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ABSTRACT. In this paper we initiate a systematic study of the Turdan problem for edge-ordered
graphs. A simple graph is called edge-ordered if its edges are linearly ordered. This notion allows
us to study graphs (and in particular their maximum number of edges) when a subgraph is
forbidden with a specific edge-order but the same underlying graph may appear with a different
edge-order.

We prove an Erd&s-Stone-Simonovits-type theorem for edge-ordered graphs—we identify the
relevant parameter for the Turan number of an edge-ordered graph and call it the order chromatic
number. We establish several important properties of this parameter.

We also study Turan numbers of edge-ordered paths, star forests and the cycle of length four.
We make strong connections to Davenport-Schinzel theory, the theory of forbidden submatrices,
and show an application in discrete geometry.

1. INTRODUCTION

The most basic Turdn-type extremal problem asks the maximum number ex(n, H) of edges in
an n vertex simple graph that does not contain a “forbidden” graph H as a subgraph. For a
family #H of forbidden graphs we write ex(n,H) to denote the maximal number of edges of a
simple graph on n vertices that contains no member of H as a subgraph. This problem has its
roots in the works of Mantel, [29] and Turén, [43], where they considered the case where the
forbidden graph is a complete graph. For a survey see Fiiredi and Simonovits, [19]. Several
extensions of Turan-type extremal problems for graphs have been studied. For a survey on
extremal hypergraph problems see Keevash, [23]. The extremal theory of graphs with a circular
or linear order on their vertez set has a rich history. For example, see Braf}, Kérolyi, Valtr, [5] or
Tardos, [42], respectively. In this paper we initiate a systematic study of Turdn-type problems
for edge-ordered graphs and establish several fundamental results.

An edge-ordered graph is a finite simple graph G = (V| E) with a linear order on its edge set
E. We often give this linear order (that we also call edge-ordering or edge-order, in short) with a
labeling L : E — R. In this case we denote the edge-ordered graph obtained by G*, and we also
call it a labeling of G. Note that we always assume the function L : £ — R is injective (so that
it defines a linear order on the edges) and we use the labeling only to define this edge-order, so
G and GY represent the same edge-ordered graph if for any pair of edges e, f € E, L(e) < L(f)
holds if and only if L'(e) < L'(f) holds.
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An isomorphism between edge-ordered graphs must respect the edge-order. A subgraph of an
edge-ordered graph is itself an edge-ordered graph with the induced edge-order. We say that the
edge-ordered graph G contains another edge-ordered graph H if H is isomorphic to a subgraph
of GG. Otherwise we say that G avoids H. We say that G avoids a family of edge-ordered graphs
if it avoids every member of the family. When speaking of a family of edge-ordered graphs we
always assume that all members of the family are non-empty, that is they have at least one edge.
This is necessary for the definition of the Turan number below to make sense. Note that similar
extremal problems for vertex-ordered graphs (where the linear order is on the vertices instead of
edges) has been studied before, see for example |26, 3], 32] 42].

The Turéan problem for edge-ordered graphs can be formulated as follows.

Definition 1.1. For a positive integer n and a family of edge-ordered graphs H, let the Turdn
number of H be the maximal number of edges in an edge-ordered graph on n vertices that avoids
H, and let this maximum be denoted by ex.(n,H). If there is only one forbidden edge-ordered
graph H, we simply write ex_(n, H) instead of ex_(n,{H}).

Any Turan-type problem from classical extremal graph theory can also be formulated in this
language. Indeed, let H be a family of forbidden simple graphs and define H' = {H* : H €
H, L is a labeling of H}. We clearly have

ex(n,H) = ex<(n,H').

As a consequence, we have the following simple but useful bound for any simple graph H and
any labeling L:
exo(n, HY) > ex(n, H).

Notation. We will denote the edge-order of short paths and cycles by simply giving labels to
the edges along the path or cycle. For example, the edge-ordering of a path P, on four vertices,
say abcd, that gives the edge ab the label 1, the edge bc the label 3, and the edge cd the label
2 is denoted by P}3%. (In other words, this labeling denotes the edge-ordering ab < cd < bc.)
Similarly, C}*** denotes the cyclically increasing labeling of the cycle Cy.

1.1. History. Only a few special instances of the Turan problem for edge-ordered graphs have
been investigated so far. In most of these cases the aim was to find an increasing path or
trail, defined as follows: We call a sequence vy, ..., v,y of vertices in an edge-ordered graph an
increasing trail of length k if v;v;,1 form a strictly increasing sequence of edges for 1 < i < k. If
all the vertices v; are distinct we call it an increasing path of length k.

Chvatal and Komlés [9] asked for the length of the longest increasing trail that one can
guarantee in any edge-ordering of the complete n-vertex graph K,. This question was solved
by Graham and Kleitman in [2I]. In the same paper [9], Chvétal and Komlds also asked the
corresponding question for a path (rather than a trail). More precisely, they asked: What is the
maximum integer k such that every edge-ordering of K, has an increasing path of length k7 It is
very natural to ask this question for arbitrary host graphs (rather than just for complete graphs):
The altitude of a simple graph G is defined as the maximum £ such that every edge-ordering of
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G has an increasing path of length k. This seemingly simple question turned out to be quite
challenging. Let P,iﬂfl denote the increasing path of length k. The maximal number of edges in
a graph on n vertices with a given altitude k can have is precisely ex.(n, P"%,).

Rodl [40, 44] proved that any graph G with average degree d > k(k + 1) has altitude at
least k. In other words, ex.(n, P™) < (g)n (On the other hand, ex.(n, Pi"¢) > ex(n, P;) =
%n — O(k?).) For sufficiently dense graphs, Milans [33] proved that any graph G with average
degree d has altitude at least Q(d/(n'/3(logn)??)), where n is the number of vertices in G. Very
recently, Bucié¢, Kwan, Pokrovskiy, Sudakov, Tran, Wagner [7] significantly improved this bound,
showing that the altitude is almost as large as d, provided d is not too small. This result is close
to being optimal because the longest path in a graph G with average degree d may be as short
as d (for example, if G is a disjoint union of cliques of size d 4+ 1). Inspired by the question
of Chvatal and Komlés, several authors studied the altitude of various special classes of graphs
including the hypercube [10], the random graph [I0, 28]. Closely related problems were also
studied with respect to geometric graphs [11].

Concerning the case when the forbidden edge-ordered graph is not a path (or a trail), a pre-
liminary result was shown by Gerbner, Patkés and Vizer, [20], who proved that ex(n, C}?*3) =
O(n®/?) and applied it to a problem in extremal set theory. Another interesting result is an
unpublished result of Leeb (see the paper of Nesetfil and Rodl [35]), stating that for any given
n € N, every large enough edge-ordered complete graph contains a copy of K, such that the
edges of this copy induce one of four special edge-orderings (see Section for more details).
Ramsey numbers of edge-ordered graphs have been studied recently (motivated by this paper),
see [3] [16].

1.2. Outline of the paper and main results. In Section [2 we present the analogue of Erdds-
Stone-Simonovits theorem that applies to edge-ordered graphs. This theorem ties the Turan
number of an edge-ordered graph to its order chromatic number, a notion that we will introduce.
Order chromatic number is in turn strongly connected to some special edge-orders called canonical
edge-orders. This connection is discussed in Section where we also prove several important
properties of order chromatic number (see, for example, Theorem and Corollary . In
particular, it turns out that the order chromatic number behaves rather differently compared to
the usual chromatic number in several aspects. For example the order chromatic number of a
family of edge-ordered graphs can be substantially smaller than that of any single member of
the family, and the order chromatic number of a finite edge-ordered graph can be infinite. In
Section we consider edge-ordered graphs with finite order chromatic number and estimate
how large the order chromatic number can be in this case. Among other things, we will show
that even when the order chromatic number of an edge-ordered graph G is finite, it can grow
exponentially in the number of vertices of G (see Theorem [2.14). Finally, in Section 2.3 we
briefly study the smallest and the largest possible order chromatic number of a graph G over

all possible edge-orderings of (G. For most graphs, this latter number is infinite as shown by
Theorem 2.18
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In Section B, we study Turdn numbers of edge-ordered star forests. Recall that a star is a
simple, connected graph in which all edges share a common vertex and a star forest is a non-
empty graph whose connected components are all stars. We show a strong connection between
this problem and Davenport-Schinzel theory and prove that the Turdn number is close to being
linear for any given edge-ordered star forest (see Corollary .

In Section [l we study Turdn numbers of edge-ordered paths. For edge-ordered paths with three
edges, we determine the Turdn number exactly or up to an additive constant in Section [£.1} And
for most edge-ordered paths with four edges, in Section we show that the Turdn number is
either ©(n), O(nlogn) or O(n?) (see the table at the beginning of Section 4.2/ for a complete list
of results). This section also makes connections to the theory of forbidden submatrices.

In Section [5| we study Turdn numbers of edge-ordered 4-cycles. The 4-cycle Cy has three
non-isomorphic edge-orderings. The most interesting one is C}243. For this one, using a special
weighting argument, we show that the answer is close to ©(n*?) (as in the case of the usual
Turan problem). It is easy to show that the Turdn number of the other two edge-orderings of Cy
is (g)

Lastly, in Section [6] we make some concluding remarks. Turén theory for edge-ordered graphs
is very likely to have applications in other areas. As an example, using one of our results, we
show that the maximum number of unit distances among n points in convex position in the plane
is O(nlogn), reproving a result of Edelsbrunner-Hajnal [12], and Fiiredi [17] (see Section [6.1]).
We finish the paper with some open problems in Section [6.3]

Throughout the paper, we use log to denote the binary logarithm.

2. ERDOS-STONE-SIMONOVITS THEOREM FOR EDGE-ORDERED GRAPHS
AND ORDER CHROMATIC NUMBER

The most general result in Turan-type extremal graph theory is the Erdds-Stone-Simonovits
theorem, stated below. Note that when using asymptotic notation to estimate the Turan numbers
of families of graphs or edge-ordered graphs, we always consider the family to be fixed. In
particular, the o(1) term in the following theorem tends to zero as n goes to infinity, for a fixed
family H.

