1 ¢ L;
implies that j > 2- ((¢(i) — (z 1)) mod k) while being within Case 1.1 implies j € I;,
hence j < 2- ((p(i) — ¢(i — 1)) mod k), so we have j = 2 ((¢(i) — (i — 1)) mod k),
thus f(z) = Agi—1)+1/2) = Ap), the index difference between f(y) and f(z) is 0 and
[/(@), F)} € B(C). |

Case 1.2. There is no j € I; with z € L%, hence f(z) = Ag(). Being within Case 1, i.e. y € W,
it follows that there are exactly two cases.

Case 1.2.1. If y precedes x in the bandwidth labelling, then y € L2 ()= SO(Z 1)) mod k)’ hence
f(y) = By, so the index difference between f(y) and f(z) is 0 and {f(x), f(y)} € E(C).
Case 1.2.2. If y succeeds z in the bandwidth labelling, then, since y € W; by being within Case
1, there is no j € I; with y € I;, hence f(y) = By(;, so again the index difference between

f(y) and f(z) is 0 and {f(z), f(y)} € E(C).

Case 2. We have x € W; and y € Wit;. Then, by the bandwidth condition and size of the
sets of linking vertices, we must have y € Lllﬂ, hence f(y) = By((i+1)-1)+[1/2] = Bp(i)+1, and
since there are at least Gn non-linking vertices to the right of W;, the vertex x cannot lie in a
L;, hence f(z) = Ay, so the index difference of f(y) and f(z) is 1 and {f(z), f(y)} € E(C).

J+b

o)
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Case 3. We have y € W; and x € W;41. Then, by the bandwidth condition and size of the
sets of linking vertices, we must have = € L™ hence f(z) = Ag(i+1)=1)+[1/2] = Ap(s), and
since there are at least Sn non-linking vertices to the right of W;, the vertex y cannot lie in a
L;, hence f(y) = B, so the index difference of f(y) and f(z) is 0 and {f(z), f(y)} € E(C).
This completes the proof that f is a homomorphism.

We now prove (H1) and (H2). Define X := J;cjq L. Then |X| < £-2k-fn < €2k -
(&'/(20k)) - n = &'n < &n, which shows (H1), and (H2) is obvious from the definitions of X
and the map f above.

We now prove (H3). For this it suffices to note, rather crudely, that for every j € [k], no
preimage f _1(Aj) can become larger than the sum of the sizes of all sets W; assigned to A;
by ¢ (which by the definition of f equals the sum of all z; = |A N W;| with ¢(i) = j) plus the
total number of linking vertices, i.e. for every j € [k], using the choice of § and using that ¢
has the property promised by Lemma 6.7, we have |f~1(A;)| < (Ei€¢_1(j) ;) + | Uieig LY <
n;+&n+L0-|LY| = n; +&n+2klBn < n; +2¢'n = n; + &n, completing the proof of (H3). [
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Chapter 7

Variation 2: Ore conditions

Ore’s theorem (Theorem 1.16) formulates a criterion for the existence of a Hamilton cycle
that is different from the minimum degree conditions we saw in the last two chapters. In
this theorem only degree sums of non-adjacent vertices in a host graph G are considered and
required to be large. In the following we will call degree conditions of this type Ore conditions.
We define the Ore degree d»(G) as the biggest number ¢ such that all pairs of non-adjacent
vertices u, v of G satisfy deg(u) + deg(v) > q.

In this chapter we determine an Ore condition that allows for the embedding of 3-colourable
bounded-degree graphs of sublinear bandwidth. We will prove an analogue of Theorem 5.1
under this weaker Ore condition for the case of 3-chromatic graphs (Theorem 7.2). The proof
applies a recent result of Kierstead and Kostochka [56] (Theorem 7.1) about the existence of
spanning triangle factors under Ore conditions as well as a version of the regularity lemma
adapted to this setting (Lemma 7.4).

After introducing these two results in Section 7.1 we will investigate some structural
properties of graphs with high Ore degree in Section 7.2. Then, in Section 7.3, we turn to a
lemma concerning the existence of square-paths in graphs with high Ore degree (Lemma 7.3).
This lemma will be used in our proof of Theorem 7.2, which is provided in the remaining
sections.

7.1 Embedding under Ore conditions

The question whether the minimum degree condition in the theorem of Hajnal and Sze-
merédi (Theorem 1.4) can be replaced by an Ore condition, was considered by Kierstead and
Kostochka [56]. Recall that this theorem states that any n-vertex graph G with minimum
degree §(G) > “=1n contains a so-called spanning K,-factor, that is, a family of [n/r| vertex
disjoint r-cliques.

Theorem 7.1 (Kierstead, Kostochka [56]). For all r, every n-vertex graph G with dp(G) >
2%71 — 1 contains a spanning K,-factor. O

Here we are interested in replacing the minimum degree condition in the 3-chromatic version
of the Bollobas-Komlés conjecture (see Theorem 5.1) by an Ore condition. We establish the
following theorem.

Theorem 7.2. For all A,~v > 0 there are 3,ng > 0 such that for all n > ng the following
holds. Let G and H be n-verter graphs such that H is 3-colourable, has mazrimum degree
A(H) < A and bandwidth bw(H) < fn, and G satisfies 5(G) > (3 +v)n. Then G contains
a copy of H.
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In contrast to the Ore-type results mentioned above we use the regularity lemma for proving
this theorem. The proof method is similar to the one presented in Chapter 5 but we need to
cope with the weaker Ore condition now and hence new ideas are necessary.

On the way to the proof of Theorem 7.2 we first show the following lemma, which asserts
the existence of the square of an almost spanning path in a graph with sufficiently high Ore
degree. This may be regarded as a special case of Theorem 7.2. As we will, see this special
case helps us to deduce the general case.

Lemma 7.3. For all v, > 0 there is an ng such that for all n > ng every n-vertex graph
G = (V, E) satisfying 5¢(G) > (3 +v)n contains a square-path on at least (1 — p)n vertices.

As discussed in the introduction (Section 1.1.1), the question which minimum degree
condition enforces a spanning square of a cycle (and hence also the square of a path) is
the subject of Poésa’s conjecture that was resolved for large n by Komlés, Sarkozy, and
Szemerédi [64] with the help of the regularity lemma. In order to prove Lemma 7.3 we use
a strategy similar to the one in [64]. Again, we need to refine this method to deal with the
weaker Ore condition (see Section 7.3).

One crucial observation for both the proof of Theorem 7.2 and the proof of Lemma 7.3
is an inheritance principle for Ore degrees. Recall that the minimum degree version of the
regularity lemma (Lemma 3.4) states that graphs with high minimum degree have reduced
graphs with high minimum degree. The following corollary of the regularity lemma states that
also Ore conditions are passed on in this way: Graphs with high Ore degree have reduced
graph with high Ore degree.

Lemma 7.4 (regularity lemma, Ore version). For every e > 0 and every integer kg there is
k1 such that every graph G = (V, E) on n > ki vertices with dp(G) > nn has an (g, d)-regular
equipartition V = VoUWV U ... UV}, with reduced graph R and ko < k < ki with the following
property. For each v € Vi with i € [k] there are at most (¢ + d)n edges in E incident to v that
are not in some (g, d)-reqular pair (V;,V;) with j € [k] and dp(R) > (n — 2(e + d))k.

Proof. For € and kg let k1 be given by Lemma 3.3. Consider an arbitrary graph G on n > k;
vertices with dg(G) > nn. By Lemma 3.3 the graph G has an (g, d)-regular equipartition
V =VoUWNU. ..UV with kg < k < kp such that for each v € V; with i € [k] there are at most
(¢ + d)n edges in E incident to v that are not in some (e, d)-regular pair (V;, V) with j € [k].
Let R be a mazimal reduced graph of this (e, d)-regular partition, i.e., each pair i, j € [k] with
ij ¢ E(R) corresponds to a pair (V;, V;) that is not (e, d)-regular.

Assume for a contradiction that dp(R) < (n — 2(¢ + d))k. Then there are clusters i,j € [k]
with ij ¢ E(R) and degp (i) + degr(j) < (n — 2(e + d))k. By the maximality of R the pair
(Vi, V}) is not (e, d)-regular and hence there are vertices v; € V; and v; € V; with v;v; ¢ E. It
follows from L := |Vi| = ... = |Vj| that degy(v) < degr(¢)L + (¢ + d)n for all v € Vp, £ € [k].
Therefore

degg(vi) + degg(v)) < (degp(i) + degr(j)) L+ 2(e + d)n <
<(m—=2(+d)kL+2(+d)n <nn,

which is a contradiction. O
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7.2 Graphs with high Ore degree

For warming up (and for later use) we collect some structural observations about graphs
with certain Ore conditions in this section. The first simple proposition shows that an Ore
condition induces a (much weaker) minimum degree condition.

Proposition 7.5. Any n-vertex graph G has minimum degree 6(G) > 0 (G) — n.

Proof. Let v be a vertex of G = (V, E). Either deg(v) =n —12> 6g(G) — n (since trivially
0p(G) < 2(n—1) < 2n — 1) or there is a vertex u such that uwv ¢ E. But then deg(v) >
dp(G) — deg(u) > 0¢(G) — n. O

The next proposition states that we can say even more: If we delete all vertices with degree
somewhat higher than promised by Proposition 7.5 from a graph the remaining vertices form
a clique. For making this precise we will use the following definitions. The big vertices of
a graph G are those that have degree at least dg(G)/2, all other vertices are called small
vertices.

Proposition 7.6. The small vertices of a graph form a clique.

Proof. Let G = (V, E) be a graph and w,v € V with uwv ¢ E. By definition deg(u) + deg(v) >
d¢(G) and so at least one of these vertices is big. O

The following proposition is of technical nature (but will prove useful later). Recall that an
equipartition of a set V is a partition of V into sets of equal size. The proposition asserts that
for every equipartition of a graph G with high Ore degree into three parts the following holds.
Whenever we pick two of the parts then there is a vertex in G with many neighbours in the
union of these two parts.

Proposition 7.7. Let G = (V,E) be a graph on 3n wvertices with 0p(G) > 4n and let
V = ViUVLUV3 be an equipartition of V. Then, for all £,¢' € [3] there is a vertex in V; with
more than n neighbours in Vy U V.

Proof. If there is a big vertex in v € V; then degq(v) > 2n trivially implies the claim. Hence
assume, all vertices in V; are small and thus form a clique by Proposition 7.6. We claim
that then each vertex v’ € Vj» has at least two neighbours in Vj: if v’ is big this follows from
deg(v') > 2n and if v’ is small from Proposition 7.6. But this implies that there is a vertex
v € Vp that has at least two neighbours in Vy» and hence satisfies the claim. ]

For stating the next (and last) two structural observations, which address the distribution
of triangles inside a graph with high Ore degree, we need some more definitions.

Definition 7.8 (triangle path, triangle connected). Let G = (V, E) be a graph. A triangle
walk in G is a sequence of edges e1,...,e, in G such that e; and e; 1 share a triangle of G
for alli € [p—1]. We say that e; and e, are triangle connected in G and the length of the
triangle walk e1,...,e, is p — 1.

For each triangle walk ey, ..., e, there is a sequence of vertices wy, ..., wpy1 that naturally
corresponds to this triangle walk, that is, this sequence results from “walking” along ey, ..., ep:
Set wy := vy, wy := ve, and let w3 := ez \ €1, wy := e3 \ ez, and so on. Similarly we can
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associate a sequence of triangles t1,...,t,—1 with the triangle walk, where ¢; is the triangle
that contains the edges e; and e;y; for each i € [p — 1].

A connected triangle component or simply triangle component in G is a set of edges C' C F
such that each pair of edges in C' is triangle connected. Finally, we say that G has triangle
diameter at most d if there is a pair of vertex disjoint triangles in G and each pair of vertex
disjoint triangles ¢, ¢’ in G is connected by a triangle walk of length at most d, i.e., there are
edges e € t and ¢’ € ¢’ with a triangle walk of this length between them. If there is no d such
that G has triangle diameter at most d then G has infinite triangle diameter.

The first of our two observations concerning triangle walks and triangle components in
graphs G with high Ore degree guarantees that in every (non-trivial) triangle component of G
we find a copy of Kj.

Proposition 7.9. Let G be a graph on 3n vertices with dp(G) > 4n + 3 and t be a triangle
i G. Then G contains a K4 which is in the same triangle component as t.

Proof. We consider three cases. Case 1: If all three vertices of ¢ are big and hence have degree
more than 2n, then the common neighbourhood of these three vertices is non-empty and so
we are done.

Case 2: If there is one small vertex u and two big vertices v and w in ¢ then clearly the
common neighbourhood of v and w is non-empty and thus contains some vertex u’. If v is
small then Proposition 7.6 implies that u and ' are joined by an edge and we are done. If v/
is big, on the other hand, the triangle ¢ on v/, v, w contains only big vertices and hence Case 1
implies that v/, v, w lies in a Kjy.

Case 3: If t contains at least two small vertices v and v then, if there are at least two other
small vertices in G then we are done by Proposition 7.6. Accordingly we can assume that at
most 1 other vertex is small. Let w be the third vertex in ¢t. By Proposition 7.5 the vertices u,
v, and w have degree at least n + 3 each and thus at least n neighbours in V(G) \ {u, v, w}.
We conclude that there are x,2’ € V(G) \ {u, v, w} such that x is a neighbour of at least two
vertices in {u,v,w} and the same holds for /. By our assumption one of z and 2’ is big. This
means that there is a triangle ¢’ on vertices v/, v/, and w’ that shares two vertices with ¢ and
has at least one big vertex, say w’. If either v’ or v/ are big we are done by Cases 1 and 2,
hence we assume that u’ and v’ are small. Then however, v’ and w’ have degree at least 2n — 2
and n — 1, respectively, in V(G) \ (¢t Ut'). Since |[V(G)\ (tUt')| = 3n — 4 it follows that
and w’ have a common neighbour v" in V/(G) \ (t Ut') which is big by our assumption. Thus,
we are again done by Case 1 and 2 as v/, v”,w’ form a triangle with at least two big vertices
in the same triangle component as t. O

The last result we present in this section states that a sufficiently high Ore degree forces
the triangle diameter to be finite. For the proof of this lemma we will use two auxiliary
propositions that we provide and explain below.

Lemma 7.10. An n-vertex graph G with ¢ (G) > %n has triangle diameter at most 7.

Observe that the following example shows that already for dg(G) = %(n — 1) the triangle
diameter may be infinite: Let G be a graph on 3m + 1 vertices whose vertex set is partitioned
into two cliques of size m and an independent set m + 1, and that contains in addition all
edges running between the independent set and the cliques.

Lemma 7.10 claims that each pair of vertex disjoint triangles ¢ and ¢’ in an n-vertex graph G
with dp(G) > %n is connected by a triangle walk of length at most 7. For proving this lemma
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we will construct two growing triangle walks with associated triangle sequences T' = tg, t1, ..., t;n
and T" = t(, ], ...,t, , where tg =t and t(, = t/. When constructing these triangle walks we

will guarantee that the number of edges between the last triangles ¢, and ¢/ , increases with m
and m’ until we force a direct triangle connection between t,, and t,, (i.e., a triangle walk
only using vertices from ¢,, and ¢/ ,). In this process, a triangle t,, 1 such that there are more
edges between t,,,1 and t/ , than between t,, and ¢/ , is called better than t,, for t, ,.

In the next two propositions we will develop a strategy for finding suitable better triangles
tm41 Or 41~ We start with the following simple observation.

Proposition 7.11. For a bipartite graph F = (AUB, E)with |A| = |B| = 3 at least one of the
following holds.

(a) There is a path of length 3 in F.
(b) There is a perfect matching in F[A, B] where F is the complement of F.
(¢c) F has exactly three edges, all sharing one vertex v € AUB.

Proof. If there is a vertex v € AUB with deg(v) = 3 then either (c¢) holds, or there is an edge
e € B with v ¢ e, which implies that (a) is true. If deg(v) < 2 for all v € AUB and (a) is
false, on the other hand, we immediately get a perfect matching in F'[A, B] and hence (b). O

This motivates the following case distinction in the construction of our two triangle se-
quences T' and T”. If the bipartite graph F' formed by the edges between the last two triangles t,,
and ¢/, in these sequences satisfies property (a) of Lemma 7.11, then ¢, and ¢/ , are (directly)
triangle connected and we are done. Otherwise F' satisfies (b) or (¢) of Lemma 7.11. We will
show that in both cases we can find a triangle t* that is either better than t,, for t ., and
shares an edge with ¢, or vice versa. This argument (which is presented below in the proof of
Lemma 7.10) is prepared by the following proposition.

Proposition 7.12. Let G = (V, E) be an n-vertex graph with dp(G) > %n and A, B be vertex
disjoint subsets of V' with |A| = |B| = 3.
(i) If (b) of Lemma 7.11 is true for G[A, B] then there is a vertex ¢ € V\(AUB) with at
least five neighbours in AUB.

(i) If (¢) of Lemma 7.11 is true for G[A, B] and a vertex v € A then for any v' € B
there is ¢ € V\(AUB) with at least four neighbours in AUB \ {v'}.

Proof. Let A = {a1,a2,a3} and B = {by, ba,bs}. We start with (7). Assume without loss of
generality that aiby,asbe, asbs € E. Let V' be the set of vertices in V'\(AUB) with at least
five neighbours in AUB, let V" the set of vertices in V'\(AUB) without this property, and set
n' :=|V'|. With e(A, B) < 6 it follows that

4n < (deg(a1) + deg(b1)) + (deg(az) + deg(b2)) + (deg(as) + deg(bs))
=2¢(AUB) + ) [Napp(v)l + Y [Nagp(v)|

veV’ veV”
<24+6n +4(n—6—n')=2n +4n,

which implies n’ > 0.

For (ii) we argue similarly. Assume without loss of generality that v = a; and v/ = by and
set B’ := {bg,b3}. Let V' be the set of vertices in V\(AUB’) with at least four neighbours
in AUB’ and V" the set of vertices in V'\(AUB’) without this property and set n’ := |V|.
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Observe that by ¢ V' because by neither forms an edge with as nor with a3. By Proposition 7.5
we have deg(ai) > in. As e(A, B') = 2 it follows that

3n < deg(ai) + (deg(ag) + deg(bg)) + (deg(ag) + deg(bg))
<12+50 +3(n—5—n') <2n' + 3n.

which, again, implies that n’ > 0. O

For constructing the triangle t* that is better (as promised above) than t,, for t! ., or vice
versa, we will use the vertex c asserted by Proposition 7.12. With this we are ready to give
the proof of Lemma 7.10.

Proof of Lemma 7.10. Let t and ¢’ be two arbitrary vertex disjoint triangles in G. (Clearly,
the Ore-condition forces the existence of two such triangles.) We need to show that there
is a triangle walk of length at most 7 between ¢ and ¢'. For this purpose we will construct
two sequences of triangles T' = tq,t1, ..., t,, and T' = t{, 1], ..., 1/, associated with two triangle
walks as follows. First set m = m' := 0, t¢ := t, and ¢, := ¢. Then, in each step, if
Proposition 7.11(a) holds for the bipartite graph between t,, and ¢/ ,, then we stop. Otherwise
we claim that we find a vertex z € V'\ (¢,Ut ,) such that either z and an edge of t,, form a
triangle t,,11 that is better than ¢,, for , ,, or  and an edge of ] , form a triangle ¢/ , ; that
is better than ¢/ , for ¢,,. This claim is verified below. If the first (respectively second) case
occurs then we add the triangle t,,11 (or ¢/, ;) to T (or T") and increase m (or m’) by 1.

Clearly, this procedure terminates after at most 5 steps since Proposition 7.11(a) holds as
soon as we have 5 edges between ¢, and t] ,. This however implies that there is a sequence
T =to, ..., tm, ts, th, t) ...t of at most 9 triangles such that two consecutive triangles in
this sequence share an edge, where ¢, and ¢/, are obtained from the path of length 3 asserted
by Proposition 7.11(a). By omitting tg = t and ¢, = ¢’ from T, we obtain a sequence of at
most 7 triangles that corresponds to a triangle-walk of length at most 7 between ¢ and t'.

It remains to show that the vertex x in the procedure above can always be chosen. Let
A ={a1, a2, a3} be the vertices of t,,, and B = {b1, b2, b3} be those of ¢/ , in some step of the
procedure and assume that Proposition 7.11(a) does not hold for G[A, B]. This implies that
(%) there is at most one vertex in each of the triangles t,, and t/ , that has more than one
neighbour in the (respectively) other triangle.

Now, assume first, that Proposition 7.11(b) holds for G[A, B]. Then Proposition 7.12(%)
asserts the existence of a vertex ¢ outside ¢, and ¢/, with at least 5 neighbours in AUB.
Without loss of generality, only b; is possibly not connected to ¢. By (%) either a; or ag,
say a1, has at most one neighbour in ¢ ,. But then the triangle t,,,1 on vertices ag, ag, and ¢
is better for ¢/ , than ¢, (a1 has at most one neighbour in #/ , while ¢ has at least two) and
thus we can choose x = c.

If, on the other hand, Proposition 7.11(c) holds for G[A, B] and, say, v = a; then we can
argue similarly. Indeed, for v := b; Proposition 7.12(ii) asserts a vertex c outside t,, and ¢/,
with at least 4 neighbours in AUB \ {v'}. If ¢ has an edge to a; and at least one other vertex
of A, say as, then the triangle ¢, on vertices a1, az, and ¢ is better for ¢/ , than t,, (a3 has
no neighbour in ¢ , while ¢ has at least one). Otherwise ¢ has both, by and b3, as neighbours
and the triangle t/ , 41 on vertices bg, b3, and c is better for ¢,, than t! .. Hence, again, we can
choose = = c. O
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7.3 Square-paths

In this section we will explain the proof of Lemma 7.3. As indicated earlier the idea is to
follow the strategy of [64]. Accordingly our plan is not to repeat all the (technical) details
(they can be found in [79]) but rather to outline the method, indicate the differences to our
setting, capture those parts we will reuse in the form of a lemma (see Lemma 7.13 below),
and fill the remaining gaps.

In the proof of Theorem 1.7 that is provided in [64] the existence of the square of a Hamilton
cycle is verified via a joint application of the regularity lemma and the blow-up lemma. More
precisely, for an n-vertex graph G with minimum degree ( % + v)n for v > 0 and when one
is only interested in finding a square-path on (1 — p)n vertices (which is clearly contained
in the square of a Hamilton cycle) this method can be roughly described as follows. Firstly,
an application of the degree version of the regularity lemma (Lemma 3.3) to the graph G
(with e < d < 7, p) yields an (g, d)-regular partition of G with reduced graph R = (Vg, ER)
on k vertices such that §(R) > (% + 3)n. Secondly, with the help of a classical theorem, the
Theorem of Corradi and Hajnal [26], it is then possible to infer that R can be covered by
t := |k/3] triangles which we number from 1 to ¢ and whose union we denote by T'. Thirdly,
each pair of these triangles can be connected by a short triangle walk within R. Fourthly, this
implies that for all ¢ € [t — 1] there is a constant length square-path, a so-called connecting
path, starting in G-vertices of the triangle number ¢ and ending in G-vertices in the triangle
number ¢ + 1 of T'; all vertices of such a connecting path are subsequently moved to the
exceptional set of the regular partition. Fifthly, one can obtain an (&', d’)-regular partition
V =1VoUNU...UV, of G (with ¢ < d' < p) with reduced graph R that is super-regular on
all triangles in T by using Proposition 3.7. And finally sixthly, for each triangle ij¢ of R the
blow-up lemma asserts that one can find a square-path P(i,7,¢) in G covering V;UV;UV; such
that these square-paths P(i, j,¢) together with the connecting paths form a square-path in G
covering at least [V1U...UVi| > (1 —&')n > (1 — p)n vertices.

To sum up, the following lemma crystallises steps 4 to 6 out of this method. In the statement
of this lemma we use the following definition which is based on concept of triangle components
introduced in Section 7.2. A spanning connected triangle factor in a graph G is a spanning
triangle factor with all edges in the same triangle component of G.

Lemma 7.13 (Komlds, Sarkozy, Szemerédi [64]). For all positive reals y and d there exists
a positive g9 such that for all ¢ < ey and integers ki there is an integer ng > ki such that
the following holds. Let G = (V, E) be a graph on n > ng vertices that has an (e, d)-regular
equipartition VoUWV U ... UV}, with reduced graph R and 3 < k < ky. If R contains a spanning
connected triangle factor. Then G contains a square-path on (1 — p)n vertices. 0

In [64] the correctness of steps 1 to 3 of the agenda described above relies on the minimum
degree condition in the problem treated there. Here we need to adjust these steps to our
setting with Ore condition. For steps 1 and 2 we will use the Ore version of the regularity
lemma (Lemma 7.4) and Theorem 7.1, respectively (the details are presented directly in the
proof of Lemma 7.3 below). For adapting step 3 we use the fact that also in a graph with
sufficiently high Ore degree each pair of triangles can be connected by a short sequence of
triangles which follows from Lemma 7.10.

Proof of Lemma 7.3. Given 7 and p we set d := /10 and let gy be the constant provided by
Lemma 7.13 for input p and d. Then we choose € := min{eg,y/10} and ask Lemma 7.4 about
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its k1 of choice for € and kg := 3. With € and k; at hand we can continue the application of
Lemma 7.13 and obtain an ny.

Now, let G = (V, E) be a graph on n > ng vertices with Ore degree dp(G) > (% + Y)n.
From the regularity lemma, Lemma 7.4, we obtain an (e, d)-regular equipartition of V' with
reduced graph R on k vertices where 3 < k < k; and

Sp(R) > (3+7—2(d+¢e))k > (5+37)k > 3k.

It follows that we can apply Theorem 7.1 to R and conclude that R contains a spanning
triangle factor which is connected by Lemma 7.10. Hence G contains a square-path of length
(1 — p)n by Lemma 7.13 as claimed. O

For the proof of Theorem 7.2 we will not apply Lemma 7.3 directly but we will use the
following corollary. The reason is that the square of a path is not “connected well enough” for
our application and we instead need to be able to guarantee (under the same conditions as
those in Lemma 7.3) a graph with a more robust structure — the graph C3, defined (and used)
in Chapter 5 (see page 49). The following corollary of Lemma 7.3 asserts the existence of such
a C3 -copy in a graph with high Ore degree.

Corollary 7.14. For all v, > 0 there is an ng such that for all n > ng every n-vertex graph
G = (V,E) satisfying 5¢(G) > (3 +7)n contains a copy of C3, for some m with 3m > (1—p)n.

For reducing this corollary from Lemma 7.3 we will use Lemma 5.8 from Chapter 5. With
this lemma we obtain Corollary 7.14 by another application of the regularity lemma and as an
easy consequence of Lemma 7.3.

Proof of Corollary 7.14. For arbitrary constants v > 0, 4 > 0 and 0 < d < % let g9 be as
given by Lemma 5.8 applied with r := 3, y, and d. Choose € > 0 small enough such that

2(e+d) < (7.1)

B2

From Lemma 7.3 applied with 3 and p replaced by e we get an integer k{. For input ¢ and
ko := max{ko, 3} Lemma 7.4 supplies us with a k; for which Lemma 5.8 provides an integer
ng > kq.

Let G = (V, E) be a graph on n > ng vertices satisfying dp(G) > (5 + v)n. It follows from
Lemma 7.4 applied to the graph G and n = % + 7 that G has an (e, d)-regular equipartition
with reduced graph R on k vertices such that kg < k < k1 and

4 (71 (4
dp(R) > <3+7—2(5+d)>k 721 <3+g>k.

Hence an application of Lemma 7.3 to the graph R finds a square-path on at least (1 —¢)k
vertices in R, i.e., a copy of Pe2 on 3¢ > (1 — e)k vertices. By Lemma 5.8 this implies that G
contains a copy of C3, for some m with 3m > (1 — p)n O

7.4 Proof of Theorem 7.2

The proof of Theorem 7.2 relies on the general embedding lemma (Lemma 3.12) and is
similar in structure (and philosophy) to the proof of Theorem 5.1 in Chapter 5. For applying
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the general embedding lemma, we again use two complementary lemmas, the lemma for G
(Lemma 7.15) which, given a graph G with the necessary Ore condition, provides us with an
adequate system of regular pairs, and the lemma for H (Lemma 7.16) which produces the
corresponding compatible partition of bounded-degree graphs H with small bandwidth.

For the formulation of these lemmas, recall the definition of a colour adjustable copy of the
graph C} (see Definition 5.12 on page 59). Recall, furthermore, that the graph K} on vertex
set [k] x [3] is the union of k vertex disjoint triangles on vertices {i} x [3], i € [k] (see page 49),
and the i-th triangle in K} is K3[(i, 1), (4,2), (i,3)].

The lemma for G now states that a graph G with sufficiently high Ore degree has an (e, d)-
regular partition with reduced graph R that contains a colour adjustable copy of C’,‘z oK ,f as
well as a K that is triangle connected to this C’,?;. The colour adjustability of C’,‘:’ will be used
by Lemma 5.13 which adjusts this partition to the partition of H later. The copy of Ky is
needed by the lemma for H as we will explain below.

We say that a vertex partition (V; j)ic(x jefs) is equitable if |V; ;| and |V; ;| differ by at most
1 for all i € [k] and 7,5’ € [3].

Lemma 7.15 (Lemma for G). For all v > 0 there is d > 0 such that for all € > 0 there
is k1 € N such that for all n > ki the following holds. Let G = (V, E) be an n-vertex with
60(G) > (3 +v)n. Then G has an equitable (e, d)-regular partition V = (Vij)ielk) jef3) with
reduced graph R on 3k < ky vertices such that

(G1) K4 C R and K,‘:’ - C;:’ C R such that K4 and K;:’ are in the same triangle component
of G and C’,z’ is colour-adjustable in R,

(G2) (Vij)iew,jeg) s (¢, d)-super regular on K},
(G3) Vil > (1 —e)n/(3k) for alli € [k], j € [3].

This Lemma is almost a standard consequence of the Ore version of the regularity lemma
(Lemma 7.4) and Lemma 7.3. For distributing the vertices in the exceptional set however we
need some more work. The proof is given in Section 7.6.

We next state the lemma for H. This lemma receives an integer partition (1;;)ic[r) je[3] a8
input, which will encode the sizes of the partition classes of GG later, and tries to set up the
sizes of the partition classes it constructs for H according to (n;;)ic[x) je[3- However, it does
not succeed completely but can only get close to this goal (by an error of {n). In the proof
of Theorem 7.2 we will make use of the adjusting lemma, Lemma 5.13 from Chapter 5, to
compensate this difference.

Lemma 7.16 (Lemma for H). For all £ > 0 and k € N there is By > 0 such that for all B < [y
the following holds. Let H = (V,E) be a 3-colourable n-vertex graph which has maximum
degree A(H) < A and bandwidth bw(H) < n. Further, let R be a graph on 3k vertices that
contains a spanning connected triangle factor K,‘:’ as well as a copy of K4 in the same triangle
component. Let (n; ;j)ick] je3) be an equitable integer partition of n with n;; > n/(6k) and set
n;j :=n;j +&n. Then H has a vertex partition V= (ffz"j)ie[k]hje[g] that is €-compatible with
(15 )ictkjer3) and Kj; C R.

The proof of this lemma is given in section 7.5. The idea is to follow the strategy outlined
in Section 1.3.4 of the introduction, cut H into small pieces along its bandwidth order, assign
these pieces to the triangles of K ;Z’ C R in the reduced graph, and balance this assignment, if
necessary, with the help of the K4-copy in R.
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Using the lemma for G, the lemma for H, the general embedding lemma, and the adjusting
lemma we can now give the proof of Theorem 7.2.

Proof of Theorem 7.2. Given A and +y let d be the constant provided by Lemma 7.15 for this
~v and assume without loss of generality that d < %. With d and A at hand we request a
constant €qgy, from Lemma 3.12 with input dgg, := d/2, A, and r := 3. We feed = 3, d and
£qer, into Lemma 5.13 to get an e/, and fix

e = min{el ., e, 1/10}. (7.2)

Then we pass €4 to Lemma 7.15 to get k1. Next, we continue the application of Lemma 5.13.
For each 0 < k’ < k; this lemma provides a constant & and we choose the smallest of these &
as &s.13. Similarly, for

fH = min{chL; 55413/1471}

and each 0 < k¥’ < k; Lemma 7.16 replies with a 3, and we choose the smallest of these [y
as 3. We set ng := k1 and have now fixed all constants.

Next, we receive input graphs G = (V,E) and H = (V,E) on n > ng vertices with
A(H) < A, bw(H) < Bn, and 6¢(G) > (3 +v)n. We hand G on to Lemma 7.15 to obtain
an (gg,d)-regular partition V' = (Uj j)ic[x],je3) With reduced graph R on 3k < ki vertices
fulfilling (G1)-(G3). Let (ni;)ic[x],je3 be the integer partition of n given by n;; := |U; |
and observe that, by (G2) this partition is equitable and by (G1) the graph R contains Ky
as well as a spanning connected triangle factor K. Moreover, by (G3) and (7.2) we have
nij > (1 —eg)n/(3k) > n/(6k) for all i € [k], j € [3]. Hence we can appeal to Lemma 7.16
with input &4 and k, the graphs H and R and the partition (ni,j)ie[k]de[g]. We obtain a
vertex partition (‘Zyj)ie[k]’je[g] of H which is {y-compatible (and thus eqp -compatible) with
the integer partition (n; ;)ic(x je(3) defined by nj ; :=n; ; + §ym and with K} CR.

By (G1) the reduced graph R fulfils K € C¥ C R and C} is colour-adjustable in R.
By (G2) the graph G is (g4, d)-super-regular on K} and by Lemma 7.16 the partition of H
is {y-compatible with (n] ;)ic[ ez and K} C R. This implies |V; | < n;; = nij+&u
and hence |Vij| = n;; + kém = |Usj| & &sn for all i € [k], j € [3]. Tt follows that
the conditions of Lemma 5.13 are satisfied for the graph G, its (¢, d)-regular partition
(Uij)ick),jefs) With reduced graph R and e¢ < €7 5, and for the integer partition (7 ;)icpi] je3]
defined by 7, ; = ]f/;j\ Since dgg;, = %d this lemma gives us an (egg, dogy)-regular partition
V' = (Vij)iek],je[3) With reduced graph R that is (eggL, dep.)-super-regular on K ,:;’ and satisfies
’V;"j‘ = fLi’j = ‘Vi’j‘ for all 7 € [k],j S [3]

This in turn prepares us for the finish. Observe that the partitions (V;;)icr je[3 and

(Vij)iek),je3) of G and H, respectively, satisfy the properties required by the general embedding
lemma (Lemma 3.12) due to the choice of eggy. Hence we can apply this lemma to the

graphs GG and H with their partitions (V; ;)ic jez) and (Vi j)iex),je[3), respectively, and to R
and R’ := K}. Therefore H is a subgraph of G. O

7.5 Partitions of 3-colourable graphs with small bandwidth

In this section we prove of the Lemma for H (Lemma 7.16). In this proof we will perform the
following steps. Let H be given together with a graph R that contains a connected spanning
triangle factor K ,‘3 as well as a K4 in the same triangle component and an integer partition
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(”i,j)z‘e[k},je[s]- We first cut H into k segments with sizes as dictated by the integer partition
(4,5)ielk],jef3) and assign each segment to a triangle of K g’ Afterwards we further cut each
segment into much smaller pieces and use the 3-colouring of H to construct homomorphisms
from each of these pieces to the clusters of the triangle a piece was assigned to. The most
difficult step of the proof will then be to “connect” the homomorphisms of the pieces and
obtain a homomorphism from H to R. For convenience this step is taken care of by the
following proposition, which we will prove first. Its proof relies on the fact that Ky and K ,‘3
are in the same triangle component of R.

Proposition 7.17. Let R = (Vg, ER) be a graph on 3k vertices, let t and t' be two triangles
that are in the same triangle component of R which also contains a Ky. Let H be a 3-colourable
graph on vertex set [n| with bandwidth at most Bn whose vertices are given in bandwidth order
and let ¢ : [n] — tUt' be a mapping from the vertices of H to the vertices of the triangles t
and t'. Assume further that there is a vertex x € [n] such that for V := [z] and V' := (x,n]
the restriction of v to Visa homomorphism from H[f/] to t and the restriction of v to V' is
a homomorphism from H[V'] to t'.

Then there is a homomorphism h : [n] — Vg from H to R such that if h(a) # p(@) then
@ € [z, + 100k*Bn].

Proof. Assume the graphs H and R satisfy the requirements of the proposition. Let v}, v3,
v, vj € Vg be the vertices of the K4 that is in the same triangle component as ¢ and ¢'. Let
f be the restriction of ¢ to V and f’ be the restriction of ¢ to V'.

Let o be a 3-colouring of H that is “compatible” with the homomorphisms f and f’ in the
following sense: If f(@) = f(9) for @, o € V or f'(@) = f'(v) for @, & € V' then o () = o(d).
This colouring o exists because f is a homomorphism from H [f/] to the triangle ¢ and f’ is a
homomorphism from H [V] to the triangle t’. Accordingly we can denote the vertices of ¢ by
v1, v2, and v3 in such a way that all vertices in € f~!(u;) have colour o(x) = j for j € [3].
Similarly we can denote the vertices of ¢’ by v}, v, and vy such that f'(x) = v} iff o(z) = j.
We also say that o induces colour j on the vertices v; and v} of R for j € [3].