Theorem 2.1 (Erdés-Stone-Simonovits theorem, [I3], 14]). Any family H of simple graphs with
r+1:=min{x(H): H € H} > 2 satisfies

’I’L2

ex(n, H) = (1 - % + 0(1)> .

The lower bound is given by the Turdn graph T'(n,r), which is the complete r-partite graph
with each part having size |n/r| or [n/r]. Here x(H) stands for the chromatic number of the
graph H. The key to extending this result to edge-ordered graphs is to find the notion that can
play the role of chromatic number in the original theorem. We do this as follows.
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Definition 2.2. We say that a simple graph G can avoid a family H of edge-ordered graphs if
there is labeling G* of G that avoids H. (In other words, a graph G cannot avoid H if every
labeling G of G contains a member of H.)

Let x<(H), the order chromatic number of H stand for the smallest chromatic number x(G)
of a finite graph G that cannot avoid H. In case all finite simple graphs can avoid H we define
X<(H) = oo. In case the family H contains a single edge-ordered graph we write x-(H) to
denote x-({H}).

Remark. Recall that when speaking of a family of edge-ordered graphs we assume no member
of the family is empty. This makes the order chromatic number at least 2.

We consider only finite graphs and edge-ordered graphs in this paper, so all members of H are
finite and so is G. But here we remark that the definition of the order chromatic number would
not be altered if we allowed for infinite graphs GG — this can be shown using compactness.

Theorem 2.3 (Erdés-Stone-Simonovits theorem for edge-ordered graphs). If xo(H) = oo, then

exo(n, H) = (Z) .

If x«(H) =7+ 1< o0, then

TL2

1
ex<(n,H) = (1 . +0(1)) 5
Proof. Clearly, if the simple graph G = (V, E) can avoid H, then ex-(|V|,H) > |E|. If xo(H) =
oo (or just larger than n), then the complete graph K, can avoid H, and this proves the first
statement.
The lower bound for the second statement can be proved similarly as the Turan graph T'(n, )
with n vertices and r classes has (1 — %)%2 — O(r?) edges and it can avoid H.
For the upper bound in the second statement, let F' be a simple graph with minimum chromatic
number y(F') = r + 1 that cannot avoid H. Clearly, we have ex.(n,H) < ex(n, F'). The bound

then follows from the Erdés-Stone-Simonovits theorem: ex(n, F) = (1 — & + 0(1))%2. O

Let us emphasize here that Theorem relates the Turdan number of a family of edge-ordered
graphs to the order chromatic number of the family. This is in contrast to the original Erdos-
Stone-Simonovits theorem (or the vertex-ordered graph version in [36]), that speaks of chromatic
number (interval chromatic number) of a single graph (a single vertex-ordered graph, respectively)
and relates the Turdan number of a family to the least (interval) chromatic number of a member
of the family. As we will see, this is a meaningful difference, because the order chromatic
number of a family can be substantially smaller than that of any single member in the family,
see Proposition In the context of extremal hypergraph theory such families are called
non-principal. More precisely, a family H of r-uniform hypergraphs is called non-principal if
any r-uniform hypergraph avoiding the family contains an asymptotically smaller fraction of the
hyperedges of a complete r-uniform hypergraph than hypergraphs avoiding just a single element
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of the family. Balogh, [4], found non-principal families of 3-uniform hypergraphs of finite size.
Later Mubayi and Pikhurko, [34], found a non-principal family of size two.

In light of Theorem [2.3] the asymptotics of the Turdn number of an edge-ordered graph is
precisely captured by its order chromatic number unless it is 2. In the following subsections
we will prove several properties of this parameter. In particular, we will show that the order
chromatic number is strongly connected to the notion of canonical edge-orders, studied in the
next subsection.

2.1. Canonical edge-orders. The Erdés-Stone-Simonovits theorem (Theorem [2.1)) connects
the classical Turan number to the well-established notion of chromatic number, while the vertex-
ordered version of the Erdés-Stone-Simonovits theorem, [36], is connected to interval chromatic
number, a simple and easy to compute parameter. Theorem shows that the order chromatic
number is the relevant parameter for the Turan number of edge-ordered graphs, but this notion
seems less accessible. In Theorem we give criteria to determine the order chromatic number
of a family of edge-ordered graphs. To decide whether the order chromatic number is two (that
is, whether the Turdn number is quadratic in n) is especially simple, see Corollary .

For the upcoming characterization of the order chromatic number (see Theorem [2.5]) we need
to introduce the notion of canonical edge-orders. Let us assume that the vertices of a complete
graph K, are linearly ordered, say, they are vy, ..., v,. We call an edge-ordering of K,, canonical
if the order of two edges is always determined by the relative order of their endpoints. Clearly,
the canonical edge-order is determined by the order of the six edges spanned by any four vertices.
In fact, the order of the three edges in a triangle almost determine the canonical order: four of
the six possible orders of the edges in a triangle determine the entire canonical edge-order, while
for the other two possible orders the relative order of “overlapping” edges like vyv3 and vovy is
not determined, so they yield two canonical edge-orders each. The total of eight canonical edge-
orders are isomorphic in pairs; the isomorphism is provided by reversing the order of vertices.
Thus, it is enough to give name to the four non-isomorphic edge-orders of K,:

e min-labeling of K,: For 1 <i < j <n the label of the edge v;v; is L;(v;v;) = ni + j.
o maz-labeling of K,: For 1 <1i < j <n the label of the edge v;v; is La(v;v;) = nj +i.
e inverse min-labeling of K,,: For 1 <1i < j < n the label of the edge v;v; is L3(v;v;) = ni — j.
e inverse maz-labeling of K,,: For 1 <i < j < n the label of the edge v;v; is Ly(vvj) = nj —1i.

We need a similar notion of canonical edge-ordering for complete multi-partite graphs as
well. Let us denote by Ky, the complete balanced k-partite graph on kn vertices. We denote
the vertices of Ky, by v;; with 1 < ¢ < k, 1 < j < n. For1l < ¢ < k we call the set
Vi=A{v;|1<j<n} a class of vertices and two vertices in Ky, are adjacent if and only if
they belong to distinct classes, i.e., v;, j Vi, j, is an edge if and only if i; # is.

We call an edge-ordering of Ky, canonical if the order of two edges is determined by the
classes of the vertices they connect and in case some of these vertices belong to the same class,
then also by the order of those vertices within that class. Thus, in a canonical edge-order the
order of the edges e = v;, j,vi, j, and f = v;, j,v;, ;, is typically determined by the indices iy, %9, i3,
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and 74, but in case some of these indices coincide, like i; = i,,, then the order of j; and j,, may
also influence the order of e and f.

Let us first concentrate on the complete bipartite graphs induced by V;, UV, that we call the
parts of the Kjy,. Here 1 <iy,iy < k, i; # is. (Note the slightly unusual use of the word ‘part’,
which sometimes means a vertex class of Ky, but in the rest of this subsection we use it in the
sense just introduced.)

By the definition above, the edge-order within a part induced by V;, UV,, is determined by
the relative order of the endpoints of the edges, so it is completely determlned by the order of
the four edges in any K,y subgraph. A closer inspection shows that for all n > 2 there are
exactly eight possible canonical edge-orders on any part and these can be given by the following
labelings:

d (Ulhjlvm,]z) =nj1+J2
® <U g1 Vig J2) nji — J2
® (Un g1 Vig ]2) =-nj1+J2
¢ (’U“ 31012,]2> = —NJj1 — J2
* (U 7J1U22,]2) =njs+ 1
i (U 7]1,012,]2) 7’L]2 - ]1
* (Undlvlz ]2) njs + J1
b L8<v11,j1vl2,]2> = an - jl

In the first four cases, class V;, is dominant, while in the last four class, V;, is dominant.

To specify a canonical edge-order of K., for k& > 2, one has to also say how edges from
different parts compare. We say that a part of Gpx, precedes another part in an edge-ordering
of Gy, if all edges in the former part come before all edges in the latter part. By our definition,
between two vertex disjoint parts in a canonical edge-order one has to precede the other. But
this does not have to hold for the distinct parts induced by V;, UV;, and V;, UV;,. If neither of
these parts precedes the other, then we say that these parts mterleave. In thls case the order of
the edges e = v;, j,vi, 5, and f = v;, j,v;, j, must be determined solely by the order of j; and js.
This leads to the following four possibilities for a fixed pair of interleaving parts:

e < f if and only if j; < 73,
e < fif and only if j; < j3,
e < f if and only if j; > 73 or
e < f if and only if j; > js3.

Clearly, the choice of the canonical edge-orders on the individual parts of Ky, and the choices
for their pairwise behavior determines the relation of every pair of edges. Some combination of
these choices do not actually yield a transitive relation, but those that yield a transitive relation,
give rise to a canonical edge-order of Kj.,. It is easy to see that the same choices yield canonical
edge-orders independent of the value of n as long as n > 3, so the number of canonical edge-
orders of K}y, depends only on k. (The case n = 2 is exceptional as in Kyyo for k > 4 we may
have distinct parts A, B and C such that A and B interleave, so do B and C' but A precedes C'.
Such a configuration is not possible in a canonical edge-order of Ky, for n > 3.)
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In the simplest case of Kyy,, = K, ,, we have a single part only, so we have exactly eight
canonical edge-orders. All eight of them yield isomorphic edge-ordered complete bipartite graphs.
(The isomorphisms are given by reversing the order of the vertices in one or both of the classes
and/or switching the two classes.) We denote this canonical edge-ordered complete bipartite
graph by K} (which is therefore unique up to isomorphism). For greater values of k, however,
both the number of canonical edge-orders of K}, and the number of non-isomorphic edge-
ordered graphs obtained is growing fast. It is easier to count canonical edge-orders without
interleaving parts: They are determined by an arbitrary order of the (g) parts and also arbitrary
canonical edge-orders on each of them. This yields (’;)' -8(2) canonical edge-orders without an
interleaving pair of parts and (S) 18() /(k!2%) non-isomorphic edge-ordered graphs. For k = 3 this
is 3072 canonical edge-orders and 64 non-isomorphic edge-ordered graphs. Still for & = 3 there
are 768 additional canonical edge-orders with a pair of interleaving parts yielding 16 additional
non-isomorphic edge-ordered graphs.