Next we will define how, for an arbitrary triangle walk w = ey, ...e, starting in e; = v1v9
these induced colours “propagate” along this triangle walk. We remark that the propagated
colours will later describe how a vertex @ of H is assigned to a vertex in such a triangle walk
depending on the colour o(@). Let wi,..., wp41 with wy = vy and wy = vy be the vertex
sequence corresponding to the triangle walk w (see Definition 7.8). Consistently with the
definition of induced colours, we say that colour ¢; := 1 is propagated by w to v1 = wy and
colour ¢y := 2 to vy = we. Inductively, for a vertex w; with w € [p + 1] we say that colour
¢; € [3] is propagated to w; if the following holds: Recall that w; := e;_1 \ e;_2 and let ¢; be the
triangle containing e;_; and e;_9 (which exists by the definition of a triangle walk). We will
set up ¢; such that on the triangle ¢; all three colours appear. For this purpose let w;, w;, w;»
be the vertices of t;. Then #’,7” < i and so the colours ¢;; and ¢;» propagated to w; and w;»,
respectively, were previously defined (and are distinct). Then let ¢; be the colour such that
{¢i,cy,cin} = [3]. Observe that by this definition, different colours may be propagated to
a vertex v of R; but in the following we will usually talk about colours propagated to the
final vertices w, and wpy1 of a triangle walk w, by which we mean the colours ¢, and cp41,
respectively. Moreover, we analogously define colours propagated on triangle paths starting in
vjvh.

Claim 7.18. There is a triangle walk w* = €7, ..., e,. starting in €] = v1v2 and ending in
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ey = V15 such that the colours propagated by w to vy and vy coincide with the colours induced

on v} and vl by o and such that p* < 2k* + 20.

Proof. For proving this claim we will choose triangle walks w and w’ starting in v;ve and vjv),
respectively, and ending in the edge viv; of K4. Then, potentially “walking” around the K4 a
couple of times, we will connect these two triangle walks such that the resulting triangle walk
propagates colours that are consistent with the induced colours.

Let e = vjvg, € = vjvh, e* = viv} be edges of t, t', and K4, respectively. Since t, ¢, and
K, are in the same triangle component of R there are triangle walks w = e1,..., e, and
w' =el,...,e, in R with e; = e, e] = ¢, and ¢, = ¢, = €. Since R has less than k?
edges we can further assume that p,p’ < k% Let wy, ..., wyy1 and wi, ... 7w;/+1 be the vertex
sequences corresponding to the triangle walks w and w’, respectively, and note that we have
Wpwpt1 = €p = wyw, 4 = e, = e*. Now w propagates colours c(v]) and c(v3) to v} and v3,
respectively, and w’ propagates colours ¢/(v]) and ¢ (v}) to these vertices. It is not difficult
to check that, using the edges of K4 the triangle walk w can be extended to a triangle walk
w starting in e and ending in e* such that @ propagates colours ¢(v) and ¢ (v}) to its final
vertices v} and v}. Indeed, if we denote by w™ the triangle walk in K4 with corresponding
vertex sequence vz, vy, v],v5 and by w™ the triangle walk in Ky with corresponding vertex
sequence vy, v3, v5,v] then w can be obtained by appending at most 3 times a copy of either
wh or w™ to w (mixtures of w™ and w™ are allowed). It follows that the triangle path w*
resulting from the concatenation of @ and w’ satisfies the claim because the length of w' is at

most k2 — 1 and that of & is at most k? — 1 + 16. O
We will use this triangle walk w* = €7, ..., e,. for constructing the desired homomorphism
h:[n] — Vg. Let cj, ..., ¢y be the sequence of colours propagated along w* and 7, ..., ;. 4

be the sequence of triangles defined by w*, i.e., ¢} is the triangle of R that contains e] and
ej,1. Further, for all i € [p* —1],j € [3] let u; ; be the vertex w}, in triangle ¢; such that colour
c¢;, = j was propagated to w}, by w*. Observe that by the definition of the colour propagation
and the choice of w* we have

/ /
uy1 = V1, ul,g = V2 and up*_1’1 = Uy, up*_Lg = Vy. (7.3)

Now we have to change the images of some vertices of H in order to transform the mapping
¢ into a homomorphism h. For this reason we define linking sets Ly,...,Ly~—1 C [n] in H
with L; := (x + (i — 1)26n,x + i - 20n]. The idea then is to let h map all vertices of L; to
triangle ¢t in w* in such a way that vertices with colour j are mapped to the vertex u; ; in
triangle ¢7 to which colour j was propagated. Accordingly we define

W) = {uj %f i € L and (i) = j
p(a) ifag UL

and claim that this is a homomorphism satisfying the assertions of the Proposition. It is
easy to see from the definition of h that h(a@) # (@) implies @ € (z, 2 + 100k?3n] because
p* - 26n < (2k% + 20)26n < 100k?Bn. Hence it remains to show that A is a homomorphism.
To see this let @0 be an arbitrary edge of H. We consider several cases. If neither @ nor o
is in a linking set then h(u) = ¢(u) and h(0) = (). Moreover bw(H) < fn implies that
either both @, € V or both @, € V' and so h(@)h(?) is an edge of one of the triangles ¢ and
t’. As second case assume that @ is in a linking set L; with i € [p* — 1]. Now, if ¥ is in the
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same linking set L; then @ and ¥ are both mapped to vertices of the triangle t; by h. As u
and ¢ have different colours in ¢ they are mapped to distinct vertices of ¢;. Hence assume
that © € L;. Then either 9 <z and i =1, or ¥ € L;_1UL;11, or © > z + (p* — 1)26n and
1 =p* — 1. We will only consider the last of these three cases here, which is the most difficult
one. The other two cases follow similarly. In this last case we have

h(@) = up—1,j with j = o() and h(v) = ¢(v) = v with j' = o(2),

where we recall that v;., is the vertex of the triangle ¢ on which o induces colour j'. Since @
and v have different colours in o we have j # j'. Moreover, w* is a triangle walk ending in
vjvh and so its last triangle ¢%._; and the triangle ¢’ share the edge v]v). By the definition of
the colour propagation and the resulting definition of A we thus have the following situation: If
h(@) = up«—1,; is a vertex of ¢’ we have j € {1,2} and h(%) = up-—1,; = v} by (7.3). Therefore
h(u)h(?) is an edge of t'. Otherwise, by (7.3), we have j = 3 and so j’ € {1,2}. It follows that
h(?) = v}, also is a vertex of the triangle #7._;, more precisely by (7.3) it is the vertex uy-—y ;.
Consequently h(@)h(?) is an edge of ¢;._; and we are done. O

Now we can give the proof of Lemma 7.16. In this proof we make use of the simple
Proposition 5.14 (see page 62) from Chapter 5.

Proof of Lemma 7.16. Given ¢ and k choose By := 1074¢2/k3, let 3 < By be given, and set
¢ :=10°k28. Let H = ([n], E) be a 3-colourable graph with A(H) < A and bw(H) < n such
that 5 < (o, and let o be a 3-colouring of H. Let R = ([k] X [3], Er) be a graph on 3k vertices
that contains a K4 and a spanning connected triangle factor K ;Z’ (assume the vertices of R
are named according to this K3). Let further (ni,5)ielk),je[3) Pe an equitable integer partition
satisfying n; ; > n/(6k) for all i € [k],j € [3] and set nj ; := n; j +&n.

As explained in the introduction of this section we will first cut H into segments (which are
assigned to different triangles of K ;:’) and then these segments into much smaller pieces of size
roughly &’n. Then we will construct homomorphisms for each of these pieces to one of the
triangles in K g' These homomorphisms and the segments above are set up in such a way that,
altogether each cluster V; ; receives roughly n; ; vertices. Finally we will use Proposition 7.17
to modify these homomorphisms slightly in order to get a homomorphism from H to R which
will in turn give the desired vertex partition of H.

Assume that H is given in bandwidth order. Cut the vertices [n] of H along this bandwidth
order into segments S; C [n] with ¢ € [k] where S; has size s; := n;1 + n;2 + n; 3 and let s} be
the first vertex of S;. Then assign segment S; to the i-th triangle of K.

Next we do the following for each triangle ¢ of K ,‘3 . Let S; be the segment assigned to ¢ and
(i,1), (i,2), and (i,3) be the clusters of t. We assume for simplicity that {'n is integer, set
p(i) == [si/(&'n)| define pieces Py :=[sf+ ({ —1)&'n, sf +&n) for all £ € [p(7)], and add all
(at most &'n) vertices u > p;&'n of S; to P; p(i)- We will use these pieces to assign the vertices
of S; to the clusters of . We start with the first piece F;; and assign the vertices u € P
with colour o(u) = j to cluster (4, j) for j € [3]. We continue with the piece P; 2 and then P; 3
and so on as follows. Assume we are about to assign the vertices of piece P; ¢ in this process
and so far s; ; vertices u were assigned to cluster (¢, j) for j € [3]. The idea now is to choose
the smallest colour class j € [3] of piece Piy , i.e., the vertex set 0=1(j) N P, 4, and assign all
these vertices to the cluster (i,j’) of ¢ that received most vertices so far, i.e., the cluster with
biggest s; ;. We further assign the next smallest colour class of F;, to the cluster of ¢ that
received the next biggest number of vertices so far and so on. To make this precise assume
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for simplicity of the presentation that s;1 < s;2 < s;3. Now let 5;- = lo71() N P; 4| be the
vertices of colour j in P; ¢ and let 7 : [3] — [3] be a permutation such that S;(1) > s;@) > s;(g).
Then we assign all vertices u € P; ¢ of colour o(u) = m(j) to cluster (,j) for j € [3]. Observe
that Proposition 5.14 applied with 7 := 3 as well as ¢; = s;; and ¢ = s;(j) for j € [3] and for
x = 'n asserts that throughout this procedure we have that the number of vertices assigned
to two different clusters of ¢ differs by 2¢'n at most.

After assigning the vertices of all pieces P, with i € [k] and ¢ € [p(i)] to clusters of K} in

this way denote the resulting (united) assignment by ¢ : [n] — [k] x [3]. Note that
o™ (6 D)) < mij £ 2€'n (7.4)

for all vertices (7, j) of R because (n;;)ic[x) je[3] is an equipartition, we assigned a segment of
size n; 1 + n;2 + ni3 to the triangle ¢ in R consisting of vertices (7,1), (4,2), (¢,3) and then
asserted that the number of vertices assigned to two different clusters of ¢ differ by 2¢'n at
most. Moreover ¢ is a homomorphism to R (in fact to a single triangle of K ,‘3) when restricted
to P ¢ for all i € [k] and ¢ € [p(4)].

In the remaining part of the proof we will transform the assignment ¢ into a homomorphism
from the whole graph H to R. To this end we will use Proposition 7.17. Let ¢; be the i-th
triangle of K} for i € [k]. For each consecutive pair of pieces P;; and P ¢+1 with ¢ € [p(i) — 1]
we apply Proposition 7.17 on R, the triangles ¢ := ¢’ := t;, the graph H; o1 := H[P; ;U P; y41],
the mapping ¢ restricted to the vertices of H; /41 and to the last vertex (in the bandwidth
ordering) x of P;y. Then Proposition 7.17 produces a homomorphism h; 1 from H;iq
to R that coincides with ¢ on P;, and all but the first 100k?8n vertices of P;¢41. Similarly,
for the last and the first piece, respectively, of each two consecutive segments S; and S;41,
i € [k — 1] we apply Proposition 7.17 on R, the triangles ¢t = ¢; and ¢ = ¢;11, the graph
Hi11 = H[P; ;) U Piy1,1], the mapping ¢ restricted to the vertices of H;11,1 and to the last
vertex (in the bandwidth ordering) of P; ;). Then Proposition 7.17 produces a homomorphism
hiy1,1 from H; 111 to R that coincides with ¢ on P pi) and all but the first 100k%0n vertices of
Pit11. Then we define the mapping h : V — Vg by setting h(@) := h;¢(@) for all vertices @ in
piece P;y for all i € [k], £ € [p(i)]. Observe that h coincides with ¢ on all but the first 100k?3n
vertices of each piece P;, which we denote by P,. Moreover, as 100k%5n 4+ 1008n < &'n
these non-coinciding intervals P, do not overlap but have distance more than 0On, hence there
are no edges between them. Thﬁs, because each h; ¢ is a homomorphism from H;, to R, the
united mapping h also is a homomorphism from H to R which coincides with ¢ on all but at
most k - 100k23n vertices.

For defining the vertex partition (‘z’j)ie[k},je[g] we now set V;; := h™'((i,5)). Since h is
a homomorphism to R the partition (‘z,j)ie[k]’je[iﬂ clearly is an R-partition of H. Addition-
ally (7.4) implies | [V; | — n;;| < 26'n + 100k*8n < &n and hence |V; ;| < n; ; because h
coincides with ¢ on all but at most 100k38n many vertices. For i € [k], j € [3] let Z, ;
be the set of vertices in f/” that have neighbours in clusters that do not belong to the
i-th triangle of K ,i’ or that have common neighbours with such neighbours . To show that
(Vi,j)z‘e[k],je[s] is &-compatible it remains to show that for all ¢ € [k], j € [3] the set Z; ; satisfies
|Zi ;] < %{ni,j < %fn’i,j. This is true because Z; ; can only contain vertices of the intervals
Pj , with i' € [k], £ € [p(i)], their neighbourhood and their second neighbourhood. There are
at most 1/’ sets P , and they are intervals in the bandwidth order of H of size 100k%6n
each. It follows that |Z; ;| < (100k*Bn + 48n) /€' < 1&n/(10k) < 3én, ; where we use that
B < Bo = 10"%¢2/k3. Thus (‘z,j)ie[k},je[?)] satisfies all required properties. O
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7.6 Colour-adjustable partitions

In this section we prove the lemma for G. We will first apply the Ore version of the regularity
lemma, Lemma 7.4 to obtain a regular partition of G and a reduced graph R with high Ore
degree. This enables us then to use Corollary 7.14 and infer that the reduced graph R contains
a copy of C3, which will be shown to be colour adjustable by using Proposition 7.7. Moreover,
the existence of a K, in the same triangle component follows from Proposition 7.9. We will
then apply Proposition 3.7 from Chapter 3 to modify the regular partition of G into a regular
equipartition (with the same reduced graph R) that is additionally super-regular on K g’ - Cg’.

It remains, and this is the most laborious step, to distribute the vertices in the exceptional
set of the regular partition to the other partition classes such that neither the super-regularity
nor the equipartition gets destroyed. For this we will distinguish between small and big vertices
(cf. the definition on page 85) in the exceptional set. The reason for this distinction is that,
as it turns out, the big vertices can easily be distributed to triangles T of K g’ where they
have many neighbours in every cluster of 7' (this was in fact already demonstrated in the
distribution of the exceptional set in Section 5.5 of Chapter 5). Hence we can distribute these
big vertices “equally” over the clusters of such triangles while maintaining super-regularity as
well as an equipartition.

For the small vertices applying the same procedure is unfortunately not possible. As we will
show, however, for each small vertex v we can find triangles T in K g’ such that v has many
neighbours in two of the three clusters of T. Thus moving v to the third cluster C of T" will
not destroy super-regularity. For maintaining an equipartition we will, in exchange, pick a big
vertex in C' and move it to the exceptional set.

Proof of Lemma 7.15. We first set up the necessary constants. Given « let d := ~/10%. Given
e we next fix auxiliary constants ¢’ and d’ by setting d’ := 2d and choosing ¢’ small enough

such that
£ 410%\/e'/y<e and  10°\/¢/y <d. (7.5)

Next we define constants eg;, and dg;, for the application of the regularity lemma such that

8e
/ > RL

> d < dg; — 8expt, and 2(epy + dgy) < %07' (7.6)
1 —4eg,

€
This is possible because d’ = 2d = 27/10*. Now we apply Corollary 7.14 with parameters %*y
and p := ey, to obtain kg and Lemma 7.4 with input g, and this kg and get k1. This finishes
the definitions of the constants.

For constructing the desired partition of an input graph G satisfying the requirements of
the lemma we commence by applying the regularity lemma in the form of Lemma 7.4 with
parameters egp, kg, 1 := % + 7, and dg,. We obtain an (egy, dg.,)-regular equipartition with
reduced graph Ryg;, on ko < kg, < ky vertices with dg(Rrs) > (1—2(ern+drs))kr > (%+%’y)km.
Next we apply Corollary 7.14 with %'y and p := egy, to the graph Ry, and conclude that C;z is
a subgraph of Ry, with 3k > (1 — &gy )kg,. We claim that the graph R = (Vg, Er) induced in
Ry, on the 3k vertices spanned by C;? is still a (2egy, dgy,)-reduced graph for an equipartition
of G and satisfies 0p(R) > (4 + 7)k. Indeed, 6¢(R) > dg(Ruw) — 2erkn > (3 + 37)3k.
Moreover, assume we move those clusters (of the (egy,, dgy)-regular equipartition corresponding
to Ry.) that are not covered by C’,:;’ to the exceptional set. Then we obtain an (2egy, dgy)-
regular partition of G since the exceptional set of this new partition is of size at most
ErLN + 5RLkRL(n/kRL) = 2egLn.
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We now rename the clusters of R according to the (spanning) copy of C} to [k] x [3] and
claim that C is colour-adjustable in R. To see this let {57, ~,j} = [3] be arbitrary and apply
Proposition 7.7 to R and the equipartition Vg = ([k] x {1})U([k] x {2})U([k] x {3}). This
implies that there is an i € [k] such that (i,71) has more than k neighbours in [k] x {j7,j}
and consequently there is i* € [k] such that (7,51) has an edge to the two vertices (i*,j") with
j' # j~ in R. This means that C} is colour-adjustable in R. Observe further that K} C C?
and so all triangles of this K ,:;’ lie in one triangle component of R and we get a K4 in the same
triangle component by Proposition 7.9. Consequently we have (G1).

We continue by applying Proposition 3.7 with parameters 2eg., dr, and A = 2 to the
graph G and its (2egy, dp;,)-reduced graph R and to R’ := K3. We obtain an (&', d’)-partition
VoU(VY)ieli) jejs) With reduced graph R that is (&', d')-super-regular on K} because

, (7:6) , (7:6)
g = 85RL/(1 - 45RL) and d < dgy, — 8egy -

It remains to distribute the vertices in the exceptional set of this partition to the other
partition classes without destroying regularity or super-regularity. Let us first describe how we
perform this distribution and then determine its effects on the regularity. Roughly speaking,
the strategy is as follows: We will first exchange some small vertices in V{j with big vertices
from other clusters (hence maintaining an equipartition). Then, in a second step, we will
redistribute all remaining vertices in V{j as well as the new big vertices (that we just exchanged
against small vertices) to the clusters of (V/;)icik) jeiz)- We will see that the first step is
necessary in order to guarantee that the second step can be carried out in such a way that the
resulting partition is still an equipartition.

For giving the details it is convenient to first introduce some definitions. Let L’ be the sizes
of the clusters in (V/;)icx) jei3- We say that a triangle ¢ in K3 is u-friendly if u has at least
2d' L’ neighbours in each cluster of ¢ and w-half-friendly if t is not u-friendly but there are two
clusters of ¢ such that u has at least 2d’L’ neighbours in these clusters.

Claim 7.19. If the number of u-friendly triangles is less than %Pyk‘ then u 4s small and there
are at least 1—10')4{ triangles that are u-half-friendly.

Proof. If there are less than %’yk triangles that are u-friendly, then u has degree
deg(u) < (2kL' +2d'L') + {57kl +e'n < (3 +d)n+ Lyin+en < (3 + in

and thus u is small. Therefore Proposition 7.5 implies deg(u) > (3 +v)n and hence, if X is
the number of u-half-friendly triangles, we get

(3 +7)n < deg(u)
< 1—10'yk 3L+ X - (2L +2d'L) + (k — lioryk —X)(I'+2-2dL)+en
=X (L' =2d'L) + kL' ($y+ (1 - 357) 1+ 4d)) +&'n
< X(n/3k)+ ({57 + 5 +2d)n+e'n,

We conclude that X > (3 ++v — &7 — 3 —2d' — £)3k > {5k, O

Our first aim now is to exchange all vertices u of V{ that do not have many u-friendly
triangles with big vertices from clusters in triangles that are w-half-friendly. While the
preceding claim guarantees that there are many u-half-friendly triangles for these vertices, the
following claim implies that we can find many big vertices in such triangles.
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Claim 7.20. If u is small and C is a cluster such that u has less than 2d'L’' neighbours in C
then there are at least 100e'n/(vk) big vertices in C.

Proof. By Proposition 7.6 the small vertices of G form a clique. Hence all non-neighbours
of u in C are big. The number of these non-neighbours is at least (1 —2d’)L’' > 1(n/3k) >
100e'n/ (k). O

Accordingly we can now perform the following exchange procedure: Let U C Vj be the
set of vertices u in Vj with less than f—ofyk: triangles that are u-friendly. By Claim 7.19 all
these vertices are small and have at least %’ykz half-friendly triangles. It follows that we can
assign the vertices of U to the triangles of K ;:’ in such a way that each u € U is assigned
to a u-half-friendly triangle and no triangle receives more than |U|/({5vk) < 10e'n/(vk)
vertices. For each vertex u € U we then do the following: Let ¢ be the triangle such that u is
assigned to t. Since ¢t is u-half-friendly, there is a cluster C in ¢ such that u has less than 2d'L’
neighbours in C. In the two other clusters of ¢ the vertex u has at least 2d’L’ neighbours. We
remove u from Vjj, add it to C' and instead move a big vertex of C' to V. This is possible
since at most 10e'n/(vk) vertices of U were assigned to C, and by Claim 7.20 the cluster C
contains at least 100e'n/(vk) big vertices.

Let V' U (V/"))ic(k),je3) be the partition we obtain after this exchange procedure. Observe
that |V’| < ¢’'n and Vj’ only contains vertices u with at least l—loyk triangles that are u-friendly.
Hence we can assign each of these vertices u € V' to a u-friendly triangle of K ,‘3 in such a way
that at most e'n/ (%fyk) vertices are assigned to each triangle. This implies that each u € V'
is assigned to a triangle ¢ such that u has at least 2d’ L’ neighbours in each cluster of ¢. Finally,
for each triangle ¢t of K ,‘:’ we distribute all vertices of Vjj’ that were assigned to ¢ among the
three clusters in ¢ such that the sizes of the resulting clusters are as equal as possible.

We call the resulting partition (Wjj)ie[k]hje[g] and claim that this partition has the required
properties. Verifying this claim will finish the proof of the lemma. Observe first that
Vil = [Vi;| = (1 =&)n/(3k) > (1 —e)n/(3k) for all i € [k],j € [3] and so we get (G3).
To see (G2) notice further that this partition is equitable: The regularity lemma produced
the equipartition (V/ )ie[k]ﬂ'e[g}, and the exchange procedure modified this partition to get

2,
(Vi")iek) je3 and guzjiranteed that |V/;| = |V/}| for all i € [k],j € [3]. Then, in the final
distribution of V" we distributed vertices assigned to a triangle of K ,i’ as equally as possible
and 50 (Vi ;)i je[3) is indeed equitable. It remains to show that (V; ;)ic(x,je[3) is (€, d)-regular
on R and (e, d)-super-regular on K;. To see this, recall that at most 10e'n/(vk) vertices
were moved out of any cluster and into any cluster throughout the exchange and distribution
procedure. For o := 100&’/~ we thus have

/

VAVl £2-102 < a(l— o)
’ 7

3k
for all i € [k], j € [3]. Hence Proposition 3.8 applied with ¢/, d" and o =: (3 to all (¢/, d')-regular
pairs of the partition (V};);cf je3) implies that the partition (Vi ;)icpu jefs) is (€, d)-regular

Z7j
on R by (7.5). In addition all vertices v € V; ; N V", have at least

< alVl

(7.5)
d'WV%| = alVipl > (d(1=2a) —a)|[Viy| > d|Vyl

neighbours in all clusters V; j» with j # j'. The exchange and distribution procedure asserted
the same for all vertices v € V;; \ V/;. Accordingly, Proposition 3.8 implies additionally that
(Vij)ielk],jel3) 1s (g, d)-super-regular and thus we get (G2). O
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Chapter 8

The tripartite Ramsey number
for trees

In this chapter we consider a Ramsey-type embedding problem for trees. Recall that, for a
family F of graphs and a graph K, we say that K is Ramsey for F and write K — F if in
any edge-colouring of K with green and red one of the colour classes contains a copy of each
member of F.

Many classical Ramsey problems consider the question for which n the complete graph
K,, is Ramsey for a particular family of graphs F (see Section 1.1.2). Here we are instead
interested in the case that K is a complete tripartite graph K, ;. We prove the following
theorem about trees, confirming a conjecture of Schelp [89] (see also Section 1.2.3). Let 7;
denote the family of trees of order ¢ and 7,2 be its restriction to trees of maximum degree at
most A.

Theorem 8.1. For every p > 0 there are o > 0 and ng € N such that for all n > ng
Kn,n,n - ZAa
if A<n®andt < (3—p)n/2.

By Theorem 1.11 the graph K3, is Ramsey for 7; with s = %n + 1. Theorem 8.1 asserts
that if we replace 7; by the class ’Z;A of bounded-degree trees of site t with ¢ only slightly
smaller than s, then we can remove three n-vertex cliques from this K3, and the resulting
graph K, ,, ,, is still Ramsey for ’Z;A.

Notice that, in contrast to all other embedding results in this thesis, the bound on the
maximum degree of T in Theorem 8.1 is not constant, but grows with n. Consequently we
do not apply the blow-up lemma (Lemma 3.9) when proving this result, but replace it by a
greedy embedding strategy for trees that can cope with such growing maximum degrees.

The proof of Theorem 8.1 splits into a combinatorial part and a regularity-based embedding
part. The lemmas we need for the combinatorial part are stated in Section 8.2 and proved in
Section 8.6. As explained in the introduction (see Section 1.3.2), Luczak [76] noted that a
large connected matching in a cluster graph is a suitable structure for embedding paths. Here
we extend Luczak’s idea and use what we call “odd connected matchings” and “connected
fork systems” in the cluster graph to embed trees (as explained in Section 1.3.4).

For the embedding part we formulate an embedding lemma (Lemma 8.12, see Section 8.3)
that provides rather general conditions for the embedding of trees with growing maximum
degree. The proof of this lemma is presented in Section 8.5. First, however, we shall introduce
all definitions necessary for this chapter.
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Chapter 8 The tripartite Ramsey number for trees

8.1 Coloured graphs: definitions and tools

For convenience let us first recall some definitions. A matching M in a graph G = (V, E) is a
set of vertex-disjoint edges in E and its size is the number of edges in M. For a vertex set D
and an edge set M, let D N M be the set of vertices from D that appear in some edge of M.
For a vertex v and a vertex set U covered by M we also write, abusing notation, v € M and
U C M. In this chapter we sometimes also consider a matching as a bijection M : Vi — Vi
where Viy C V is the set of vertices covered by M. For U C Vj; we then denote by M (U) the
set of vertices v € V; such that uwv € M for some u € U.

In addition we shall use the following convention in this chapter. To make our notation
compact we sometimes use subscripts in a non-standard way as illustrated by the following
example. Let Aj, Ay C A and Bj, By C B be sets and suppose that D € {A, B} and i € [2].
The symbol D; then denotes the set A; if D = A and the set B; if D = B.

Coloured graphs

A coloured graph G is a graph (V| E) together with a 2-colouring of its edges by red and
green. We denote by G(c) the subgraph of G formed by the edges with colour ¢. Two vertices
are connected in G if they lie in the same connected component of G and are c-connected
in G if they are connected in G(c). Let G be a coloured graph and v be a vertex of G and
¢ € {red, green}. Then a vertex u is a c-neighbour of v if uv is an edge of colour ¢ in G. The
c-netghbourhood of v is the set of all c-neighbours of v.

Definition 8.2 (connected, odd, even). Let G’ be either a subgraph of an uncoloured graph
G, or a c-monochromatic subgraph of a coloured graph G. Then we say that G’ is connected
if any two vertices covered by G’ are connected, respectively c-connected, in G. Further, the
component of G, respectively of G(c), containing G’ is called the component of G' and is
denoted by G[|G']. Further, G' is odd if there is an odd cycle in G[G'], otherwise G’ is even.

Notice that this notion of connected subgraphs differs from the standard one. A red-
connected matching is a good example to illustrate this concept: it is a matching with all
edges coloured in red and with a path (in the original graph) of red colour between any two
vertices covered by the matching. For subgraphs containing edges of different colours the
notion of connectedness is not defined.

Definition 8.3 (fork, fork system). An r-fork (or simply fork) is the complete bipartite graph
Ki,. We also say that an r-fork has r prongs and one centre by which we refer to the vertices
in the two partition classes of K1 ,. A fork system F' in a graph G is a set of pairwise vertex
disjoint forks in G (not necessarily having the same number of prongs). We say that F' has
ratio r if all its forks have at most r prongs. Then we also call F' an r-fork system.

Suppose that F'is a connected fork system in G. If F' is even, then the size f of F'is the
order of the bigger bipartition class of G[F]. If F' is odd, then F has size at least f if there is
a connected bipartite subgraph G’ of G such that F has size f in G'. For a vertex set D in G
we say that I is centered in D if the centres of the forks in F' all lie in D.

Next, we define two properties of coloured graphs that characterise structures (in a reduced
graph) suitable for the embedding of trees as we shall see later (Section 8.3). Roughly speaking,
these properties guarantee the existence of large monochromatic connected matchings and
fork-systems.
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Definition 8.4 (m-odd, (m, f,r)-good). Let G be a coloured graph on n vertices. Then G is
called m-odd if G contains a monochromatic odd connected matching of size at least m. We
say that G is (m, f,r)-good (in colour ¢) if G contains a c-coloured connected matching M of
size at least m as well as a c-coloured connected fork system F' of size at least f, and ratio at
most r.

Now we define a set of special, so-called extremal, configurations of coloured graphs that
will need special treatment in our proofs. To prepare their definition, let K be a graph on n
vertices and D, D’ be disjoint vertex sets in K. We say that the bipartite graph K[D, D] is
n-complete if each vertex of K[D, D'] is incident to all but at most nn vertices of the other
bipartition class. If K is a coloured graph then K[D, D’] is (n,c)-complete for some colour
c if it is p-complete and all edges in K[D, D'] are of colour ¢. We call a set A negligible if
|A| < 2nn. Otherwise, A is non-negligible.

Definition 8.5 (extremal). Let K = (V, E) be a coloured graph of order 3n. Suppose that
n > 0 is given. We say that K is a pyramid configuration with parameter n if it satisfies (E1)
below and a spider configuration if it satisfies (E2). In both cases we call K extremal with
parameter 1 or n-extremal. Otherwise we say that K is not n-extremal.

(E1) pyramid configurations: There are (not necessarily distinct) colours ¢, ¢’ and pairwise

disjoint subsets Dy, Do, D}, D) C 'V of size at most n, with |D1l|,|D2| > (1 —n)n
and |Di| + |DS| > (1 — n)n where D} and D} are either empty or non-negligible.
Further, K[D1, D}] and K[Ds, D}] are (n,c)-complete and K[D1, D}], K[D2, D], and
K[Dy, Ds] are n-complete.
In addition, either K[D1, Do) is (n,c)-complete or both K[Dy, D}] and K[D}, Ds] are
(n, c')-complete. In the first case we say the pyramid configuration has a ¢-tunnel, and
in the second case that it has a crossing. The pairs (D1, D)) and (D2, D}) are also
called the pyramids of this configuration.

(E2) spider configuration: There is a colour ¢ and pairwise disjoint subsets Ay, A2, By,
By, C1, Co CV such that |Dy U Do| > (1 —n)n and K[Dy, Db is (n, c)-complete for
all D,D" € {A,B,C} with D # D', the edges in all these bipartite graphs together
form a connected bipartite subgraph K. of K with (bi)partition classes A{UB1UC and
AsUBUCy. Further there are sets AgUAc = Ay, BAUBc = Ba, and C4UCRUCH =
Cs, each of which is either empty or non-negligible, such that the following conditions
are satisfied for all {D, D', D"} = {A, B,C}:

1. |41 > |By| = Gy UCc| and [Diy| = |D}p| <n — DY,

2. either Co =0 or Agp =0,

3. either Ay =0 or [A UB, UC4 U Cp| < (1 —n)3n,

4. either C1 =0 or |[A; UBLUC| < (1 — n)%n or |[BiUC| < (1-— n)%n.

By K}, finally, we denote the class of all spanning subgraphs K of K, ,, , with minimum
degree 6(K) > (2 — n)n. We also call the graphs in this class n-complete tripartite graphs.
Regularity

The version of the regularity lemma that we will use in this chapter takes, similarly as the
version that we saw in Chapter 6 (see Lemma 6.3), a preliminary partition as input and
produces a regular partition which refines this partition. As explained in Section 6.1 standard
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proofs of the regularity lemma allow for this extension. We will use the following definition.
Suppose that P is a partition of the vertex set V' of a graph. Then we say that a partition
VoUVAU...UVs of V refines P if for every i € [s] there exists a member A € P such that
V; C A. Observe that, in contrast to standard notation, we do not require that the “extra”
set Vo (which will be the exceptional set of a regular partition for our purposes) is contained
in one partition class of P only.

Lemma 8.6 (Regularity lemma). For all e > 0 and integers ko and k. there is an integer k;
such that for all graphs G = (V, E) on n > ky vertices the following holds. Let G be given
together with a partition V = V{U. .. UVk** of its vertices. Then there is kg < k < k1 such that
G has an e-regular equipartition V- = VoUViU. ..UV}, refining Vi*U.. .UV O

We also say that V = V{*U... UV}’ is a prepartition of G.

Remark. Throughout this chapter use blackboard symbols such as G or M for reduced graphs
and their subgraphs.

8.2 Connected matchings and fork systems

In order to prove Theorem 8.1 we will use the following structural result about coloured
graphs from ;). It asserts that such graphs either contain large monochromatic odd connected
matchings or appropriate connected fork systems. With the help of the regularity method we
will then, in Section 8.3, use this result (on the reduced graph of a regular partition) to find
monochromatic trees. The reason why odd connected matchings and connected fork systems
are useful for this task is explained in Section 8.3.1.

Lemma 8.7. For all ' > 0 there are n > 0 and ng € N such that for all n > ng the following
holds. Every coloured graph K € K, is either (1 —n')3n-odd or ((1—n')n, (1 —n')3n,3)-good.

We remark that the dependence of the constant ng and 7’ is only linear, and in fact we can
choose ng = 1’/200. As we will see below, Lemma 8.7 is a consequence of the following two
lemmas. The first lemma analyses non-extremal members of K.

Lemma 8.8 (non-extremal configurations). For all > 0 there are n € (0,1) and ng € N
such that for all n > ng the following holds. Let K be a coloured graph from Kj, that is not
n'-extremal. Then K is (1 —n')3n-odd.

The second lemma handles the extremal configurations.

Lemma 8.9 (extremal configurations). For alln > 0 there isn € (0,7n') such that the following
holds. Let K be a coloured graph from K3} that is n-extremal. Then K is (1—n')n, (1—n')3n, 3)-
good.

Proofs of Lemma 8.8 and 8.9 are provided in Sections 8.6.1 and 8.6.2, respectively. We get
Lemma 8.7 as an easy corollary.

Proof of Lemma 8.7. Given 7' let sy < 71’ be the constant provided by Lemma 8.9 for
input 1’ and let 755 be the constant produced by Lemma 8.8 for input 7., := ns,. Set
n := min{nse,Nss} and let K € K, be a given coloured graph. Then K € K/*® and by
Lemma 8.8 the graph K is either (1 — 1/ 4)3n/4-odd (and thus (1 —7)3n/4-0odd as oddness is
monotone) or 7 g-extremal. In the first case we are done and in the second case Lemma 8.9
implies that K is ((1 —7')n, (1 — n’)%n, 3)-good (goodness is also monotone) and we are also
done. O
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8.3 Proof of Theorem 8.1

In this section we will first briefly outline the main ideas for the proof of Theorem 8.1. Then
we will state the remaining necessary lemmas, most notably our main embedding result
(Lemma 8.12). These lemmas will be proved in the subsequent sections. At the end of this
section we finally provide a proof of Theorem 8.1.

8.3.1 The idea of the proof

We apply the regularity lemma on the coloured graph K, ,, with prepartition as given by
the partition classes of Ky ,. As a result we obtain a coloured reduced graph K € K}
where the colour of an edge in K corresponds to the majority colour in the underlying regular
pair. Such a regular pair is well-known to possess almost as good embedding properties as a
complete bipartite graph. We apply our structural result (Lemma 8.7) and infer that K is
either (1—7')3k-odd or ((1—7')k, (1—7')3k, 3)-good. Accordingly, there is a colour, say green,
such that K contains either an odd connected green matching M, of size at least (1 — n’)%kz,
or it contains a connected greed matching M of size at least (1 —7')k and a 3-fork system F of
size at least (1 —17/ )%k We shall show that using either of these structures we can embed any
tree T' € ’Z;A into the green subgraph of K, , ,. As a preparatory step, we cut 1" into small
subtrees (see Lemma 8.14), called shrubs.

Now let us first consider the case when we have an odd matching M,. Our aim is to embed
each shrub S into a regular pair (A, B) corresponding to an edge e € M. Shrubs are bipartite
graphs. Therefore there are two ways of assigning the colour classes of S to the clusters of e.
This corresponds to two different orientations of S for the embedding in (A, B). Our strategy
is to choose orientations for all shrubs (and hence assignments of their colour classes to clusters
of edges in M) in such a way that every cluster of V(M) receives roughly the same number
of vertices of T. We will show that this is possible without “over-filling” any cluster. It follows
that we can embed all shrubs into regular pairs corresponding to edges of M. The fact that
M, is connected and odd then implies that between any pair of edges in M, there are walks of
both even and odd length in the reduced graph. We will show that this allows us to connect
the shrubs and to obtain a copy of 7" in the green subgraph of K, ; 5.