Note that if the part A induced by V; U V; and the part B induced by V; UV} interleave in a
canonical edge-order of Kj.,, then any part not containing V; must either be preceded by both
interleaving parts A and B or it must precede both A and B. This yields the useful observation
that in any canonical ordering of K3y, there must be a part that precedes the other two parts
or a part that is preceded by the other two parts.

More generally, given an edge-ordering K of Kjy,, the relation “precedes” defines a partial
order on the parts. This partial order, plus the ordering within the parts and between incom-
parable (that is, interleaved) pairs of parts defines the entire edge-order. It is not hard to prove
the following characterization of canonical edge-orders.

Proposition 2.4. An edge-order K of Kixn (kK > 2, n > 3) is canonical if and only if “in-
terleaved” is an equivalence relation on the parts with each equivalence class forming a star-like
structure with a common class V;,, and other classes V;,, ..., Vi, , such that the restriction of K
to the bipartite graph between V;, and V;,U---UV; = can be made canonical (with V;, the dominant
side if m > 1) by appropriately ordering its vertices such that the vertices of each class Vi, appear

consecutively and in monotone (increasing or decreasing) order.

From the proposition above one can see that such a star can have m!2™*! possible edge-orders
for m > 1, while singleton equivalence classes have 8 possible edge-orders.

The following theorem connects order chromatic number with the notion of canonical edge-
orders. The first part of this theorem is not new and it goes back to an unpublished result of
Leeb (see [35]), but we include its simple proof for completeness.

Theorem 2.5. e The order chromatic number of a family H of edge-ordered graphs is
infinity if and only if one of the canonical edge-orders of K,, avoids H for all n.
e X-(H) > k holds for a family H of edge-ordered graphs and k > 2 if and only if for all
n, one of the canonical edge-orders of Ky, avoids H.

Note that if H is finite, then the “for all n” requirement in both parts of this theorem can be
equivalently replaced by setting n to be the largest number of vertices of any member of H.
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Proof. We start with the proof of the first claim of the theorem. If a canonical (or any) edge-
order of K,, avoids H, then K,, and therefore any of its subgraphs can avoid H. If this holds for
all n, then all finite graphs can avoid H, so its order chromatic number is infinity. This proves
the “if” part of the claim.

Assume now that the order chromatic number is infinity, therefore any graph can avoid H.
Take an edge-ordering K of K, that avoids H and color the 4-subsets of its vertices according
to the order of the six edges between these vertices. That is, for 1 < j; < js < j3 < ju < m we
color the set {v;,,v;,,v;,,v;,} by the order of the six edges v;,v;, in the induced subgraph. This
is a 720-coloring of the 4-subsets. Let us choose a monochromatic subset {v;, | 1 <1 < n} such
that j; < jo < --- < j,. By Ramsey’s theorem we can do this for any fixed n if we start with
a large enough complete graph K,,. Clearly, the order of two edges is determined by the color
of any 4-subset containing their endpoints. This means that the monochromatic subset induces
a canonically edge-ordered copy of K, as long as n > 5. (The n = 4 is exceptional here as any
4-subset is monochromatic, but not all are canonically edge-ordered.) Being a subgraph of K
that avoids H, this canonical edge-ordering of K,, also avoids H proving the “only if” part of the
first claim.

For the proof of the second claim assume a canonical (or any) edge-order of Ky, avoids H,
S0 Kjwn can avoid H. As any finite graph of chromatic number at most £ is a subgraph of Ky,
for an appropriate n, we find that it can also avoid H proving the “if” part of the second claim.

Assume now that y(H) > k, therefore Ky, can avoid H for any m. Let us fix an edge-
ordering K of Ky, avoiding H. We color the 4-subsets H = {{j1, jo2, 3,74} : 1 < j1 <joa <3<
ja < m} with the order of the edges between the 4k vertices in H* = {v; ;, | 1 <i < k,1 <1 <4},
There are 16(15) such edges, so we have (16(];))! colors. Let us assume that the subset S formed
by 71 < j2 < +++ < Jrn is monochromatic. By Ramsey’s theorem we can find such a set for any
n if we start with a large enough value of m. Now we consider the edge-ordered subgraph G of
K induced by the vertices v;j, for 1 < i < k and (i — 1)n < [ < in. Clearly, the underlying
simple graph of G is isomorphic to Ky, with the isomorphism mapping v;; of Ky, to Viti— 1y
in G. This isomorphism induces an edge-order on Ky, and the fact that S is monochromatic
implies that this edge-order is canonical if nk > 5. Indeed, for any pair of edges in G their order
is determined by the color of any set H with H* containing all four endpoints, and thus by the
common color of all 4-subsets of S. In particular, the order between two edges of Ky, whose
endpoints are in four distinct classes is determined by these classes, and the order between two
edges whose endpoints are in fewer classes is determined by the classes and the relative order of
the endpoints in the common classes. The requirement that nk > 5 is needed to ensure that if a
subset is monochromatic with respect to our coloring of 4-subsets, then the same subset is also
monochromatic with respect to a similar coloring of the 3-subsets.

Since G is a subgraph of K, G avoids H, so the canonical edge-order of K}, isomorphic to
G also avoids H proving the “only if” part of the second claim and finishing the proof of the
theorem. O

Theorem [2.5 implies the following corollary.
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Corollary 2.6. Let H be a family of edge-ordered graphs.

(1) The order chromatic number of a subfamily H' C H satisfies x<(H') > x<(H).

(2) x<(H) = 2 holds if and only if there exists G € H with x-(G) = 2.

(8) An edge-ordered graph G on n wvertices satisfies x<(G) = 2 if and only if Ky contains
G.

(4) If x<(H) is finite, then there exists a subfamily H' C H of size at most four with x(H')
finite.

(5) For k > 3 there exists a number ci (depending only on k) such that if x-(H) = k, then
there exists a subfamily H' C H of size at most ¢, with x<(H') = k. One can choose
C3 = 80.

Proof. The monotonicity claimed in part 1 of the corollary follows directly from the definition
of the order chromatic number: if a graph can avoid a family H, then it can also avoid all its
subfamilies.

For part 4 we use the first claim of Theorem As the order chromatic number of # is finite,
none of the four canonical edge-orders of K,, avoid H for all n. For each one of the four canonical
edge-orders, we can find a value of n and an element H of H such that K, with that particular
canonical edge-order does not avoid H. By the first part of Theorem again, the subfamily
consisting of these four elements of H has finite order chromatic number.

For part 5 we argue very similarly. Let ¢, be the number of canonical edge-orders of Kjy.,.
By the second part of Theorem for each of the canonical edge-orders there is a choice of n
such that K}, with that edge-order contains a particular element H of H. Let H’ consist of
the elements of H selected for one of those canonical edge-orders. By Theorem the order
chromatic number of H’ is at most k. But by part 1 above it is at least k, so we have x-(H') = k.

Note that in this argument we could set ¢; to be the number of non-isomorphic edge-ordered
graphs obtained from canonical edge-orderings of K}, as isomorphic edge-ordered graphs avoid
the same edge-ordered graphs.

This makes us able to choose c3 = 80 as claimed in part 5 and also proves parts 2 and 3 of the
corollary as we know that each canonical edge-order of Ky, is isomorphic to K - O

The following two simple observations are related to K7% and part 3 of Corollary [2.6]

,n

Proposition 2.7. If m is large enough compared to n, then Ky, cannot avoid K7}

Proof. K33%, contains K%, so by part 3 of Corollary we have x(K5%') = 2. By definition,

this implies the existence of a bipartite graph G that cannot avoid K. Clearly, G is a subgraph
of Ky, if m is large enough, so neither can K, ,, avoid K O

Note that Proposition is also the two dimensional special case of a 1993 result by Fishburn

2
and Graham, [15]. Recently Buci¢, Sudakov and Tran, [8] proved that the choice m = g2lttetin

is enough for the statement of the proposition to hold. Note that this bound is much lower than
the one that follows from the argument above or the result of Fishburn and Graham.

Definition 2.8. We call a vertex v of an edge-ordered graph close if the edges incident to v are
consecutive in the edge-ordering, that is, they form an interval in the edge-order.
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Proposition 2.9. If an edge-ordered graph G is contained in the max-labeling or inverse max-
labeling of some complete graph, then one of the end vertices of the mazximal edge in G is close in
G. Symmetrically, if G is contained in the min-labeling or inverse min-labeling of some complete
graph, then one of the end vertices of the minimal edge in G is close in G.

If x<(GF) = 2 for some labeling of a simple graph G, then G has a proper 2-coloring with all
vertices in one color class being close in G*. The converse also holds if G is a forest, namely
if the forest G has a labeling L and a proper 2-coloring in which all vertices of one of the color
classes are close in GF, then x(GL) = 2.

Note that the requirement of G being a forest is necessary in the last statement. The edge-
ordered cycle C1?3* is bipartite, and all but one of its vertices are close, yet it is not contained
in either the min-labeling or max-labeling of any complete graph, so y.(C}?*) =

Proof. Consider any subgraph G of K,, with either the max-labeling or the inverse max-labeling.
The larger-indexed end vertex of the maximal edge in GG is close in G. Similarly, in a subgraph G
of the min-labeling or inverse min-labeling of K, the smaller-indexed end vertex of the minimal
edge in G is close in G. This proves the first two statements of the proposition.

By Corollary [2.6| we have x(GL) = 2 if and only if G is contained in K for some n. We
think of K2 as the complete bipartite graph on vertices u; and v; with 1 < i < n and with the
label of edge u;v; being ni + j. Clearly, the vertices u; are close in this graph and they form one
color class of the only bipartition of K, ,. These vertices remain close in any subgraph of K%
proving the third statement of the observation.

For the final statement we need to embed G isomorphically to KA, where n is the number
of vertices in G. Let us fix a proper 2-coloring of G with all vertices in one color class (say red)
being close. The red vertices are linearly ordered by the labeling of the incident edges (except
for isolated vertices). We map the red vertices to vertices u; respecting this ordering, that is, if
for red vertices  and y the edges incident to x are lower than those incident to y, then we map
x to u;, and y to u;, with i, <1i,. Isolated red vertices can be mapped to any remaining vertices
u;. To obtain an isomorphic embedding all we have to do is map the vertices of the other color
class to vertices v; in K% such that for any red vertex x the mapping of its neighbors y respect
the order of the labels L(xy). As G is a forest these requirements do not form a directed cycle,
so all can be satisfied simultaneously. O

We finish this section by highlighting two aspects of the order chromatic number not shared
by either the ordinary chromatic number of simple graphs or the interval chromatic number of
vertex ordered graphs.

Firstly, we show that the order chromatic number of a family of edge-ordered graphs can
indeed be smaller than that of any member. The jump we exhibit here is the largest allowed by
Corollary 2.6, Recall that P}*?3 denotes the path on five vertices, say a,b, ¢, d, e, with its edges
ordered as ab < cd < de < be. Similarly, P23 is the path on five vertices, with edges ordered as
cd < ab < be < de.

Proposition 2.10. y(P}%) = y(P21) = oo, but x({ P31, P311}) = 3.
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Proof. Notice that reversing the edge-order in P1?® yields an edge-ordered graph isomorphic to
P2314 (by reversing the vertices) giving a certain symmetry to the statements of the proposition.

Neither endpoint of the smallest edge in P34 is close, so by Proposition 2.9 P?*'* is not
contained in either the min-labeling or the inverse min-labeling of a complete graph. Symmetri-
cally, the max-labeling and the inverse max-labeling avoid P34?3. This shows that both of these
edge-ordered paths have order chromatic number infinity if considered separately.

One can observe that both the max labeling and the inverse max-labeling of K, contain P23!4
as long as n > 5 and symmetrically the min-labeling and the inverse min-labeling of K, contain
P23 By Theorem [2.5]this proves that that the order chromatic number of the pair { P43, p2314}
is finite. We want to prove specifically that it is 3. By part 2 of Corollary it cannot be 2, so
we need only to show that it is at most 3. Instead of exhibiting an explicit 3-chromatic graph
that cannot avoid the pair, we use Theorem [2.5| again and show that all canonical edge-orders of
K35 contain one of the two edge-ordered paths. Let us recall that the classes of K3y«s are the
pairs V; = {v;1,v;2} for 1 < i < 3 and the parts of K3y are the complete bipartite subgraphs
induced by two classes. As we have observed, in any canonical edge-order of K3ys (or of Ksy,
in general) there is a smallest part preceding the other two parts or there is a largest part that
is preceded by the other two parts. In the former case we can find an isomorphic copy of P! in
the smallest part and then we can extend it with an edge from another part to get an isomorphic
copy of P24, In the latter case we find an isomorphic copy of P}?® in the largest part and extend
it with an edge from another part to obtain an isomorphic copy of Pi*?%. Thus, no canonical
edge-order of K39 avoids both PJ423 and P23'. This finishes the proof of the proposition. [

Secondly, recall that the order chromatic number of finite edge-ordered graphs can be infinite.
In Section 2.2 we will show the existence of edge-ordered graphs for which the order chromatic
number is finite but significantly larger than its number of vertices (or even its number of edges).
In particular, we will construct edge-ordered graphs D,, on n vertices for which the order chro-
matic number is finite but it still grows exponentially with n (see Theorem .

2.2. How large can the order chromatic number be? We saw examples of rather small
edge-ordered graphs with order chromatic number infinity. In fact, Theorem below claims
that every simple graph with more than 3 edges that is not a star forest has such an edge-ordering.
Here we consider edge-ordered graphs with finite order chromatic number. More specifically, we
ask how large the order chromatic number of an n-vertex edge-ordered graph (or of a family of
edge-ordered graphs with at most n vertices in each) can be if it is finite.

Let K, stand for the family of the four canonical labelings of the complete graph K,,. By the
Ramsey theoretic theorem of Leeb that appeared in the paper [35] and stated here as the first
half of Theorem there exists m for any n such that K, cannot avoid IC,. Let freen(n) be
the smallest integer m with this property.

Proposition 2.11. If a family H of edge-ordered graphs on at most n vertices has finite order
chromatic number, then

X<(H) < X<(’Cn) < fLeeb(n>‘
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Proof. By Theorem and as the order chromatic number of H is finite, none of the four
canonical edge-orders of K, avoid ‘H for every m. But then none of the four edge-ordered graphs
in KC,, avoid H as otherwise the corresponding element of &C,, would also avoid H for all m. (Note
that we use here that all elements of A have at most n vertices.)

The claim above implies that all edge-ordered graphs avoiding H also avoid IC,, and therefore
all simple graphs that cannot avoid K,, cannot avoid H either. This proves the first inequality.

To see the second inequality notice that for m = freen(n), K, cannot avoid K, by definition,
so we have x-(K,,) < x(K,,) = m. O

The upper bound on fieen(n) coming from the argument presented in the proof Theorem is
a Ramsey number for coloring 4-uniform hypergraphs of which the best available bound is triply
exponential in n. However, a better upper bound that is doubly exponential in a polynomial of n
has been recently claimed by C. Reiher, V. Rddl, M. Sales, K. Sames, and M. Schacht, [39] and
independently also by D. Conlon, J. Fox and B. Sudakov (unpublished). These recent results
also contain a doubly exponential lower bound for fre.,(n). However, the lower bound does not
seem to directly translate to a lower bound on y(kC,,) because it is possible that a very large
graph with a small chromatic number cannot avoid the family /C,,.

Now we construct a sequence of edge-ordered graphs D, to show that the order chromatic
number can grow exponentially in the number of vertices and still remain finite: For n > 2, let
D,, be the edge-ordered graph with vertices z1, ..., x, and the 2n — 3 edges incident to z; or x,
with the edge-order 125 < T123 < -+ < 212, < Toxy < -+ < Tp_1Tp.

Proposition 2.12. y.(D,) < oo for any n > 2 but x(D*) = oo for every edge-ordering D* of
the underlying simple graph of D,, that is not isomorphic to D,,.

Proof. We show that D,, is contained in all canonical edge-orders of K,,. By Theorem this is
enough to see that x-(D,,) < oo.

We embed the vertices of D,, in the min-labeled and the max-labeled K, in their natural order
to show the containment. For the inverse min-labeled K, we use the order zi,z,,z,_1,...,Zs.
For the inverse max-labeled K, we use the order z,,_1,x,_o,...,21,Zy.

Now let D* be an edge-ordering of the underlying graph of D,, with x-(D*) < co. We need
to show that D* is isomorphic to D,,.

For n < 3 the underlying graph of D, is K, and all its edge-orderings are isomorphic to
D,,. Assume next that n = 4. By Proposition [2.9] D* must have a close vertex incident to the
maximal edge and another incident to the minimal edge. These two vertices either need to be
non-adjacent, or they need to be incident to all edges. In our case, this means that they could
only be x5 and z3 (the only non-adjacent pair) or z; and x4 (the only pair incident to all edges).
The former case yields two non-isomorphic edge-orderings: x1xs < xory < T4 < T123 < T3T4
and z1x9 < Towy < T4 < T3x4 < x1x3. The first of these is avoided by the inverse min-labeling,
while the second is avoided by the min-labeling, so both have infinite order chromatic number.
There are also two non-isomorphic edge-orders in which z; and x4 are the close vertices incident
to the minimal and maximal edges. One of them is the edge-ordering of D,, while the other is



14 GERBNER, METHUKU, NAGY, PALVOLGYI, TARDOS, VIZER

T1Te < X173 < T1x4 < T3T4 < ToTy, yielding an edge-ordered graph avoided by all four canonical
clique-labelings, so the order chromatic number of this edge-ordered graph is also infinite.
Finally for n > 4 we use that the subgraph of D* induced by 1, z,, and any two other vertices
(being an edge-ordering of the underlying graph of D,) must be isomorphic to D4 or the order
chromatic number of the subgraph, and hence D* itself is infinite. This implies that D* itself is
isomorphic to D,,. 0

To prove an exponential lower bound on x(D,) (in Theorem [2.14]), we need the following
lemma.

Lemma 2.13. Let n > 2 and m > 2 be integers. The relation x(D,) > m holds if and only if
there is an edge-ordering K of K,, avoiding D, such that the auxiliary graphs G, are bipartite

for all vertices x of K,,. Here V(G,) = V(K,,) \ {z} and E(G,) consists of the edges yz such
that vy < yz < zx in the edge-ordering of K.

Proof. By Theorem we have x-(D,) > m if and only if there is a canonical edge-ordering
of K,,xn, avoiding D,,. To prove the “only if” part of the lemma let us assume that K* is a
canonical edge-ordering of K,,, that avoids D,,. Recall that the vertices of K,,., are v;; with
1 <i<mand 1l <j<n. The vertices v; ; with a fixed 7 form an independent set that we call
a class. The parts of K,,x, are the complete bipartite graphs connecting two classes.

Let K be the subgraph of K* induced by the m vertices v;;. It is an edge-ordering of the
complete graph K,,. We claim that K satisfies the conditions in the lemma, namely it also avoids
D,, and the auxiliary graphs G, are all bipartite.

As a subgraph of K*, K avoids D,,. We need to prove that the auxiliary graphs are bipartite.
So let z = v;; be a fixed vertex of K. Consider another vertex y of K and the order of the edges
yv; j. As on K* the edge-order is canonical, this is either monotone increasing in j or monotone
decreasing in j. We call the vertex y increasing or decreasing accordingly. We claim that G, is
bipartite because all its edges connect an increasing vertex with a decreasing vertex. Assume for
a contradiction yz is an edge of G, with both y and z being increasing (or both being decreasing).
Now consider the subgraph of K* induced by the vertices y, z and n — 2 of the vertices in the
class of x. This subgraph is isomorphic to D,, contradicting the assumption that K* avoids D,,.
The contradiction proves the “only if” part of the lemma.