If, on the other hand, we have a matching M as well as a 3-fork system F, the basic strategy
remains the same. We assign shrubs to edges of M or F. As opposed to the previous case,
however, these substructures of the reduced graph are not odd. This means that we cannot
choose the orientations of the shrubs as before. Rather, these orientations are determined by
the connections between the shrubs. Therefore, we distinguish the following two situations
when embedding the tree T'. If the partition classes of T are reasonably balanced, then we use
the matching M for the embedding. If T is unbalanced, on the other hand, we employ the
fork system F and use the prongs of the forks in F to accommodate the bigger partition class
of T" and the centres for the smaller.

8.3.2 The main embedding lemma

As indicated, in the proof of the main theorem we will use the regularity lemma in conjunction
with an embedding lemma (Lemma 8.12). This lemma states that a tree T' can be embedded
into a graph given together with a regular partition if there is a homomorphism from 7T to
the reduced graph of the partition with suitable properties. In the following definition of
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a valid assignment we specify these properties. Roughly speaking, a valid assignment is a
homomorphism h from a tree T to a (reduced) graph G such that no vertex of G receives too
many vertices of T" and that does not “spread” in the tree too quickly in the following sense:
for each vertex x € V(T') we require that the neighbours of x occupy at most two vertices of

G.

Definition 8.10 (valid assignment). Let G be a graph on vertex set [k], let T' be a tree,
0€[0,1] and L € N. A mapping h: V(T) — [k] is a (o, L)-valid assignment of T to G if

1. h is a homomorphism from T to G,

2. |h(Np(2))| < 2, for every x € V(T),

3. |h7(i)| < (1 — o)L, for every i € [k].

In addition we need the concept of a cut of a tree, which is a set of vertices that cuts the
tree into small components which we call shrubs.

Definition 8.11 (cut, shrubs). Let S € N and T be a tree with vertex set V(T'). A set
C CV(T) is an S-cut (or simply cut) of T if all components of T — C are of size at most S.
The components of T — C are called the shrubs of T' corresponding to C'.

Now we can state the main embedding lemma.

Lemma 8.12 (main embedding lemma). Let G be an n-vertex graph with an (g, d)-reduced
graph G = ([k], E(G)) and let T be a tree with A(T) < A and an S-cut C. If T has a
(0, (1 — &)%) -valid assignment to G and (15do — 10e)% > |C|+ S+ A then T C G.

The proof of this lemma is deferred to Section 8.5. Before we can apply it for embedding a
tree T in the proof of Theorem 8.1 we need to construct a valid assignment for 7. This is
taken care of by the following lemma which states that this is possible if the reduced graph of
some regular partition contains an odd connected matching or a suitable fork system. The
proof of this lemma is given in Section 8.4.

Lemma 8.13 (assignment lemma). For all e, > 0 with € < p/10 and for all k € N there
is a = a(k) >0 and ng = no(p, e, k) € N such that for all n > ng, all r € N, all graphs G of
order k, and all trees T with A(T) < n® the following holds. Assume that either

(M) G contains an odd connected matching of size at least m and that t := |V(T)| <
(1 —w)2mi, or

(F) G contains a connected fork system with ratio r and size at least f, and T has colour
class sizes ty and ty with ty <ty <t' and ta <t'/r, where t' = (1 — p)f%.

Thén there is an (e%)-cut C of T with |C| < &% and a (§u, (1 — &)%) -valid assignment of T
to G.

8.3.3 The proof

Now we have all tools we need to prove the main theorem.

Proof of Theorem 8.1. We start by defining the necessary constants. Given p > 0, set u' := 7/
in such a way that

-8 < (1)1 ). (8.1)
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Lemma 8.7 with input 1’ > 0 provides us with > 0 and ky € N. The regularity lemma,
Lemma 8.6, with input

€= min{l(l)—OT]Q, %na, 10734/} (8.2)

and ko and k. := 3 returns a constant kj. Next we apply Lemma 8.13 with input {5 and w
separately for each value 3k with ko < 3k < k; and get constants a(3k) and ny(3k) for each
of these applications. Set a := min{a(3k): ko < 3k < k1} and nf, := max{ny(3k): ko < 3k <

k1}. Finally, choose
k1
15

/A=)y (8.3)

no := max{ny, k1, (

We are given a complete tripartite graph K, ,, with n > ng as input whose edges are
coloured with green and red. Our goal is to select a colour and show that in this colour we
can embed every member of 7,2 with A < n® and t < (3 — u)n/2.

We first select the colour. To this end let G and R be the subgraphs of K, ,, ,, formed by the
green and red edges, respectively. We apply the regularity lemma, Lemma 8.6, with input {5
on the graph G with prepartition V;*UV;'UV5" as given by the three partition classes of K, p .
We obtain an {5-regular equipartition V = V5UV1U. .. UV3y, refining this prepartition such
that kg < 3k < k1. Each cluster of this partition lies entirely in one of the partition classes of
Ky nn Let K= ([3k], Ex) be the graph that contains edges for all e-regular cluster pairs that
do not lie in the same partition class of K, . Clearly, K is a tripartite graph. Furthermore,
there are less than ek? pairs (V;, V;) in our regular partition that are not 1g-regular in G. It
follows that at most 2y/ek clusters V; are contained in more than /ck irregular pairs. We
move all these clusters and possibly up to 64/ck additional clusters to the exceptional set
V. The additional clusters are chosen in such a way that we obtain in each partition class
of K the same number of clusters. We call the resulting exceptional set Vj and denote the
remaining clusters by V/U...UVJ,, and the corresponding subgraph of K by K'. Observe
that k' > (1 — 34/¢)k. Because each remaining cluster forms an irregular pair with at most
Vek < 2\/ek’ < 'K’ of the remaining clusters we conclude that K’ is a graph from K7,. In
addition, it easily follows from the definition of e-regularity that each pair (V;,V;) with 4,
j € [K] which is e-regular in G is also e-regular in R. This motivates the following “majority”
colouring of K’: We colour the edges ij of K’ by green if the e-regular pair (V;, V}) has density
at least % and by red otherwise. In this way we obtain a coloured graph K/, € K7,.

Now we are in a position to apply Lemma 8.7 to K. This lemma asserts that K/, is either
(1—7)3K-odd or ((1—n)K, (1 —n')3k',3)-good. By definition this means that in one of the
colours of K/, say in green, we either have

(O) an odd connected matching M, of size m; > (1 — n’)%k’ >1-n)(1- 3ﬁ)%k,

(G) or a connected matching M of size ma > (1 — 0 )k’ > (1 —1')(1 — 3\/2)k together with

a connected fork system F of size f > (1 — )3k > (1 —#')(1 — 3y/2) 3k and ratio 3.
In the following we use the matchings and fork systems we just obtained to show that we can
embed all trees of 7;* in the corresponding system of regular pairs. For this purpose let G be
the graph on vertex set [3k] that contains precisely all green edges of K.. Observe that G is
an (e,1/2)-reduced graph for G.

Let T € T,” be a tree of order ¢t < (3 — p)n/2 and with maximal degree A(T) < n®. Now we
distinguish two cases, depending on whether we obtained configuration (O) or configuration (G)
from Lemma 8.7. In both cases we plan to appeal to Lemma 8.13 to show that T has

an (e2)-cut C with |C| < e% and a (34/, (1 — £)3%)-valid assignment to G. (8.4)
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Recall that we fed constants ¢, ¢/ > 0 and 3k into this lemma. Assume first that we are in
configuration (O). Because m; > (1 —7')(1 — 2\/2) 2k we have

3

n mi (8.1)<(8.2) )2 3n
— < my -
2(1—n)(1-3ye)3k 3k

Hence by (M) of Lemma 8.13 applied with the matching M, (with n replaced by n := 3n
and k replaced by k := 3k) we get (8.4) for T in this case, as A(T) < n® < n°.

If we are in configuration (G), on the other hand, then let ¢; > to be the sizes of the two
colour classes of T. We distinguish two cases, using the two different structures provided
in (G). Assume first that t; < £. Then, we calculate similarly as above that

<B-pg5 =3(1-5)

to< < (1-1ipi<i(1-p)fip, and  t <t<(1—p)fn.

Wl

Otherwise, if to > % then, similarly,
2 3
ta<t1 <3< (1-Fm<(1—p)ma- 5.

Consequently, in both cases we can appeal to (F) of Lemma 8.13, in the first case applied to F
and in the second to M. We obtain (8.4) for T" as desired.

We finish our proof with an application of the main embedding lemma, Lemma 8.12. As
remarked earlier G is an (e, 1/2)-reduced graph for G. We further have (8.4). For applying
Lemma 8.12 it thus remains to check that (3 - 0—10e)% > S+ |C|+ A with o = 34/, 5 = %,
|IC| < e%, and A <n®. Indeed,

(8.3)

(o= 100) = (5 3i = 106) } = 36 5 e e 400

So Lemma 8.12 ensures that T' C G, i.e., there is an embedding of T" in the subgraph induced
by the green edges in K, ;5. O

8.4 Valid Assignments

In this section we will provide a proof for Lemma 8.13. The idea is as follows. Given a tree T’
and a graph G with reduced graph G we first construct a cut of T that provides us with a
collection of small shrubs (see Lemma 8.14). Then we distribute these shrubs to edges of the
given matching or fork-system in G (see Lemmas 8.15 and 8.16). Finally, we slightly modify
this assignment in order to obtain a homomorphism from 7" to G that satisfies the conditions
required for a valid assignment (see Lemma 8.18).

Lemrlnez §|.14. For every S € N and for any tree T' there is an S-cut of T' that has size at
V(T
most —a—.

S

Proof. To prove Lemma 8.14 we need the following fact.

Fact 1. For any S € N and any tree T with |V (T')| > S, there is a vertex x € V(T') such that
the following holds. If F is the forest consisting of all components of T — x with size at most
S, then |V (Fy)|+1> 5.
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To see this, root the tree T' at an arbitrary vertex zg. If g does not have the required
property, it follows from |V (T)| > S that there exists a component 7} in T — xp with
\V(T1)| > S. Set x1 := N(xo) NV (T1). Let F(T1 — x1) be the forest consisting of the
components of T; — x1 that have size at most S. Observe that F(T; — x1) is a subgraph of
Fy,. Soif |[F(Ty —x1)|+1 > S, then z; has the property required by Fact 1. Otherwise there
exists a component 75 in T7 — x1 of size larger than S. Observe that 75 is also a component
of T — z1. Now repeat the procedure just described by setting xo = N(z1) NV (T3) and so on,
i.e., more generally we obtain trees T; and vertices x; = N (x;—1) N V(T;) . As the size of T;
decreases as i increases, there must be an x; with the property required by Fact 1.

Now we prove Lemma 8.14. Set C' = (). Repeat the following process until it stops. Choose
a component T” of T'— C' with size larger than S. Apply Fact 1 to 7" and obtain a cut vertex
x of T together with a forest F) consisting of components of 77 — x that have size at most S
and is such that |V (F,) U {z}| > S. Add z to C and repeat unless there is no component of
size larger than S in T'— C. As |V(T — C)| decreases this process stops. Observe that then C
is an S-cut. By the choice of C' we obtain

(D)= IV(F) Uz} >[C]- S

zeC

which implies the required bound on the size of C. O

After Lemma 8.14 provided us with a cut and some corresponding shrubs we will distribute
each of these shrubs T; to an edge e of the odd matching or the fork system in the reduced
graph by assigning one colour class of T; to one end of e and the other colour class to the
other end. Here our goal is to distribute the shrubs and their vertices in such a way that no
cluster receives too many vertices. The next two lemmas guarantee that this can be done.
Lemma 8.15 takes care of the distribution of the shrubs to the clusters of a matching M and
Lemma 8.16 to those of a fork system F'. We provide Lemmas 8.15 and 8.16 with numbers a; 1
and a; 2 as input. These numbers represent the sizes of the colour classes A; 1 and A; 2 of the
shrub T;. Since we do not need any other information about the shrubs in these lemmas the
shrubs T; do not explicitly appear in their statement. Both lemmas then produces a mapping
¢ representing the assignment of the colour classes A; 1 and A; 2 to the clusters of M or F.

Lemma 8.15. Let {ai,j}z‘e[s],jep] be natural numbers with sum at most t and a;1 + a;2 < S
for all i € [s], and let M be a matching on vertices V(M). Then there is a mapping
e: [s] x [2] = V(M) such that (i, l)cp(i, 2) € M for alli € [s] and

i + 2 M). .
| Zad 2|M] S for allv e V(M) (8.5)
(i.4)€p™! (v)

Proof. A simple greedy construction gives the mapping ¢: We consider the numbers a; ; as
weights that are distributed, first among the edges, and then among the vertices of M. For
this purpose greedily assign pairs (a;1,a;2) to the edges of M, in each step choosing an edge
with minimum total weight. Then, clearly, no edge receives weight more than S + ¢/|M|. In
a second round, do the following for each edge vw of M. For the pairs (a; 1, ai2) that were
assigned to e, greedily assign one of the weights of this pair to v and the other one to w, such
that the total weight on v and on w are as equal as possible. Hence each of these vertices
receives weight at most 5(S +t/|M|) + S and so the mapping ¢ corresponding to this weight
distribution satisfies the desired properties. O
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Lemma 8.16. Let {a;1}ic[s) and {a;i2}ic|s) be natural numbers with sum at most t1 and tz,
respectively. Let S < t1+t2 =:t and assume that a; 1 +a;2 < S for all i € [s]. Let F be a fork
system with ratio at most v and partition classes Vi(F) and Vo(F') where |Vi(F)| > |Va(F)|.
Then there is a mapping ¢: [s] x [2] — Vi(F) U Va(F) such that ¢(i,1)¢(i,2) € F and
(i,7) € Vi(F) for alli € [s],j € [2] satisfying that for all vi € Vi(F), vy € Va(F) we have

D ain < Eﬁ1_+\/12tswpw and > a22<<|17| + /12tS|F|. (8.6)

(4,1)€p™(v1) (4,2)€p~1 (v2

In the proof of this lemma we will make use the so-called Hoeffding bound for sums of
independent random variables provided by Theorem 2.5.

Proof of Lemma 8.16. For showing this lemma we use a probabilistic argument and again
consider the a; ; as weights which are distributed among the vertices of F'.

Observe first that we can assume without loss of generality that for all but at most one
i € [s] we have %S < a;;1 + a;2 since otherwise we can group weights a; 1 together, and also
group the corresponding a; » together, such that this condition is satisfied and continue with
these grouped weights. This in turn implies, that s < (2¢/S) +1 < 3t/S.

We start by assigning weights a; 1 to vertices of V;(F') by (randomly) constructing a mapping
@1: [s] x [1] — Vi(F'). To this end, independently and uniformly at random choose for each
i € [s] an image ¢1(i,1) in Vi(F). Clearly, there is a unique way of extending such a mapping
¢1 to a mapping ¢: [s] X [2] — Vi(F) U Va(F) satisfying ¢(i,1)¢(i,2) € F. We claim that the
probability that ¢, gives rise to a mapping ¢ which satisfies the assertions of the lemma is
positive.

Indeed, for any fixed vertex v = vy € Vi(F) or v = vg € Vao(F) let o(v) be the event that
the mapping ¢ does not satisfy (8.6) for v. We will show that o(v) occurs with probability
strictly less than 1/(2|F|), which clearly implies the claim above. We first consider the case
v =1 € Vi(F). For each i € [s] let 1; be the indicator variable for the event ¢(i,1) = v; and
define a random variable X; by setting

&:(L—%O%L

Observe that these variables are independent, and satisfy EX; = 0 and |X;| < 1 and so
Theorem 2.5 applied with a = /12t|F|/S asserts that

12¢|F| 1
. < — < — —_ .
IP)[EEHXZ>\/122€|F|/S} _exp( S-Zs) <exp ( 2|FD<2|F| (8.7)

where we used s < 3t/S. Now, by definition we have

1
;Y:EZ&:E 2:%1‘HS

i€[s] (i,1)ept(v1)

and so, if (8.6) did not hold for v, then we had X > /12¢|F'|/S, which by (8.7) occurs with
probability less than 1/(2|F)).

For the case v = vg € V5(F') we proceed similarly. Let ' < r be the number of prongs of the
fork that contains ve. We define indicator variables 1/ for the events ¢(i,2) = vy for i € [s]
and random variables /

Y= (1 - ) %
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with EY; = 0 and |Y;| < 1. The rest of the argument showing that o(v2) occurs with probability
strictly less than 1/(2|F) is completely analogous to the case v = v; above. With this we are
done. ]

As explained earlier these two previous lemmas will allow us to assign the shrubs of a tree
T to edges of a reduced graph G. By applying them we will obtain a mapping v from the
vertices of T" to those of G that is a homomorphism when restricted to the shrubs of T'. The
following lemma transforms such a v to a homomorphism h from the whole tree T" to G that
“almost” coincides with 1 provided the structures of T and G are “compatible” with respect to
1 in the sense of the following definition.

Definition 8.17 (walk condition). Let T' be a tree and C C V(T). A mapping »: V(T)\C —
G satisfies the walk condition if for any x,y € V(T') \ C such that there is a path P, from x
to y whose internal vertices are all in C there is a walk Py, between (x) and ¥(y) in G such
that the length of P, and the length of P, , have the same parity.

Lemma 8.18. Let T be a tree with maximal degree A, let C be a cut of T, and let G be a
graph on k vertices. Let ¢: V(T)\ C — V(G) be a homomorphism that maps each shrub of
T corresponding to C to an edge of G and that satisfies the walk condition. Then there is a
homomorphism h: V(T) — V(G) satisfying

(h1) |h(Nr(z))| < 2 for all vertices x € V(T) and
(h2) {z € V(T): h(z) # P(x)}] < 3|C|AZFL,

Observe that Property (hl) in this lemma asserts that images of neighbours of any vertex
in T occupy at most two vertices in G. By assumption, this is clearly true for ¢ but we need
to make sure that h inherits this feature. Property (h2) on the other hand states that h and
1 do not differ much. The assumption that v satisfies the walk condition is essential for the
construction of the homomorphism h.

Proof of Lemma 8.18. We start with some definitions. Choose a non-empty shrub correspond-
ing to C' in T" and call it shrub 1. Then choose a cut-vertex x; € C' adjacent to this shrub. We
consider ) as the root of the tree T'. This naturally induces the following partial order < on
the vertices V(T') of T: For vertices x,y € V(T') we have x < y iff y is a descendant of x in the
tree T' with root zj. Note that z is the unique minimal element of < and the leaves of 1" are
its maximal elements. Further, for x € C' set W, := {z € V(T) : distp(x,2) < 2k+1& x < z}
and let W = C U, cc Wa. Observe that the bound on the maximal degree of 7" implies that
[W| < 2A%K+1|C| 4|0 < 3AZFLC|. For x € V(T) \ W, we set h(x) := ¢(z). This ensures
that Condition (h2) is fulfilled. In addition the following fact holds because 1) maps each
shrub to an edge of G.

Fact 1. The mapping h restricted to V(T) \ W is a homomorphism. For all vertices x €
V(T)\ W all children y of x that are not cut-vertices have the same h(y).

We shall extend h to the set W. Our strategy is roughly as follows: We start by defining
h(xf) for the root cut-vertex zfj in a suitable way. Recall that all children of x{ are contained
in W. Then, we let h map all non-cut-vertex children y € Np(zf) \ C of zj to a suitable
neighbour of h(z) in G and do the following for each of these y. Observe that y is the root
of some shrub, which we will call the shrub of y. Now, h(y) and ¥ (y) might be different.
However, we will argue that there is a walk of even length m < 2k between h(y) and ¢(y).
Then we will define h for all vertices ¢’ € Wy contained in the shrub of y and with distance
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at most m from y. More precisely we will use the walk of length m between h(y) and 1 (y)
and let h map all 3/ with distance i to y to the i-th vertex of this walk. All vertices z in the
shrub of y for which A is still undefined after these steps are then mapped to h(z) := ¥(z).
Once this has been done for all y € Ny (zj) \ C we proceed in the same way with the next
cut-vertex: We choose a cut-vertex z* with parent x for which h(z) is already defined and
proceed similarly for z* as we did for xf.

We now make the procedure for the extension of h on W precise. Throughout this procedure
we will assert the following property for all non-cut vertices y of T" such that h(y) is defined.

There is a path of even length in G between h(y) and ¥ (y). (8.8)

Observe that (8.8) trivially holds for all y € V/(T') \ W.

As explained, we start our procedure with the root zj of the tree T'. Let x; be the root of
shrub 1. By definition x; is adjacent to x{. Note that, while ¢ is not defined on x{ it is defined
on z1. Hence we can legitimately set h(y) = ¢ (1) for all neighbours y ¢ C of zf; in T and
choose h(xj) arbitrarily in Ng(¢(x1)). Observe that this is consistent with (8.8) because for
any neighbour y ¢ C of z we have h(y) = ¢(z1) and distr(y,z1) € {0,2}. By assumption ¢
satisfies the walk condition. Hence there is a walk in G with even length between h(y) = ¥ (x1)
and ¢(y). Let P, = vg,v1,..., v, be a walk in G of minimal but even length with vy = h(y)
and v, = ¥(y). As G has k vertices we have that m < 2k. For all vertices z € W that are in
the shrub of y and satisfy dist7(y, z) = j for some j < m, we then define h(z) := v;. For the
remaining vertices z € W in the shrub of y we set h(z) := ¢ (z). Observe that this is again
consistent with (8.8) and in conjunction with Fact 1 implies the following condition (which we
will also guarantee throughout the whole process of defining h).

Fact 2. Let x* € C and y ¢ C such that h(z*) and h(y) are defined. Then the following holds:
(i) All children y' ¢ C of x* have the same h(y') and h(z*)h(y') € E(G).
(i) All children y' ¢ C of y have the same h(y') and h(y)h(y') € E(G).

In this way we have defined h for all shrubs adjacent to the root xf.

Next we consider any vertex x* € C'N Np(z) and set h(z*) := h(x1), where 1 is as defined
above. We let z* be the parent of z*, i.e., z* = x§. Then set h(y) := h(z*) for all children
y ¢ C of z*. This is consistent with Fact 2. Afterwards we have the following situation: x*
and z* = zj are neighbouring cut-vertices and the vertex x; is a non-cut-vertex neighbour of
x§. Let y € Np(z*) \ C. Then we have disty(z1,y) = 3. Because y and x; are both non-cut
vertices the properties of ¢ imply as before that there is a walk in G of odd length between
(1) and 9(y). By the walk condition and the facts that h(z1) = ¢(z1) and h(zf) = h(y),
we know that in G there is a walk P, of even length m < 2k between h(y) and v¥(y). This
verifies (8.8) for y. We thus can define h for the vertices z contained in the shrub of y as above:
if distr(y, z) < m then we use this path and set h(z) according to distr(y, z) and otherwise
we set h(z) := 1 (z). With this we stay consistent with (8.8) and Fact 2. We then repeat the
above procedure for all * € C'N Ny (z§) which implies that the next fact holds true.

Fact 3. All vertices x € Np(zfy) have the same h(x).
Now we are in the following situation.

Fact 4. The mapping h is defined on all shrubs adjacent to cut vertices x* with h(z*) defined.
Moreover, for each cut vertex x* with h(xz*) undefined that has a parent z for which h(z) is
defined, then z has a parent 2" with h(z") defined and h(z)h(2') is an edge of G.
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As long as h is not defined for all z € V(T') we then repeat the following. We choose a cut
vertex x* with h(z*) undefined that is minimal with respect to this property in <. Denote the
parent of z* by z and let 2z’ be the parent of z. Then, by Fact 4, the mapping h has already
been defined for 2’ and z. Set h(z*) := h(z’) and for all children y ¢ C of z* set h(y) := h(z).
Because h(z')h(z) is an edge of G by Fact 4 this gives the following property for 2* (which we,
again, guarantee throughout the definition of h).

Fact 5. For all cut vertices x* € C with h(z*) defined we have that h(x*)h(z) is an edge of G,
where z is the parent of x*. Moreover if x* ¢ {xo} U (C N Np(xf)), we have that h(xz*) = h(Z'),
where 2’ is the parent of z.

Moreover, the definition of h(y) is consistent with (8.8), i.e. there is a path of even length
in G between h(y) and ¥(y) for all children y ¢ C of z*. Accordingly we can again define h
for the vertices in the shrub of y as before, using this path.

This finishes the description of the definition of A. It remains to verify that h is a homo-
morphism and satisfies Condition (hl). For the first part it suffices to check that for any
y € V(T)\ {z§} with parent x we have h(y) € Ng(h(z)). If y is a vertex in some shrub then
Facts 2(i) and 2(ii) imply that h(z)h(y) is an edge of G. If y is a cut-vertex, on the other
hand, Fact 5 implies that h(z)h(y) is an edge of G. So h is a homomorphism.

Further, by Fact 2(i) and (ii) we get for all vertices 2 of T" that all children 2’ ¢ C of x have
the same h(z'). By Fact 5, if = # «f then all children 2’ € C of z and the parent z of x have
the same h(z') = h(z’). Together wit Fact 3, this implies Property (hl). O

Now we are ready to prove Lemma 8.13.

Proof of Lemma 8.13. Given e, u > 0 with ¢ < 11/10 and k£ € N we set a, ng and an auxiliary
constant 3 > 0 such that

a-2k+1)=3%  B=ep/(500k%), and ny= (1500k/(cp))". (8.9)

Let G be a graph of order k£ that has an odd connected matching M of size at least m or
a fork system F of size at least f and ratio r. Let T be a tree satisfying the respective
conditions of Case (M) or (F) and let V; and Va2 denote the two partition classes of T with
t1 = [V1| > |Va| = t2. We first construct an S-cut C for T with S := fn < 7. Lemma 8.14
asserts that there is such a cut C' with

V(D) _ (1= p)2kg o 100043 62 n

S < o <% (8.10)

€l <

Let T1,...,Ts be the shrubs of T' corresponding to the cut C. We now distinguish whether we
are in Case (M) or (F) of the lemma. In both cases we will construct a mapping ¢ that is a
homomorphism from T — C' to either M or F and satisfies the walk condition. After this case
distinction the mapping v will serve as input for Lemma 8.18 which we then use to finish this
proof.

Case (M) : In this case we apply Lemma 8.15 in order to obtain an assignment of the shrubs
to matching edges of M as follows. Set a; ; := |V (T;) N'V}| for all i € [s], j € [2]. This implies
that >, ;a;; < |V(T)| <t = (1 - p)2my and, because C is an S-cut, that a;1 + a;2 < S
for all ¢ € [s]. Accordingly Lemma 8.15 produces a mapping ¢ : [s] x [2] — V(M) satisfying
©(i,1)p(i,2) € M and (8.5).
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We now use ¢ to construct a mapping ¢: T\ C — V(M). Set ¢(v) := ¢(a; ;) for all
v € V(T;) N 'Vj. Note that this definition together with (8.5) gives

[p=H(0)] < %+2S§ (l—u)%+2ﬂn (8.11)

for all vertices ¢ of M. Each edge of T'— C' lies in some shrub T;, i € [s] and as the mapping ¢
sends each shrub 7; to an edge of M, the mapping ¥ is a homomorphism from T — C to M.
Moreover, as M is an odd connected matching, for any pairs of vertices £, ¢’ € V(M) there is as
well an even as also an odd walk in G between ¢ and ¢. Thus ) satisfies the walk condition.

Case (F): In this case we apply Lemma 8.16 in order to obtain an assignment of the shrubs
corresponding to C' to edges of F. For this application we use parameters t; = |V1|, to = |V3]
and a;; := |V(T;) N Vj| for all i € [s], j € [2]. It follows that >, a;1 = t; and ), a;2 = to.
Because C' is an S-cut, we further have a; 1 + a;2 < S for all ¢ € [s]. Accordingly Lemma 8.16
produces a mapping ¢ : [s] x [2] — V(F) satisfying ¢(i,1)¢(i,2) € F and (8.6).

Again, we use ¢ to construct the mapping ¢: T'\ C — V/(IF) by setting ¥ (v) := ¢(a; ;) for
all v € V(T;) N'V;. By assumption we have t; <t = (1 —p)f% and t < % =(1—p)f7 and
hence 1 +t2 < (1 — p) f%(1+ 1). Together with (8.6) this implies for all vertices ¢, € V;(F)
and /o € V5(IF) that

-1 (1 - M) % _ n 1
PN < S 120 i s 1)
and similarly
[~ (l)| < W +2fn/68/k < (1 — u)% +2fn+\/68/k. (8.13)

Putting (8.12) and (8.13) together, we conclude for any ¢ € V(F) that
O] < (1= ) +2fn/68/k < (1 — p)f + 2n\/60k . (8.14)

As before it is easy to see that the mapping v is a homomorphism from 7'— C' to F. Moreover,
as IF is a fork system, there is an even walk between any two vertices ¢, ¢’ € V1(F) and between
any two vertices ¢, ¢’ € Va(F). Because 1) maps vertices of V1 (T') to V1 (F) and vertices of Va(T)
to vertices of Vo(IF), the mapping 1 also satisfies the walk condition in this case.

Applying Lemma 8.18: In both Cases (M) and (F) we now apply Lemma 8.18 in order to
transform 1) into a homomorphism from the whole tree T' to G. With input T, A := n®, C,
G, and % this lemma produces a homomorphism h : V(T') — V(G) satisfying (hl) and (h2).
We claim that & is the desired (p/2, (1 — €)% )-valid assignment.

Indeed, h is a homomorphism and so we have Condition 1 of Definition 8.10. Condition 2
follows from (h1). To check Condition 3 let ¢ be any vertex of G. We need to verify that
Ih1(0)] < (1= 2p)(1 — €)% By (h2) we have |[h=1(€)] < [¢~1(¢)| + 3|C|A%+1. Because
|C| < 1000k/(ep) by (8.10) and AZF+L = pe(h+1) — /i by (8.9) we infer that

, _ 3000% ®9
RN < [ O] + o Vi < O]+ Bn
(8.11),(8.14) (8.9)
(1 — )% + max {26n,2n\/6ﬁk} +6n < (1—3p)(1—e)%,
where in the last inequality we use that ¢ < 1/10. O
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8.5 Proof of the main embedding lemma

Our proof of Lemma 8.12 uses a greedy strategy for embedding the vertices of a tree with
valid assignment into the given host graph.

Proof of Lemma 8.12. Let VyUV1U. ..UV be an (e,d)-regular partition of G with reduced
graph G and let T' be a tree with A(7T") < A and with a (g, (1 — €)% )-valid assignment h to G.
Further, let C' be an S-cut of T, let 11, ...,Ts be the shrubs of T' corresponding to C, and
assume that

(f5do—10e)E > |C|+ S+ A (8.15)

As last preparation we arbitrarily divide each cluster V; = V/UV}* into a set V/ of size
(1-— %Q)|VZ|, which we will call embedding space, and the set of remaining vertices V;*, the
so-called connecting space. Next we will first specify the order in which we embed the vertices
of T into G, then describe the actual embedding procedure, and finally justify the correctness
of this procedure.

Pick an arbitrary vertex x] € C as root of T' and order the cut vertices C = {z7,...,z}},
¢ =|C| in such a way that on each z] — z7-path in T" there are no zj with j > . Similarly,
for each i € [s] let t(i) denote the number of vertices in the shrub 7; and order the vertices
Y1, - -+ Yy(iy of T; such that all paths in 7; starting at the root of 7; have solely ascending labels.
For embedding T" into G we process the cut vertices and shrubs according to these orderings,
more precisely we first embed z7, then all shrubs T; that have z] as parent, one after the
other. For embedding 7; we embed its vertices in the order yi,...,y;(; defined above. Then
we embed the next cut vertex =% (which is a child of one of the shrubs embedded already or of
x7), then all child shrubs of =}, and so on. Let z1, ... » &)y ()| be the corresponding ordering
of V(T).

Before turning to the embedding procedure itself, observe that Property 2 of Definition 8.10
asserts the following fact. For a vertex z; of T' and for ¢ € [k] let N;(z;) be the set of
neighbours xj of z; in T with j* > j and h(z;) = i.

Fact 1. For all vertices x; of T at most two sets N;(x;) are non-empty.

The idea for embedding T into G is as follows. We equip each vertex x € V(T') with a
candidate set V(x) C Vj(,) and from which z will choose its image in G. To start with, we
set V(x*) := Vi(z+y for all vertices z* € C' and V(z) := V,Z(x) for all other vertices x. Cut
vertices will be embedded to vertices in a connecting space and non-cut vertices to vertices
in an embedding space. Then we will process the vertices of T in the order 1, ...,z (1)
defined above and embed them one by one. Whenever we embed a cut vertex z* to a vertex v
in this procedure we will set up so-called reservoir sets R; C V; N Ng(v) for all (at most two)
clusters V; such that some child x of z* is assigned to V;, i.e., h(z) = i. Reservoir sets will be
used for embedding the children of cut vertices. We (temporarily) remove the vertices in these
reservoir sets from all other candidate sets but put them back after processing all child shrubs
of x*. This will ensure that we have enough space for embedding children of z*, even after
possibly embedding A — 1 child shrubs of z*.

Now let us provide the details of the embedding procedure. Throughout, x* will denote the
cut vertex whose child-shrubs are currently processed. The set U will denote the vertices in G
used so far; thus initialize this set to U := (). As indicated above, initialize V(z*) := Vi for
all vertices z* € C and V(x) := Vé(m) for z € V(T)\ C, and set R; := () for all i € [k]. For

constructing an embedding f: V(T') — V(G) of T into G, repeat the following steps:
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1. Pick the next vertex x from z1,...,xyy ).

2. Choose a vertex v € V(z) \ U that is typical with respect to V(y) \ U for all unembedded
y € Nr(z), set f(z) =v, and U := U U {v}.

3. For all unembedded y € Np(z) set V(y) := (V(y) \U) N Ng(v).

4. If z € C then set z* := z. Further, for all i with N;(z) \ C # () arbitrarily choose a
reservoir set R; C (V;/\U)NNg(v) of size 5e T +A, set V(y) := R; for ally € N;(x)\C, and
(temporarily) remove R; from all other candidate sets in V/, i.e., set V(v/) := V(y) \ R;
for all y € V(T') \ N;(z).

5. After the vertices of all child shrubs of x* are embedded put the vertices in R; back to
all candidate sets in V;/ for all ¢ € [k], i.e., V(y) := V(y) UR,; for all y € V(T) \ C with
h(y) =1, and set R; := 0.

Steps 3 and 4 of this procedure guarantee for each vertex y with embedded parent = that
the candidate set V' (y) is contained in Ng(f(x)). Accordingly, if we can argue that in Step 2
we can always choose an image v of z in V(z) (and that we can choose the reservoir sets in
Step 4) we indeed obtain an embedding f of T into G. To show this we first collect some
observations that will be useful in the following analysis. The order of V(T) guarantees that
all child shrubs of a cut vertex are embedded before the next cut vertex. Notice that this
implies the following fact (cf. Step 4 and Step 5).

Fact 2. For alli € [k], at any point in the procedure, the reservoir set R; satisfies |R;| = be +A
if there is a neighbour x of the current cut-vertex x* such that h(x) =i and |R;| = 0 otherwise.
In addition no reservoir set gets changed before all child shrubs of x* are embedded.

Further, since h is a (o, (1 — €)%)-valid assignment and only cut-vertices are embedded into
connecting spaces V;*, we always have

ViNnU|<(1—40)% and |V NU|<|C| forallie€[k]. (8.16)

Now we check that Steps 2 and 4 can always be performed. To this end consider any iteration
of the embedding procedure and suppose we are processing vertex x. We distinguish three
cases.

Case 1: Assume that x is a cut-vertex. Then we had V(z) = V;(x) until the parent 2’ of x
got embedded. In the iteration when z’ got embedded then the set V(x) shrunk to a set of
size at least (d — 5)\Vh*($) \ U] in Step 3 because f(z') is typical with respect to Vi) \U. No
vertices embedded between 2/ and x (except for possible vertices in C') alter V(x), and so
by (8.16) we have

(8.15)

V(@) \U| 2 (d= &)V - 0] = (d =)ot —|C] 5 42

when we are about to choose f(z). By Fact 1 at most two of the sets V;(x) are non-empty
and each of these two sets can contain cut vertices y* and non-cut vertices y’. We clearly
have V(y*) = V* and V(y') =V and so there are at most 4 different sets V(y) \ U, each of
size at least $0% — |C| > €% by (8.16) and (8.15), with respect to which we need to choose
a typical f(x). By Proposition 3.6 there are less than 4e% vertices in V(z) \ U (which is a
subset of V;) that do not fulfil this requirement. Hence we can choose f(z) whenever z € C.
In addition, we can choose the reservoir sets in Step 4 of this iteration: Indeed, let ¢ be such
that N;(xz) \ C # 0 and let y € N;(z) \ C be a neighbour of z we wish to embed to V;. In
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Step 2, when we choose f(z), then V(y) = V/ and so f(z) is typical with respect to V/\ U.
By Proposition 3.6 and (8.16) we thus have in Step 3 of this iteration that

(8.15)
(V/\U) N Na(v)| > (d =)V \U| > (d—e)z0p > 5ef +A.

Therefore we can choose R; in Step 4.

Case 2: Assume that z is not in C but the child of a cut vertex z*. Then V(z) = Rj(y)
before x gets embedded. Moreover, due to Step 4, R; has been removed from all candidate
sets besides those of the at most A neighbours of z*. By Fact 2 we have |Rj,(,)| = 5e7 + A
and so we conclude that [V (z) \ U| > 5e > 4e%. As in the previous case, there are at
most four different sets V(y) \ U for unembedded neighbours y of z, each of size at least
307 — |Rygy)l = To% —5e — A > e by (8.15) and (8.16). Thus Proposition 3.6 guarantees
that there is v € V(x) \ U which is typical with respect to all these sets V(y) \ U and hence
we can choose f(z) in this case.