For the “if” part let K be an edge-ordering of K, satisfying the conditions of the lemma.
We need to find a canonical edge-ordering K* of K,,«, avoiding D,. We identify the vertices
of K with the classes in K,,«,. This way the parts of K,,., correspond to the edges of K.
In our canonical edge-ordering no pair of parts are interleaved and one part precedes another
if the edge in K corresponding to the former part is smaller than the edge corresponding to
the latter part. Now we consider the bipartite auxiliary graphs G, and fix a bipartition to
“increasing” and “decreasing” vertices. Note that the same vertex can be designated increasing
in one auxiliary graph and decreasing in another. To specify the canonical edge-order of K* we
have to further specify one of the eight canonical orders for each of the (7;) parts. Assume the
classes V;, = {v;, j | 1 <j <n}and V;, ={v;,; | 1 <j < n} correspond to vertices x and y in K.
We choose the canonical order of the part between these two classes such that the order of the
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edges v;, j, Vi, j, 1S increasing or decreasing in j, (for fixed j;) according to whether x is increasing
or decreasing in G,. That is, if z is increasing in G, then v;, j,vi,1 < Vi, j1Vip 2 < - .. < Vi) j1 Vig s
while if x is decreasing, then v;, j,vi,1 > Vi, jiVis2 > ... > Uj j, Vi, n. Similarly, we choose the
canonical order of the part of K* induced by V;, UV,, such that the order of these edges is
increasing or decreasing in j; (for a fixed j;) according to whether y is increasing or decreasing
in GG,.. For any of the four possible cases above, we still have two canonical edge-orders to choose
from; we can choose any of these two options arbitrarily.

We claim that K* avoids D,,. Assume for a contradiction that K* contains D,. If the n
vertices of the isomorphic copy of D,, come from n different classes in K*, then this subgraph of
K* would correspond to an isomorphic subgraph of K. This contradicts our assumption that K
avoids D,,.

Now assume that two vertices a and b of the subgraph of K™ isomorphic to D,, come from the
same class. As any class is independent in K*, ¢ and b must correspond to two non-adjacent
vertices in D,,. Let ¢ and d be the vertices in the subgraph corresponding to the full degree
first and last vertex of D,,. As ¢ and d are connected to every vertex, a, b, ¢, d are four different
vertices. Clearly, a, ¢ and d must come from three distinct classes of K,,«,. Let x, y and z be
the corresponding vertices in K. The subgraph of K* induced by the four vertices a, b, ¢ and d
must be isomorphic to D4 and this implies that yz is an edge in G,.. So one of y and z must be a
decreasing vertex in G, the other an increasing vertex. But that means that either ac < bc and
ad > bd in K* or vice versa: ac > bc and ad < bd in K*. Both cases contradict the isomorphism
of the induced subgraph to D,. The contradiction finishes the proof of the lemma. O

Now we are ready to prove the exponential lower bound on y.(D,,).

Theorem 2.14. x-(D,) > (*"-)) = Q(4"//n).

n—2

Proof. Using Lemma [2.13] it is enough to give an edge-ordering K of K ) that avoids D,

such that the auxiliary graphs G, are bipartite for all vertices x of K. E;Cfl vertex of K will
correspond to a binary sequence {0,1}**~* containing n — 2 0’s and n — 2 1’s. We write u < v
if u comes before v in the lexicographic order. It is convenient to think about these sequences
as root to leaf paths in a (partial) binary tree of depth 2n — 4, which is drawn in the “usual
way”, i.e., its leaves are on a line in lexicographic order. When referring to the position where
“u diverges from v” we mean the first position where the two sequences differ.

To order the edges we consider for an edge uv where v and v diverge: longer common prefix
makes for a larger edge. If these longest common prefixes have the same length for two edges,
then these edges are ordered by the distance of their endpoints in the lexicographic ordering;:
larger distance makes for a larger edge. Finally, edges having a tie in both values are ordered
arbitrarily.

Now we need to prove that the edge-ordered complete graph we have just constructed avoids
D,, and each auxiliary graph G is bipartite.

We start with the latter claim. Among any three vertices there is one that diverges from the
other two at the same position. In this case the other two vertices diverge later and therefore the
edge connecting them is the largest in the triangle induced by these three vertices. The auxiliary



16 GERBNER, METHUKU, NAGY, PALVOLGYI, TARDOS, VIZER

graph G, consists of the edges uv satisfying xu < uv < xv. In this case v and x must diverge
from u at the same position. But then they are on the same side of v and zu < uv implies that
x is closer to u than v, so u and v are on different sides of . Thus, every edge of G, connects
vertices from opposite sides of z making G, bipartite, as claimed.

Now suppose that K contains a D,,, that is, it has vertices x1, ..., z, satisfying x1xs < 123 <
e KTy < ToXp < -0 < Tp_1X,. For 1 <4 < n the largest edge spanned by 1, z; and z,, is
ZiT,, so 1 must diverge from z; and x, at the same position. Therefore, z; must diverge from
T, ..., T, at the same position. Therefore, the relative order of the edges z1z; (1 < i < n) is
determined by the distance of their endpoints, and all of the x; are on the same side of x, so
we have either 1 < x5 < --- <z, or x1 > x5 > --- > 1, in the lexicographic order. If for some
1 <@ < j<n,x and z; diverge from z,, at the same place, then we would have z;x,, > z;x,,
which is not the case in D,,. Thus, for ¢ < n each z; diverges at a different place from z,,, and
(as all x; are on the same side of x,) x, must have the same digit in all these n — 1 positions.
But this is not possible because x,, has only n — 2 digits of either type. ([l

Note that the bound of Theorem is trivially sharp if n < 3, but the proposition below
shows that it is not sharp for n = 4.

Proposition 2.15.
10 < x<(Dy) <

Proof of Proposition [2.15. We have already seen in Proposition that y(D,) is finite.

For the lower bound we use Lemma The edge labeling KJ satisfies the conditions of
that lemma, where the vertices of Ky are vy, vs,...,v9 and the label of the edge v;v; is given as
the j’th entry in the i’th row of the following symmetric matrix. The entries in the diagonal are
left blank. A short case analysis is enough to verify that K satisfies the properties required in

Lemma [2.13] but we found the labeling itself by computer search.

1 2 3 4 33 34 35 36

1 26 25 29 30 5 27 8
2 26 24 15 7 20 18 17
3 25 24 11 31 22 23 9
4 29 15 11 10 12 13 16

33 30 7 31 10 32 28 6
34 5 20 22 12 32 21 14
35 27 18 23 13 28 21 19
36 8 17 9 16 6 14 19

O

With some simple observations combined with a computer search we could also prove x«(Dy4) <
31. More precisely, we checked by computer that the edges of a K¢ on vy, ... vg cannot be ordered
to avoid Dy if vv; < vyv; for i < j, and for each ¢ the bipartite G,, is empty on {v; | j > i}, and
this can always be guaranteed for some 6 vertices of K3 using that each GG, has an independent
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set of size 16, since G, is bipartite. With similar tricks the bound 31 can be certainly reduced,
but proving the conjectured y.(D4) = 10 is out of reach with such methods.

A strongly related question is that whether in a vertex- and edge-ordered complete graph on
N = 2" vertices, can we always find an n vertex subgraph where the left going edges from any
vertex are all smaller than the right going edges from the same vertex, or vice versa? Note that
N < Rs(n) < 2% follows from a simple Ramsey argument: just two-color each triple u < v < w
depending on whether uv < vw or not.

2.3. The best and worst edge-orders of a graph. For a non-empty finite graph G, let
X~ (G) = ming x<(G*), where the minimum is taken over all labelings L of G. Similarly, let
xT(G) = maxy, x<(G*). In this subsection we determine x(G) for all graphs G, and prove the
following simple result concerning = (G).

Proposition 2.16. x~(G) > x(G) for any graph G.
X (G) =2 if and only if x(G) = 2.

Proof. If a graph H does not contain the graph G as a subgraph, then clearly all labelings of H
avoid all labelings of G. This proves the first statement and also the only if part of the second
statement.

If G is bipartite, then it is contained in the complete bipartite graph K, , for an appropriate
n. The canonical labeling KF' induces a labeling GL of G that is contained in K", so by

n,n?

Corollary we have y.(GL) = 2. This finishes the proof of the proposition. O

The following proposition shows that even the “minimal order chromatic number” x~ can be
infinite for small simple graphs:

Proposition 2.17. x~(K,) = occ.

Proof. Consider a labeling L of K. If the three largest edges of K do not form a star, then
neither endpoint of the largest edge in KL is close, so K} is not contained in the max-labeling
or inverse max-labeling of a complete graph by Proposition . If the three largest edges in KF
do form a star, then the three smallest ones do not form a star, so (again by Proposition
KT is not contained in the min-labeling or inverse min-labeling of a complete graph. Therefore,
an appropriate edge-ordering of K,, always avoids KF. This finishes the proof.

A closer inspection reveals that every labeling of K, is avoided by at least three of the four
canonical labelings of K,,. Indeed, a subgraph induced by four vertices of a canonical labeling
of K, is always isomorphic to the corresponding canonical labeling of K, and the four canonical
labelings of K, are pairwise non-isomorphic. 0J

We call a simple non-empty graph a star forest if all connected components are stars. We
will study the Turdn numbers of edge-ordered star forests in more detail in the next section.
As isolated vertices do not affect the order chromatic number we only consider simple graphs
without isolated vertices.
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Theorem 2.18. If the simple graph G is a star forest or a 3-edge path, then x*(G) = 2. If G is

a triangle, then x™(G) = 3. All remaining finite simple graphs G without isolated vertices satisfy
+ _

X (G) = oo.

Proof. We prove the first statement using Proposition 2.9} Any star forest has a proper 2-coloring
with all vertices in one color class having degree one. These vertices are close in all labelings.
Both color classes of P, contain a degree 2 vertex, but at any edge-ordering of P, makes one of
them close, so the last statement of Proposition [2.9| applies again.

K3 is not bipartite, so x(KZ¥) > 3 for all labelings L. But all labelings of K3 yield isomorphic
edge-ordered graphs, so K3 cannot avoid K for any L. This makes x~(K3) = x*(K3) = 3.

Any remaining non-empty graph G without an isolated vertex contains an edge e; = uv such
that both v and v have degree more than 1. We find a labeling of G that is avoided by both the
max-labeling and the inverse max-labeling of any complete graph by making e; the maximal edge
and ensuring neither u nor v is close, see Proposition [2.9] If there exists an edge not adjacent to
e; we are done by making it the second largest. If all edges are adjacent to e;, then one of u or
v must have degree at least 3 as G has at least 4 edges. Say e; and ez are both incident to w.
Making es the second largest we ensure v is not close and making es the smallest we ensure u is
not close either. 0

Another natural question to study is how ex_(n, G*) behaves for the best and worst edge-
orderings of a given graph G. By Theorem , ex.(n, GL) is asymptotically determined by
X<(G") if x<(G*) > 2. Proposition[2.17]and Theorem imply that for many graphs Yy (G) =
X (G) = oo, so even for the best edge-order, ex_(n, GL) = (g) because of Theorem We
have also seen in Section that even x~(Dj) can grow exponentially in k, while x(Dy) = 3.
In fact, if we denote by K;f 5 the graph obtained by adding an edge connecting two vertices on
the larger side of K53, then we have x(K33) = 3, but x~ (K 3) = oo. (This can be proved with
a case analysis similar to the proof of Proposition m)

Proposition shows that x(G) = 2 implies x~(G) = 2. Is it in fact possible that for every
bipartite G there an edge-ordering L such that ex_(n, GY) = O(ex(n,G))? As we have discussed
in the Introduction, this is true when G is a path, because we can pick the monotone increasing
edge-labeling for which ex_(n, Pi"®) = O(n). It, however, fails for most trees.

Proposition 2.19. If a tree T has a vertex from which 3 paths of length 3 start, then ex(n, Tt) =
Q(nlogn) for any edge-ordering T* of T.

The proof of Proposition follows from a simple case analysis which shows that such
trees TL always contain a path P of length 4 such that the restriction of the edge-ordering of
TT to this path, yields an edge-ordered path PF for which ex.(n, PX) = Q(nlogn). (For the
characterization of length 4 paths, see Section )

3. STAR FORESTS

Recall that a star is a simple, connected graph in which all edges share a common vertex and
a star forest is a non-empty graph whose connected components are all stars. In this section
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we study the Turdn numbers ex.(n, F') for edge-ordered star forests F. We will show that this
problem is closely related to Davenport-Schinzel theory, so let us recall the basic definitions. For
a more thorough introduction on Davenport-Schinzel theory see e.g., [25].

A word is a finite sequence. We will refer the elements of the sequence as letters, but we are
not interested in what the actual letters are, we only care about where the same letters repeat.
Accordingly, we say that the words u = ay...a, and v = by ...b,, are equivalent if n = m and
for all 1 <i,7 < n we have a; = a; if and only if b; = b;. We denote the length of the word u
by |ul, so we have |u| = n in this example. We write ||u|| for the number of distinct letters in u.
A word u is k-regular (for some positive integer k) if every k consecutive letters in u are distinct
(in case |u| < k we require all letters of u to be distinct). A subword is obtained by deleting any
number of letters from a word and considering the word formed by the remaining letters in their
original order. We say that a word u contains another word f if f is equivalent to a subword of
u. If this is not the case we say that u avoids f. For a non-empty word f and a positive integer
n we write expg(n, f) for the length |u| of the longest ||f||-regular word u on at most n letters
(that is ||u|| < n) avoiding f. The central problem of Davenport-Schinzel theory is to calculate
or estimate this extremal function.

To apply the results of Davenport-Schinzel theory we need to relate edge-ordered graphs to
words. We do this in two different ways. First, let F' be an edge-ordered star forest. We
represent each component of F' with a unique letter. We define the corresponding word w(F') to
be w(F) = ay ...am,, where m is the number of edges in F' and a; is the letter representing the
component of F' containing the i'th edge in the edge-ordering of F. We obtain the longer word
w'(F) = a?™...a>™ by repeating each letter in w(F) 2m times. (Here we use exponentiation to
denote repetitions.) For our second connection between graphs and words consider an arbitrary
edge-ordered graph GG. We build a corresponding word over the set of vertices of G as letters
by listing the two end vertices of each edge. We list the edges according to their edge-order but
we choose the order of the two end vertices of the same edge arbitrarily. We write u(G) for the
family of words one can obtain this way. For example, if G is a graph with edges ab, ac, be, ad
with the edge-order ab < ac < bc < ad, then u(G) contains the word abaccbda among 15 other
words. The length of any word in u(G) is twice the number of edges in G.

The main connection between the containments in these two different contexts is provided by
the following lemma.

Lemma 3.1. Let F' be an edge-ordered star forest and let G be an edge-ordered graph. If a word
in uw(G) contains w'(F) and G has at least as many vertices as F, then G contains F.

Proof. Let w(F) = ay...a,. Let u be the subword of an element uy of u(G) equivalent to
w'(F) = a¥™...a?™. We have u = b¥™ ... 02™ with b; = b; if and only if a; = a;. Each of the
letters in u were inserted in ug as an end vertex of an edge in G, thus b?™ must come from 2m
distinct edges of GG, each incident to the vertex b;. For each i = 1,...,m we select one of these
edges, e; = b;c; such that the vertices ¢; are pairwise distinct and none of them coincides with any
of the vertices b;. We can achieve this (even in a greedy manner) as out of the 2m possibilities
for the choice of ¢;, less than 2m are forbidden.
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It is easy to see that the subgraph of G consisting of the vertices b;, ¢; (for i = 1,...,m) and
the edges e; for ¢ = 1, ..., m is isomorphic to the edge-ordered graph obtained from F' by deleting
its isolated vertices. The isomorphism can be extended to the isolated vertices of F' as GG has
enough vertices. 0

Davenport-Schinzel theory bounds the length of the || f||-regular words avoiding a forbidden
word f. We will use this bound for f = w/(F') together with Lemma to bound the length of
any word in u(G) (and with that the number of edges in GG) for edge-ordered graphs G avoiding
the edge-ordered star forest F'. The only obstacle here is that elements of u(G) do not have to
be ||w'(F')||-regular. In fact, they do not even have to be 2-regular. The next lemma helps us
overcome this difficulty.

Lemma 3.2. Let k > 1 be an integer and let G be an edge-ordered graph with m edges. Any
word in u(G) has a k-regular subword of length larger than m/(k — 1).

Proof. Recall that a word in u(G) can be written as u = ajas . .. asy,, where ag;_1as; is the i'th
edge of G. We apply the following (standard) greedy procedure to obtain a k-regular subword.
We start with the empty word ug and for 1 < ¢ < 2m define u; = w;_1a; if u;_1a; is k-regular, or
u; = u;_1 otherwise. Clearly v = uo,, is a k-regular subword of u.

Consider any edge e = ag;_1ag; of G. Both of the endpoints as; 1, as; must appear among the
last k letters of wy;, either because we inserted ag;_1 or as; (or both) after ug; o or because we
did not insert them, so they were already among the last k£ — 1 letters in ug;_». Thus e connects
two vertices that appear in v at distance at most k — 1 from each other. As there are fewer than
(k — 1)|v]| pairs of this type, we have m < (k — 1)|v| and |v| > m/(k — 1) as needed. O

Theorem 3.3. Any edge-ordered star forest F' with k > 1 components satisfies
ex<(n, F) < (k= 1)expg(n,w'(F)).

Proof. Let G be an edge-ordered graph with n vertices and m = ex.(n, F') edges that does not
contain F. By Lemma .1} any word in u(G) avoids w'(F). Any subword of an element of
u(G) must also avoid w'(F'), among them the k-regular subword of length at least m/(k — 1)
guaranteed by Lemma [3.2] Note that k = |[w/(F)|| and ||u(G)|| < n. By the definition of the
extremal function expg(n, w'(F')) this means that m/(k — 1) < expg(n,w'(F)) as required. [

We use this last theorem to prove an almost linear upper bound on ex(n, F') for an arbitrary
edge-ordered star forest F' and linear upper bound for certain special edge-ordered star forests.

Corollary 3.4. Any edge-ordered star forest F' satisfies
ex<(n, F) < n2(@m)®

where a(n) is the extremely slow growing inverse Ackermann function and the exponent ¢ depends
on F, but not on n.

Further, if w(F) is of the form a'b’a*b! for two distinct letters a and b and non-negative
exponents i, 7, k and [, then

ex<(n, F) = O(n).
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Proof. We apply Theorem for both bounds. The first bound follows because the stated upper
bound holds for expg(n,w) for any word w, see [25].

The second bound follows from the fact if w(F') has the form claimed, then w'(F') must also
have this form (with different exponents) and by the paper [I] expg(n,w) is linear for such words
w.

Note that Theorem does not apply if F is a single star, but in this case an edge-ordered
graph avoids F' if and only if its maximal degree is below the number m of edges in F', so we
have ex.(n, F) = [(m — 1)n/2| = O(n). O

Note that the Turdan number of a graph with at least two edges — even without an edge-ordering
—is at least |[n/2]|. So the linear upper bound in Corollary is tight. It applies to every star
forest with two star components and at most four edges. We finish the section by showing that
a linear upper bound does not hold for a certain edge-ordering of the star forest consisting of a
2-edge star and a 3-edge star. The result is closely connected to the celebrated result of Hart
and Sharir [22] that we can state as expg(n,ababa) = ©(na(n)). It is simpler for us, however,
to derive our lower bound from a related result of Fiiredi and Hajnal [I8].

Theorem 3.5. The edge-ordered star forest F' consisting of five edges such that the first, third
and fifth edges form a star component and the second and fourth edges form another component
satisfies

ex<(n, F) = Q(na(n)),

where a(n) is the inverse Ackermann function.
Proof. Fiiredi and Hajnal proved in Corollary 7.5 of [18] that there exists an n by n 0-1 matrix
A,, with ©(na(n)) l-entries that does not contain a submatrix of the form [1 L 1 1}, where

the positions left blank could be arbitrary.

We build a bipartite graph G,, such that A, is its adjacency matrix. G, has 2n vertices, n of
them (the row vertices) corresponding to the rows of A,, and another n (the column vertices)
corresponding to the columns. The edges of GG,, correspond to the 1 entries in A,, so G,, has
O©(na(n)) edges.