Case 3: As third and last case, let x be a vertex of some shrub T which is the child
of a (non-cut) vertex z’ of Tj. Until 2/ got embedded we had V(z) = V,;(r) \ Rp(z) and so,
v = f(2') was chosen typical with respect to Vé(m) \ (Rpg) UU) where U is the set of used
vertices in G at the time when 2’ got embedded. In the corresponding iteration V(x) shrunk
to (Vé(x) \ (Rp(z) UU)) N Ng(v'). This together with (8.16) implies that immediately after
this shrinking we had

(8.15)
V(@) \ U] > (d - )30} — [Rul) = (d—2)(hok —5e3 — &) 57 e 4|13,

By construction only vertices from 7); come between 2’ and x in the order of V(T') and so when
we want to embed z in the procedure above we still have [V (z) \ U| > 4% where U now is
the set of vertices used until the embedding of x. Similarly as in the other two cases there are
at most four different types of candidate sets for non-embedded neighbours of x, all of these
have more than 7 vertices and so Proposition 3.6 allows us to choose an f(x) € V(z) \ U
typical with respect to these sets. This concludes the case distinction and hence the proof of
correctness of our embedding procedure. O

8.6 Coloured tripartite graphs are either good or odd

In this section we provide the proofs of Lemma 8.8 and Lemma 8.9. We start with a collection
of simple propositions that will turn out useful in these proofs.

Our first two observations are about matchings in n-complete graphs. The following
proposition states that a bipartite n-complete coloured graph contains a reasonably big
matching in one of the two colours.

Proposition 8.19. Let K be a coloured graph on n vertices and let D and D’ be vertex sets of
size at least m in K. If K[D,D'] is n-complete then K[D, D'] contains a matching M either
in red or in green of size at least 5 — nn.

Proof. Assume without loss of generality that |D| < |D’|. Colour a vertex v € D with red
if it has more red-neighbours than green-neighbours in K[D, D’] and with green otherwise.
By the pigeon-hole principle there is a set X C D of size %]D\ such that all vertices in X
have the same colour, say red. But then each vertex in X has at least |D’| — nn > |X| —nn
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red-neighbours in D’. Accordingly we can greedily construct a red matching of size at least
| X| —nn > —nn between X and D’ O

The next proposition gives a sufficient condition for the existence of an almost perfect
matching in a subgraph of K € K.

Proposition 8.20. Let K € K;} have partition classes A, B, and C and let A’ C A, B’ C B,
C' C C with |A’| > |B'| > |C'|. If |A’| < |B"UC’| then there is a matching in K[A', B',C’]
covering at least |A"U B"U C'| — 4nn — 1 vertices.

Proof. Let z := |B'| — |C'| and y := |1(|A’| — 2)]. Observe that 2 < |B’| < |4’|. Hence y > 0,
r+y<3(|A+2) <3(|BUC|+x)=|B|, and y < 3(|4'| —z) < 3(|B'UC'| —z) = |C"].
Choose arbitrary subsets Ug C B’ of size x + y, Uc C C' of size y, set U := Ug U Ug,
W := B'\Up and W := C"\ Ug. Clearly |W'| = |C'| —y = |B| — (x +y) = |W] and
|A'| —1 <z +2y=|U| <|A'|. Thus we can choose a subset U’ of A’ of size |U| that covers
all but at most 1 vertex of A" and so that K[U,U’] and K[W, W’] are n-complete balanced
bipartite subgraphs. A simple greedy algorithm allows us then to find matchings of size at least
|U| —nn and |W|—nn in K[U,U’] and K[W, W], respectively. These matchings together form
a matching in K[A’, B, ('] covering at least [UUU'UW UW'| —4nn > |[A'UB'UC'| —4nn —1
vertices. O

The following proposition shows that induced subgraphs of n-complete tripartite graphs
are connected provided that they are not too small. Moreover, subgraphs that substantially
intersect all three partition classes contain a triangle.

Proposition 8.21. Let K € K, be a graph with partition classes A, B, C, and let A’ C A,
B'CB,C CC.
(a) If |A'| > 2nn then every pair of vertices in B' U C’ has a common neighbour in A’.
(b) If |A'|,|B’| > 2nn then K[A’, B'] is connected.
(c) If|A'],|B'|,|C"| > 2nn then K[A', B',C'] contains a triangle.

Proof. As K € K, each vertex in B’ UC” is adjacent to at least |A’| —nn > |A’|/2 vertices in
A’. Thus every pair of vertices in B’ has a common neighbour in A’ which gives (a). For the
proof of (b) observe that by (a) every pair of vertices in B’ has a common neighbour in A’.
Since the same holds for pairs of vertices in A’ the graph K[A’, B'] is connected. To see (c) we
use (a) again and infer that every pair of vertices in A’ x B’ has a common neighbour in C’. As
|A’|,|B’| > 2nn there is some edge in A’ x B" and thus there is a triangle in K[A', B, C"]. O

Similar in spirit to (c¢) of Proposition 8.21 we can enforce a copy of a cycle of length 5 in a
system of n-complete graphs as we show in the next proposition.

Proposition 8.22. Let K be a coloured graph on n vertices, let ¢ be a colour, vw be a
c-coloured edge of K, and let Dy, Dy, Ds C V(K) such that all graphs K[v, D1], K[D1, D3],
K[Da, D3], and K[Ds,w| are (n, c)-complete bipartite graphs. Set D := Ui€[3] D, U{v,w}. If
|Di| > 2nn + 2 for all i € [3] then K[D] contains a c-coloured copy of Cs.

Proof. By Proposition 8.21(a) every pair of vertices in Dy U D3 is connected by a path of
colour ¢ and length 2 with centre in Dy \ {v,w}. Moreover, v has at least |Di| —nn > 1

neighbours in D and similarly w has a neighbour in D3. Hence there is a c-coloured C5 in
K[D]. O
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8.6.1 Non-extremal configurations

In the proof of Lemma 8.8 we will use that coloured graphs K from K; have the following
property P. Either one colour of K has a big odd connected matching or both colours have big
connected matchings whose components are bipartite. Analysing these bipartite configurations
will then lead to a proof of Lemma 8.8. Property P is a consequence of the next lemma,
Lemma 8.23, which states that if all connected matchings in a colour of K are small then the
other colour has bigger odd connected matchings.

Lemma 8.23 (improving lemma). For every n' > 0 there are n > 0 and ng € N such
that for all n > ng the following holds. Suppose that a coloured graph K € K, is neither
0 -extremal nor %(1 —n')n-odd. Let M be a mazximum connected matching in K of colour
c. If ’'n < |M| < (1 —n")n then K has an odd connected matching M' in the other colour
satisfying |M'| > |M]|.

Proof. Given 1/ define 7 := 7 /3 and let n be small enough and ng large enough such that
(1857 — 5n)no > 1 (and hence n < =557'). For n > ng let K = (AUBUC, E) be a coloured
graph from KC;, with partition classes A, B, and C' that is neither n’-extremal nor (1 —1’)3n/4-
odd. Suppose ¢ = green and hence that K has a maximum green connected matching M with
n'n < |M| < (1—=n")n. For D,D" € {A,B,C} with D # D' let Mpp := M N (D x D"). We
call the Mpps the blocks of M and say that a block Mpp: is substantial if |Mpp/| > imn. Let
R be the set of vertices in K not covered by M. For D € {A,B,C} let Rp := RN D.

Fact 1. We have |Ra| — |Mpc| = |RB| — |Mca| = |Rc| — |Mag| > n'n.

Indeed, [Ra|l + [Mag| + |[Mac| = |Rp| + |Mag| + [Mpc| and hence |[Ra| — [Mpc| =
|Rg| — |Mac| = |RB| — |Mca| which proves the first part of this fact. For the second part
observe that |Ra| +2|Map|+ |RB| +2|Mpc|+ |Rc| + 2|Mca| = 3n. Hence we conclude from
’M‘ = ’MAB‘ + ‘MBC” + ‘MCA’ < (1 — n’)n that

3(|Ral — [Mpcl) = (|Ra|l = [Mpcl) + (IRl — [Mcal) + (|IRc| — [Masgl)
=3(n — |Mag| — |Mpc| — |Mcal) > 3n'n.

This finished the proof of Fact 1.

In the remainder we assume without loss of generality that |Ra| > |Rp| > |R¢|. By Fact 1
this implies that |Mpc| > %77/ n since |M| > n'n and hence Mp¢ is substantial. Our next main
goal is to find a connected matching in red that is bigger than M. For achieving this goal the
following fact about red connections between vertices of R will turn out useful.

Fact 2. There is a vertex u* € Ry such that R — u* is red connected.

To see this, assume first that there is a vertex u* € R4 that has more than 4nn green-
neighbours in Mpc. Then more than 2nn of these neighbours are in, say, Mpc N B. Call this
set of vertices B*. Now let u # u* be any vertex in R\ C. By the maximality of M the vertex u
has no green-neighbours in M (B*). This implies that u has at least |M (B*)|—nn > |M (B*)|/2
red-neighbours in M (B*). Thus any two vertices in R\ C have a common red-neighbour in
M(B*). A vertex u € R¢ on the other hand has at least |R4|—nn > |Mpc|+n'n—nn > 2nn+1
neighbours in R4 where the first inequality follows from Fact 1. If at least 2 of these neighbours
are red then w is red connected to R4 — u*. Otherwise u has a set U of more than 2nn green-
neighbours in R4 — w*. But then, by the maximality of M, the graph K[U, Mpc N B] is
red. Since |[Mpc| > n'n > nn the vertex u has a neighbour v in Mpc N B. Since u has a
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green-neighbour in R4 it follows from the maximality of M that wv is red. Thus u is red
connected to U and therefore to all vertices of (R \ C) — u*.

If there is no vertex in R4 with more than 4nn green-neighbours in Mpc on the other hand,
then any two vertices in R4 obviously have at least |Mpc| — 4nn — 2nn > %n’ n—6nn >0
common red-neighbours in B N Mpc. Moreover, by the maximality of M, each vertex
v € Ro U Rp is either red connected to R4 or it has only red-neighbours in Mpc. Thus v has
a common red-neighbour with any vertex in R4 which proves Fact 2 also in this case.

Fact 3. K has a red connected matching M’ with |M'| > |M|+ 11'n.

Let uv be an arbitrary edge in Mpc. Then, by the maximality of M, one vertex of this edge,
say u, has at most one green-neighbour in R4. By Fact 1 we have |R4| > |[Mpc| + n'n and
since u has at most nn < n’n non-neighbours in Ry it follows that u has at least |[Mpc| + 1
red-neighbours in R4. Thus, a simple greedy method allows us to construct a red matching
M of size [Mpc| between Ry — u* and such vertices u of matching edges in Mpc. Let R/,
be the set of vertices in R4 not covered by M éc. We repeat this process with Mo and M xp,
respectively, to obtain red matchings M/, and M, 5 and sets Ry and Ry..

By maximality of M, for each vertex w € R/, the following is true: either w has no
green-neighbour in Mpc, or w has no green-neighbour in R;. Moreover w has at most nn
non-neighbours. Observe that |R’|, |R/| > n'n by Fact 1 and the set X of vertices in Mpc
that are not covered by M has size at least n'n since |[Mpc| = |Mpo| > in/n and each
edge of Mp uses exactly one vertex from Mpc. This implies that we can again use a greedy
method to construct a red matching My, with edges from (R, — u*) x (R)z3 U X) of size at
least %n’n —nn—1> 1y'n. Hence we obtain a red matching M’ := M UM/, ,UM’, UM}, of
size at least | M| + in’ n. For establishing Fact 3 it remains to show that M’ is red connected.
This follows from Fact 2 since each edge of M’ intersects R — u*.

If the matching M’ is odd then the proof of Lemma 8.23 is complete. Hence assume in the
remainder that M’ is even. Since M’ intersects R — u* this together with Fact 2 immediately
implies the next fact. For simplifying the statement as well as the following arguments we will
first delete the vertex u* from K (and let K denote the resulting graph from now on).

Fact 4. No odd red cycle in K contains a vertex of R.

Fact 8 below uses this observation to conclude that K is extremal, contradicting the
hypothesis of Lemma 8.23. To prepare the proof of this fact we first need some auxiliary
observations.

Fact 5. For {D,D’,D"} = {A,B,C}, if Mpp is a substantial block then there is a vertex
v* € Rpr such that K[Mpp:, Rpr — v*] is red and K[Mpp] is green.

We first establish the first part of the statement. We may assume that there are vertices
v* € Rpr and v € Mpps such that v*v is green (otherwise we are done). Without loss of
generality v € D. Let X = N(v*). Then, by the maximality of M, all edges between v* and
X N R are red. By Fact 4 this implies that all edges between X N Rp and X N Rp/ are green.
Since min{|X N Rp|,|X N Rpr|} > nn, this set of edges is not empty. We use the maximality
of M to infer that all edges between Mpp and X N (Rp U Rp/) are red. Using Fact 4 this
in turn implies that edges between Y := Mpp N X and v* are green. By the maximality
of M all edges between M(Y) and Rp» — v* are consequently red. We claim that therefore
K[RpNX, Rpr—v*] is green. Indeed, assume there was a red edge ww’ € Rp/NX X (Rpr —v*).
Then w and w’ have at least |[M(Y) N D| —2nn > |Mpp/| — 3nn > fin — 3nn > 0 common
neighbours w” in M(Y) N D. Since edges between M (Y) and Rp» — v* and edges between
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Mpp and X N Rpr are red, so are the edges ww” and w'w” and thus we have a red triangle
ww'w” contradicting Fact 4. By Fact 1 we have |Rp N X| > n'n —nn > nn and so each vertex
in Rprn —v* is connected by a green edge to some vertex in Rps N X. The maximality of M
implies that K[Mpp/, Rpr — v*] is red as required. For the second part of Fact 5 observe
that the fact that K[Mpp/, Rpr — v*] is red and |Rpr| > n'n > 2nn + 1 imply that each pair
of vertices in Mpps has a common red neighbour in Rp» — v* and so by Fact 4 the graph
K[Mpp] is green. This establishes Fact 5.

Now we also delete all (at most 3) vertices from R that play the role of v* in Fact 5 (and
again keep the names for the resulting sets).

Fact 6. Suppose that {D,D’, D"} = {A, B,C} and that Mpp is a substantial block. Then
for one of the sets D and D', say for D, the graph K[Mpp, Rp] is red and K[Rp», Rp) is
green. For the other set D' the following is true. If v € Rps then K[v, Mpp/| and K|v, R] are
monochromatic, with distinct colours.

We start with the first part of this fact and distinguish two cases. First, assume that there
is a red edge ww’ with w € Rpr» and w’ € Rp/. We will show that in this case K[Mpp/, Rp] is
red and K[Rp~, Rp] is green. Since Mpps is substantial, edges between w and Mpp are red
by Fact 5 and hence, owing to Fact 4, edges between Mpp N N(w) and w’ are green. Since
K[Mpp/] is green by Fact 5, since M is maximal, and since each vertex in Mpp N D’ has
some neighbour in Mpp N N(w') this implies that all edges between Mpp and Rp are red.
Moreover, edges between Mpp N D' and Rpr are red by Fact 5 and hence we conclude from
Fact 4 that K[Rp~, Rp] is green If, on the other hand, there is no red edge between Rp» and
Rp then the first part of the fact is true with D and D’ interchanged: Clearly K[Rp~, Rp|
is green and by maximality of M we infer that K[Mpp/, Rp/] is red.

For the second part of the fact suppose that K[Mppr, Rp| is red and K[Rp~, Rp] is green.
Let v € Rps and assume first that v has a green neighbour in Mpp,. The maximality of M
then implies that K v, R] is red and since K[Rp», Mpp/] is also red (by Fact 5) we get that
K[v, Mppr] is green. Hence it remains to consider the case that K[v, Mppr] is red. By Fact 5
the graph K[Rpn», Mppr] is red and so Fact 4 forces the graph K[v, Rpr] to be green. To show
that also K[v, Rp] is green assume to the contrary that there is a red edge vw with w € Rp.
Recall that K[v, Mpp N D], K[Mpp N D, Rp»], K[Rp+, Mppr N D/], and K[Mpp N D, w]
are red (and clearly n-complete). Since |Mpp N D|, |Rpr|,|Mpp ND'| > fn—1> 2nn + 2
we can apply Proposition 8.22 to infer that there is a red C5 touching R which contradicts
Fact 4.

Fact 7. If Mppr and Mp/pr are substantial, then K[Mppr, Mprpr] and K[Rpr, Rp| are green
and K[MDD/ U Mppr, Rpn U RD] 1s red. Moreover, if v € Rp: then K[U,MDD/ U MD’D”]
and K[v, R] are monochromatic, with distinct colours.

By Fact 6 every vertex in Rp» U Rp sends some green edges to R and hence the maximality
of M implies that K[Mpp UMprpr, RprURp]is red. Since there is no red triangle touching R,
the graphs K[MDD/ ND, Mprp N D/], K[MDD/ ND', Mprp N D”], and K[RD//, RD] are green.
Using Proposition 8.22 we get similarly as before that also edges in K[Mpp D, Mp:p» N D"
are green, since otherwise there was a red Cj touching R. It remains to show the second
part of Fact 7. By Fact 6 the graph K[v, R] is monochromatic. Moreover, applying Fact 6
once to Mpp and once to Mprpr, we obtain that K[v, R] and K|[v, Mpp U Mprp/] are
monochromatic graphs of distinct colours.

Now we have gathered enough structural information to show that K is extremal.
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Fact 8. K 1is in spider configuration with parameter 7.

We first argue that we can assume without loss of generality that
C always plays the role of D’ in Fact 6. (%)

Indeed, by Fact 7 this is the case if, besides Mpc, the block Mac is substantial. If Mo
(and hence also M4p) is not substantial on the other hand then it might be the case that B
plays the role of D' in Fact 6. Then however we may delete at most 7jn vertices from Rp in
order to guarantee |Rp| < |R¢| and then the following argument still works with B and C
interchanged.

To obtain the spider configuration set A; := R4, By := Rp, let C; be the set of those
vertices v € R¢ such that K[v, Mpc] is red, let Cc := R¢ \ C1, and define Dpy := Mpp N D
for all D, D" € {A, B,C} with D # D'. If any of the sets we just defined has less than 7n
vertices delete all vertices in this set. Finally, define Ay, B, C5 as in the definition of the
spider configuration (Definition 8.5). Observe that this together with Fact 6 implies that
K[Cec, Mpc] is green and K[Ce, R] is red.

Now let {X,Y, Z} = {A, B, C} arbitrarily. Clearly we have |X;UXs| > (1-37)n > (1—7)n.
Moreover K|[X7, Ys] is n-complete. We next verify that this graph is also red. We distinguish
two cases. First assume that Y # C. In this case X; C Ry and Yo = Yx UYy; C (Mxy N
Y)U(MyzNY). We have Yz # 0 only if My 7 is substantial and then Fact 5 implies that
K[Rx,Myy] is red. Similarly Yx # (0 only if Mxy is substantial. By (x) Fact 6 implies that
then K[Rx, Mxy] is red if X # C. By the definition of C} we also get that K[X;, Mxy] is
red if X = C. Thus all edges between X7 and Y, are red as desired. If Y = C on the other
hand then X; C Rx and Yo =Yx UYz;UCe C (Mxy NY)U (MxzNY)UCc. Analogous
to the argument in the first case the graphs K[Ryx, Myz] and K[Rx, Mxy] are red (since
X # C). As noted above in addition all edges between R and C¢ are red and so K[X1,Y3] is
also red in this case.

We finish the proof of Fact 8 (and hence Lemma 8.23) by checking that we have a spider
configuration with colour ¢ = red. Observe that the graph K[A; U B; U Cy, Ay U By U (o)
is connected and bipartite. We now verify Conditions 1-4 of the spider configuration. For
Condition 2 assume that Cc # (). Fact 7 and the definition of Cy imply then that Mg is
not substantial and hence |Ag| = 0. Moreover, since |R4| > |Rp| > |Rc| we get the first
part of Condition 1, and |D,| = |Dpr| is clearly true by definition. By Fact 1 we have
n — |Mprp U Mpip| = |Rpr| > |Mpp/| which implies n — |Dj| > |Dp/| unless D" = C
and Co # 0 (if D” # C or Cc = 0 then |Mpp/| = |Dpr]). And if Co # () Condition 2
implies |Dp/| = |Ag| = 0 and thus we also get n — |D}| > |Dpr| in this case. This establishes
Condition 1. To see Condition 3, note that if As is non-empty then either Map or M 4¢c are
substantial. Since in addition Mpc is substantial by assumption we conclude from Fact 7 that
there is a green triangle connected to Mpc and hence to the green matching M. As K is not
3(1—1n')n-odd this implies $|Ag U AcUBaUBcUCAUCE| < [M| < 2(1—n')n. It remains
to verify Condition 4. Assume, for a contradiction, that C1 # () and |A;UB;UC| > (1—n)3n
and |[BiUCH| > (1—n)2n. As |Ra| > |Rp| > |Rc| > |C1| and Cy # () all these sets have size at
least nin and so A} = R4, By = Rp and C; C R¢. By Fact 6 and the definition of C the graph
K[A1, By, C4] is (n, green)-complete and thus contains a green triangle by Proposition 8.21(c)
and is connected by (b) of the same proposition. Observe that this implies that any matching in
K[A1, By, C4] is connected and odd. We will show that K[A;, By, C] contains a green matching
of size at least 2(1 — n/)n contradicting the fact that K is not 2(1 — 7')n-odd. We distinguish
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two cases. If |[A;] > |B; U 4| an easy greedy algorithm guarantees a green matching of size
|B1UCH|—nn > (1=3n)3n > 3(1—n)nin K[A1, BiUC)]. If |A1| < |B1UCH| on the other hand
there is a green matching covering at least A1 UB;UC|—4nn—1 > (1—4n)3n—1> 3(1—n')n
vertices in K[A;, By, C1| by Proposition 8.20. O

We will now use Lemma 8.23 to prove Lemma 8.8.

Proof of Lemma 8.8. Let 1 be given and set 7 := 1'/15. Let 75,5 and ng be provided by
Lemma 8.23 for input n},, = 7 and set 7 := min{ns.s,7/5}. Let K = (AUBUC, E) be a
non-extremal coloured member of K}, with partition classes and assume for a contradiction
that K is not (1 — 7')3n/4-odd.

Our first step is to show that K has big green and red connected matchings.

Fact 1. K has even connected matchings M, and My in red and green, respectively, with
| My [, [My| = (1 —)n.

Assume for a contradiction that a maximum matching M in red has size less than (1 — 77)n.
By Lemma 8.23 applied with 77 we conclude that there is an odd connected matching M’ with
|M’| > |[M|. On the other hand K is not ((1 — n’)3n/4)-good, hence |M’'| < (1 —1)3n/4.
Another application of Lemma 8.23 with 7 < 7/ thus provides us with a red connected matching
of size bigger than |M’| which contradicts the maximality of M. We conclude that there is a
red connected matching M,, and by symmetry also a green connected matching My, of size at
least (1 — 7j)n. Clearly, M, and M, are even since K is not ((1 —7')3n/4)-good.

Let R be the component of M, and G be the component of M, in K. Fact 1 states, that R
and G are bipartite. We observe in the following fact that both R and G substantially intersect
all three partition classes. For this purpose define D, := DN V(R) and D, := DNV(G), and
further D, := D\ D, and D, := D\ D, for all D € {4, B,C}.

Fact 2. For all D € {A,B,C} and ¢ € {r,g} we have |D.| > 2in.

Indeed, assume without loss of generality, that |A,| < 2fjn which implies |A,| > (1 — 27)n.
As |M,| > (1 —n)n it follows that |B,| > (1 — 37)n and |Cy| > (1 — 377)n. By definition all
edges between A, and B, U C, are green and thus K is in pyramid configuration with tunnel,
pyramids (B, 4,) and (C,, (), and parameter 37} < 1/, which is a contradiction.

Next we strengthen the last fact by showing that at most one of the sets D, with D €
{A,B,C} and c € {r, g} is significant.

Fact 3. There is at most one set D € {A, B,C} and colour ¢ € {r, g} such that |D.| > fin.

If such a D and c exist we assume, without loss of generality, D = A and ¢ = r. Hence, for
the proof of Fact 3, assume that |A,| > nn. First we show that

(B, |G| < In. (8.17)

Assume for a contradiction and without loss of generality that |B,| > gn By definition,
all edges in F(A,,C,UB,) and E(B,,C,UA,) are green. Since |A,|,|B,| > fn > 2nn by
assumption and |A,|,|B,| > 27qn/2 > 2nn (by Fact 2) we can apply Proposition 8.21(b)
to infer that the graph with edges E(A,, C,UB,) and E(B,,C,UA,) is connected. As M,
is even we conclude that all edges in E(A4,,C;), E(B;,C;), and E(A,, B;) are red. Since
|Ar|,|Br|,|Cr| = fin > 2nn by Fact 2 we infer from Proposition 8.21(c) that the graph
KA., B,,C;] C R contains a red triangle which contradicts the fact that M, is even.

Thus it remains to show that |Dy| < 7jn for all D € {A, B,C}. By (8.17) and Fact 2 we have

|Br N Byl, |Cr N Cy| > dn > nn which implies that there is an edge in E(B, N By, C;. N Cy). By
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assumption we also have \AT| > 7in > 2nn and thus each pair of vertices in B,\UC, has a common
neighbour in A, by (a) of Proposition 8.21. By definition of A, all edges in E(A,, B.UC,)
are green, and therefore we conclude that all edges in E(B, N By, C, N Cy) are red since
otherwise there would be a green triangle connected to M,. Accordingly |A4,| < 2nn < fjn/2
since otherwise we could equally argue that all edges in E(B, N By, C, N Cy) are green, a
contradiction. Therefore |4, > (1 —17/2)n. As |A,| > 7in this implies |4, N A,| > 7j/2n > nn
and from (8.17) we also get | B,NBy,| > 7/2n > nn. Thus there is an edge in E(A,NA,, B,NBy).
However, this edge can neither be red since it connects A, and B,., nor green since it connects
B, and Ay, a contradiction. Therefore |By| < 7in and by symmetry also |Cy| < 7in which
finishes the proof of Fact 3.

We label the vertices in each of the bipartite graphs R and G according to their bipartition
class by 1 and 2. In the remaining part of the proof we examine the distribution of these
bipartition classes over the partition classes of K. Let Fj; denote the set of vertices in
V(R) N V(@) with label 7 in R and label j in G for ¢,j € [2]. Let further Fp; be the set of
vertices in A, N V(G) that have label j in G for j € [2]. Next we observe that each of the sets
F;; with i, j € [2] is essentially contained in one partition class of K.

Fact 4. For all i,j € [2] there is at most one partition class D € {A,B,C} of K with
|F;; N D| > fin. Moreover E(Fy;, F;;) = 0.

To prove the first part of Fact 4 assume for a contradiction that |Fj; N A|, |F;; N B| > nn.
Then there would be an edge in K[AN Fj;, BN Fj;] since 77 > 7. This contradicts the fact that
F;j is independent by definition. For the second part observe that an edge in E(Fy;, Fj;) can
neither be red as such an edge would connect vertices from A, to R nor green since Foj U Fyj
lies in one bipartition class j of G.

Fact 5. There are X,Y € {A, B,C} with X #Y and indices b,b', ¢, ¢’ € [2] with bV’ # ¢ such
that ’be’ N X’? ’Fcc’ N Y‘ > (1 - Sﬁ)n and |F0b”7 ’FOC,’ <.

We divide the proof of this fact into three cases: The first case deals with A, # 0, the
second one with A, = () and the additional assumption that there are D € {A, B,C} and
ij #1'j’ € [2] such that |D N Fj;|,|D N Fyj| > fin. The third and remaining case treats the
situation when A, = () and for each D € {A, B, C'} there is at most one index pair (i,j) with
|D N Fy| > iin.

For the first case, let j € [2] be such that Fy; # (. Observe that then the second part of Fact 4
implies that |Fy; N (BUC)|, |Fy; N (BUC)| < nn. Let ¢ =V € [2] with ¢/ # j. Then, because
Fact 3 implies that |B,|, |By|, |Cr|,|Cy| < 7in, we have that |B N (Fyy U Fay )| > (1 — 4i)n
and |C' N (Fig U Fyoe)| > (1 — 47)n. Thus there is a b € [2] such that |B N Fyy| > nn.
Let ¢ € [2] with ¢ # b'. The first part of Fact 4 implies that |C' N Fye| < 7n, thus
|C' N F.| > (1—>57)n > fn. By symmetry we also get |B N Fpy| > (1 — 57)n. This proves the
first part of the statement for the first case. To see the second part, observe that if Fy, # 0,
then |Fiy N (BUC)|, |Foy N (BUC)| < nn by Fact 4, a contradiction.

The second part of the second and third cases is straightforward as Fy 1, Fp2 C A, = 0. To
see the first part of the second case let D be as specified above and {X,Y} = {A, B,C}\ {D}.
The first part of Fact 4 implies that |F;; N X|, |Fyy N X, |Fy; N Y|, |Fyy NY| < fin. Thus
[(Fijy UFy;) N X| > (1—27)n — 2in, as | X,|,|Xy| < 7n. Without loss of generality, let ij" be
such that | X N Fj| > n. We set b:=1i, V' := j', ¢ =14 and ¢ := j. The rest of the proof
is similar to the first case, proving that then |Y N F.»| > (1 — 57)n and by symmetry that
| X N Fyy| > (1= 57)n.

It remains to prove the first part of the third case. For this observe that for all D € {A, B,C'}
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we have that |DﬂU(i,j,)#i7j) Fy jo| < 3nn, where 4, j are as specified in the definition of the third
case. Observe also that |D,|,|Dy| < fin. This implies |DNF; ;| > (1 —57)n, as desired. Hence,
for X = B and Y = C we obtain indices b, V', ¢, ¢ such that | X N Fyy|, Y N Fyjr| > (1 —57)n,
with bb’ # cc by Fact 5.

This brings us to the last step which shows that K is extremal, a contradiction.
Fact 6. K is in pyramid configuration with parameter 1.

Let X,Y € {A,B,C}and b,V ¢,c € [2] beasin Fact 5. Let Z € {A, B,C}\{X,Y}. Assume
without loss of generality that b = = 1. Thus Fact 5 states that |F1; N X| > (1 — 57)n and
|Fo1| < fin. We distinguish two cases. First, assume that ¢/ = 2 and set ¢ := 3 — ¢. By Fact 5
this implies |Fo N Y| > (1 — 57)n and |Foz| < nn and thus [(Fe U Fo) N Z] > (1 — 5n)n by
Fact 4. Moreover E(Fy1 N X, Fo1 N Z) forms an n-complete red bipartite graph since Fi1 U Fo
is an independent set in G. Similarly E(Feo NY, Fee N Z) forms an n-complete red bipartite
graph. Further, if ¢ = 2 then E(Fo NY, Fo1 N Z) and E(F11 N X, Fx N Z) form n-complete
green bipartite graphs (leading to crossings) and if ¢ = 1 then E(F1; N X, Fee NY) forms
an n-complete green bipartite graph (leading to a tunnel). Therefore, in both sub-cases, K
is in pyramid configuration with parameter 57 < 1’ and pyramids (Fi; N X, F51 N Z) and
(FeoNY, Feo N Z), unless one of the sets Fy; N Z and Fz N Z has size at most 107n. In this
case, however, we can simply replace this set by the empty set and still obtain a pyramid
configuration with parameter at most 157 < n’.

In the case ¢ = 1 we have ¢ = 2. Fact 5 guarantees that |Fo; NY| > (1 — 57)n. Since
|Fo1| < nin we conclude from Fact 4 that |(Fia U Fae U Foo) N Z| > (1 — 57)n. Similarly as
before E(F11 N X, (F12U Fyo) N Z) and E(Fy; NY, Fay N Z) form n-complete green bipartite
graphs and E(F1; N X, F5; NY) forms an n-complete red bipartite graph. Accordingly we
also get a pyramid configuration with parameter 57 < 7 in this case, where the pyramids are
(FH nx, (F12 U F()Q) N Z) and (F21 NY, Fyo N Z) unless, again, (Flg U FOQ) N Z or Fyo N Z are
too small in which case we proceed as above. O

8.6.2 Extremal configurations

Our aim in this section is to provide a proof of Lemma 8.9. This proof naturally splits into
two cases concerning pyramid and spider configurations, respectively. The former is covered
by Proposition 8.24, the latter by Proposition 8.25.

Proposition 8.24. Lemma 8.9 is true for pyramid configurations.

Proof. Given 1’ set n = 1//3. Let K be a coloured graph from K that is in pyramid
configuration with parameter n and pyramids (D1, D) and (D2, D)) such that the requirements
of (E1) in Definition 8.5 are met for colours ¢ and ¢'.

Fact 1. If the pyramid configuration has crossings then K is ((1 —n)n, (1 — n’)%n, 2) -good.

Indeed, by Proposition 8.19 there is a matching M of colour either ¢ or ¢ and size at
least (1 — Qn)%n in K[D1, Ds]. Note further, that the pyramid configuration with crossings is
symmetric with respect to the colours ¢ and ¢’ and hence we may suppose, without loss of
generality, that M is of colour ¢ and that [D}| > (1 —n)in. As K[Dy, Dj] and K[Ds, D} are
(n, ¢)-complete, there are c-coloured matchings My and Ms in K[Dy, D}] and K[Dy \ M, D}],
respectively, of size at least min{|D1|,|D1|} — nn and min{|D}|,|Ds \ M|} — nn, respectively.

This implies
3 3
M+ M| 4+ 0] > (1= 3n) 50 = (1= )5
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Observe that, depending on the size of M, either M U My or M7 U M3 is a matching of size at
least (1 — 3n)n = (1 — n’)n. Now, the union of M, My, and M forms a 2-fork system F' and
since K[D1, D}] and K[Ds, D}] are (1, ¢c)-complete the bipartite graph formed by these two
graphs and M is connected and has partition classes Dy U D and Dy U Dj. It follows that F'
has size | M|+ [Mi| + [Ma| > (1 —7/)3n.

Fact 2. If the pyramid configuration has a ¢ -tunnel and if there is a matching M of colour ¢ and
size at least (1—n)in in K[Dy, D)UD})] or in K[Da, D{UD}] then K is ((1—n')n, (1-1/)3n,2)-
good in colour c.

As K has a c-tunnel, there is a connected matching M’ of colour ¢’ and size at least
|Di|—nn > (1—n')nin K[D1, Ds]. We will extend the matching M’ (which is a 1-fork-system)
to a 2-fork system. Without loss of generality assume that the matching M promised by Fact 2
is in K[Dy, DjUD})|. As M N Dy and Dy are non-negligible the bipartite graph K[M N Dy, Dy|
is connected by Proposition 8.21(b) and thus M is connected. Hence M UM’ forms a connected
2-fork system centered in Dy and of size |[M’| + |[M| > (1 —n/)3n.

Fact 3. If the pyramid configuration has a ¢ -tunnel but no crossings and there is no matching
of colour ¢ and size at least (1 —n')3n in K[Dy, Di U D4] or in K[Ds, D} U D) then K is
(1 =n')n, (1 = n')3n,3)-good in colour c.

To obtain the 3-fork system note that Proposition 8.19 implies that there are matchings
M and M, of colour ¢ and sizes at least (1 —1n')3n in K[Dy, D} U D] and K[D,, D} U D}],
respectively. The union of M; and M; forms a 2-fork system F' centered in D} U DY covering
at least (1 —n)3n vertices in Dy and at least (1 - )2n vertices in Dy. We can assume
without loss of generality that [D}| > (1 —n)in > (1 —7)in. As K[Ds, D}] is (n, c)-complete
and [D1\ F| < (1= )n—(1—n)in=(1-1n )%n we can greedily find a matching between
D} and D; \ F covering all but at most nn vertices of D \ F. Its union with F' forms a 3-fork
system F” centered in D} U D} covering at least (1 —n)n vertices in Dy and at least (1—5')3n
vertices in Dy, implying that F” has size at least (1 — n’)%n. The graph K[Dy, D||UK|[Ds, D))
clearly contains a matching M of size at least | D] U Dy —nn > (1 — n')n in colour c.

Since the pyramid configuration has no crossings there are edges of colour ¢ in K[Dy, Dj] U
K|[Ds, D}]. Together with the fact that Dy, Do, D}, and D), are non-negligible, we obtain that
the bipartite graphs K[Dq, D1UD}] and K[Ds, D{UD)] are connected by (b) of Proposition 8.21.
Thus the matching M and the fork system F’ are both connected. O

Proposition 8.25. Lemma 8.9 is true for spider configurations.

Proof. Given 1/ set n = n//5 and let K be a coloured graph from ;) that is in spider
configuration with parameter 7, i.e., it satisfies (E2) of Definition 8.5. In this proof we
construct only matchings and fork systems of colour ¢. Observe that these are connected by
definition. We distinguish two cases.

Case 1: First assume that |A; U By U C| < (1 —n)3n. We will show that in this case our
configuration contains both a connected matching of size at least (1 — n')n and a connected
3-fork system of size at least (1 — 7/ )%n We need the following auxiliary observation.

Fact 1. If [AyUB1UC| < (1 —n)3n then Ag = By = (). Moreover |A1| +nn > |Bc| = |Cp]
and |Bi| +nn > |Ac| = |Cal.