We order the edges of GG, left to right according to the column where the corresponding 1
entry appears. More precisely, an edge e is less than another edge €’ if the 1 entry corresponding
to e is in a column that is to the left of the column containing the 1 entry corresponding to €.
We order the edges within the same column arbitrarily. We claim that the edge-ordered graph so
obtained does not contain F. Assume for a contradiction that it contains F', so a subgraph of GG,
(as an edge-ordered graph) is isomorphic to F. We denote the vertices of F' by a,b, ¢y, ca,c3,¢4
and c; as depicted in Figure [I}

We denote the corresponding vertices in the subgraph of G, by the corresponding upper case
letters A, B, C,Cy, Cs3,C3,Cy and Cs. Notice that the column vertices of G,, are close, but
neither central vertex a or b of F'is close, therefore A and B must be row vertices. The vertices
C; are adjacent to A or B, so they are column vertices. As the isomorphism preserves the edge-
ordering, these columns C; must appear left to right in order of increasing indices. Rows A and
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C3

C5

FI1GURE 1. The edge-ordered star forest F'

B can be in either order. If row A is below row B, then consider the 2 by 4 submatrix of A,
formed by the rows A and B and the columns C,...,Cy. It is easy to see that this submatrix
has a 1 entry in the four specified positions, contradicting the defining property of A,. In case
row A is above row B, a similar contradiction comes from the 2 by 4 submatrix of A,, formed by
the rows A and B and the columns Cs, ..., Cs.

The contradiction proves our claim that G,, does not contain F' and thus shows that ex.(2n, F')
is at least the number of edges in G, so ex-(2n, F') = Q(na(n)). Using the monotonicity this
implies the stated lower bound on ex.(n, F). O

4. PATHS

Let us start with introducing avoidance in an asymmetric bipartite context. It will play an
important role in several of our results in this section.

By edge-ordered bipartite graphs we mean an edge-ordered graph whose underlying graph is
bipartite with a specified bipartition to left vertices and right vertices. 1f the edge-ordered graph
H has a specified root x € V(H), then we can distinguish if an edge-ordered bipartite graph
G contains H with the root of H being a left vertex or a right vertex. Accordingly, we say
that G left-contains H if a subgraph of GG is isomorphic to H and the vertex corresponding to
the root of H is a left vertex in G. Otherwise we say, G left-avoids H. Similarly, we say G
right-contains (or right-avoids) H, according to whether G has a subgraph isomorphic to H in
which the vertex corresponding to the root of H is a right vertex. For this definition we consider
the starting vertex of an edge labeled paths P! to be its root. Note that this definition depends
on the presentation of P, for example P}3? and P! are isomorphic, but have different roots,
so left-avoiding P;}?? is the same as right-avoiding P!

As we have mentioned in the introduction, known results on the altitude of graphs imply a
linear upper bound on the number of edges if a monotone labeling of the path Py is forbidden.
First we prove a similar statement for any trees. We will use this to prove Theorem (.2, which
gives a useful upper bound for the Turan numbers of several edge-ordered paths.

We say that a labeling of a rooted tree T is decreasing if the labels are decreasing on every
branch (that is, on every path starting at the root). We call the labeling increasing if the labels
are increasing along every branch.

Note that in the next lemma we forbid all increasing (or all decreasing) labelings of a tree,
rather than a specific one.
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Lemma 4.1. Let T be a rooted tree of height h with t vertices. If an edge-ordered graph on n
vertices does not contain any decreasing labeling of T', then it has fewer than htn edges. Moreover,
if an edge-ordered bipartite graph G does not left-contain any decreasing labeling of T, then it
also has fewer than htn edges.

The same bounds hold for edge-ordered graphs avoiding (or edge-ordered bipartite graphs left-
avoiding) all increasing labelings of T'.

Proof. By symmetry, it is enough to deal with graphs avoiding the decreasing labelings of T'. Let
G be an edge-ordered graph (or edge-ordered bipartite graph, respectively) with n vertices and
htn edges. We will prove that G' contains (left-contains, respectively) a decreasing labeling of T’
by induction on h. In case h = 1, the average degree is larger than ¢, so G contains the star T
with some labeling, but every labeling is decreasing. In the bipartite case the average degree of
left vertices is larger than ¢, so G left-contains T" as well.

For h > 1 we delete the t edges with smallest labels incident to every vertex v of G and let G’
be the resulting edge-ordered graph. In case a vertex of G has degree less than ¢, we delete all
incident edges. Let us delete the last level from T (the vertices farthest from the root x) and let
T’ be the resulting tree of height h — 1.

T" has fewer than t vertices and G’ has at least htn — tn = (h — 1)tn edges. By induction, we
can find a decreasing copy of 7" in G’ (with the root being a left vertex in the bipartite case).
We extend this copy of 7" to obtain a copy of T in GG. At every vertex where we need to add
an edge, we select an edge from the ¢ lowest edges at that vertex. These were deleted from G,
so the monotonicity will be maintained. We add the edges one by one making sure we do not
create cycles: this is possible because at most ¢ — 1 of the smallest edges lead to a vertex of G
already used. ([l

Remark. A more careful analysis of the proof gives that if we have t; vertices on level i, then
the upper bound on the number of edges in G can be improved to n ) _.(h — i+ 1)t;.

Using the above lemma, we give a weaker bound for a couple specific orderings of paths. We
call a labeling of a path P monotone if it is increasing or decreasing when considered with a root
at one of the degree 1 vertices.

Theorem 4.2. Let P be an edge-ordered path with a vertex v that cuts it into two monotone
paths P’ and P, such that all labels of P' are smaller than all labels of P". Then ex.(n, PF) =
O(nlogn).

Proof. Let us set ¢ = 4k3, where k is the number of vertices in P. We use induction on n to
prove that any edge-ordered graph G with n vertices and more than cnlogn edges contains P.

Assume that our statement holds for smaller values of n and let G be an edge-ordered graph
on n vertices and more than cnlogn edges. Our goal is to show that G contains P. Let G| be
the subgraph of G formed by the set of the [{nlogn]| smallest edges of G and let G5 be the
subgraph of G formed by the remaining edges.

We consider both P’ and P” as rooted trees with root v. Let T be the rooted tree obtained by
identifying the roots of & pairwise disjoint copies of the path underlying of P’. We call a labeling
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of T appropriate if it is a decreasing labeling and the labeling of P’ is also decreasing or if it is
an increasing labeling and the labeling of P’ is also increasing.

Let V; be the set of vertices that are roots of appropriately labeled copies of T in G;. We
designate them as right vertices and the rest of the vertices as left vertices. Observe that there
are at most 2k3n edges of G, that are incident to a left vertex. Indeed, the subgraph of G,
induced by the left vertices avoids all appropriate labelings of 7', so it has at most k3n edges by
Lemma while the edge-ordered bipartite graph formed by the edges of G; between left and
right vertices left-avoids all appropriate labelings of T, so it has also at most k*n edges by the
same lemma.

This implies that the subgraph of GGy induced by Vi has at least $nlogn — 2k3n edges. It
avoids P, so by induction it has at most ¢|V;|log |V;| edges. Therefore, we must have |V;| > n/2.

Let V5 be the set of vertices that are roots of an isomorphic copy of P” in Gy. A similar
argument shows that we must have |V5| > n/2. This implies there is a vertex x € V3 N V5.
Consider an isomorphic copy P* of P” in G rooted at x. Also, consider an appropriately labeled
copy T* of T in GGy rooted at x. T* has k branches, at least one of them does not meet P*
outside the common root. Clearly, the union of this branch with P* is an isomorphic copy of P

in GG. O

Remark. Let T be an edge-ordered tree with a single vertex v of degree larger than 2. We
call the maximal paths starting at v the branches of T. A similar proof shows that if the
branches are monotone and the edges of the branches form intervals in the edge-ordering, then
ex<(n,T) = O(nlogn).

4.1. Edge-ordered paths with three edges. The path P, has three non-isomorphic labelings:
Pj?3 P[3% and P?'3. This section is about their Turdn numbers. We determine ex(n, P}**) and
ex<(n, PH3) exactly and ex(n, P}**) up to an additive constant. First we prove a simple graph
theoretical lemma that will be used for the proof of both results.

Lemma 4.3. Let G be a simple graph with n > 1 vertices and m edges that does not contain a
cycle of length 4 or more. Then m < %(n —1).

Proof. We use induction by n. If there is no triangle in G, then G is a forest and therefore
m < n — 1 and we are done. Otherwise, it has a triangle abc. Let G’ be the graph obtained by
removing the edges of this triangle from GG. The vertices a, b and c fall in distinct components of
G’ as any path connecting them in G’ could be extended by two edges of the triangle to a cycle
of length at least four in G. Let G, and G} denote the connected component of the vertices a
and b in G’, respectively, and let GG, be the subgraph of G’ formed the remaining components.
By the inductive hypothesis on these graphs we have

m = |E(Ga) |+ E(Gy) |+ E(G.)|+3 < g(!V(Ga)|—1)+%(\V(Gb)|—1)+§(\V(GC)|—1)+3 = g(n—l).
U
Theorem 4.4. ex.(n, P{*) = ex.(n, P{*®) = |3(n —1)|
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Proof. By symmetry (reversing the edge-order) it is enough to deal with P}32.
Consider any labeling of a cycle of length at least four. The subgraph formed by the largest
edge in the cycle and its two adjacent edges is isomorphic to P}32. Thus, if an edge-ordered
graph avoids P}3?) then its underlying simple graph has no cycle of length at least four. The
upper bound follows from Lemma [4.3|
Now we will show that for every n, there is an edge labeled graph G with L%(n — l)J edges
that avoids P*?. Let us obtain G from an n-vertex star by adding to it a matching of size | %! |

2

connecting leaves of the star. We have |E(G)| =n — 1+ [21]| = [2(n —1)| as needed. Label
the edges in such a way that the edges of the original star receive the smallest labels. It is easy
to check that the middle edge of any 3-edge path in G is from the original star but the path has

to also contain an edge outside this star. Therefore, G' avoids P}32. O

Theorem 4.5. ex_(n, P}?) < 37” holds for any n > 1 and it holds with equality if and only if n
18 divisible by 4.