Indeed, by Condition 3 of (E2) either Ay = () and hence Ap C Aj is empty or |As U Bo U
(C2\ Cc)| < (1 —n)3n. In the second case we conclude from |41 U By U Cy| < (1 —n)3n that

|A1 U Ag| + | By U Ba| 4 |Cr U (C2 \ Cg)| < (1 —n)3n.
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As |A1 U A, |B1 U Ba|,|C1 U Cy| > (1 —n)n it follows that |C; U (C2 \ Co)| < (1 —n)n
and thus Co # (. By Condition 2 of (E2) we get Ag = (). For the second part of the fact
observe that Condition 1 of (E2) states that n — |A2| > |B¢| = |Cp| and thus we conclude
|A1] > (1—n)n—|As| > |Bc|—nn = |Cp| —nn. The inequality |B1| > |A¢| —nn is established
in the same way.
Fact 2. If |[A1UB1UC| < (1 —n)3n then K is ((1 —n')n, (1 —n')3n), 3)-good.

From Condition 1 of (E2) we infer that |A¢| < n — |Bs| < |Bi| + nn and Fact 1 implies
that |A1| + |Ac| = |A1| + |A2]| > (1 —n)n and |Cy| + |C2| > (1 — n)n. We thus conclude from
’Al UBU 01’ < (1 — n)%n that

|Ac| —nn < |B1‘ < (1 — 77)%71 — |A1 U Cl| < |Ac| + |02| —nn.

This (together with the fact that K[B;, Ac] and K[Bj, Cs] are (1, c)-complete) justifies that
there is a c-coloured matching M; in K[B;, Ac U Cy] covering all vertices of By and all but at
most nn vertices of A¢. Further, by Fact 1 we know that |B¢| < |A1]| + nn and hence we can
find a matching Ms of colour ¢ in (the (7, ¢)-complete graph) K[B¢, A;] covering all but at
most nn vertices of Bo. The matching M := M; U M, satisfies

|M| > |Bi|+ |Bc| —nn = |Bi| + |Bz2| —nn > (1 —np)n —nn > (1 —1)n,

where the equality follows from Fact 1. Next, we extend the matching M to a connected 3-fork
system of colour ¢ and size at least (1—7/ )%n in the following way. Consider maximal matchings
Mg, M4, and M5 in K[Bl, CA \ Ml], K[Al, CB \ Ml] and K[Al, CC \ Ml], respectively. By
Fact 1 we infer that M3 and My each cover all but at most nn vertices of C4 \ M; and Cp\ My,
respectively. As |Ceo| < |Co U C1| < |A1| by Condition 1 of (E2) the matching My covers all
but at most nn vertices of Ce.

Then the union M U M3 U My U Mj is a 3-fork-system F' centered in Ay U By and covering
all but at most 5nn vertices of Ao UBcUC4UCpUCo = As U By U Cy. Thus F' has size at
least (1 —n)3n — |41 UB UC| —5nn > (1 —1/)3n.

Case 2: Now we turn to the case [A; U By UCy| > (1 —n)3n. We further divide this case
into two sub-cases, treating C, = () and Cy # 0, respectively.

Fact 3. If [ AAUBLUC| > (1 — n)%n and C1 =0 then K is ((1 —n)n, (1 — n')%n, 2) -good.

By definition |C2| > (1 — n)n — |C1]| = (1 — n)n in this case. Therefore, using the fact that
K[A;,Cy] and K[By,Cy] are (1, ¢)-complete, we can greedily construct a maximal matching
My in K[Aq,Cs] and a maximal matching M in K[B;,Cy \ M4] such that the matching
M = My UM} covers Cy (as |A; U Bi| = |A;1 U B1 UC1| > |Cs| +nn) and thus has size at
least (1 — n)n. Then we extend M} to a maximal matching Mp in K[Bj, C3]. Observe that
My and Mp cover all but at most nn vertices of A1 and By, respectively. Thus the 2-fork
system F' := My U Mp has size at least |41 U Bi| —2nn =4, UBUC| —2nn > (1 — n’)%n.

Now consider the sub-case when Cy # ().

Fact 4. If |[AyUB1UCY| > (1 — n)%n and Cy # 0 then |By U Cq| < (1 — n)%n and we have
Cal = (1= n)kn and |C1| < |Bsl — m.

The first inequality follows from Condition 4 of (E2). Accordingly |Cs| > (1 —n)n — |C] >
(1-— n)%n which establishes the second inequality. For the third inequality we use that
|B1 U Ba| > (1 — n)n by definition and so

G < (L=m)in—|Bi] < (1 =n)in— (1 —n)n+|Be| < [Bo| — .
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Fact 5. If |[A; UByUC1| > (1 —n)3n and Cy # 0 then there is a matching M of size at least
(1 —n)n and colour ¢ covering C1.

Let M; be a maximal matching in K[C}, Ba]. We conclude from Fact 4 that M; covers
(4. Let Ms be a maximal matching in K[Cy, A; U By]. As |Ca| <n—|Ci| <|A1UBy| —nn
the matching My covers Cy. Setting M := M; U My, we obtain a matching of size |M| =
|C1] + |C2] > (1 — n)n as required.

Fact 6. If |[AyUBLUC > (1 — n)%n and Cy # 0, then there is a 3-fork system of colour ¢

and of size at least (1 —1n')3n.

Let M be the matching from Fact 5. Clearly, we can greedily construct a 2-fork system F”
in the (1, ¢)-complete graph K[Cs, (A1 U By) \ M] which either is of size 2|Cs| or covers all
but at most nn vertices of [(A; U By) \ M|. Then F := M U F” forms a 3-fork system. If the
former case occurs we infer from Fact 4 that F is of size at least (1 —n)n +2|Ca| > (1 —n)3n.
In the latter case F' covers all but at most nn vertices of A; U By U C1 and thus has size at
least (1 —n)3n —nn > (1 —2n)2n. We conclude that K is ((1 — '), (1 —1/)3n,3)-good also
in the sub-case |[A; UB UC| > (1 — n)%n and Cy # 0. O

8.7 Sparser tripartite graphs

As noted earlier our proof of Theorem 8.1 applies to suitably chosen (sparser) subgraphs
of Ky, n.n as well. More precisely, for any fixed p € (0,1) the same method can be used to show
that asymptotically almost surely G,(n,n,n) — 7;*, where G,(n,n,n) is a random tripartite
graph with edge probability p and partition classes of size n, and where ¢ < (1 — u)n/2 and
A < n® for a small positive & = a(u,p). Indeed, standard methods can be used to show that
the following holds asymptotically almost surely for G = G,(n,n,n) with partition classes
V1UVaUV3 and for any ¢ > 0:

e G has at most 4pn? edges.
o (U W) >plU||W|/2 for al U C V; and W C V}, i # j, with min{|U|, |W|} > ¢(n.

The first property guarantees that we obtain a graph with few edges. We claim further that
these two properties imply that G — ’Z}CA. To see this we proceed as in the proof of Theorem 8.1
and apply the regularity lemma on the coloured graph G. We then colour an edge in the
reduced graph G by green or red, respectively, if the corresponding cluster pair is regular and
has density at least p/4 in green or red. Using the two properties from above it is not difficult
to verify that G is a coloured tripartite graph that is n-complete. Hence, from this point on,
we can use the strategy described in the proof of Theorem 8.1, apply our structural lemma,
Lemma 8.7, the assignment lemma, Lemma 8.13, and the embedding lemma, Lemma 8.12.

One may ask whether this approach can be pushed even further and consider random
tripartite graphs G,(n,n,n) with edge probabilities p(n) that tend to zero as n goes to infinity.
It is likely that similar methods can be used in this case in conjunction with the regularity
method for sparse graphs (see, e.g., [41, 57]).
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Chapter 9
Embedding into sparse graphs

All embedding problems we considered so far in this thesis were concerned with dense host
graphs and applied the dense regularity method. In this section we turn to sparse graphs and
sparse regularity.

The sparse regularity method, which is based on the sparse regularity lemma (Lemma 3.15),
recently received a considerable amount of attention. A series of results about the nature and
the properties of sparse regular pairs were established with important applications in the theory
of random graphs (see [41, 59]). However, proving sparse counterparts of the embedding tools
that worked well in the dense regularity method seems to be difficult already for constant-size
subgraphs. Embedding problems in systems of sparse regular pairs for graphs of constant
size are considered in [58, 39, 38, 40, 77]. Here we use techniques developed in [8, 61] for the
embedding of graphs that are linear in the size of the host graph. We combine them with the
methods from Chapter 5 in order to obtain a result that can be considered a sparse analogue
of Theorem 5.1 for bipartite graphs.

We consider subgraphs G = (V, E) of the random graph I' = G, , and show that G
contains all almost spanning bipartite bounded-degree graphs H with sublinear bandwidth if
p = p(n) = o(1) is sufficiently large and G has the following property: Each vertex v € V' has
more than half of its neighbours in I' as neighbours in G.

Theorem 9.1. For each n,v > 0 and A > 1 there exist positive constants 3 and ¢ such
that the following holds a.a.s. for I' = G, with p > c(log n/n)Y/A. Every spanning subgraph
G = (V,E) of T with degs(v) > (%—i—’y) degp(v) for allv € V' contains a copy of every graph H
on m = (1 —n)n vertices with mazximum degree A(H) < A and bandwidth bw(H) < (Bn.

In the proof of this theorem we will, again, use two structural lemmas that provide partitions
of G and H, respectively. In addition we will apply two embedding lemmas, the constraint
blow-up lemma and the connection lemma. The constraint blow-up lemma is a sparse bipartite
analogue of the blow-up lemma (Lemma 3.9) in the sense that it embeds (almost) spanning
bipartite graphs into (sparse) p-dense pairs. The connection lemma embeds graphs that are
much smaller (similar as the partial embedding lemma, Lemma 3.10) but can cope with the
following situation: Each vertex x that will be embedded by this lemma is equipped with a
(possibly very small) candidate set from which its image in the embedding will be chosen. In
the proof of Theorem 9.1 we will first apply the constrained blow-up lemma to embed most
vertices of H into G and then the connecting lemma for finishing the embedding.

Observe that this strategy is different from the one we employed for dense problems using
the general embedding lemma (Lemma 3.12): In the proof of Lemma 3.12 (see Section 3.12) we
first applied the partial embedding lemma and then the blow-up lemma. The reason for this
change is as follows. In the dense case the application of the partial embedding lemma created
image restrictions for the application of the blow-up lemma. These image restrictions are
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Figure 9.1: The ladder R} and the spin graph R, ; for the special case t = 2.

neighbourhoods of vertices (hosting previously embedded vertices of H) in the host graph G.
Because G is a dense graph we can guarantee that these neighbourhoods are of linear size, that
is, big enough to be used as image restriction in the blow-up lemma. In the sparse case such
neighbourhoods may be tiny and cannot be handled by Lemma 9.4. To solve this problem
we apply this lemma first, without any image restrictions. This creates restrictions for the
connecting lemma, which we will take care of with the help of the candidate sets mentioned
above.

The four main lemmas and the idea for the proof of Theorem 9.1 are given in the following
section, and the details of this proof in Section 9.4. To prepare this proof we will first examine
some relevant properties of random graphs in Section 9.2 and consider neighbourhood and
inheritance properties in p-dense pairs in Section 9.3.

9.1 Main Lemmas

In this section we will formulate the main lemmas for the proof of Theorem 9.1. In order to
state them we first need to define two (families of) special graphs.

Forr,t €N, teven, let U = {u1,...,u;}, V. =A{v1,..., 0.}, C={cij,¢c; ;i € [r],j € [21]},
and B = {b; ;,b} ;: i € [r],j € [2t]}. Let the ladder Ry = (UUV, E(Ry)) have edges E(R;) :=
{wivj: 4,5 € [r], | — j| <1} and let the spin graph R,; = (UUVUCUB, E(R,;)) be the graph
with the following edge set (see Figure 9.1):

/ / / /
E(Ry)= | ({uzvz bi,kbi s i ebs g1y CiCiprs Cz‘,éci,e/} U {bz’,ﬂ%a Cm'vi}
i €[r],i'#£1
Gi'€l21] o . .
!/
z;é’?ti[lt]%] N {bi’kbi’e’ -1 k> Cilfl’gci”k} '

Now we can state our four main lemmas, two partition lemmas and two embedding lemmas.
We start with the lemma for GG, which constructs a partition of the host graph G. This lemma
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is a consequence of the sparse regularity lemma (Lemma 3.18) and asserts a p-dense partition
of G such that its reduced graph contains a spin graph. We will indicate below why this is
useful for the embedding of H. The lemma for G produces clusters of very different sizes: A
set of larger clusters U; and V; which we call big clusters and which will accommodate most of
the vertices of H later, and a set of smaller clusters BM,BZ’U., C; j, and C{J. The B;; and Bz/}j
are called balancing clusters and the C; ; and C’{, ; connecting clusters. They will be used to
host a small number of vertices of H. These vertices balance and connect the pieces of H that
are embedded into the big clusters (see also the explanations in Sections 1.3.2 and 1.3.4). The
proof of Lemma 9.2 is given in Section 9.5.

In the formulation of this lemma (and also in the lemma for H below) we abuse the notation
in the following sense. For two sets A and B and a number = we write |A| := |B| > x by
which we simultaneously mean that A is defined to be the set B and that the size |A| = |B| of
this set is at least z.

Lemma 9.2 (Lemma for G). For all integers t,rg > 0 and reals 1,y > 0 there are positive reals
n' and d such that for all € > 0 there is r1 such that the following holds a.a.s. for T' = G, , with
log*n/(pn) = o(1). Let G = (V, E) be a spanning subgraph of T' with deg(v) > (3 +7) degp(v)
for allv € V.. Then there is 1o < r <11, a subset Vo of V with |Vp| < en, and a mapping g
from V '\ Vj to the spin graph R,: such that for every i € [r],j € [2t] we have
(G1) [Ui] =g~ (wi)l = (1 =) gy and [Vi] := |g~ " (vi)| = (1 — )3,
(G2) |Cijl :=lg~ eij)l = '3t and |C ;| =197 (¢ ;)| = 7' 3%,
|Bijl =g~ (big)| = 055 and |Bj ;| =g~ (¥ ;)| = '3,

(G3) the pair (g1 (x), g7 (y)) is (¢,d,p)-dense for all vy € E(R,..).

Our second lemma provides a partition of H that fits to the structure of the partition of
G generated by Lemma 9.2. We will first state this lemma and then explain the different
properties it guarantees.

Lemma 9.3 (Lemma for H). For all integers A there is an integer t > 0 such that for any
n > 0 and any integer v > 1 there is > 0 such that the following holds for all integers
m and all bipartite graphs H on m wvertices with A(H) < A and bw(H) < fm. There is a
homomorphism h from H to the spin graph Ry: such that for every i € [r],j € [2t]
(HL) (0] = b7 ()| < (1+ )3 and Vil i= b7 (0)] < (L),
(H2) [Coyl = [ (eig)| < e and [CL] = [h74(c),)] < 2,
|Bij| = |k (big)| < ngy and | B ;| == |h=1 (6] )| < ngp,
(H3) C’i,j, C’{J, Bi,j: and B’;j are 3-independent in H,
(H4) deg(/i(y) = deg‘;;_ (y) <A -1 for all~yy’ e (%J) U (é’j),
degg, (y) = degg, (y') for all y,y" € Cf 5, i
degy; ;)(y) = degp j)(y') for ally,y’ € B} ;,
where C; = Ukepg éilk and L(i, j) = Upepy Bi,;iu Ur<; B;k Further, let X; with i € [r] be
the set of vertices in V; with neighbours outside U;. Then

(H5) |X,| < nlVil.

This lemma asserts a homomorphism A from H to a spin graph R,;. Recall that R, ;
is contained in the reduced graph of the p-dense partition provided by Lemma 9.2. As we
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will see we can fix the parameters in this lemma such that, when we apply it together with
Lemma 9.2, the homomorphism A further has the following property. The number L of vertices
that it maps to a vertex a of the spin graph is less than the number L contained in the
corresponding cluster A provided by Lemma 9.2 (compare (G1) and (G2) with (H1) and (H2)).
If A is a big cluster, then the numbers L and L differ only slightly (these vertices will be
embedded using the constrained blow-up lemma), but for balancing and connecting clusters A
the number L is much smaller than L (this is necessary for the embedding of these vertices
using the connection lemma). With property (H5) Lemma 9.3 further guarantees that only
few edges of H are not assigned either to two connecting or balancing clusters, or to two big
clusters. This is helpful because it implies that we do not have to take care of “too many
dependencies” between the applications of the blow-up lemma and the connection lemma. The
remaining properties (H3)—(H4) of Lemma 9.3 are technical but required for the application
of the connection lemma (see conditions (B) and (C) of Lemma 9.5).

The vertices in C; ; and C~’Z’] are also called connecting vertices of H, the vertices in B; ;

and B{J balancing vertices.

We next describe the two embedding lemmas, the constrained blow-up lemma (Lemma 9.4)
and the connection lemma (Lemma 9.5), which we would like to use on the partitions of G
and H provided by Lemmas 9.2 and 9.3. The connecting lemma will be used to embed the
connecting and balancing vertices to the connecting and balancing clusters after all the other
vertices were embedded to the big clusters with the help of the constrained blow-up lemma.

The constrained blow-up lemma states that bipartite graphs H with bounded maximum
degree can be embedded into a p-dense pair G = (U, V') whose cluster sizes are just slightly
bigger than the partition classes of H. This lemma further guarantees the following. If we
specify in one of the partition classes of H a small family of small special sets and in the
corresponding cluster of G a small family of small forbidden sets, then no special set is mapped
to a forbidden set. This property will be crucial in the application of this lemma together
with the connection lemma in the proof of Theorem 9.1 in order to handle the “dependencies”
between these applications. The proof of this Lemma is given in Section 9.7 and relies on
techniques developed in [8].

Lemma 9.4 (Constrained blow-up lemma). For every integer A > 1 and for all positive reals d
and n there exist positive constants € and pu such that for all positive integers r1 there is ¢ such
that for all integers 1 < r <y the following holds a.a.s. for I' = G, , with p > c(log n/n)\/A,
Let G = (U,V) CT be an (e,d, p)-dense pair with |U|,|V| > n/r and let H be a bipartite graph
on vertex classes UUV of sizes |U|,|V]| < (1 —n)n/r and with A(H) < A. Moreover, suppose
that there is a family H C (X) of special A-sets in V such that each © € V is contained in at

most A special sets and a family B C (X) of forbidden A-sets in V with |B| < u|V|?®. Then
there is an embedding of H into G such that no special set is mapped to a forbidden set.

Our last main lemma, the connection lemma (Lemma 9.5), embeds (partitioned) graphs H
into graphs G forming a system of p-dense pairs. In contrast to the blow-up lemma, however,
the graph H has to be much smaller than the graph G now (see condition (A)). In addition,
each vertex g of H is equipped with a candidate set C'(¢) in G from which the connection
lemma will choose the image of ¢ in the embedding. Lemma 9.5 requires that these candidate
sets are big (condition (D)) and that pairs of candidate sets that correspond to an edge of H
form p-dense pairs (condition (E)). The remaining conditions ((B) and (C)) are conditions
on the neighbourhoods and degrees of the vertices in H (with respect to the given partition
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9.2 Stars in random graphs

of H). For their statement we need the following additional definition.

For a graph H on vertex set V = ViU...UV; and y € V; with i € [t] define the left degree
of v with respect to the partition ViU...UV; to be ldeg(y; Vi, ..., Vi) = Z;;ll degy, (y). When
clear from the context we may also omit the partition and simply write ldeg(y).

Lemma 9.5 (Connection lemma). For all integers A > 1, t > 0 and reals d > 0 there are ¢,
& > 0 such that for all positive integers r1 there is ¢ > 1 such that for all integers 1 < r < rp
the following holds a.a.s. for I' = G, with p > c(log n/n)Y/A. Let G C T be any graph
on vertex set W = Wi U...UW; and let H be any graph on vertex set W = WiU...UW,.
Suppose further that for each i € [t] each vertexr w € W; is equipped with an arbitrary set
Xgp C V(I) \ W with the property that the indexed set system (Xu;: w e V~VZ) consists of
patrwise disjoint sets and such that the following holds. We define the external degree of w to
be edeg(w) := | X |, its candidate set C(w) C W; to be C(w) := Nyy. (X4), and require that
(A) |W;| > n/r and |W;| < &n/r,
(B) W; is a 3-independent set in H,
(C) edeg(w) + ldeg(w) = edeg( )+ ldeg(3) and degy () + edeg(w) < A for all w,o € W,
(D) |C(@)| = ((d — e)p)* €@ |W;| for all @ € Wi, and
(E) (C(w),C(v)) forms an (e,d,p)-dense pair for all wv € E(H).

Then there is an embedding of H into G such that every vertez w € W is mapped to a vertex
in its candidate set C(0).

The proof of this lemma is inherent in [61]. We adapt it to our setting in Section 9.8.

9.2 Stars in random graphs

In this section we formulate two lemmas concerning properties of random graphs that will
be useful when analysing neighbourhood properties of p-dense pairs in the following section.
More precisely, we consider the following question here. Given a vertex set X in a random
graph I' = G, , together with a family F of pairwise disjoint ¢-sets in V(I'). Then we would
like to determine how many pairs (z, F') with z € X and F' € F have the property that z lies
in the common neighbourhood of the vertices in F.

Definition 9.6 (stars). Let G = (V, E) be a graph, X be a subset of V' and F be a family of
pairwise disjoint £-sets in V' \ X for some £. Then the number of stars in G between X and F
18

# stars® (X, F) = ‘ {(z,F): € X, FC Ng(z) )} ( (9.1)

Observe that in a random graph I' = G,, , and for fixed sets X and F the random variable
#stars’ (X, F) has binomial distribution Bi(|X||F|,p%). This will be used in the proofs of the
following lemmas. The first of these lemmas states that in G,, ,, the number of stars between
X and F does not exceed its expectation by more than seven times as long as X and F are
not too small. This is a straight-forward consequence of Chernoff’s inequality.

Lemma 9.7 (star lemma for big sets). For all positive integers A, and positive reals v there
is ¢ such that if p > c(logn/n)? the following holds a.a.s. for T' = Gnp on verter set V.
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Let X be any subset of V and F be any family of pairwise disjoint A-sets in V \ X. If
vn < |X| < |F| <mn, then
# stars! (X, F) < 7p2| X || F|

Proof. Given A and v let ¢ be such that 7c¢®v? > 3A. From Chernoff’s inequality (2.1) we
know that P[Y > TEY] < exp(—7EY’) for a binomially distributed random variable Y. We
conclude that for fixed X and F

P [# starsF(X, F) > 7pA\XH.7-"H < exp(—?pA\XH]:])
< exp(—7¢*(logn/n)r*n?) < exp(—3Anlogn)

by the choice of ¢. Thus the probability that there are sets X and F violating the assertion of
the lemma is at most

2"nA" exp(—3Anlogn) < exp(2Anlogn — 3Anlogn)

which tends to 0 as n tends to infinity. O

We will also need a variant of this lemma for smaller sets X and families F which is provided
in the next lemma. As a trade-off the bound on the number of stars provided by this lemma
will be somewhat worse. This lemma almost appears in this form in [61]. The only (slight)
modification that we need here is that X is allowed to be bigger than F. However, the same
proof as presented in [61] still works for this modified version. We delay it to Section 9.9.

Lemma 9.8 (star lemma for small sets). For all positive integers A and positive reals £ there
are positive constants v and c such that if p > c(log n/n)l/A, then the following holds a.a.s.
for I' = G, , on vertex set V. Let X be any subset of V and F be any family of pairwise
disjoint A-sets in V \ X. If | X| < vnp®|F| and |X|,|F| < &n, then

# stars’ (X, F) < p | X||F| + 6Enp® | F|. (9.2)

9.3 Joint neighbourhoods in p-dense pairs

As discussed in Section 3.4 of Chapter 3 it follows directly from the definition of p-denseness
that sub-pairs of dense pairs form again dense pairs. For applying Lemma 9.4 and Lemma 9.5
together, we will need corresponding results on joint neighbourhoods in systems of dense pairs
(see Lemmas 9.10 and 9.13). In order to state them it is necessary to first introduce some
notation.

Let G = (V, E) be a graph, £,T > 0 be integers, p, €, d be positive reals, and X, Y, Z CV
be disjoint vertex sets. Recall that for a set B of vertices from V and a vertex set Y C V we
call the set Ny}(B) = (yep Ny (b) the joint neighbourhood of (the vertices in) B in Y.

Definition 9.9 (Bad and good vertex sets). Let G, ¢, T, p, e, d, X, Y, and Z be as above.
We define the following family of ¢-sets in Y with small joint neighbourhood in Z:

badly (Y, 2) == {B e (i) IND(B)| < (d — g)fpf\Z\}. (9.3)

If (Y, Z) has p-density dg (Y, Z) > d—¢, then all {-sets T' € (52) that are not in badg’fp(Y, Z)
are called p-good in (Y, Z). Let further
Gt
Bada,d,p(X’ Y, Z)
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9.3 Joint neighbourhoods in p-dense pairs

be the family of {-sets B € ()e() that contain an {'-set B' C B with ¢ > 0 such that either
INJ(B')| < (d—e)'p" Y] or (N}(B'), Z) is not (,d,p)-dense in G.

The following Lemma states that p-dense pairs in random graphs have the property that
most /-sets have big common neighbourhoods. Results of this type (with a slightly smaller
exponent in the edge probability p) were established in [58]. The proof of Lemma 9.10 is given
in Section 9.9.

Lemma 9.10 (joint neighbourhood lemma). For all integers A, ¢ > 1 and positive reals d, &’
and i, there is € > 0 such that for all € > 0 there is ¢ > 1 such that if p > c¢(logn/n)Y/?, then
the following holds a.a.s. for I' = G, ,. For ny > EpPTIn, ny > E&p2n let G = (XUY, E) be
any bipartite subgraph of T with | X| =nq and |Y| =no. If (X,Y) is an (e,d, p)-dense pair,

then |badg’2p(X,Y)| < unf.

Thus we know that typical vertex sets in dense pairs inside random graphs are p-good. In
the next lemma we observe that families of such p-good vertex sets exhibit strong expansion
properties.

Given ¢ and p we say that a bipartite graph G = (XUY, E) is (A, f)-expanding if, for
any family F C ()E() of pairwise disjoint p-good f-sets in (X,Y) with |F| < A, we have
INP(F)| = fI71.

Lemma 9.11 (expansion lemma). For all positive integers A and positive reals d and e, there
are positive v and ¢ such that if p > c(logn/n)"/2, then the following holds a.a.s. for T = Gy, .
Let G = (XUY, E) be a bipartite subgraph of T'. If (X,Y) is an (e, d, p)-dense pair, then (X,Y)
is (1/p®, vnp®)-expanding.

Proof. Given (, d, €, set § := d — ¢, £ := 6°/7 and let / and ¢ be the constants from
Lemma 9.8 for this A and £. Further, choose v such that v < € and v < /. Let F C (i) be
a family of pairwise disjoint p-good A-sets with |F| < 1/p®. Let U = N{}(F) be the joint
neighbourhood of F in Y. We wish to show that |U| > (vnp®)|F|. Suppose the contrary.
Then |U| < v'np?|F|, |U| < vnp®|F| < vn < én and |F| < 1/p> < ®n/logn < én for n
sufficiently large and so we can apply Lemma 9.8 with parameters A and £ to U and F. Since
every member of F is p-good in (X,Y’), we thus have

(9.2)

68pPn|F| < #stars® (U, F) < #stars! (U, F) < p2|U||F| + 6Enp™ | F|

< ™ (wnp®)|F||F| + 66np™ | F| < vap®|F| + 66np™|F| < Tenp®|F,
which tells that 62 < 7¢, a contradiction. O

In the remainder of this section we are interested in the inheritance of p-denseness to
sub-pairs (X', Y”’) of p-dense pairs (X,Y) in a graph G = (V, E). It comes as a surprise
that even for sets X’ and Y’ that are much smaller than the sets considered in the definition
of p-denseness, such sub-pairs are typically dense. Phenomena of this type were observed
in [58, 37].

Here, we will consider sub-pairs induced by neighbourhoods of vertices v € V' (which may or
may not be in XUY), i.e., sub-pairs (X', Y”) where X’ (or Y’ or both) is the neighbourhood
of vinY (or in X). Further, we only consider the case when G is a subgraph of a random
graph G, p.
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In [61] an inheritance result of this form was obtained for triples of dense pairs. More
precisely, the following holds for subgraphs G of G, . For sufficiently large vertex set X, Y,
and Z in G such that (X,Y) and (Y, Z) form p-dense pairs we have that most vertices z € X
are such that (Ny(x),Y) forms again a p-dense pair (with slightly changed parameters). If,
moreover, also (Y, Z) forms a p-dense pair, then also (Ny(z), Nz(x)) is typically a p-dense
pair.

Lemma 9.12 (inheritance lemma for vertices [61]). For all integers A > 0 and positive reals
do, € and p there is e such that for all € > 0 there is ¢ > 1 such that if p > c¢(logn/n)Y/?,
then the following holds a.a.s. for I' = G, ,. For ni, n3 > Ep2 I and ny > EpP2%n let
G = (XUYUZ, E) be any tripartite subgraph of T with |X| = n1, |Y| = na, and |Z| = ns.
If (X,Y) and (Y, Z) are (e,d,p)-dense pairs in G with d > dy, then there are at most unq
vertices x € X such that (N(x)NY, Z) is not an (¢, d,p)-dense pair in G.

If, additionally, (X, Z) is (¢,d, p)-dense and ny, na, n3 > Ep™~2n, then there are at most
uny vertices x € X such that (N(z) NY,N(z) N Z) is not an (¢',d, p)-dense pair in G. O

In order to combine the restricted blow-up lemma (Lemma 9.4) and the connection lemma
(Lemma 9.5) in the proof of Theorem 9.1 we will need a version of this result for /-sets. Such
a lemma, stating that joint neighbourhoods of certain ¢-sets form again p-dense pairs, can be
obtained by an inductive argument from the first part of Lemma 9.12. We defer its proof to
Section 9.9.

Lemma 9.13 (inheritance lemma for ¢-sets). For all integers A, ¢ > 0 and positive reals
do, €', and p there is e such that for all &€ > 0 there is ¢ > 1 such that if p > c(k’%)lm,
then the following holds a.a.s. for I' = G, ,. For ni,n3 > Ep”~In and ny > EpPIn let
G = (XUYUZ, E) be any tripartite subgraph of T with |X| = n1, |Y| = na, and |Z| = ns.
Assume further that (X,Y) and (Y, Z) are (e,d,p)-dense pairs with d > dy. Then

| Bad$™) (XY, Z)| < pnf.

9.4 Proof of Theorem 9.1

In this section we present a proof of Theorem 9.1 that combines our four main lemmas, the
lemma for G (Lemma 9.2), the lemma for H (Lemma 9.3), the restricted blow-up lemma
(Lemma 9.4), and the connection lemma (Lemma 9.5). This proof follows the outline given in
Section 9.1. In addition we will apply the inheritance lemma for ¢-sets (Lemma 9.13), which
supplies an appropriate interface between the restricted blow-up lemma and the connection
lemma.

Proof of Theorem 9.1. We first set up the constants. Given 7, v, and A let ¢ be the constant
promised by the lemma for H (Lemma 9.3) for input A. Set

ne == n/10, and ro=1, (9.4)

and apply the lemma for G (Lemma 9.2) with input ¢, ro, 7¢, and + in order to obtain 1/, and
d. Next, the connection lemma (Lemma 9.5) with input A, 2¢, and d provides us with e,
and &.;. We apply the constrained blow-up lemma (Lemma 9.4) with A, d, and 7/2 in order
to obtain ep;, and pg,. With this we set

Ny = min{n/10, éanl, 1/(A+ 1)} (9.5)
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9.4 Proof of Theorem 9.1

Choose p > 0 such that
100t2ﬂ < 7Br, (9.6)

and apply Lemma 9.13 with A and { = A — 1, dy = d, ¢’ = ¢, and u to obtain &4,5. Let
€o.13 1= 0o/ 27 (9.7)
and continue the application of Lemma 9.13 with &, ;5 to obtain ¢y ,5. Now we can fix
€ := min{ecy, €pL, €g.13 (9.8)

and continue the application of Lemma 9.2 with input € to get r1. Let 75, and 7, be such

that
2r 1

< PgL and — < P (9.9)
1 —n¢ Na

and let c¢;, and cgp, be the constants obtained from the continued application of Lemma 9.5

with r; replaced by 7¢, and Lemma 9.4 with r; replaced by 7y, respectively.

We continue the application of Lemma 9.3 with input 7. For each r € [r1] Lemma 9.3
provides a value (G, , among all of which we choose the smallest one and set 3 to this value.
Finally, we set ¢ := max{cgy, Cor, Co.13}-

Consider a graph I' = G,, , with p > ¢(log n/n)Y/A. Then I a.a.s. satisfies the properties
stated in Lemma 9.2, Lemma 9.4, Lemma 9.5, and Lemma 9.13, with the parameters previously
specified. We assume in the following that this is the case and show that then also the following
holds. For all subgraphs G C I'" and all graphs H such that G and H have the properties
required by Theorem 9.1 we have H C . To summarise the definition of the constants above,
we assume, more precisely, that I' satisfies the conclusion of the following lemmas:

(L9.2) Lemma 9.2 for parameters t, ro = 1, n¢, v, 0k, d, €, and 71, i.e., if G is any spanning
subgraph of I' satisfying the requirements of Lemma 9.2, then we obtain a partition
of G as specified in the lemma and with these parameters,

(L9.4) Lemma 9.4 for parameters A, d, /2, gy, pip, and 7gy,

(L9.5) Lemma 9.5 for parameters A, 2t, d, eqp, &cr, and 7oy,

(L9.13) Lemma 9.13 for parameters A, £ = A — 1, dg =d, ¢’ = ecy, W, €013, and &g 5.

Now suppose we are given a graph G = (V, E) C T with degg(v) > (5 + ) degp(v) for all
v eV and |V| =n, and a graph H = (V, E) with |[V| = (1 — n)n. Before we show that H
can be embedded into G we will use the lemma for G (Lemma 9.2) and the lemma for H
(Lemma 9.3) to prepare G and H for this embedding.

First we use the fact that I' has property (L9.2). Hence, for the graph G we obtain an r
with 1 <r < from Lemma 9.2, together with a set V5 C V with |Vp| < en, and a mapping
g: V\ Vo — R, such that (G1)-(G3) of Lemma 9.2 are fulfilled. For all i € [r],j € [2] let
Ui, Vi, Ci j, C,f7j, B; ;, and B,L{’j be the sets defined in Lemma 9.2. Recall that these sets were
called big clusters, connecting clusters, and balancing clusters. With this the graph G is
prepared for the embedding. We now turn to the graph H.

We assume for simplicity that 2r/(1 —n) and r/(tn),) are integers and define
re = 2r/(1 —ng) and Ty = 21 /1. (9.10)

We apply Lemma 9.3 which we already provided with A and 7. For input H this lemma
provides a homomorphism h from H to R,; such that (H1)-(H5) of Lemma 9.3 are fulfilled.
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For alli € [r],j € [2t] let U;, V;, Cij, C’ZJ, BU7 Bw’ and X; be the sets asserted by Lemma 9.3.

Further, set C; := MU...UCZ,gt, C; = z1U UC’l 2t, that is, C; consists of connecting
clusters and C; of connecting vertices. Define C” C” B;, B, B’ and B’ analogously (B;
consists of balancing clusters and B; of balancing Vertlces)

Our next goal will be to appeal to property (1.9.4) which asserts that we can apply the
constrained blow-up lemma (Lemma 9.4) for each p-dense pair (U;, V;) with ¢ € [r] individually
and embed H[U;UVj] into this pair. For this we fix i € [r]. We will first set up special
A-sets ‘H; and forbidden A-sets B; for the application of Lemma 9.4. The idea is as follows.
With the help of Lemma 9.4 we will embed all vertices in UZUV, But all connecting and
balancing vertices of H remain unembedded. They will be handled by the connection lemma,
Lemma 9.5, later on. However, these two lemmas cannot operate independently. If, for
example, a connecting vertex § has three neighbours in V;, then these neighbours will be
embedded already to vertices vy, v2,v3 in V; (by the blow-up lemma) when we want to embed
7. Accordingly the image of ¢ in the embedding is confined to the joint neighbourhood of
the vertices vy, v2,v3 in G. In other words, this joint neighbourhood will be the candidate set
C(g) in the application of Lemma 9.5. This lemma requires, however, that candidate sets are
not too small (condition (D) of Lemma 9.5) and, in addition, that candidate sets of vertices
joined by an edge induce p-dense pairs (condition (E)). Hence we need to prepare for these
requirements. This will be done via the special and forbidden sets. The family of special sets
H; will contain neighbourhoods in V; of connecting or balancing vertices § of H (observe that
such vertices do not have neighbours in U; , see Figure 9.1). The family of forbidden sets B;
will consist of sets in V; which are “bad” for the embedding of these neighbourhoods in view
of (D) and (E) of Lemma 9.5 (recall that Lemma 9.4 does not map special sets to forbidden
sets). Accordingly, B; contains A-sets that have small common neighbourhoods or do not
induce p-dense pairs in one of the relevant balancing or connecting clusters. We will next give
the details of this construction of H; and B;.

We start with the special A-sets H;. As explained, we would like to include in the family H;
all neighbourhoods of vertices W of vertices outside U;UV;. Such neighbourhoods clearly lie
entirely in the set X; provided by Lemma 9.3. However, they need not necessarily be A-sets
(in fact, by (H4) of Lemma 9.3, they are of size at most A — 1). Therefore we have to “pad”
these neighbourhoods in order to obtain A-sets. This is done as follows. We start by picking
an arbitrary set of A|X;| vertices (which will be used for the “padding”) in V; \ X;. We add
these vertices to X; and call the resulting set X !. This is possible because (H5) of Lemma 9.3
and (9.5) imply that ]X{\ < (A+ 1)|X\ < (A+ l)nH\V] < ]V|

Now let }7; be the set of vertices in Bzuél with neighbours in f/l These are the vertices for
whose neighbourhoods we will include A-sets in H;. It follows from the definition of X; that
Yi| < A|X;|. Let § € Y; € B;UC;. By the definition of X; we have Ny (7) C X;. Next, we let

Xj be the set of neighbours of § in V; (9.11)

As explained, ¢ has strictly less than A neighbours in f/& and hence we choose additional
vertices from X\ X;. In this way we obtain for each § € ¥; a A-set N € X/ with
N (§) = Ny () = X3 € Ny, (9.12)

We make sure, in this process, that for any two different y and gji we never include the same
additional vertex from X/ \ X;. This is possible because | X!\ X;| > A|X;| > |Y;|. We can
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thus guarantee that
each vertex in X/ is contained in at most A sets Nj. (9.13)
The family of special A-sets for the application of Lemma 9.4 on (U, V;) is then
H; = {N;: j€Yi}. (9.14)

Note that this is indeed a family of A-sets encoding all neighbourhoods in U;UV; of vertices
outside this set.

Now we turn to the family B; of forbidden A-sets. Recall that this family should contain sets
that are forbidden for the embedding of the special A-sets because their joint neighbourhood
in a (relevant) balancing or connecting cluster is small or does not induce a p-dense pair. More
precisely, we are interested into A-sets S that have one of the following properties. Either S
has a small common neighbourhood in some cluster from B; or from C; (observe that only
balancing vertices from B; and connecting vertices from C; have neighbours in f/z) Or the
neighbourhood NJ(S) of S in a cluster D from B; or Cj, respectively, is such that (N3(S), D’)
is not p-dense for some cluster D' from Bj U Bj; or Cj U C}, (observe that edges between
balancing vertices run only between B; and B; U B; 1 and edges between connecting vertices
only between C; and C/ U CL, ).

For technical reasons, however, we need to digress from this strategy slightly: We want to
bound the number of A-sets in B; with the help of the inheritance lemma for ¢-sets, Lemma 9.13,
later. Notice that, thanks to the lower bound on ng in Lemma 9.13, this lemma cannot be
applied (in a meaningful way) for A-sets. But it can be applied for (A — 1)-sets. Therefore,
we will not consider A-sets directly but first construct an auxiliary family of (A — 1)-sets and
then, again, “pad” these sets to obtain a family of A-sets. Observe that the strategy outlined
while setting up the special sets H; still works with these (A — 1)-sets: neighbourhoods of
connecting or balancing vertices in V; are of size at most A — 1 by (H4) of Lemma 9.3.

But now let us finally give the details. We first define the auxiliary family of (A — 1)-sets as
follows:

/ G,A-1 /
Bi = U BadECMd’p (%,Ci’j,cildl) U
i e{i,i+1},4,5' €[2t]
(Ci,jvc;/ j/)eRht
G,A-1
U Bad "y, (Vi, Bij, Bijr)-
J.3'€(2¢]
(bij,b )ERM:

i3

(9.15)

We will next bound the size of this family by appealing to property (L9.13), and hence
Lemma 9.13, with the tripartite graphs G[V;, C; j, C{,7j,] and G[V;, B j, Bl{,j,] with indices as in
the definition of B.. For this we need to check the conditions appearing in this lemma. By the
definition of R,; and (G3) of Lemma 9.2 all pairs (C;, C}, ;) and (B ;, B; /) appearing in
the definition of B} as well as the pairs (V;, C; ;) and (V;, B; ;) with j € [2t] are (e, d, p)-dense.
For the vertex sets of these dense pairs we know |Vi|,|C}, .[,[B; | > mgn/2r > Eorsp™ 0
and |C; ;|,|Bij| = nen/2r = &.sn by (G1) and (G2) of Lemma 9.2 and (9.7). Thus, since
£ < €913, property (L9.13) implies that the family

G,A—-1 / G,A-1 '
BadECLde) (%7 Ci,j, C’i/,j/)’ al’ld BadacL7d7P (‘/,“ Bi7j7 Bl,]/)
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Chapter 9 Embedding into sparse graphs

is of size pu|V;|*~! at most. It follows from (9.15) that |B}| < 8t2u|Vi|*~! which is at most
paL V|21 by (9.6). The family of forbidden A-sets is then defined by

Bi:=B, xV; and we have |B;| < pup|Vi|*®. (9.16)

Having defined the special and forbidden A-sets we are now ready to appeal to (1.9.4) and
use the constrained blow-up Lemma (Lemma 9.4) with parameters A, d, 7/2, gL, fsL, 75,
and rp;, separately for each pair G; := (U;, V;) and for H; := H [UZUVZ] Let us quickly check
that the constant rg;, and the graphs G; and H; satisfy the required conditions. Observe first,
that 1 < rg, =2r/(1 —n¢) < 2r1/(1 —ng) < g by (9.10) and (9.9). Moreover (U;, V;) is an
(€py, d, p)-dense pair by (G3) of Lemma 9.2 and (9.8). (G1) implies

n (i) N

Uil > (1 =ne) - =

2r TBL

and similarly |V;| > n/rg.. By (H1) of Lemma 9.3 we have

~ m n n (9.4),(9.5) n
Ul < (1 — < (1 1—-n)—<(1 —n)— < (1-=1in—ne)=—
Ui < ( +77H)2’r_( +1u)( 77)27«—( + N 77)2T < (1-3n ”G)2r
. (9.10) 1 n
<=1 -n)— =1 - Lipn =
< (1—35n)( nc)% ( 2n)rBL

and similarly |V;| < (1 — 2)n/re. For the application of Lemma 9.4, let the families of
special and forbidden A-sets be defined in (9.14) and (9.16), respectively. Observe that (9.13)
and (9.16) guarantee that the required conditions (of Lemma 9.4) are satisfied. Consequently
there is an embedding of H; into G; for each i € [r] such that no special A-set is mapped to
a forbidden A-set. Denote the united embedding resulting from these r applications of the
constrained blow-up lemma by fer, : U;epg U;uV; — Uiep Ui U Vi

It remains to verify that fs, can be extended to an embedding of all vertices of H into
G. We still need to take care of the balancing and connecting vertices. For this purpose
we will, again, fix ¢ € [r] and use property (L9.5) which states that the conclusion of the
connection lemma (Lemma 9.5) holds for parameters A, 2t, d, e¢y, §or, and 7o We will apply
this lemma with input 7, to the graphs G4 := G[W;] and H! := H[W;] where W; and W; and
their partitions for the application of the connection lemma are as follows (see Figure 9.2).
Let W; := W;1U...UW, g where for all j € [t], k € [2t] we set

Wij = Cittj, Wit == Ciy15, Wit = Cipijs
Wisirj = Ciy1y Wi stk == B, Wigtsr := Biy,
(This means that we propose the clusters in the following order to the connection lemma. The
connecting clusters without primes come first, then the connecting clusters with primes, then
the balancing clusters without primes, and finally the balancing clusters with primes. )
The partition W; WMU UW; 8¢ of the vertex set W; of H! is defined accordingly, i.e.,
for all j € [t], k € [2t] we set
Wi,j = éi RANE Wi,t+j = éiJrl,j ) Wi,2t+j = éz{,t—f—j )
Wisirj = Cly e Wi gtk := Big, Witk i= Bz{,k

To check whether we can apply the connecting lemma observe first that
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9.4 Proof of Theorem 9.1

Figure 9.2: The partition W; = W, 1U...UW; g of G, = G[W;] for the special case t = 2.

1 <2r/ne <2r1/ne < e

by (9.9). For § € W;; with j € [8t] recall from (9.11) (using that each vertex in H has
neighbours in at most one set Vs, see Figure 9.1) that

X is the set of neighbours of § in V; U Vi, and set Xj := fu(Xj). (9.17)

Then the indexed set system (Xg: Yy € WZ]) consists of pairwise disjoint sets because Vf/w
is 3-independent in H by (H3) of Lemma 9.3. Thus also (Xg RS V~V”) consists of pairwise
disjoint sets, as required by Lemma 9.5. Now let the external degree and the candidate set of
Yy E VT/” be defined as in Lemma 9.5, i.e.,

edeg(y) == [Xz|  and  C(9) := Ny, ,(Xy)- (9.18)

Observe that this implies C(§) = Wi ; if X; = 0 and hence X; = 0. Now we will check
that conditions (A)—(E) of Lemma 9.5 are satisfied. From (G2) of Lemma 9.2 and (H2) of
Lemma 9.3 it follows that

(G2) n (9.10) N
/
Wijl 2 ney =" -—  and
T TcL
~ (H2) m n (9.10) Ny N 95 n
|Wi,j’ S NMugps <NMuqzz = 5 — < &
2r 2r N ToL Ter

and thus we have condition (A). By (H3) of Lemma 9.3 we also get condition (B) of Lemma 9.5.
Further, it follows from (H4) of Lemma 9.3 that edeg(y) = edeg(y’) and ldeg(y) = ldeg(7’) for
all g,y € W;; with j € [8t]. In addition A(H) < A and hence

- .\ (9.18) -
degy/(§) + edeg(§) =" [Ny, (§)] + | X5
(9.17) N - -
= Ny, ()] + [NV, ()] < degy () < A
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Chapter 9 Embedding into sparse graphs

and thus condition (C) of Lemma 9.5 is satisfied. To check conditions (D) and (E) of Lemma 9.5
observe that for all § € C}, ; with ¢’ € {i,7 + 1} and j € [2t] we have C(§) = C}, ; as § has no
neighbours in V; or Vi11 and hence the external edeg(7) = 0 (see (9.17) and (9.18)). Thus (D)

is satisfied for § € C’Z j»and smularly for g € B’l/ Forall g € Cw with ¢ < j < 2t on the other

hand we have X C Ny € ( ) by (9.11). Recall that Nj was a special A-set in the application
of the restricted blow-up lemma on G; = (U;, V;) and H; = H[U;UV;] owing to (9.14). Therefore
Ny is not mapped to a forbidden A-set in B; C ( ') by fei. and thus, by (9.15), to no A-set
in BadGA (Vi Cijy Ch ) x Vi with i' € {i,i+1},5,j' € [2t] and (i, ¢} ;) € Ryy. We infer
that the set fon(Xy) = X € ( dég’() )) satisfies |N8i’j (X5)| > (d — ecp)edesWpedes®)|C; | and
is such that

(NC (Xg), Cl 1) is (gcv, d, p)-dense
for all i € {i,i+1},7,7" € [2t] with (i, ¢jr ;1) € Ry (9.19)

Since we chose C(y) = N"(Xz) N Ci; in (9.18) we get condition (D) of Lemma 9.5 also
for § € CJ with ¢ < j < 2t. For g € C’H‘L] with j € [t] the same argument applies
with Xg C Ny € (VZA“), and for 7 € Bi,j with j € [2t] the same argument applies with
X5 SNy (%)

Now it will be easy to see that we get (E) of Lemma 9.5. Indeed, recall again that
C(y) = Cj o forall g € Cz(’,j’ and C(y) = B, o forall g € Bg’,j’ with i/ € {i,i + 1} and
J € [2t]. In addition, the mapping h constructed by Lemma 9.3 is a homomorphism from H
to R, Hence (9.19) and property (G3) of Lemma 9.2 assert that condition (E) of Lemma 9.5
is satisfied for all edges gy’ of H] = H[W;] with at least one end, say g, in a cluster C!, J

or BZ’»,7 - This is true because then C(7) = W;j, where VNVZk is the cluster containing ¢, and

C(§') = N (Xz) N Wi where W, is the cluster containing §'. Moreover, since & is a
homomorphism all edges g9’ in H = H [W] have at least one end in a cluster C’ 1 jr OF Bl,’ e

So conditions (A)—(E) are satlsﬁed and we can apply Lemma 9.5 to get embeddmgs of
H! = H[W;] into G} = G[W;] for all i € [r] that map vertices § € W; (i.e. connecting and
balancing vertices) to vertices y € W; in their candidate sets C(y). Let fq. be the united
embedding resulting from these r applications of the connection lemma and denote the
embedding that unites fz, and fo by f.

To finish the proof we verify that f is an embedding of H into G. Let gy be an edge of H.
By definition of the spin graph R,; and since the mapping h constructed by Lemma 9.3 is a
homomorphism from H to R,; we only need to distinguish the following cases for i € [r] and
7,7’ € [2t] (see also Figure 9.1):

case 1: If & € V; and § € Uj, then f(&) = fa(Z) and f(§) = fu.(7) and thus the constrained
blow-up lemma guarantees that f(Z)f(y) is an edge of G;.

case 2: If & € W; and § € W;, then f(&) = for(#) and f(§) = feu(7) and thus the connection
lemma guarantees that f(Z)f(y) is an edge of G}.

case 3: If # € V; and § € W, then either § € CN'” or y € Bi,j for some j. Moreover,
f(&) = fe(Z) and therefore by (9.18) the candidate set C(g) of g satisfies C'(g) C
Now, (f(&)) or C(§) C Na,, (f(&)), respectively. As £(5) = fu(§) € C(7) we also
get that f(z)f(y) is an edge of G in this case.

It follows that f maps all edges of H to edges of GG, which finishes the proof of the theorem. [
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9.5 A p-dense partition of G

9.5 A p-dense partition of ¢

For the proof of the Lemma for G we shall apply the minimum degree version of the sparse
regularity lemma (Lemma 3.18). Observe that this lemma guarantees that the reduced graph
of the regular partition we obtain is dense. Thus we can apply Theorem 5.1 to this reduced
graph. In the proof of Lemma 9.2 we use this theorem to find a copy of the ladder R} in
the reduced graph (the graphs R} and R, are defined in Section 9.1 on page 130, see also
Figure 9.1). Then we further partition the clusters in this ladder to obtain a regular partition
whose reduced graph contains a spin graph R, ;. Recall that this partition will consist of a
series of so-called big cluster which we denote by U; and V;, and a series of smaller clusters
called balancing clusters B; j, Bl’-J and connecting clusters C; j, C’{J with ¢ € [r], j € [2t]. We
will now give the details.

Proof of Lemma 9.2. Given t, ro, n, and v choose 1 such that

4
n+<+2>t~n’§
Y

. (9.20)

N3

and set d := /4. Let § and kgk be the constants provided by Theorem 5.1 for input gk := 2,
A = 3 and /2. For input ¢ set

76 = max{2ro + 1, kg, 3/3,6/v,2/¢,10/n} (9.21)
and choose &’ such that
e/ <e/2, and ¢’ < min{vy/4,1/10}. (9.22)

Lemma 3.18 applied with a := % +, €/, r{, then gives us the missing constant r;.

Assume that I' is a typical graph from G, ), with log*n/(pn) = o(1), in the sense that it
satisfies the conclusion of Lemma 3.18, and let G = (V, E) C I satisfy deg(v) > (3+7) degp(v)
for all v € V. Lemma 3.18 applied with a@ = % +7, €, r(, and d to G gives us an (¢',d, p)-
dense partition V' = VjUV/U...UV/, of G with reduced graph R’ with |V (R’)| =’ such that
2ro+1 < 1y <’ < ry and with minimum degree at least (3 +v—d—¢')r’ > (3 +3)r’ by (9.22).
If v’ is odd, then set Vp := VyUV/, and r := (' — 1)/2, otherwise set Vj := Vj and r :=r'/2.
Clearly o < r < ry, the graph R := R'[2r] still has minimum degree at least (5 + 3)2r and
Vol < e'n+ (n/r}) < (n/5)n by the choice of r, and £’. It follows from Theorem 5.1 applied
with A = 3 and 7/2 that R contains a copy of the ladder R} on 2r vertices (R} has bandwidth
2 < - 2r by the choice of r(in (9.21)). This naturally defines an equipartite mapping f from
V\ Vo to the ladder R}: f maps each vertex of G in cluster V; to vertex i of R}. We will show
that subdividing the clusters f~1(i) for all i € V(R}) will give the desired mapping g.

To this end let us first rename the vertices of the graph R'[2r] to {uy,v1, ..., u,, v, } according
to the spanning copy R;. We will now construct the balancing clusters B, ; and Bl’-7 ; with
i € [r], j € [2t] and afterwards turn to the connecting clusters Cj ; and Cf ; and big clusters
U, and V; with i € [1], j € [2t].

Notice that 6(R) > (3 + %)2r implies that every edge u;v; of Rj: C R is contained in more
than ~r triangles in R. Therefore, we can choose vertices w; of R for all ¢ € [r] such that
u;v;w; forms a triangle in R and no vertex of R serves as w; more than 2/ times. We continue
by choosing in cluster f~!(u;) arbitrary disjoint vertex sets B; ;, ..., By, B;Hl, e ngt,
of size n'n/(2r) each, for all i € [r]. We will show below that f~!(u;) is large enough so that
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Figure 9.3: Cutting off a set of balancing clusters from f~!(u;) and f~!(w;). These clusters
build p-dense pairs (thanks to the triangle w;v;w; in R) in the form of a Cj.

these sets can be chosen. We then remove all vertices in these sets from f~!(u;). Similarly,
we choose in cluster f~!(w;) arbitrary disjoint vertex sets B;si1, - .. ,Biat, B;jl, e ,B;t , of
size n'n/(2r) each, for all i € [r]. We also remove these sets from f~!(w;). Observe that
this construction asserts the following property. For all i € [r] and j, ', j”, 7" € [t] each of
the pairs (f~'(vi), Bij), (Bijs By j1)s (Bijis Biyyjn)s (Bi s Bigrjm), and (Bygjor, f~1(v3))
is a sub-pair of a p-dense pair corresponding to an edge of R[{u;,v;, w;}] (see Figure 9.3).
Accordingly this is a sequence of p-dense pairs in the form of a (5, as needed for the balancing
clusters in view of condition (G3) (see also Figure 9.1). Hence we call the sets B; ; and B ;
with i € [r], j € [t] balancing clusters from now on and claim that they have the required
properties. This claim will be verified below.

We now turn to the construction of the connecting clusters and big clusters. Recall that
we already removed balancing clusters from all clusters f~!(u;) and possibly from some
clusters f~1(v;) (because v; might have served as wy) with i € [r]. For each i € [r] we
arbitrarily partition the remaining vertices of cluster f~1(u;) into sets C; 1U...UC; 2UU; and
the remaining vertices of cluster f~!(v;) into sets C;,U...UC] ,,UV; such that |C; 5], |Cj ;| =
n'n/(2r) for all i € [r],j € [2t]. This gives us the connecting and the big clusters and we
claim that also these clusters have the required properties. Observe, again, that for all i € [r],
i€ {i—1,4,i+1}\ {0}, j,j" € [2¢] each of the pairs (U, V;), (Cy 5, Vi), and (Cy;, C; ;) is a
sub-pair of a p-dense pair corresponding to an edge of R} (see Figure 9.4).

Figure 9.4: Partitioning the remaining vertices of cluster f~!(u;) and f~!(v;) into sets
Ci1UC; 2UU; and Cf |UC; ,UV; (for the special case t = 1). These clusters form
p-dense pairs (thanks to the ladder R in R) as indicated by the edges.

We will now show that the balancing clusters, connecting clusters and big clusters satisfy
conditions (G1)-(G3). Note that condition (G2) concerning the sizes of the connecting and

144



9.6 A partition of H

balancing clusters is satisfied by construction. To determine the sizes of the big clusters
observe that from each cluster Vj’ with j € [2r] vertices for at most 2t - 2/ balancing clusters
were removed. In addition, at most 2¢ connecting clusters were split off from Vj’ . Therefore we

get
n\ n 4 ;N n
Vil, |U; >(1—f)f— S i
iz (1= 2) g - (22} ez -,
by (9.20) and (9.22). This is condition (G1). It remains to verify condition (G3). It can
easily be checked that for all xy € E(R, ;) the corresponding pair (g7 (), g7 (y)) is a sub-
pair of some cluster pair (f~!(z'), f~'(y')) with 2'y’ € E(R) by construction. In addition
all big, connecting, and balancing clusters are of size at least n'n/(2r). Hence we have
lg~ (z)| > 7'|f~1(2")| and |g~(y)| > 7'|f~'(y")|. We conclude from Proposition 3.16 that
(971 (z),g71(y)) is (e,d,p)-dense since &'/n’ < ¢ by (9.22). This finishes the verification
of (G3). O

9.6 A partition of H

The theorem of Hajnal and Szemerédi (Theorem 1.4) states that every graph G with 6(G) >
“ln contains a family of [n/r| vertex disjoint cliques, each of size r. In fact Hajnal and
Szemerédi obtained a more general result and determined the minimum degree that forces a
certain number of vertex disjoint K, copies in G. In addition their result guarantees that the
remaining vertices can be covered by copies of K,_.

Another way to express this, which actually resembles the original formulation, is obtained
by considering the complement G of G and its maximum degree. Then, so the theorem asserts,
the graph G contains a certain number of vertex disjoint independent sets of almost equal
sizes. In other words, G admits a vertex colouring such that the sizes of the colour classes

differ by at most 1. Such a colouring is also called equitable colouring.

Theorem 9.14 (Hajnal & Szemerédi [48]). Let G be a graph on n vertices with mazimum

degree A(G) < A. Then there is an equitable vertex colouring of G with A + 1 colours. [

In the proof of Lemma 9.3 that we shall present in this section we will use this theorem in
order to guarantee property (H3). This will be the very last step in the proof, however. First,
we need to take care of the remaining properties.

Before we start, let us agree on some terminology that will turn out to be useful in the
proof of Lemma 9.3. When defining a homomorphism h from a graph H to a graph R, we
write h(S) := z for a set S of vertices in H and a vertex z in R to say that all vertices from S
are mapped to z. Recall that we have a bandwidth hypothesis on H. Consider an ordering of
the vertices of H achieving its bandwidth. Then we can deal with the vertices of H in this
order. In particular, we can refer to vertices as the first or last vertices in some set, meaning
that they are the vertices with the smallest or largest label from this set.

We start with the following proposition.

Proposition 9.15. Let R be the following graph with siz vertices and siz edges:

R:= ({zo,zl, o 20) {zozl,zle,22z3,z3z4,z425,z5zl}) :

For every real 7] > 0 there exists a real B > 0 such that the following holds: _Consg'der an
arbitrary bipartite graph H with m vertices, colour classes Z° and Z', and bw(H) < Bm and
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Chapter 9 Embedding into sparse graphs

Figure 9.5: The graph R in Proposition 9.15.

denote by T the union of the first Bm vertices and the last B vertices of H. Then there exists
a homomorphism h: V(H) — V(R) from H to R such that for all j € {0,1} and all k € [2, 5]

%—5ﬁm§|h 1(zj)|§%+f]m, (9.23)
(")) < . (9-24)
WT N Z79) = 20 (9.25)

Roughly speaking, Proposition 9.15 shows that we can find a homomorphism from a bipartite
graph H to a graph R which consists an edge 22! which has an attached 5-cycle (see Figure 9.5
for a picture of R) in such a way that most of the vertices of H are mapped about evenly to
the vertices z¥ and z!. If we knew that the colour classes of H were of almost equal size, then
this would be a trivial task, but since this is not guaranteed, we will have to make use of the

additional vertices 22, ..., 2°.

Proof of Proposition 9.15. Given 7, choose an integer £ > 6 and a real 3 > 0 such that

- 1

o
7 <7 and [ := ek (9.26)

For the sake of a simpler exposition we assume that m/¢ and Bm are integers. Now consider
a graph H as given in the statement of the proposition. Partition V(H) along the ordering
induced by the bandwidth labelling into sets W1, ..., Wy of sizes |W;| = m/{ for i € [¢]. For
each W;, consider its last 53m vertices and partltlon them into sets X;1,...,X;5 of size
| X, k| = Bm. For i € [(] let

Wi =W\ (Xi1U---UX;5), W= UWm

and note that
L:= = ; 3 fn 1 o 1 _
: |VVJ TZ 56m ©29 < — ) m > —m (9.26) Bin.

Forie[l],j€{0,1},and 1 <k <5 let

Wl=winZzl, X! =XnZ.
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9.6 A partition of H

Thanks to the fact that bw(H) < $m, we know that there are no edges between W; and Wy
for i # i’ € [f]. In a first round, for each i € [¢] we will either map all vertices from W7 to 2/
for both j € {0,1} (call such a mapping a normal embedding of W;) or we map all vertices
from W/ to 2177 for both j € {0,1} (call this an inverted embedding). We will do this in such
a way that the difference between the number of vertices that get sent to 20 and the number
of those that get sent to z! is as small as possible. Since |W;| < L the difference is therefore at
most L. If, in addition, we guarantee that both W7 and Wy receive a normal embedding, it is
at most 2L. So, to summarize and to describe the mapping more precisely: there exist integers
@i € {0,1} for all i € [¢] such that ¢; = 0 = ¢, and the function h: W — {20, 2!} defined by

2 if v; =0,

hW) = { .

is a homomorphism from H[W] to R[{z°, 2!}], satisfying that for both j € {0, 1}

if p; =1,

(L 4 m 4 =
J <7 — - — 7
\ (z)| 5 +2L = <2+2> 7 <2+2) 58m

(9.26) m+ (2 51 10 < m
= —4+ml|l-—==— —_ —.
2 ¢ 20 2)— 2

In the second round we extend this homomorphism to the vertices in the classes X; . Recall
that these vertices are by definition situated after those in W; and before those in W;11. The
idea for the extension is simple. If W; and W;;1 have been embedded in the same way by h
(either both normal or both inverted), then we map all the vertices from all X;, to 2% and
z! accordingly. If they have been embedded in different ways (one normal and one inverted),
then we walk around the 5-cycle z',..., 2% 2! to switch colour classes.

Here is the precise definition. Consider an arbitrary i € [¢]. Since h(WlO) and h(W}) are
already defined, choose (and fix) j € {0,1} in such a way that h(Wj) = z!. Note that this
implies that h(I/V1 7y = 20. Now define h; : Us_ 0 Xik — Us_,{2*} as follows:

Suppose first that ¢; = ¢;41. Observe that in this case we must also have h(W/ +1) 2!

and h(I/VZ 1 1) = 29, So we can happily define for all k € [5]

(9.27)

hi(X7,) =20 and  hi(X)7) =2
Now suppose that goz # @i+1. Since we are still assuming that j is such that h(Wj ) =2t
and thus A(W,' /) = 20, the fact that ¢; # ;41 implies that h(VVZJ_H) = 2% and h(VVH_1 ) =zl
In this case we deﬁne h as follows:

RW ) | ha(X7) | ha(X357) [ ha(X057) | ha(X307) | ha(X057) | (W)
= ZU = 2’2 = 2’2 = 24 = 2’4 = Zl = Z
h(sz) hi(Xij,l) hi(Xijg) hi(X%?,:a) h’i<XiJ,4) h’i(Xij,5) h(WiJJrl)
= 2! == =23 =23 =29 =20 =20

~ Finally, we set h:V(H) — V(R) by letting h(x) := h(z) if z € W; for some i € [¢] and
h(z) := hi(z) if z € X, for some i € [¢] and k € [5].
In order to verify that this is a homomorphism from H to the sets R, we first let

XD =W, Xy =W/ X0 =W,

7

+17X VVZ—H
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Chapter 9 Embedding into sparse graphs

Using this notation, it is clear that any edge x2’ in H[W; U Uizl X, UW;yq] with z € Z7
and z’ € Z'77 is of the form

. 1—4 - 1—9 1
' € (X X Xip ) U (X X X i) U (K

1-j
X Xi,k )
for some k € [0,6]. It is therefore easy to check in the above table that h maps z2’ to an edge
of R.
We conclude the proof by showing that the cardinalities of the preimages of the vertices in
R match the required sizes. In the second round we mapped a total of

additional vertices from H to the vertices of R, which guarantees that

— 4, i 02D m o ) — 1,k o
|h™ () < 5+nmforall]6{0,1}, |h™ (") < pm for all k € [2,5].

Finally, the lower bound in (9.23) immediately follows from the upper bounds:

— 5qm.

5 _
B 2 m— [ ) = Y RN 2 S
k=2

O]

We remark that Proposition 9.15 (and thus Lemma 9.3) would remain true if we replaced
the 5-cycle in R by a 3-cycle. However, we need the properties of the 5-cycle in the proof of
the main theorem. Now we will prove Lemma 9.3.

Proof of Lemma 9.3. Given the integer A, set t := (A + 1)3(A3 + 1). Given a real 0 < n<l
and integers m and r, set 77 := 1/20 < 1/20 and apply Proposition 9.15 to obtain a real 8 > 0.
Choose 3 > 0 sufficiently small so that all the inequalities

1 _ 1 1
Loagz . apr<l. 168 <y ( _ 45) (2 _ 5n) (9.28)

r

hold. Again, we assume that m/r and Sm are integers.

Next we consider the spin graph R,; with ¢ =1, i.e., let R := R, 1. For the sake of simpler
reference, we will change the names of its vertices as follows: For all i € [r] we set (see
Figure 9.6)

3.3/ 4,

— 2._ . —p 5.
.— Ui,z —_ bi’l,zi . 7;71721‘ .— bi72,zi «— bi’2,

0., 1
Zp = Ui, 2 o

qi2 =G, q? = C;,lv q? = G2, q? = 0;72.
Note that for every i € [r] the graph R[{z},...,2?}] is isomorphic to the graph R defined in
Proposition 9.15.
Partition V (H) along the ordering (induced by the bandwidth labelling) into sets Sy, ..., S,
of sizes |S;| = m/r for i € [r].
Define sets T; , for i € [r] and k € [0, 5] with |T; | = Bm such that T; o U - - - UT; 4 contain
the last 58m vertices of S; and T; 5 the first Bm vertices of §i+1 (according to the ordering).
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4 2 0
q; 2 q; 9t Zit1

bita2

q / / /
bz bz bivo2 bisa

Figure 9.6: The subgraph R[{2),...,22, ¢}, a7, q? 1,4 1,201, ., 22,1} of Ry1 in the proof
of Lemma 9.3.

Set S; := S; \ (T; i1 U---UT;4) and observe that this implies that Tj ¢ is the set of the last fm
vertices of S; and Tl,5 is the set of the first Sm vertices in S;y1. Set

m:=|S;| = (m/r) —4pm = <i — 4ﬁ) m <9§8> pm/3, thus Bm > pm. (9.29)

Denote by Z° and Z! the two colour classes of the bipartite graph H. For i € [¢], k € [0, 5]
and j € [0,1] let ' ' ' .
Sl=8n2, T =Tun2z.

Now for each i € [r] apply Proposition 9.15 to H; := H[S;] and R; := R[{2),...,20}].
Observe that

(9.29) _

bw(H;) <bw(H) < pm < Bm,

so we obtain a homomorphism h; : S; — {zi yo.., 22} of H; to R;. Combining these yields a
homomorphism

T T

h: USz—> U{ZO L2}
i=1 i=1
T
from H[| |Si] to U{sz--'v 2
i=1

with the property that for every i € [r], j € [0,1] and k € [2, 5]

m, NCE DR (0.23) 77, n\ m
5_5777” < | z)l = §+nm§<1+ﬁ)§ and
(9.24)
) < gm< L

Thanks to (9.29), we know that 3m > m, and therefore applying the information from (9.25)
in Proposition 9.15 yields that for all i € [r] and j € [0, 1]

WTl) =2 and  A(TV;) =21,
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Chapter 9 Embedding into sparse graphs
In the second round, our task is to extend this homomorphism to the vertices in S; \ S; by
defining a function
hi : ﬂ,l u---u ﬂ74 - {Zzl7Q;l7qg)7 qi2+17 q§+17 Zi1+1}

for each i € [r] as follows:

>

(Tgo) = Z? h; (Ti(?l) = q?

h”i(T792) = (I? ‘ hi(TEB) = qi2+1 ‘ hi(Ti(34) = qz'2+1 ‘ B(Tgs) = Z?H

hi(Til,l) = Zzl ‘ hi(Tz‘lz) = q?

B(Til,o) = Zzl

hi(Til,a) = Q?+1 ‘ hi(TilA) = Z'L1+1 ‘ E(Til,s) = Zi1+1

Now set h(z) := h(z) if z € S; for some i € [r] and h(z) := h;(z) if # € T}, for some i € [r]
and k € [4].

Let us verify that h is a homomorphism from H to R. For edges xz’ with both endpoints
inside a set S; we do not need to check anything because here h(x) = h(x) and h(z') = h(z')
and we know from Proposition 9.15 that h is a homomorphism. Due to the bandwidth
condition bw(H) < 3m, any other edge x2’ with x € Z° and 2’ € Z! is of the form

za' € (Tz’[?k X Tzlk) U (Tz'(,]k X Til,k—i-l) U (T'(,]k+1 X Til,k)

)

for some i € [¢] and 0 < k,k+ 1 < 5. It is therefore easy to check in the above table that h
maps zx’ to an edge of R.

What can we say about the cardinalities of the preimages? In the second round we have
mapped 48mr additional vertices from H to vertices in R, hence for any vertex z in R with
2z g {20, 21}, i € [{] we have

W71 (2)| < 4Bmr < 12, (9.30)
and therefore the required upper bounds immediately follow from (9.6).

At this point we have found a homomorphism h from H to R = R, of which we know that
it satisfies properties (H1) and (H2).

So far we have been working with the graph R = R, 1, and therefore we know which vertices
have been mapped to u; = z? and v; = zilz

Up:=hYu)=h71(2)) and V;:=h"t(v;)=h"1(2}).

7

Moreover for i € [r] and k € [2,5] set
ZE=h712F) and QY :=h7l(¢)

Let us deal with property (H5) next. By definition, a vertex in X,; C V; must have at least
one neighbour in Q? or Q} or Z? or Z?. We know from (9.30) that the two latter sets contain
at most 43mr vertices each, and each of their vertices has at most A neighbours. Thus

- (9.28) 1 1 1
IX;| < A-168mr < 7 <T — 45) <2 — 577) m 2 nm (2 — 577)

(9.6)

nlh (2| < mlh~ ()| = n|Vil,

which shows that (H5) is also satisfied.
Next we would like to split up the sets Z¥ and Q¥ for i € [r] and k € [2,5] into smaller sets
in order to meet the additional requirements (H3) and (H4). This means that we need to
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9.6 A partition of H

partition them further into sets of vertices which have no path of length 1, 2, or 3 between
them and which have the same degree into certain sets.

To achieve this, first denote by H? the 3rd power of H. Then an upper bound on the
maximum degree of H? is obviously given by

A+AA-1)+AA-1)(A-1) < A3

Hence H? has a vertex colouring ¢ : V(H) — N with at most A3 + 1 colours. Notice that a set
of vertices that receives the same colour by ¢ forms a 3-independent set in H. To formalize
this argument, we define a ‘fingerprint’ function

e U UJ@zFu@p) — [0,A] x [0,A] x [0,A] x [A® + 1]

i=1 k=2

as follows:

degy, (), deggeogr(v),deg 2 (), oy)) ity € (Uloo(@F U ZM)\ 2L,

fly) = ,
degy; (y), deggauqs (y), deg 23,25 (), C(y)) if y € Z},

for some ¢ € [r].
Recall that we defined ¢ := (A + 1)3(A3 + 1), so let us identify the codomain of f with the
set [t]. Now for i € [r] and j € [t] we set

Bij =220 f1(), Birvj =220 f71()
Bl =20 f7'G),  Blyi=2Zi0 ()
él,j = szmf_l(j)a zt+] Q4mf ( )
Cli=Qnf'G), Gy =@ nfi().

Observe, for example, that for y € Bi,j the third component of f(y) is exactly equal to
degp; j)(y). Now, for any

c. B . ér Bl
/ 2Y) %] 2% 2]
we ()0 ()0 ()0 (%)

we have f(y) = j = f(y') and hence any of the parameters required in (H3) and (H4) have
the same value for y and /.

The only thing missing before the proof of Lemma 9.3 is complete is that we need to
guarantee that every y € ZZ-2 UZz2u Q? U Qf has at most A — 1 neighbours in Vj, as required
in the first line of (H4). If a vertex y does not satisfy this, it must have all its A neighbours
in V;. Since by definition of V; these neighbours have been mapped to zil, we can map y to z?
(instead of mapping it to 22, 22, ¢? or ¢}').

Even if, in this way, all of the vertices in Z2 uZz2u Q? U Q? would have to be mapped to
29, (9.30) assures us that these are at most 41770 2t vertices. Since by (9.6) at most (14 {5)2*
have already been mapped to zZQ in the first round and by (9.30) at most 75 4* in the second

round, this does not violate the upper bound in (H1). O

151



Chapter 9 Embedding into sparse graphs

9.7 The constrained blow-up lemma

As explained earlier the proof of the constrained blow-up lemma uses techniques developed
in [8, 86] adapted to our setting. In fact, the proof we present here follows the embedding
strategy used in the proof of [8, Theorem 1.5]. This strategy is roughly as follows. Assume
we want to embed the bipartite graph H on vertex set UUV into the host graph G on vertex
set UUV. Then we consider injective mappings f: V — V, and try to find one that can be
extended to U such that the resulting mapping is an embedding of H into G. For determining
whether a particular mapping f can be extended in this way we shall construct an auxiliary
bipartite graph By, a so-called candidate graph (see Definition 9.16), which contains a matching
covering one of its partition classes if and only if f can be extended. Accordingly, our goal
will be to check whether By contains such a matching M which we will do by appealing to
Hall’s condition. On page 154 we will explain the details of this part of the proof, determine
necessary conditions for the application of Hall’s theorem, and collect them in form of a
matching lemma (Lemma 9.23). It will then remain to show that there is a mapping f such
that By satisfies the conditions of this matching lemma. This will require most of the work.
The idea here is as follows.

We will show that mappings f usually have the necessary properties as long as they do
not map neighbourhoods Ny (@) C V of vertices in @ € U to certain “bad” spots in V. The
existence of (many) mappings that avoid these “bad” spots is verified with the help of a
hypergraph packing lemma (Lemma 9.21). This lemma states that half of all possible mappings
f avoid almost all “bad” spots and can easily be turned into mappings f’ avoiding all “bad”
spots with the help of so-called switchings.

Candidate graphs

If we have injective mappings f: V — V as described in the previous paragraph we would like
to decide whether f can be extended to an embedding of H into G. Observe that in such an
embedding each vertex @ € U has to be embedded to a vertex u € U such that the following
holds. The neighbourhood Np (%) has its image f(Ng(@)) in the set Ng(u). Determining
which vertices v are “candidates” for the embedding of @ in this sense gives rise to the following
bipartite graph.

Definition 9.16 (candidate graph). Let H and G be bipartite graphs on vertex sets Uuv
and UUV, respectively. For an injective function f:V — V we say that a vertez u € U is an
f-candidate for u € U if and only if f(Nug(a)) € Ng(u).

The candidate graph Bf(H,G) := (UUU, Ey) for f is the bipartite graph with edge set
E; = {ﬂu e U x U: u is an f-candidate for 11} .

Now it is easy to see that the mapping f described above can be extended to an embedding
of H into G if and only if the corresponding candidate graph has a matching covering U.
Clearly, if the candidate graph By(H,G) of f has vertices @ € U of degree 0, then B¢(H,QG)
has no such matching and hence f cannot be extended. More generally we would like to avoid
that degp, (17,6)(1) is too small. Notice that this means precisely that Ny (i) should not be
mapped to a set B CV by f, that has a small common neighbourhood in G. These sets B
are the “bad” spots (see the beginning of this section) that should be avoided by f.

We explained above that, in order to avoid “bad” spots, we will have to change certain
mappings f slightly. The exact definition this operation is as follows.
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9.7 The constrained blow-up lemma

Definition 9.17 (switching). Let f, f': X — Y be injective functions. We say that f' is
obtained from f by a switching if there are u,v € X with f'(u) = f(v) and f'(v) = f(u) and
f(w) = f'(w) for all w & {u,v}. The switching distance dgw (f, f') of f and [’ is at most s if
the mapping f' can be obtained from f by a sequence of at most s switchings.

These switchings will alter the candidate graph corresponding to the injective function
slightly (but not much, see Lemma 9.19). In order to quantify this we further define the
neighbourhood distance between two bipartite graphs B and B’ which determines the number
of vertices (in one partition class) whose neighbourhoods differ in B and B’.

Definition 9.18 (neighbourhood distance). Let B = (UUU, E), B' = (UUUJ E’) be bipartite
graphs. We define the neighbourhood distance of B and B’ with respect to U as

Ay (B, B') = [{a € U: Np(a) # Np/(a)}].

The next simple lemma now examines the effect of switchings on the neighbourhood distance
of candidate graphs and shows that functions with small switching distance correspond to
candidate graphs with small neighbourhood distance.

Lemma 9.19 (switching lemma). Let H and G be bipartite graphs on vertex sets UUV and
UUV, respectively, such that degy(0) < A for all v € V and let f,f': V — V be injective
functions with switching distance dsw(f, f') < s. Then the neighbourhood distance of the
candidate graphs By(H,G) and By/(H,G) satisfies

dy @) (Bf(H» G),By(H, G)) < 2sA.

Proof. We proceed by induction on s. For s = 0 the lemma is trivially true. Thus, consider
s > 0 and let g be a function with dgw(f,g) < s — 1 and dgsw (g, f/) = 1. Define

N(f, f) = {’a ev: Np, ) (0) # NBf,(H,G)(ﬂ)} :

Clearly, [N(f, f')| = dyg)(Bf(H,G),Bp(H,G)) and N(f,f') € N(f,9)UN(g,[f). By
induction hypothesis we have |N(f,g)| < 2(s — 1)A. The remaining switching from g to f’
interchanges only the images of two vertices from V', say ©; and v3. It follows that

N(g, f') = {fb € Nu(91) U Ng(92): N, (m,q)(t) # NBf,(H,G)(ﬂ)} )

which implies |[N(g, f')] < 2A and therefore we get |N(f, f')| < 2sA. O

A hypergraph packing lemma

The main ingredient to the proof of the constrained blow-up lemma is the following hypergraph
packing result (Lemma 9.21). To understand what this lemma says and how we will apply
it, recall that we would like to embed the vertex set U of H into the vertex set U of G such
that subsets of U that form neighbourhoods in the graph H avoiding certain “bad” spots
in U. If H is a A-regular graph, then these neighbourhoods form A-sets. In this case, as
we will see, also the “bad” spots form A-sets. Accordingly, we have to solve the problem of
packing the neighbourhood A-sets N and the “bad” A-sets B, which is a hypergraph packing
problem. Lemma 9.21 below states that this is possible under certain conditions. One of these
conditions is that the “bad” sets should not “cluster” too much (although there might be
many of them). The following definition makes this precise.
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Chapter 9 Embedding into sparse graphs

Definition 9.20 (corrupted sets). For A € N and a set V' let B C (X) be a collection of A-sets
iV and let x be a positive real. We say that all B € B are x-corrupted by B. Recursively,
fori e [A—1] ani-set B € (‘l/) iV is called x-corrupted by B if it is contained in more than
x of the (i + 1)-sets that are x-corrupted by B.

Observe that, if a vertexr v € V is not x-corrupted by B, then it is also not x’-corrupted by
B for any ' > x.

The hypergraph packing lemma now implies that A and B can be packed if B contains no
corrupted sets. In fact this lemma states that half of all possible ways to map the vertices of
N to B can be turned into such a packing by performing a sequence of few switchings.

Lemma 9.21 (hypergraph packing lemma [86]). For all integers A > 2 and { > 1 there
are positive constants Ngs;, and Ngo; such that the following holds. Let B be a A-uniform
hypergraph on n' > ng,, vertices such that no vertex of B is 1y’ -corrupted by B. Let N be a
A-uniform hypergraph on n < n' vertices such that no vertex of N is contained in more than £
edges of N.

Then for at least half of all injective functions f: V(N) — V(B) there are packings ' of N
and B with switching distance dgyw (f, f') < on. O

When applying this lemma we further make use of following lemma which helps us to bound
corruption.

Lemma 9.22 (corruption lemma). Let n,A > 0 be integers and p and n be positive reals. Let
V be a set of size n and B C (X) be a family of A-sets of size at most un®. Then at most
(Al/n2~ Y un vertices are nn-corrupted by B.

Proof. For i € [A] let B; be the family of all those i-sets B’ € (‘Z/) that are nn-corrupted by B.
We will prove by induction on i (starting at ¢ = A) that

1/4] )
|B;| < ?A'/_Zi'unl. (9.31)

For ¢ = 1 this establishes the lemma. For i = A the assertion is true by assumption. Now
assume that (9.31) is true for 4 > 1. By definition every B’ € B;_; is contained in more than
nn sets B € B;. On the other hand, clearly every B € B; contains at most i sets from B;_.
Double counting thus gives

90.31)  Al/q! )
nn |Bi—1| < |{(BljB) :B' € B;_1,BeB;,B C B}’ <i|B;i| < inA/Ziunl,

which implies (9.31) for i replaced by i — 1. O

A matching lemma

We indicated earlier that we are interested into determining whether a candidate graph has
a matching covering one of its partition classes. In order to do so we will make use of the
following matching lemma which is an easy consequence of Hall’s theorem. This lemma takes
two graphs B and B’ as input that have small neighbourhood distance. In our application these
two graphs will be candidate graphs that correspond to two injective mappings f and f’ with
small switching distance (such as promised by the hypergraph packing lemma, Lemma 9.21).
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9.7 The constrained blow-up lemma

Recall that Lemma 9.19 guarantees that mappings with small switching distance correspond
to candidate graphs with small neighbourhood distance.

The matching lemma asserts that B’ has the desired matching if certain vertex degree and
neighbourhood conditions are satisfied. These conditions are somewhat technical. They are
tailored exactly to match the conditions that we establish for candidate graphs in the proof of
the constrained blow-up lemma (see Claims 9.26-9.28).

Lemma 9.23 (matching lemma). Let B = (UUU, E) and B' = (UUU, E') be bipartite graphs
with [U| > |U| and dy iy (B, B') < s. If there are positive integers x and ny,ng,ng such that

(i) degp/ (@) >ny for alla e U,

(i) [Np/(S)| > z|S| for all S C U with |S| < ny
(iii) ep(S,S) < Z—;|§HS! for all S CU, S CU with zny < |S| < |S| < ns,
(iv) |[Ng(S)YNS|>s for all S CU, S C U with |S| > n3 and |S| > |U| — |5,

then B’ has a matching covering U.

Proof. We will check Hall’s condition in B’ for all sets S C U. We clearly have |Np:(S)| > |S]
for |S| < xng by (ii) (if |S| > ng, then consider a subset of S of size ny).

Next, consider the case zny < |S| < n3. Set S := Np/(S) and assume, for a contradiction,
that |S| < |S|. Since |S| < |S| < ng we have |S|/n3 < 1. Therefore, applying (i), we can
conclude that

ep(8,8) =Y |Np(a |>n1|5\>*|5||5\
aes

which is a contradiction to (ii). Thus |[Ng/(S)| > |S|.

Finally, for sets S of size at least ng set S := U\Np/(S S) and assume, again for a contradiction,
that |[Np/(S)| < |S|. This implies |S| > |U| — |S]. Accordingly we can apply (iv) to S and
S and infer that |Np(S) N S| > s. Since dN(g)(B7B’) < s, at most s vertices from U have
different neighbourhoods in B and B’ and so

‘NB/(S) ms‘ - ‘ {a €5:Ng(i)ns # @} ‘
2‘{ﬁegzNB(ﬂ)ﬂS;&@}’—s:‘NB(S)HS"—S>O,
which is a contradiction as S = U \ Np/(S). O

Proof of Lemma 9.4

Now we are almost ready to present the proof of the constrained blow-up lemma (Lemma 9.4).
We just need one further technical lemma as preparation. This lemma considers a family of
pairwise disjoint A-sets S in a set S and states that a random injective function from S to a
set 1" usually has the following property. The images f(S) of sets in S “almost” avoid a small
family of “bad” sets 7 in T.

Lemma 9.24. For all positive integers A and positive reals 3 and pg there is pr > 0 such
that the following holds. Let S and T be disjoint sets, S C (i) be a family of pairwise

disjoint A-sets in S with |S| < (1 — ps)|T|, and T C ( ) be a family of A-sets in T with
7| < prlT12.
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Chapter 9 Embedding into sparse graphs

Then a random injective function f: S — T satisfies |f(S)\7T| > (1 — 3)|S| with probability
at least 1 — 151,

Proof. Given A, 3, and ug choose

pri= /B (; <MA>A>1 (9.32)

Let S, T, S, and T be as required and let f be a random injective function from S to 7. We
consider f as a consecutive random selection (without replacement) of images for the elements
of S where the images of the elements of the (disjoint) sets in S are chosen first. Let S; be
the i-th such set in §. Then the probability that f maps S; to a set in 7, which we denote by
p;, is at most

7] pal T2 A
< < pr = pr
(TI=G-DA) = (ws]Tly = (,LSA|T|>A Ihs

where the second inequality follows from (i — 1)A < [|JS| < (1 — us)|T|. Let Z be a random
variable with distribution Bi(|S|,p). It follows that P[|f(S) N 7| > z] < P[Z > z]. Since

PIZ > 4] < <|8|>pz . (ié‘\p> ,
z z
we infer that

81S| A\ BIS]
PlsenTiz o] < (%) - (’g (£) ) o g

which proves the lemma since |f(S)N 7| > §|S| holds iff |f(S)\ 7| < (1 - )|S]. O

pi < =p,

Now we can finally give the proof of Lemma 9.4.

Proof of Lemma 9.4. We first define a sequence of constants. Given A, d, and n fix A’ := A241.
Choose 8 and o such that

1aya 1 (1—pB)d>
Apply the hypergraph packing lemma, Lemma 9.21, with input A, £ = 2A 4+ 1, and o to
obtain constants 7,1, and ng .. Next, choose 1) ,,, fis, and ug such that

/ A
M9.21 L. 2MBL 1 1
—_— — < — < —(1- . 9.34
o)A 1= A= A=) (9:34)

Lemma 9.24 with input A, 3, ug provides us with a constant p,. We apply Lemma 9.10
two times, once with input A =/, d, &’ := %d, and p = pp, /A" and once with input A = ¢,
d, e = %d, and p = po and get constants €4, and &g, respectively. Now we can fix the
promised constant € such that

€9.10 i and eA’
AT 2A 7 n(l—n)

e < min{ < min{d, &0} (9.35)
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9.7 The constrained blow-up lemma

As last input let r; be given and set

o0 := (1 — U)/(TlA/)- (9.36)

Next let c¢g10 be the maximum of the two constants obtained from the two applications of
Lemma 9.10, that we started above, with the additional parameter & ,,. Further, let v and
Cy.11 be the constants from Lemma 9.11 for input A, d, and ¢, and let ¢y, be the constant
from Lemma 9.7 for input A and v. Finally, we choose ¢ = max{cg 10, Co 11, Cor}. With this we
defined all necessary constants.

Now assume we are given any 1 < r < ry, and a random graph I' = G, , with p >
c(logn/n)"/A, where, without loss of generality, n is such that

(1- 77/)% > Ng.o1- (9.37)

Then, with high probability, the graph I' satisfies the assertion of the different lemmas
concerning random graphs, that we started to apply in the definition of the constants. More
precisely, by the choice of the constants above,

(P1) T satisfies the assertion of Lemma 9.7 for parameters A and v, i.e., for any set X and
any family F with the conditions required in this lemma, the conclusion of the lemma
holds.

(P2) Similarly T' satisfies the assertion of Lemma 9.10 for parameters A = ¢, d, ¢’ = %d,
= pupL/A’; €910, and & 1,. The same holds for parameters A = ¢, d, &’ = %d, = iy,
€o.10, and &g 10-

(P3) T satisfies the assertion of Lemma 9.11 for parameters A, d, ¢, and v.

In the following we will assume that I' has these properties and show that it then also satisfies
the conclusion of the constrained blow-up lemma, Lemma 9.4. o
Let G C T and H be two bipartite graphs on vertex sets UUV and UUV, respectively, that

fulfil the requirements of Lemma 9.4. Moreover, let H C (X) be the family of special A-sets,

and B C (X) be the family of forbidden A-sets. It is not difficult to see that, by possibly
adding some edges to H, we can assume that the following holds.

(U) All vertices in U have degree ezactly A.
(V) All vertices in V have degree maximal A + 1.

Our next step will be to split the partition class U of G and the corresponding partition
class U of H into A’ parts of equal size. From the partition of H we require that no two
vertices in one part have a common neighbour. This will guarantee that the neighbourhoods
of two different vertices from one part form disjoint vertex sets (which we need because we
would like to apply Lemma 9.11 later, in the proof of Claim 9.26, and Lemma 9.11 asserts
certain properties for families of disjoint vertex sets).

Let us now explain precisely how we split U and U. We assume for simplicity that || and
|U| are divisible by A’ and partition the sets U arbitrarily into A’ parts U = UU...Uas of
equal size, i.e., sets of size at least n/(rA’). Similarly let U =0,U...0UUas be a partition of U
into sets of equal size such that each Uj is 2-independent in H. Such a partition exists by the
Theorem of Hajnal and Szemerédi (Theorem 9.14) applied to H2[U] because the maximum
degree of H? is less than A/ = A% + 1.

In Claim 9.25 below we will assert that there is an embedding f’ of V into V that can be
extended to each of the U ; separately such that we obtain an embedding of H into G. To
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Chapter 9 Embedding into sparse graphs

this end we will consider the candidate graphs By (H;, G;) defined by f’ (see Definition 9.16)
and show, that there is an f’ such that each By(Hj,G;) has a matching covering (?j. This,
as discussed earlier, will ensure the existence of the desired embedding. For preparing this
argument, we first need to exclude some vertices of V' which are not suitable for such an
embedding. For identifying these vertices, we define the following family of A-sets which
contains B and all sets in V that have a small common neighbourhood in some U Iz

Define B’ := BUJ;cas Bj where

\%4 (9:3)
Bj := {B S <A): INJ(B) N U;| < (;d)ApA|Uj|} = badgy, (V.U)). (9.38)

We claim that we obtain a set B’ that is not much larger than B. Indeed, by Proposition 3.16
the pair
(V,U;) is (eA’,d, p)-dense for all j € [A'], (9.39)

and eA’ < g4, by (9.35). Moreover we have |Uj| > n/(rA") > n/(riA’") > &.on by (9.36).
We can thus use the fact that our random graph I' satisfies property (P2) (with p = pg,/A’) on
the bipartite subgraph G[VUU,] and conclude that |B;| < s |V[2/A’. Since |B| < g, [V |2
by assumption we infer

‘B/| < MBL|V‘A + A" MBL|V‘A/A, = 2MBL’V|A-

Set
Vii=V\V" with V":= {v € V: visn,,,|Vl]-corrupted by B’} (9.40)

and delete all sets from B’ that contain vertices from V”. This determines the set V" of
vertices that we exclude from V for the embedding. We will next show that we did not exclude
too many vertices in this process. For this we use the corruption lemma, Lemma 9.22. Indeed,
Lemma 9.22 applied with n replaced by |V, with A, g = 24y, and 7, ,, to V and B’ implies
that

Al (9.34)
20|V < nV] and thus n':=[V'| > (1 -n)|V]. (9.41)

V" < ——x—
(1921)

Let o
Hj = H[U]UV] and Gj = G[U]UV/]

Now we are ready to state the claim announced above, which asserts that there is an embedding
f" of the vertices in V to the vertices in V' such that the corresponding candidate graphs
By/(Hj, G;) have matchings covering U ;. As we will shall show, this claim implies the assertion
of the constrained blow-up lemma. Its proof, which we will provide thereafter, requires the
matching lemma (Lemma 9.23), and the hypergraph packing lemma (Lemma 9.21).

Claim 9.25. There is an injection f': V — V' with f'(T) ¢ B for all T € H such that for
all j € [A'] the candidate graph By (Hj, G;) has a matching covering Uj.

Let us show that proving this claim suffices to establish the constrained blow-up lemma.
Indeed, let f': V' — V' be such an injection and denote by M, : U; — Uj the corresponding
matching in By (H;, G;) for j € [A]. We claim that the function g: UUV — UUV, defined by

o M@) weU;,
g(w)_{ G u?ef/],

2

f'(w)
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9.7 The constrained blow-up lemma

is an embedding of H into G. To see this, notice first that ¢ is injective since f’ is an injection
and all M; are matchings. Furthermore, consider an edge uv of H with @ € U; for some
j €Al and © € V and let

u:=g(a) = M;(a) and v:=g(d) = f'(v).

It follows from the definition of M; that @u is an edge of the candidate graph By (H;, G;).
Hence, by the definition of By (H;,G;), u is an f’-candidate for @, i.e.,

f' (Nm, (@) € Ng, (u).

Since v = f(9) € f' (Ng,(@)) this implies that uv is an edge of G. Because f also satisfies
f(T) ¢ B for all T € H the embedding g also meets the remaining requirement of the
constrained blow-up lemma that no special A-set is mapped to a forbidden A-set. ]

For completing the proof of Lemma 9.4, we still need to prove Claim 9.25 which we shall be
occupied with for the remainder of this section. We will assume throughout that we have the
same setup as in the preceding proof. In particular all constants, sets, and graphs are defined
as there.

For proving Claim 9.25 we will use the matching lemma (Lemma 9.23) on candidate graphs
B = By(H;,G;) and B' = By(H;,G;) for injections f, f': V — V'. As we will see, the
following three claims imply that there are suitable f and f’ such that the conditions of this
lemma are satisfied. More precisely, Claim 9.26 will take care of conditions (i) and (ii) in this
lemma, Claim 9.27 of condition (iii), and Claim 9.28 of condition (iv). Before proving these
claims we will show that they imply Claim 9.25.

The first claim states that many injective mappings f: V — V' can be turned into injective
mappings f' (with the help of a few switchings) such that the candidate graphs By (H;, G;)
for f’ satisfy certain degree and expansion properties.

Claim 9.26. For at least half of all injections f : V. — V' there is an injection f': f/~—> Vv’
with dsw (f, 1< an/r such that the following is satisfied for all j € [A']. For allu € Uj and
all S C U; with |S| < p~® we have

degp ;) (@) = ($H2p2U;l  and INB, ;.6 (S)] = vnp®|S. (9.42)
Further, no special A-set from H is mapped to a forbidden A-set from B by f'.

The second claim asserts that all injective mappings f’ are such that the candidate graphs
By/(Hj;,Gj) do not contain sets of certain sizes with too many edges between them.

Claim 9.27. All injections f" : V — V' satisfy the following for all j € [A'] and all S C Uj,
S CU;. Ifvn < 1S < |S| < 2($)2|U;l, then

€Bf,(Hj,Gj)(ga S) < 7p2|S|IS].

The last of the three claims states that for random injective mappings f the graphs
By/(Hj, G) have edges between any pair of large enough sets S C U; and S C Uj.

Claim 9.28. A random injection f : V — V' a.a.s. satisfies the following. For all j € [A']
and all S C U;, S C U; with |S| > %(g)A|Uj| and |S| > |U;| — |S| we have

NBf(Hj,Gj)(S) N g > 20’7&/7".
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Chapter 9 Embedding into sparse graphs

Proof of Claim 9.25. Our aim is to apply the matching lemma (Lemma 9.23) to the candidate
graphs By(H;, G;) and By (Hj, Gj) for all j € [A’] with carefully chosen injections f and f'.

Let f:V — V' be an injection satisfying the assertions of Claim 9.26 and Claim 9.28 and
let f’ be the injection promised by Claim 9.26 for this f. Such an f exists as at least half of all
injections from V to V' satisfy the assertion of Claim 9.26 and almost all of those satisfy the
assertion of Claim 9.28. We will now show that for all j € [A’] the conditions of Lemma 9.23
are satisfied for input

B:Bf(Hj,Gj), B/:Bf/(Hj,Gj), 8220'71/7”,
z=vnp®, = (U, me=p78 ng=3(9)U,

Claim 9.26 asserts that dey (f, f') < on/r. Since U; is 2-independent in H we have degp, (v) <1

for all & € V. Thus the switching lemma, Lemma 9.19, applied to Hj; and G and with s
replaced by on/r implies

Ay, (B, B) = dy g, (Bf(Hj> G;), By (Hj, Gj)) <2on/r=s
Moreover, by Claim 9.26, for all @ € U ;7 we have
degp (a) = degp ,(1,,6;) (@) = (922U = my

and thus condition (i) of Lemma 9.23 holds true. Further, we conclude from Claim 9.26 that
|Ng:/(S)| > z|S| for all S C U; with |S| < p~ = na. This gives condition (ii) of Lemma 9.23.
In addition, Claim 9.27 states that for all S C U;, S C U; with ang = vn < |S] < |5] <

1(4)2|U;| = ng we have

~ ~ ~ n ~
e (5,8) = en,(,.6,)(5,9) < TISIS| = IS

and accordingly also condition (iii) of Lemma 9.23 is satisfied. To see (iv), observe that the
choice of f and Claim 9.28 assert

‘NB(S) 05" = ‘NBf(H]-,Gj)(S) NS|>2on/r=s

for all S C U;, S C U, with |S| > %(%)A|Uj| = ng and |S| > |U|—|S|. Therefore, all conditions
of Lemma 9.23 are satisfied and we infer that for all j € [A’] the candidate graph By (H;, G;)
with f” as chosen above has a matching covering U. Moreover, by Claim 9.26, f" maps no
special A-set to a forbidden A-set. This establishes Claim 9.25. O

It remains to show Claims 9.26-9.28. We start with Claim 9.26. For the proof of this claim
we apply the hypergraph packing lemma (Lemma 9.21).

Proof of Claim 9.26. Notice that (U) on page 157 implies that Ny () contains exactly A
elements for each 4 € U. Hence we may define the following family of A-sets. Let

N = {NH(ﬁ): aeﬁ}qu (X)

We want to apply the hypergraph packing lemma (Lemmzi 9.21) with A, with ¢ replaced by
2A + 1, and with o to the hypergraphs with vertex sets V and V' and edge sets N and B/,
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9.7 The constrained blow-up lemma

respectively (see (9.38) on page 158). We will first check that the necessary conditions are
satisfied.
Observe that

41) (9.37)

(0. 8
V[ = A=9)VI=A=n)n/r = ngs, and V] <|V].

Furthermore, a vertex o € V is neither contained in more than A sets from H nor is ¥ in
Ny (@) for more than A + 1 vertices & € U (by (V) on page 157). Therefore the condition
Lemma 9.21 imposes on N is satisfied with £ replaced by 2A + 1. Moreover, according to (9.40)
no vertex in V' is 7, ,, |V |-corrupted by B’. Since

, (041) ., 039 ,
779A21|V| < 779.21(1_77) n < Moo,

this (together with the observation in Definition 9.20) implies that no vertex in V' is 1g,,n/-
corrupted by B’ and therefore all prerequisites of Lemma 9.21 are satisfied.

It follows that the conclusion of Lemma 9.21 holds for at least half of all injective functions
f:V — V', namely that there are packings f’ of (the hypergraphs with edges) N and B with
switching distance dgy(f, f') < o|V| < on/r. Clearly, such a packing f’ does not send any
special A-set from H to any forbidden A-set from B. Our next goal is to show that f’ satisfies
the first part of (9.42) for all j € [A’] and @ € U;. For this purpose, fix j and @. The definition
of the candidate graph By (H;,G;), Definition 9.16, implies

degp (11, i) (i) = {u e Uj: f (Nu, (@) € Ng, (u)}\
_ {u €U uc Ngj(f’ (NHj(a)))H

= NG, (Ve (@) | = Gay*p U1

where the first inequality follows from the fact that Ny, (@) € V' and thus, as f is a packing

of N'and B', we have f'(Ng, (1)) ¢ baddG/’;Avdvp(V, U;) C B’ (see the definition of B’ in (9.38)).

This in turn means that all A-sets f'(Npy, (%)) with @ € U, are p-good (see Definition 9.9) in
(V,Uj), because (V,U;) has p-density at least d —eA’ > £ by (9.39) and (9.35). With this
information at hand we can proceed to prove the second part of (9.42). Let S C ﬁj with
S < 1/p® and consider the family F C (X) with

F:={f'(Ng(a)): e S}

Because Uj; is 2-independent in H the sets Ny () with @ € S form a family of disjoint A-sets
in V. Tt follows that also the sets f'(Ng(@)) with @ € S form a family of disjoint A-sets
in V. By (P3) on page 157 the conclusion of Lemma 9.11 holds for I'. We conclude that
the pair (V,U;) is (1/p®, vnp®)-expanding. Since |F| = |S| < 1/p® by assumption and all
members of F are p-good in (V, U;) this implies that |N5j (F)| > vnp®|F|. On the other hand

N{}j (F) = NBf,(H]-,Gj)(S) by the definition of By/(H;,G;) and F and thus we get the second
part of (9.42). O

Recall that property (P1) states that I' satisfies the conclusion of Lemma 9.7 for certain
parameters. We will use this fact to prove Claim 9.27.
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Proof of Claim 9.27. Fix f':V — V', j € [A"], S CUj;, and S C U; with vn < |S| < |S]| <
%(g)A\Uj\. For the candidate graphs By (Hj, G;) of f' we have

e,(1;.6,)(5,5) =

{ﬂu €SxS: f/(Nu(a) C Nc(u)}‘
0D 4 starsC (5 {f’(NH(ﬁ)): i€ S})
< #stars” <S, {f’(NH(a)): e S}> = #stars' (S, F),

where 7' := {f'(Ng(a)): @ € SY. As before the sets f'(Ng(@)) with @ € S form a family of
S| disjoint A-sets in V. Since vn < [S] < |S| = |F'| < n we can appeal to property (P1)
(and hence Lemma 9.7) with the set X := S and the family 7’ and infer that

eB,(1,,G,)(5,5) < #stars' (S, F') < Tp®(F'||S| = 7p2|9]||
as required. ]

Finally, we prove Claim 9.28. For this proof we will use the fact that A-sets in p-dense graphs
have big common neighbourhoods (the conclusion of Lemma 9.10 holds by property (P2))
together with Lemma 9.24.

Proof of Claim 9.28. Let f be an injective function from V to V'. First, consider a fixed
j € [A'] and fixed sets S C U;, S C U; with |S| > £(4)2|U;| and [S| > |U;| — |S|. Define

Si={Ny,(@): i€ S} and T :=badfy, (V',S).

and observe that

NBf(HﬁGj)(S)ﬂS" - { € §: Ju e S with f (Ni, (i) € Ne, (u )H
_ { L NG (1 (NHj(fL))>ﬂS7é(Z)H
{aes: r(Nu@) ¢ badf, (V',5)} = 1F(S)\ T]

since all A-sets B ¢ badd/de(V’,S) satisfy |NG (B)NS| > ($)2p2|S| > 0. Thus, for proving

the claim, it suffices to show that a random injection f : V — V violates | f(S) \ T| > 20n/r
with probability at most 571Yi| because this implies that f violates the conclusion of Claim 9.28
for some j € [A'], and some S C U;, S C U, with probability at most O(2/Us121Usl.5-1Uily = o(1).
For this purpose, we will use the fact that the pair (V’,S) is p-dense. Indeed, observe that

<31 I3
m
U

v

U~ (0] _ 9lU]
A - A

S| > |U] = 18] > |Uj] = ;] =

by the assumptions of the constrained blow-up lemma, Lemma 9.4. As |V'| > (1 —n)|V]|
by (9.41) we can apply Proposition 3.16 twice to infer from the (g, d, p)-density of (V,U) that
(V',S) is (&,d, p)-dense with & :=eA’/(n(1 — n)). Furthermore & < &y,, by (9.35) and

(9.41) n (9.36) U n (9.36)
‘V,‘ > (1_77); > &o10M, and | ‘ nA, 2 G9.10M.
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Hence we conclude from (P2) on page 157 (with p = py) that |7 = |bad§/’2Adp(V’,S)| <
pr|V'[2. In addition

(9. (9.1
n 9<41) ‘V‘ (9<34) l
AT A T A
Thus, we can apply Lemma 9.24 with A, 8, and psto S =V, T =V’, and to S and 7 and
conclude that f violates

A ~ ~
L(9) 7 Ul <181 =181 < |05 < (1 =) (1 — us)|V')- (9.43)

. 1—B)d? 1 — B)d?n (.33
FONTI> 1-p)sl 2 1 - (§)* vl > GERE > O ey,

with probability at most
BIsl < ﬁ%(%)AIUa‘I < 571Ul

where the first inequality follows from (9.43) and the second from (9.33). O

9.8 The connection lemma

The proof of Lemma 9.5 which we present in this section is inherent in the proof of [61,
Lemma 18]. The only difference is that we have a somewhat more special set-up here (given
by the pre-defined partitions and candidate sets). This set-up however is chosen exactly in
such a way that this proof continues to work if we adapt the involved parameters accordingly.

Proof of Lemma 9.5. For the proof of Lemma 9.5 we use an inductive argument and embed a
partition class of H into the corresponding partition class of G one at a time. Before describing
this strategy we will define two graph properties Dy (do, €', p, €,€) and STAR,(k, &, v), which a
random graph I' = G, ,, enjoys a.a.s. for suitable sets of parameters. Then we will set up these
parameters accordingly and define all other constants involved in the proof.

For a fixed n-vertex graph I, fixed positive reals dg, €, u, €, &, and v, a fixed integer k, and
a function p = p(n) we define the following properties of I'.

D,(do, €', pt,e,&)  We say that T has property Dy(do, €', i, €,€) if it satisfies the property stated
in Lemma 9.12 with these parameters and with A, i.e., whenever G = (XUYUZ, E) is a
tripartite subgraph of I' with the required properties, then it satisfies the conclusion of this
lemma.

STAR,(k,&,v)  Similarly T' has property STAR,(k,&,v) if I' has the property stated in
Lemma 9.8 with A replaced by k, with parameters &, v, and for p = p(n).

Now we set up the constants. Let A, ¢ and d be given and assume without loss of generality

that d < i. First we set
1

H= Az
and we fix g; for i =¢,t —1,...,0 by setting
o d
C12A¢°
gi-1 =min{e(A,do, e’ =¢&;,p), &} fori=t,...,1,

(9.44)

€t do:=d, and

(9.45)

where £(A — 1,dy, &' = €;, 1) is given by Lemma 9.12. We choose ¢ := ¢ and ¢ := (d/100)>
and receive 71 as input. For each k € [A] and each ' € [r1] Lemma 9.8 with A replaced by
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k and with & replaced by &/r’ provides positive constants v(k,r’") and c(k, ). Let v be the
minimum among the v(k,r’) and let ¢y5 be the maximum among the c(k, ') as we let both k
and 7’ vary. Similarly Lemma 9.12 with input A — 1, dy, ¢’ = &;, p, and & replaced by &/7/
provides constants ¢(¢,r’) for ¢ € [0,t] and ' € [r1]. We let ¢y, be the maximum among
these ¢/(i,7"). Then we fix ¢ := max{cys, Co12}, and receive r € [r1] as input. Finally, we set

Eos 1= Eoup 1= E/r = (d/100)2(1/7) . (9.46)

This finishes the definition of the constants.

Let p = p(n) > ¢(logn/n)Y/2 and let T be a graph from Gnp- By Lemma 9.8, Lemma 9.12,
and the choice of constants the graph I' a.a.s. satisfies properties D,(d, €;, i1, €i—1, &o.12) for
all ¢ € [t], and properties STAR,(k, &5, v) for all k € [A]. In the remainder of this proof
we assume that I' has these properties and show that then I' also satisfies the conclusion of
Lemma 9.5.

Let G CT and H be arbitrary graphs satisfying the requirements stated in the lemma on
vertex sets W = WiU...UW; and W = WyU...UW;, respectively. Let h: W — [t] be the
“partition function” for the vertex partition of H, i.e.,

h(w) =j if and only if @€ W;.
For an integer i < h(w) we denote by
ldeg (W) := | Ny (w) N {Z € W: h(z) < i}

the left degree of @ with respect to WiU...UW;. Clearly ldeg"™) () = ldeg(w). Before we
continue, recall that each vertex w € W; is equipped with a set Xz C V(I') \ W and that we
defined an external degree edeg(w) = |X;z| of w as well as a candidate set C'() = Ny (X)) C
W;. In the course of our embedding procedure, that we will describe below, we shall shrink
this candidate set but keep certain invariants as we explain next.

We proceed inductively and embed the vertex class W; into W; one at a time, fori =1,.. ..
To this end, we verify the following statement (S;) for i =0, ...,t.

(Si) There exists a partial embedding ¢; of H [U;Zl W;] into G [Uj.:1 W] such that for every
Z e U§:i+1 W; there exists a candidate set C;(2) C C(2) given by
(a) Ci(2) =W Na(pi(z)): T € Nuy(2) and h(z) <i}NC(2),
and satisfying
(b) [Ci(2)] > (dp/2)** P)|C(5)], and
(c) for every edge {%,7'} € E(H) with h(Z),h(') > i the pair (C;(2),Ci(?)) is
(€4,d,p)-dense in G.

Statement (S;) ensures the existence of a partial embedding of the first i classes Wi,...,W;
of H into G such that for every unembedded vertex Z there exists a candidate set C;(Z) C C(Z)
that is not too small (see part (b)). Moreover, if we embed Z into its candidate set, then its
image will be adjacent to all vertices ¢;(Z) with Z € (W U---UW;) N Ng(2) (see part (a)).
The last property, part (c), says that for edges of H such that none of the endvertices are

embedded already the respective candidate sets induce (e, d’, p)-dense pairs for some positive
d’. This property will be crucial for the inductive proof.
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9.8 The connection lemma

Remark. In what follows we shall use the following convention. Since the embedding of H into
G will be divided into t rounds, we shall find it convenient to distinguish among the vertices of
H. We shall use & for vertices that have already been embedded, § for vertices that will be
embedded in the current round, while Z will denote vertices that we shall embed at a later step.

Before we verify (S;) for i = 0,...,¢ by induction on i we note that (S;) implies that H
can be embedded into GG in such a way that every vertex w € W is mapped to a vertex in its
candidate set C'(w). Consequently, verifying (S;) concludes the proof of Lemma 9.5.

Basis of the induction: i = 0. We first verify (Sp). In this case ¢q is the empty mapping
and for every Z € W we have, according to (a), Co(Z) = C(Z), as there is no vertex & € Ny ()
with h(#) < 0. Property (b) holds because Cy(%) = C(2) and ldeg®(2) = 0 for every z € W.
Finally, property (c) follows from the property that (C(2),C(2')) is (o, d, p)-dense by (E) of
Lemma 9.5.

Induction step: ¢ — ¢+ 1. For the inductive step, we suppose that ¢+ < t and assume that
statement (S;) holds; we have to construct ;41 with the required properties. Our strategy is
as follows. In the first step, we find for every § € W;,1 an appropriate subset C'(§) C C;(7)
of its candidate set such that if ¢;11(7) is chosen from C’(7), then the new candidate set
Cit1(2) := Ci(2) N Ng(pi+1(9)) of every “right-neighbour” Z of § will not shrink too much
and property (c) will continue to hold.

Note, however, that in general |C'(§)| < |Ci()] = o(n) < [Wis1]| (if 1deg’(§) > 1) and,
hence, we cannot “blindly” select ¢;41(g) from C’(y). Instead, in the second step, we shall
verify Hall’s condition to find a system of distinct representatives for the indexed set system
(C'(9): g€ I/T/Hl) and we let ;11(7) be the representative of C'(7). (A similar idea was
used in [11, 85].) We now give the details of those two steps.

First step: For the first step, fix § € Wi.ﬁrl and set
Nt (@) :=={2 € Nu(@): h(?) >i+1}.

A vertex v € Ci(y) will be “bad” (i.e., we shall not select v for C’(7)) if there exists a vertex
Z € Nif () for which Ng(v) N Cy(2), in view of (b) and (c) of (Si41), cannot play the role of
CZ'+1(2).

We first prepare for (b) of (S;11). Fix a vertex 2 € Ni (7). Since (Cy(7),Ci(%)) is
an (g;,d,p)-dense pair by (c) of (S;), Proposition 3.17 implies that there exist at most
i|Ci(9)| < e¢|Ci(y)]| vertices v in Cy(7) such that

|Na(v) N Ci(2)] < (d—e)plCi(2)] -

Repeating the above for all Z € Nj;'(7), we infer from (a) and (b) of (S;), that there are at
most Ae;|C;(§)| vertices v € C;(§) such that the following fails to be true for some z € N (7):

[Na(v) N Ci(2)] = (d —)plCi(2)]

(a),(b) dp\ 14es’(2) e [d ldegi*!(2) i
Sa-an () el (T) CE). (9.47)
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For property (c) of (Si11), we fix an edge e = {Z, 2’} with h(2), h(Z') > i+ 1 and with at
least one end vertex in Nij!(§). There are at most A(A — 1) < A? such edges. Note that if
both vertices Z and 2’ are neighbours of 7, i.e., Z, 2 € Ni'(¢), then

max { ldeg’(§) + edeg(§), ldeg’ (Z) + edeg(2), ldeg’ (') + edeg(Z)} < A —2,

by (~C) of Lemma 9.5 and because all three vertices g, z, and Z' have at least two neighbours
in Wit U---UW;. From property (b) of (S;), and (A) and (D) of Lemma 9.5 we infer for all
w € {y,2,z'} that
W /d Ideg® () o am [d ldeg® () +edeg () N (9.46) -
@) > (5 cw) = (F 25 g
2 2 r
Furthermore, I' has property D, (d, €41, i1, €i, €o.12) by assumption. This implies that there are
at most u|C;(y)| vertices v € C;(y) such that the pair (Ng(v) N Cyi(2), Ng(v) N C;i(2")) fails to
be (41, d, p)-dense. ‘ ‘
If, on the other hand, say, only 2 € NZ'H(;Q) and 2’ & N”l(y), then
max { ldeg’ (7)) + edeg(§), ldeg’(2') + edeg(z)} < A — 1
and  ldeg'(%) + edeg(2) < A — 2.

Consequently, similarly as above,
min {|Cz(g)‘ ) ’Cz('g,”} > é&upA_l"z and |Cz(§)’ > 59412pA_2n

and we can appeal to the fact that I" has property D,(d, €i41, i, €, o.12) to infer that there
are at most 1|C;(7)| vertices v € C;(§) such that (Ng(v) N Cy(2), Ci(2')) fails to be (€541, d, p)-
dense. For a given v € C;(7), let Cy(2) = C;(2) N Ng(v) if 2 € N (§) and Ci(2) = Ci(3) if
Z ¢ NiF(9), and define C; (%) analogously.
Summarizing the above we infer that there are at least
(1 - Aey — A2 Ci(3)| (9.48)
vertices v € C;(y) such that
(b)) |Ne(v) N Ci(2)] > (dp/2)14es" 3| C(3)] for every Z € N (§) (see (9.47)) and
() (Cs(2),Cs(Z)) is (gi41,d, p)-dense for all edges {Z,7'} of H with h(Z), h(Z') > i+ 1
and {Z,2'} N N (g) # 0.

Let C'(9) be the set of those vertices v from C;(y) satisfying properties (b’) and (c’) above.
Recall that ldeg’ () + edeg() = ldeg! (§') + edeg(i') for all §, § € W1 and set

k :=1deg’ (7)) + edeg(7) for some j € Wiy1. (9.49)

Since § € W41 was arbitrary, we infer from property (b) of (S;), properties (A) and (D) of
Lemma 9.5, and the choices of u and &; that

. (9.48) o @ dp ldeg’(9) ~
)2 (1= de - Awie@] 2 (- e - a%) (F) 7 jo)

(A),(D) dp n (9:44)(0.45) dp ko
> (1—Ag — A2 > =) =. (9.
e et — )<2> -2 <10> —. (950)
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9.8 The connection lemma

Second step: We now turn to the aforementioned second part of the inductive step. Here we
ensure the existence of a system of distinct representatives for the indexed set system

Cit1:= (C’(ﬂ)i y € WiJrl) .

We shall appeal to Hall’s condition and show that for every subfamily C’ C C; 1 we have

U |

crec’

C'l <

(9.51)

Because of (9.50), assertion (9.51) holds for all families C" with 1 < |C'| < (dp/lO) n/r.

Thus, consider a family ¢’ C C; with |C'| > (dp/10)*n/r. For every j € Wiy1 we have a
set K(j ) of ldeg’ '(§) already embedded vertices of H such that K (§) = Ng(7) \ Nif ' (7). Let
K'(§) == ¢;(K(§)) be the image of K(§) in G under ¢;. Recall that 7 is equipped with a
set X5 C V(') \ W of size edeg(7) in Lemma 9.5. We have ldeg’(§) + edeg() = k by (9.49).
Hence when we add the vertices of X to K'(y) we obtain a set K(g) = {ui(9),...,ux(y)}
of k vertices in I". Note that for two distinct vertices 7, ' € Wiy, the sets K(g) and K (i)
are disjoint. This follows from the fact that the distance in H between ¢ and ¢ is at least
four by the 3-independence of Wiy (cf. (B) of Lemma 9.5) and if K () N K () # 0, then this
distance would be at most two. In addition (Xg 1y € Wi+1) consists of pairwise disjoint sets
by hypothesis. Consequently, the sets K(g) and K (7') are disjoint as well and, therefore,

V(F)>

Fim (K@) @ et e @ ge iy ()

is a family of |C'| pairwise disjoint k-sets in V(T'). Moreover, C(§) = Ny, (X;) by definition
and so (a) of (S;) implies

c@ee@mn () N = (] Ne(v).

veK'(g) veK(§)
Let

U C'(g) C Wiy,
C'(g)ec!

and suppose for a contradiction that
Ul <|C'| = |F|. (9.52)

We now use the fact that I" has property STAR,(k, &5, v) and apply it to U and F (see
Lemma 9.8). By assumption |U| < |F| < vnp®|F|. We deduce that

#starsF(U, F) < pk|UH-7:| + 659.snpk’]:‘ .

On the other hand, because of (9.50), we have

dp\"n
> — .
# stars (U}")_<10> 7n|.7’:]
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Combining the last two inequalities we infer from property (A) of Lemma 9.5 that

d kl 946
uﬂz((HJ T—%@)n:>£w ”“f S Wil > |,

which contradicts (9.52). This contradiction shows that (9.52) does not hold, that is, Hall’s

condition (9.51) does hold. Hence, there exists a system of representatives for C;;1, i.e., an

injective mapping ¢: Wiq — UgeWiH C’(i7) such that ¢(§) € C'(§) for every § € Wiy1.
Finally, we extend ;. For that we set

pi(w), ifwelJ_, W,
piv1() = {wwx i@ Wi

Note that every z € Ué:t 4o Wj has at most one neighbour in WZ’+1, as otherwise there would

be two vertices § and § € W, with distance at most 2 in H, which contradicts property (B)

of Lemma 9.5. Consequently, for every z € U] —it2 W we have

Crin(3) = {Ci(é), if Ny ()N @H -y
it Ci(2) N Ne(piv1(9)),  if Ng(2) N Wipa = {g}.

by (a) of (Si41). In what follows we show that ;1 and Cyy1(2) for every % € | J' i—ito W; have
the desired properties and validate (S;j4+1).

First of all, from (a) of (S;), combined with ¢;41(7) € C'(§) C Ci(9) for every § € Wiy
and the property that ((pi+1(y) Yy e WZ+1) is a system of distinct representatives, we infer
that @;+1 is indeed a partial embedding of H [UZH Wj).

Next we shall verify property (b) of (S;+1). Solet Z € UJ —ito W; be fixed. If Ng(2)NWiy; =
0, then Ciy1(2) = Ci(2), ldegiH(N) ldeg’ (%), which yields (b) of (S;jy1) for that case. If,
on the other hand, Ny (2) N W; 1 # (), then there exists a unique neighbour § € Werl of H
(owing to the 3-independence of W;1; by property (B) of Lemma 9.5). As discussed above
we have Cj11(2) = Ci(2) N Ng(pi+1(9)) in this case. Since p;+1(7) € C'(7), we infer directly
from (b’) that (b) of (S;+1) is satisfied.

Finally, we verify property (c) of (S;+1). Let {2, 2’} be an edge of H with Z, 2’ € U; 2 W;.
We consider three cases, depending on the size of N m(Z)N W1+1 and of Ny (z') N VV,H If
Ny(z)n W1 = 0 and Ny (Z) N Wii1 = 0, then part (¢) of (Si41) follows directly from
part (¢) of (S;) and €;11 > &, combined with Ci41(2) = Ci(2), Cit1(Z) = Ci(Z)). If
Ny (2) N Wip1 = {§} and Ng(Z) N Wiy = 0, then (c) of (Siy1) follows from (¢’) and the
definition of Cj11(2) and Ci11(2'). If Ny(z ) NWi1 = {§} and Ng(2') " Wiy1 = {¢'}, then
7y = 1/, as otherwise there would be a §-¢’-path in H with three edges, contradicting the
3-independence of W ;. Consequently, (c) of (S;41) follows from (c’) and the definition of
Ci+1(2) and Ci+1(,§,).

We have therefore verified (a)—(c) of (S;), thus concluding the induction step. The proof of
Lemma 9.5 follows by induction. O

9.9 Proofs of auxiliary lemmas

In this section we provide all proofs that were postponed earlier, namely those of Lemma 9.8,
Lemma 9.10, and Lemma 9.13.
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Proof of Lemma 9.8

This proof makes use of a Chernoff bound for the binomially distributed random variable
#starsF(X ,F) appearing in this lemma (cf. Definition 9.6 and the discussion below this
definition).

Proof of Lemma 9.8. Given A and & let v and ¢ be constants satisfying

—(66 —2v)log€, 2w < (V)

-1, and A <P,

—6¢ log (2

A+1—6c” (9.33)

I/\ I/\

First we estimate the probability that there are X and F with |F| > n/logn fulfilling the
requirements of the lemma but violating (9.2). Chernoft’s inequality P[Y > EY +t] < exp(—t)
for a binomially distributed random variable Y and ¢t > 6 EY (see (2.3)) implies

P [# stars' (X, F) > p2| X || F| + 6§npA]_7-ﬂ < exp(—6Enp|F|) < exp(—6Ec>|F|logn)
for fixed X and F since 66np™|F| > 6p®| X ||F|. As the number of choices for F and X can

be bounded by 3"

estimate is at most

n) lognnAf and 2" < exp(n), respectively, the probability we want to

&n én
Z exp (Aflogn +n— 6£cAflogn) < Z exp (flogn(A +1- GECA)),
f=1omm f=toem

which does not exceed £nexp(—n) by (9.53) and thus tends to 0 as n tends to infinity.

It remains to establish a similar bound on the probability that there are X and F with
|F| < n/logn fulfilling the requirements of the lemma but violating (9.2). For this purpose
we use that

t
>t <gt(™) < - —
P[Y_t]_q(t>_exp< tloggqm)

for a random variable Y with distribution Bi(m, ¢) and infer for fixed X and F
P [# stars" (X, ) > p®[X||F] + 66np™ [ F|| < P [# stars” (X, ) > 66np™ | 7]

§exp< 6<np™ | F|log é{,) <exp< Z\fnpA\]:Hog |X])

because —6¢ log(2€) < —(6£ — 2y/v)log& < (6§ — 24/v)log(n/|X]) by (9.53). The number of
choices for 7 and X in total can be bounded by

3

n
og

vnp® f Ar(n
()< X
o

3
3

og

<Af logn + vnp” f log %>
X

&H
Il
—

1

o
3

<

np®
2

np® ogn vnp®f
Z exp (21/np flog—) SZ Z exp(fnp flog )

f=
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where the second inequality follows from Alogn < vc®logn < vnp® and the last from
2vloge < (vv —2v)log(n/x) by (9.53). Therefore the probability under consideration is at
most

n
ogn Vp nf

exp (ﬁnpAf log n_ 2/vnp™ f log E) < n%exp <—ﬁlogn " > .
= T x logn

—_

f=

Proof of Lemma 9.10

We will use the following simple proposition about cuts in hypergraphs. This proposition
generalises the well known fact that any graph G admits a vertex partition into sets of roughly
equal size such that the resulting cut contains at least half the edges of G.

Proposition 9.29. Let G = (V, &) be an L-uniform hypergraph with m edges and n vertices
such that n > 3(. Then there is a partition V.= ViUV with |V1| = |2n/3] and |Va| = [n/3]
such that at least m - €/2£+2 edges in £ are 1-crossing, i.e., they have exactly one vertex in Vs.

Proof. Let X be the number of f-cuts of V, i.e., cuts V = V;UV, with |Vi| = [2n/3] and
|Va| = [n/3]. For a fixed edge B there are precisely 2¢ ways to distribute its vertices over
V1UVs out of which exactly £ are such that B is 1-crossing. Further, for r fixed vertices of B
exactly ([nT/L:,:]{T) of all %—cuts have exactly these vertices in V5. It is easy to check that

<[n73;tir> §4<(n73;f1> forall 0 <r <.

It follows that B is 1-crossing for at least an $¢/(2°) fraction of all %-cuts. Now assume that
all %—cuts have less than m - £/ 2(+2 edges that are 1-crossing. Then double counting gives

¢ 17/
m: o0+2 X > Z #{ %—Cuts s.t. B is 1—Crossing} >m- 120 . X
Be&

which is a contradiction. O

In the proof of Lemma 9.10 we need to estimate the number of “bad” /f-sets in a vertex
set X. For this purpose we will use Proposition 9.29 to obtain a partition of X into sets
X = X1UX> such that a substantial proportion of all these bad /-sets will be 1-crossing and
X1 is not too small. In this way we obtain many (¢ — 1)-sets in X; most of which will, as we
show, be similarly bad as the f-sets we started with. This will allow us to prove Lemma 9.10
by induction.

Proof of Lemma 9.10. Let A and d be given. Let I' be an n-vertex graph, let £ be an integer,
let ', u, €, & be positive real numbers, and let p = p(n) be a function. We say that I" has
property Py(e’, u,e,&,p(n)) if T' has the property stated in Lemma 9.10 with parameters ', p,
g, &, p(n) and with parameters and A and d. Similarly, I has property D(g’, u,e,&, p(n)) if it
satisfies the conclusion of Lemma 9.12 with these parameters and with A and dj := d. For
any fixed ¢ > 0, we denote by (P;) the following statement.
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(P¢) For all €', > 0 there is € such that for all £ > 0 there is ¢ > 1 such that a random
graph I' = G, , with p > c(lo%)l/A has property Py(¢', p,e,&,p(n)) with probability
1—o(1).

We prove that (P;) holds for every fixed ¢ > 0 by induction on ¢. The case ¢ =1 is an easy
consequence of Proposition 3.17 which states that in all (e, d, p)-dense pairs most vertices have
a large neighbourhood.

For the inductive step assume that (Py—1) holds. We will show that this implies (P;). We
start by specifying the constants appearing in statement (P;). Let ¢’ and p be arbitrary
positive constants. Set £)_; := &’ and py_1 = ﬁuﬂ%. Let €41 be given by (Py_1) for input
parameters 52_1 and py_1. Set &), :=e4_1 and let &4,, be as promised by Lemma 9.12 with
parameters ), ,, and fig, := % Define € := ug,leg,uez_l. Next, let £ be an arbitrary parameter
provided by the adversary in Lemma 9.10 and choose &1 := £(d — ¢€) and &y,5 1= pe—1€&.
Finally, let ¢,_1 and ¢g 1, be given by (P;_1) and by Lemma 9.12, respectively, for the previously
specified parameters together with {,_1 and &y ,,. Set ¢ := max{cy_1,¢y1,}. We will prove that
with this choice of € and ¢ the statement in (P;) holds for the input parameters &', p, and &.

Let I' = G, ,, be a random graph. By (Py—;) and Lemma 9.12, and by the choice of the
parameters the graph I' has properties

P€—1(52—17Nﬁ—laeé—la@—l,p(n)) and D(gg.lzaM9.12a59.12,f94127p(n))

with probability 1 —o(1) if n is large enough. We will show that a graph I" with these properties
also satisfies Py(e’, p,e,&,p(n)). Let G = (XUY, F) be an arbitrary subgraph of such a T
where | X| = ny and |Y| = ng with ny > &p2~1n, ng > €p~‘n, and (X,Y) is an (e, d, p)-dense
pair.

We would like to show that for B, := bad?:ip(X ,Y) we have |By| < un{. Assume for
a contradiction that this is not the case. By Proposition 9.29 there is a cut X = X;UXy
with | X1| = [2n1/3] and | X3| = [na/3] such that at least |By| - £/2¢72 of the f-sets in B, are
1-crossing, i.e., have exactly one vertex in Xs. By Proposition 3.17 there are less than | X|
vertices © € X3 such that [Ny (z)| < (d —e)pna. We delete all f-sets from By that contain such
a vertex or are not l-crossing for X = X7;UX5 and call the resulting set B}. It follows that

1By| > Byl 5 — el X[ni ™" > pn{ 5 — enf > 20ue-1nf. (9.54)

Now, for each v € X5 we count the number of /-sets B € B; containing v. We delete all
vertices v from Xy for which this number is less than Bj|/(10n1) and call the resulting set X"
Observe that the definition of B implies that all vertices = in X’ satisfy [Ny (z)| > (d — €)pno.
Because B; contains only 1-crossing ¢-sets we get

|B/| < |X \Xl| ‘Bé‘ + |Xl’ /—1 < @ + |X/ /-1
el = 14 10, =) "
and thus

x> —2 18 % 10

> — > (—1M1.-
1072‘{71 ¢ a

This together with Proposition 3.16 implies that the pairs (X',Y) and (Y, X;) are (g9.12,d, p)-

dense. In addition we have |X'|,|X1| > pe_1n1 > pe—1&p™"'n = & ,p™ o and Y| >

Ep2tn > £1.p°%n. Because I' has property D(el 14 fho12, €0.125 o012, P(N)) We conclude for

the tripartite graph G[X'UYUX;] that there are at least |X'| — pg1,/X’| > 1 vertices x in

171



Chapter 9 Embedding into sparse graphs

X' such that (Ny(z), X1) is (&) ,,,d, p)-dense. Let 2* € X’ be one of these vertices and set
Y’ := Ny(z*). Thus (Y, X;) is (] ,,,d, p)-dense and since X’ only contains vertices with a
large neighbourhood in Y we have |Y'| > (d — €)png. Furthermore, let Bj(z*) be the family of
(-sets in B), that contain z*. Then Bj(z*) contains (-sets with ¢ — 1 vertices in X; and with
one vertex, the vertex z*, in X, because B; contains only 1-crossing (-sets. By definition of
X' and because z* € X’ we have

/o / ©:54) /—1
|By(z™)| = [Byl/(10n1) > 2pe—1ny . (9.55)

For B € By(z*) let II;_1(B) be the projection of B to X;. This implies that II,_;(B) is an
(¢ — 1)-set in X;. In addition Ny/(Il,_1(B)) = Ny (B) by definition of Y’ and hence II,_;(B)
has less than (d — &')’p‘ny joint neighbours in Y’ because B € Bj(z*) C B,. Accordingly
the family B,y of all projections II,_;(B) with B € Bj(z*) is a family of size |B}(z*)| and
contains only (£ — 1)-sets B’ with

[Ny (B)| < (d—&)png < (d =&)Y = (d—efy) Y.
This means By_1 C baudg’ef1 (X1,Y”). Recall that (X1,Y”) is (e} ,,, d, p)-dense by the choice
£—1

sdsp
of z*. Because | X| =n; > &p™~n and

Y| > (d = e)pna = (d = e)p- &p> " = &1p® " n
we can appeal to Pp_i(gj_q, tte—1,€0-1,&—1,p(n)) and conclude that

* — —
[Bi(a7)] = [Br-a] < [badg” G (XY < puoani ™
contradicting (9.55).
Because G was arbitrary this shows that I' has property Py(e’, i1, e, &, p(n)). Thus (P;) holds,
which finishes the proof of the inductive step. ]

Proof of Lemma 9.13

In this section we provide the proof of Lemma 9.13 which examines the inheritance of p-density
to neighbourhoods of A-sets. For this purpose we will first establish a version of this lemma,
Lemma 9.30 below, which only considers A-sets that are crossing in a given vertex partition.

We need some definitions. Let G = (V, E) be a graph, X be a subset of its vertices, and
X = XjU...UX7 be a partition of X. Then, for integers ¢, T > 0, we say that an f-set B C X
is crossing in X;U...UXr if there are indices 0 < i; < --- < iy < T such that B contains
exactly one element in X, for each j € [{]. In this case we also write B € X;; x --- x X,
(hence identifying crossing ¢-sets with ¢-tuples).

Now let p, €, d be positive reals, and Y, Z C V be vertex sets such that X, Y, and Z are
mutually disjoint. Define

badly (X1,...,X7;Y, Z)

to be the family of all those crossing ¢-sets B in X1U...UX7 that either satisfy |[NJ}(B)| <
(d — ¢)*p*|Y| or have the property that (N{}(B), Z) is not (e, d, p)-dense in G. Further, let

Badly (X1,...,X1;Y, Z)

be the family of crossing f-sets B in X1U...UXr that contain an ¢'-set B’ C B with ¢/ > 0

such that B’ € badly (X1, ...,X7;Y, Z).
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Lemma 9.30. For all integers £, A > 0 and positive reals dy, €', and p there is € such that
for all € > 0 there is ¢ > 1 such that if p > c(lo%)l/A, then the following holds a.a.s. for
[ = Gnp. Forni,ng > & In and ng > &p2~In let G = (XUYUZ, E) be any tripartite
subgraph of T with | X| = ny, |Y| = ng, and |Z| = n3. Assume further that X = X;U...UX,
with | X;| > [ and that (X,Y) and (Y,Z) are (e, d, p)-dense pairs with d > do. Then

G/l
| badgy (X1, ..., Xi3 Y, Z)| < pns.

Proof. Let A and dy be given. For a fixed n-vertex graph I, a fixed integer £ and fixed positive
reals €', i, ¢, &, and a function p = p(n) we say that we say that a graph I" on n vertices has
property Py(e’, pu,e,&,p(n)) if ' has the property stated in the lemma for these parameters
and for A and dp, that is, whenever G = (XUYUZ, E) is a tripartite subgraph of I' with the
required properties, then G satisfies the conclusion of the lemma. For any fixed ¢ > 0, we
denote by (P;) the following statement.

(P¢) For all €', > 0 there is € such that for all £ > 0 there is ¢ > 1 such that a random
graph I' = G, , with p > c(lo%)l/A has property Py(e', u, e, &, p(n)) with probability
1—o(1).

We prove that (Py) holds for every fixed ¢ > 0 by induction on /.

The case £ = 1 is an easy consequence of Lemma 9.12 and Proposition 3.17. Indeed, let
¢’ and p be arbitrary, let &4, be as asserted by Lemma 9.12 for A, dy, €/, and p/2 and fix
€ :=min{ey,,,¢’, 1/2}. Let € be arbitrary and pass it on to Lemma 9.12 for obtaining c. Now,
let I' = G,, ,, be a random graph. Then, by the choice of parameters, Lemma 9.12 asserts that
the graph T has the following property with probability 1 — o(1). Let G = (XUYUZ, E) be
any subgraph with X = X; and |X| = ny, |Y| = ng, and |Z| = ng, where ny,n3 > &p=~n
and ng > £p~~2n, and (X,Y) and (Y, Z) are (e, d, p)-dense pairs. Then there are at most §ny
vertices z € X such that (N(z)NY, Z) is not an (¢’,d, p)-dense pair in G. Because £ < /2,
Proposition 3.17 asserts that in every such G there are at most §n1 vertices x € X with
|Ny (z)| < (d — €')p|Y|. This implies that

‘badS:;,p(XUYv Z)} < uny

holds with probability 1 — o(1) for all such subgraphs G of the random graph I'. Accordingly
we get (P1).

For the inductive step assume that (Py—1) and (P1) hold. We will show that this implies (Py).
Again, let ¢/ and p be arbitrary positive constants. Let €1 be as promised in the statement
(Py) for parameters €| := ¢’ and py := p/2. Set €,_; := min{ey,€’, £}, and let e,_; be given
by (P¢—1) for parameters ¢),_, and py—1 := 4. We define € := ¢,_; /(£ + 1). Next, let £ be an
arbitrary parameter and choose

& = min{¢/(0+ 1), (do — ;) '¢} and &y =¢/(0+1). (9.56)

Finally, let ¢; and ¢;_1 be given by (P;) and (P,_1), respectively, for the previously specified
parameters together with & and &_1. Set ¢ := max{cy, cy_1}. We will prove that with this
choice of € and ¢ the statement in (Py) holds for the input parameters &', i, and £. For this
purpose let I' = G,, , be a random graph. By (P1) and (Py—1) and the choice of the parameters
the graph I" has properties Pi(e}, p1,€1,61,p(n)) and Pr—1(g)_q, pe—1,€0-1,&0—1, p(n)) with
probability 1 — o(1). We will show that a graph I' with these properties also satisfies
Py(e',p,e,&,p(n)). Let G = (XUYUZ, E) be an arbitrary subgraph of such a I" where
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X =X U...UXy, | X| =nq, [Y| = na, |Z] = n3, with ny,n3 > &p>~n, ng > €p~~1n, and
| Xi| > | %], and assume that (X, Y) and (Y, Z) are (g,d, p)-dense pairs for d > d.

We would like to bound B, := bad /’dp(Xl, ..., Xp; Y, Z). For this purpose let B’ be a fixed
(¢ — 1)-set and define

Boy :bad“ i (X1 Xe 13, Z)Ubadg’e_ilp(Xl,...7Xg_1;Y,Xg) (9.57a)
—1&P —1%
By(B') :=bad$'y (Xe; Ny(B'), 2). (9.57b)

For an l-set B € X x -+ x Xy let further I,_; (B) denote the (¢ — 1)-set that is the projection
of B to X1 x ---x Xy_1 and let II;(B) be the vertex that is the projection of B to X,. Now,
consider an f-set B that is contained in B € By but is such that B’ := II,_1(B) & B;_1.
Let v = II;(B) € X; and Y’ := N{}(B’). We will show that then v € B;(B’). Indeed, since
B' ¢ By it follows from (9.57a) that
B’ ¢ ba dG;"

dp(le---,XZ—l;Y,Z)

and thus Y| > (d —g)_,)" 1p* Ins. As N{}(B) = NJ(v) we conclude that
v € bad /dp(Xg;Y', Z) = Bi(B')
by (9.57b) because otherwise (Ny(B), Z) was (¢',d, p)-dense and we had
IND(B)| = (d—plY'| = (d—)p- (d —ep_y) 9 e = (d — &) plna,
which contradicts B € By. Summarizing, we have

= {B € By: II,_ 1( ) € Bo_ 1} U {B € By: Hg_l(B) QBg_l}

C (Be-1 x Xg) U U {B'} x B{(B'). (9.58)
B'¢By1

For bounding B, we will thus estimate the sizes of By_1 and Bi(B’) for B’ ¢ B;_1. Let
X' :=XjU...UX, 4. Since (X,Y) is (g,d, p)-dense we conclude from Proposition 3.16 that
(X',Y) and (X,,Y) are (g1, d, p)-dense pairs since e(¢ + 1) < ey_1. Further, by the choice of
Eo_1 we get | X7|, | Xy| > ny/(€+1) > &_1p”In since ny > Ep™~n by assumption. Thus we
can use the fact that I' has property Pp_i(ej_q, fte—1,€¢0-1,&—1,p(n)) once on the tripartite
subgraph induced on X’UYUZ in G and once on the tripartite subgraph induced on X'UYUX,
in G and infer that

Bo_y| <2 pug_qn’ 2 gnﬁ—? (9.59)
For estimating | B (B’)| for B' & By_1 let Y’ := NJ}(B’). Observe that this implies that (Y”, Z)
and (X,,Y") are (e1,d,p)-dense pairs because ;,_; < €1, and that

(9.56)
|Y/| > (d_Elg,l)E_lpg_an > (d_ff/g,l)g_lpg_l pr —l— ln > glpA 1

By (9.56) |X¢|,|Z] > €pA~n/(£ 4+ 1) > &p2~'n. As T satisfies Pi(e}, u1,e1,&1,p(n)) we
conclude that

1B (B’

‘ (9.5:71;))

badS) (XY, Z)| < puny < %nl. (9.60)
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In view of (9.58), combining (9.59) and (9.60) gives

A
2

badG,flp(Xl,...,Xg;Y,Z) |By| <Hn{ Lomg —l—n{L 1 nlzunf.
Because G was arbitrary this shows that I" has property Py(e’, u,e,&,p(n)). Thus (Py) holds

which finishes the proof of the inductive step. O

In the proof of Lemma 9.13 we now first partition the vertex set X, in which we count bad
(-sets, arbitrarily into T vertex sets of equal size. Lemma 9.30 then implies that for all ¢’ € [¢]
there are not many bad ¢'-sets that are crossing in this partition. It follows that only few /-sets
in X contain a bad ¢'-set for some ¢’ € [¢] (recall that in Definition 9.9 for Badgfp(X, Y, Z)
such ¢'-sets are considered). Moreover, if T is sufficiently large then the number of non-crossing
l-sets is negligible. Hence we obtain that there are few bad sets in total.

Proof of Lemma 9.13. Given A, ¥, dy, & and u let T be such that uT > 2, fix pie.30 := %/L/(ETZ).
For j € [{] let €; be given by Lemma 9.30 with £ replaced by j and for A, do, €/, and p 5, and
set €950 1= Minjep ;. Define € := eq30/(T + 1). Now, in Lemma 9.13 let £ be given by the
adversary for this e. Set &30 :=&/(T + 1), and let ¢ be given by Lemma 9.30 for this & 4.

Let I' = G, with p > c(lo%)l/A. Then a.a.s. the graph I' satisfies the statement in
Lemma 9.30 for parameters j € [{], A, do, €', fi9.50, and &y 0. Assume that I" has this property
for all j € [¢]. We will show that it then also satisfies the statement in Lemma 9.13.

Indeed, let G and X, Y, Z be arbitrary with the properties as required in Lemma 9.13. Let
X = X 1U...UX7 be an arbitrary partition of X with |X;| > |%*]. We will first show that
there are not many bad crossing /-sets with respect to this partition, i.e., we will bound the

size of Bad ,2p(X1, ..., X1;Y, Z). By definition

G0 G.j 0—j
| Badgy (X1, ..., X3, Z)| <> |badZ) (Xu,..., X3V, Z)] - ny 7.
JE

Now, fix j € [{] and an index set {i1,...,i;} € ([?]) and consider the induced tripartite
subgraph G’ = (X'UYUZ, E') of G with X’ = X;,U...UX;,. Observe that [Y| > & 0p™ 77 !n,
|Z| > 59.30pA_1n> and n/1 = |X,| > ]Lnl/TJ > 59430pA_1n- By definition 5(T+1)/j < €930 < €5
and so by Proposition 3.16 the pair (X',Y) is (¢;,d, p)-dense. Thus, because I' satisfies the
statement in Lemma 9.30 for parameters j, A, d, €', pig.30, and &, 50 we have that G’ satisfies

[ badSf (Xiys - Xiy3 Yo Z)| < ptoso(ny)’

As there are (?) choices for the index set {i1,...,4;} this implies

. T A ) .
} badgjﬁl,p(Xh s X3 Y Z)‘ < <j>/$9430(n/1)] < TJM9.30n]17

and thus 1
, o ,
\Bade,dp(Xl,...,XT;Y,Z)\ < %Taﬂg‘gon{ i < Shn-
J

The number of £-sets in X that are not crossmg with respect to the partition X = X U...UXp
. T
is at most T(”12/ ) () < #nf < Lpunf and so we get |Bad ,dp(X,Y,Z)| < unt. O
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Chapter 10

Concluding remarks

In this thesis we established a variety of results concerning spanning or almost spanning
subgraphs (Chapter 8 is an exception) that are forced by different degree conditions.

In the introductory paragraphs on extremal graph theory in the introduction (Section 1.1.1),
we also discussed classical results on the appearance of constant size subgraph in dense graphs.
This raises the question, what happens in between. For example, one may ask which minimum
degree ensures a copy of a graph H in G where H covers, say, 42% of G.

The Theorem of Corrddi and Hajnal (in a more general form than Theorem 1.3) answers
this question for triangle factors. This result asserts that every graph G with minimum
degree 6(G) > 2k contains k vertex disjoint cycles. In particular this implies that a triangle
factor on 3(20 — n) vertices is forced if G has minimum degree 9.

Theorem 10.1 (Corradi, Hajnal [26]). Let G be a graph on n vertices with minimum degree

§(G) =6 € [4n,3n]. Then G contains 26 — n vertex disjoint triangles. O
At the other end of the spectrum we know from Theorem 1.6 that a spanning triangle factor

appears at (roughly) the same minimum degree threshold as a spanning square of a path.

While the theorem of Corraddi and Hajnal determines the number ¢ of disjoint triangles
that are forced in a graph with minimum degree én we (in joint work with Allen and
Hladky [5]) recently established a corresponding result mediating between Turdn’s theorem
and Theorem 1.6 (or Pdsa’s conjecture). More precisely, we determine the relationship between
6(G) = on and the length p of a square-path P (and a square-cycle C7) that is forced in G.
In contrast to Theorem 10.1 which states that ¢ grows linearly with ¢ (when n is fixed) our
main result implies that p as a function of § behaves very differently: it is piece-wise linear
but jumps at certain points (see Figure 10.1).

In order to quantify this precisely we need some (rather technical appearing) definitions.
Given two positive integers n and § with § € (3n,n — 1], we define rp(n, §) to be the largest
integer r such that 20 —n < [§/r|. We let rc(n,d) be the smallest integer r such that
20 —n >6/(r+1). We then define the number sp(n, d) by

w2 5] 2] o

and the number sc(n, d) < sp(n,d) by

ot ([}

To understand where these numbers come from, consider the graph G on n vertices consisting
of an independent set of size n — ¢ and r cliques that share the remaining vertices as equally
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Figure 10.1: The behaviour of sp(n,d).

as possible, and that has all edges running between the independent set and any clique. Then
it is not difficult to see that rp(n,d) is the biggest integer r such that the graph G constructed
in this way has minimum degree ¢ and sp(n, d) is the length of a longest square-path in G for
this r. In fact, our theorem states that this class of graphs provides (up to minor modifications)
precisely the extremal graphs for the containment of square-paths at a particular minimum
degree. Similar examples show that sc(n,d) is the maximum length of a square-cycle in a
graph on n vertices that is forced at minimum degree §.

Komlés, Sarkozy, and Szemerédi [64] proved the Pdsa conjecture (Conjecture 1.5) for large
values of n (see Section 1.1.1, page 4). Their proof actually asserts the following stronger
result.

Theorem 10.2 (Komlés, Sarkozy, Szemerédi [64]). There exists an integer ng such that for
all integers n > ng the following holds. Suppose G is a graph of order n and minimum degree
at least 2n/3. Then G contains the square C§€ of a cycle of length 3¢ for any 3 < 3¢ < n.
Furthermore, if §(G) > (2n+1)/3 then G contains C} for any £ € [n] \ {1,2,5}.

This theorem guarantees square-cycles of all lengths between 6 and n (curiously, the case
¢ = 5 has to be excluded, because Cg’ = K5, a graph with chromatic number 5). Similarly,
our result guarantees square-cycles of length 3¢ for all ¢ < sc(n,d). Furthermore, if any
square-cycle with length not divisible by 3 is excluded from G, then we are even guaranteed
much longer square-cycles in G.

Theorem 10.3 (Allen, Bottcher, Hladky [5]). For any v > 0 there exists an integer ng such
that for all integers n and § with n > ng, 6 € (n/2+vn,n — 1] the following holds. Suppose G
is a graph of order n and with minimum degree §(G) > §. Then Pszp(n,é) C G and for any £ € N
with ¢ < sc(n,8)/3, C3, C G. Furthermore, either C3 C G for every { € {3,4} U [6,sc(n,d)]
or C’gg C G for every integer £ < 20 —n — vn.
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Similar phenomena were observed for simple cycles in [4]. Obtaining higher-chromatic
analogues appears to be more difficult. We believe that this theorem (and such higher
chromatic analogues) may turn out useful when proving corresponding results for bounded-
degree graphs with sublinear bandwidth, in the same spirit as the minimum degree threshold
for spanning path powers provided by Theorem 5.6 was essential in the proof of Theorem 5.1.
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