Proof. We start by describing two classes of graphs that have a monotone path of length 3 in any
labeling. Odd cycles of length 5 or more are like that. Indeed, going around the cycle we can note
if the label increases or decreases going from one edge to the next. This two cannot alternate
because the cycle is odd, so we have two consecutive increases or two consecutive decreases. The
three edges involved form a monotone path.

Now assume that a graph G has four vertices A, By, By and Bs such that A is connected to all
three of { By, B, B3} and all three of {Bj, By, B3} has a neighbor not in {A, By, By, B3}. (These
neighbors may or may not coincide.) Any labeling G contains a 3-edge monotone path. Indeed,
we can assume by symmetry that L(AB;) < L(ABs) < L(ABs3). Let C be a neighbor of B, with
C ¢ {A, By, Bs}. If L(ByC) < L(ABs), then B3AB,C' is a monotone path, otherwise By AByC'
is.

We use induction on n to prove the upper bound. The statement is trivial for n < 4. Now
assume that n > 5. Let G be a graph with n vertices and m labeled edges with no monotone
path of length 3.

If there is no cycle of length at least 4 in GG, then Lemma implies m < %(n -1) < 37” S0
GG contains a cycle of length at least 4. Let C' be a such a cycle of minimal length ¢. By our first
observation, t cannot be odd, so it is even.

First, assume that there is a vertex A € C' connected to some vertex By € C. Let By and Bj
be the neighbors of A in C. Then B; cannot be connected to By or Bs, since that would create
an odd cycle of length ¢ + 1. By cannot be connected to a vertex not in { A, By, B3} either, since
this would create the other type of forbidden subgraph we described before. Therefore the only
neighbor of B; is A. Let us delete B; from G. By induction the remaining graph has at most
3(n — 1) edges, therefore m < 3(n —1) +1 < 3.

Now assume that there is no edge connecting a vertex of C' to a vertex not in C', that is the
vertices of C' form a component of G. The rest of the graph contains at most %(n —t) edges by
induction. If ¢ > 4, then C' must be an induced cycle as a chord in C' would create a shorter
cycle still of length at least 4, so we have m < t + %(n —t) < %n Finally if t = 4, then the
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component of C' can contain at most 6 edges and we have m < 6 + 3(n —4) = 3m. We can only
have equality in this case and (by induction) only if all components of G are cliques of size 4.
To completely characterize the cases of equality in the theorem, it is enough to show that a
disjoint union of copies of K4 can be labeled in a way avoiding P}?3. Clearly, it is enough to
label one component. A labeling of K4 avoids P}?? if and only if both the two smallest and the
two largest labels are given to pairs of independent edges. 0

Corollary 4.6. 6|2 ] = ex-(4]2], P{*) < ex<(n, P{**) < 2 which determines ex<(n, P{**) up
to an additive constant.

We remark that the additive constant in the above corollary can be removed with a small
additional effort to obtain an exact result. We just sketch the proof here. The lower bound
in Corollary comes from the edge-ordered graph which makes the bound in Theorem
tight on 4|n /4] vertices and up to 3 isolated vertices. We can add a complete graph instead of
the isolated vertices and this improves the lower bound by 1 or 3 if n = 4k + 2 or n = 4k + 3,
respectively. (The edge-order of the additional edges do not matter.) To prove that this improved
lower example is tight, it is enough to realize that the simple graph K~ consisting of a complete

graph K, and a single additional edge connecting a vertex of K, with a new leaf must contain
P,

4.2. Edge-ordered paths with four edges. The labelings (or edge-orderings) of Ps are given
by permutations of {1,2,3,4}. However, two reverse permutations (e.g., 1324 and 4231) yield
isomorphic labeled graphs. Also, the Turan number remains the same if we reverse the edge-
ordering. For example if G is a PJ?¥3_free labeled graph, then reversing the edge-ordering in G
gives a P;312-free graph. Therefore, the Turdn numbers of the two or four labelings are equal
in each of the eight classes in the following table. For each of these equivalence classes, we
summarize the upper and lower bound we prove on ex(n, PL).

Turan numbers of edge-ordered paths with four edges

Labeling Lower bound Upper bound Proved in

{1234, 4321} Q(n) O(n) Prop. [4.7] (i)
{1243,3421,4312,2134} Q(n) O(n) Prop. [4.7] (ii)
{1324, 4231} Q(nlogn) O(nlogn) Thm. 4.12
{1432,2341,4123, 3214} Q(nlogn) O(nlogn) Thm. |4.10

{2143, 3412} Q(nlogn) O(nlogn) Thm. |4.9] (ii)
{1342,2431,4213, 3124} Q(nlogn) O(nlog®n) Thms. 4.9| (i), |4.14
{2413, 3142} gg E’; Prop. [4.§(ii)
{1423,3241,4132, 2314} 5 5 Prop. 4.8 (i)

Proposition 4.7. (i) ex.(n, P}?') = O(n)
(it) ex_(n, P}*13) = O(n)
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Proof. The lower bounds are obvious in both cases. We mentioned earlier the linear upper bound
for monotone paths of any length. That implies the upper bound in (i) but we prove it together
with (ii) to obtain the same upper bound of 9n/2 that is stronger than what follows from the
earlier proof.

Let us consider an edge-ordered graph G on n vertices with more than 9n/2 edges. Our goal is
to prove that G contains both P}?* and P}?**. For every vertex v of G, we remove the smallest
three edges incident to v (or all incident edges if the degree of v is less than 3). This way we
remove at most 3n edges, thus the resulting graph G’ has more that 3n/2 edges.

By Theorem G’ contains P}32. Let vy, v9, v3,v4 be the vertices of a subgraph of G’ isomor-
phic to Pj32, 8o vyv, v3v4 and vyv3 are edges of G’ ordered in this order. Recall that we removed
the three smallest edges incident to vy from G. The other endpoint of at least one of these three
edges is different from v3 and vy. Choosing such a vertex u as a starting vertex, we obtain the
path uv;vav3v4 in G, and its labeling makes it isomorphic to P143,

Observe that G’ also contains a P}** by Theorem [4.5 and then the same reasoning as above
yields that G also contains P23 O

Note that by Theorem [2.3| the next statement is equivalent to x.(Pi4?3) = yo(P#!3) = .

Proposition 4.8. (i) ex.(n, P}*#) = (1)
(i) ex.(n, P2*'3) = (1)

Proof. This follows directly from the fact that the max-labeling of K, avoids both P2** and
P2413_ This last statement follows from Proposition [2.9] as neither end vertex of the largest edge
is close in either of the edge-ordered paths P11?3 and P23 O

We prove several of the lower bounds of the form ex.(n,P) = Q(nlogn) by constructing
edge-ordered graphs G; avoiding P such that G; has 2° vertices and (i2°) edges. This is enough
by the monotonicity of ex(n, P). Indeed, if P has no isolated vertices than one can add isolated
vertices to any edge-ordered graph avoiding P to obtain an edge-ordered graph on more vertices
and the same number of edges, still avoiding P. So in the situation above we have ex.(n, P) >
ex.(2°sn) P) = Q(nlogn).

Theorem 4.9. (i) ex(n, P3%?) = Q(nlogn)
(i) ex(n, P?'*3) = O(nlogn)

Proof. The upper bound of (ii) follows from Theorem .

To prove (i), we build the P}3*2-free edge-ordered graphs G; recursively. Let G be a single
vertex. To construct ;11 we take two copies of GG; and add a perfect matching M between the
two copies. Note that we can take an arbitrary perfect matching. We keep the order of the edges
within both copies of G;, but make all edges in one copy (the large copy) larger than any edge
in the other copy (the small copy). We further make all edges in the matching M larger than
any other edge. The order among the matching edges is arbitrary.

Clearly, G; has 27 vertices and 2"~ edges. It remains to prove that it avoids P1342. We do this
by induction on ¢. The statement trivially holds for Gg, so assume it holds for G; and assume
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for a contradiction that an isomorphic copy P3%% shows up in G;;; formed by edges ey, es, €3
and ey with the edge-ordering e; < e4 < e5 < e3. It cannot be completely inside a copy of G; by
the inductive hypothesis, but it is connected, so it has to contain an edge from M. As e3 is the
largest of the four edges it must come from M and therefore e; and e4 (being incident to distinct
end points of e3) must come from the two separate copies of G;, e5 coming from the large copy
and ey from the small copy. The edge e; is adjacent to e; from the large copy but smaller than
e4 from the small copy, a contradiction.

The lower bound of (ii) is given by a similar recursive construction. We construct the P2143-
free edge-ordered graphs G similarly. Gj is a single vertex, and Gj_; is obtained by connecting
two disjoint copies of G by a perfect matching M, but the edge-ordering is different. We still
keep the edge-orderings inside both copies of GG; and make all edges of one copy larger than any
edge of the other copy, but this time the edges of M will be intermediate: larger than the edges
in the small copy of G} and smaller than the edges in the large copy. We can choose the perfect
matching M arbitrarily and the order of the edges inside M is arbitrary too.

We still have that G} has 2° vertices and 2! edges. For the inductive proof that these graphs
avoid P23 assume for a contradiction that G/, avoids it but G/ +1 has an isomorphic copy formed
by the edges e, e5 e3 and ey with the edge-ordering es < e; < e4 < e3. Here G;H consist of
two copies of G, connected by a matching M. If e; € M, then two adjacent edges e; and e are
in different copies of G}, thus one of them should be smaller than e;, a contradiction. Similarly,
if e3 € M, then one of its adjacent edges e; or e4 should be larger than e4, a contradiction. So
e; and ez are in one of the copies of GG and as they are adjacent, it is the same copy. As the
other two edges are in between them in the ordering they should also be in the same copy of G
contradicting the inductive assumption that G} avoids P23 O]

The edge-ordered graphs G; and G’ in the proof above are not well defined as we made several
arbitrary choices in their constructions. But it is instructive to observe that if we choose the
connecting matchings in the most natural way in each step (namely, connecting the same vertex
in the two copies of G;_; or G_,), then the underlying simple graphs of both G; and G/ are the
1-dimensional hypercube.

Theorem 4.10. ex_(n, P2*3?) = ©(nlogn)

Proof. The upper bound follows from Theorem It can also be derived from Lemma 4.1(c) in
[41]. To prove the lower bound we use a result of Fiiredi [I7]: there exist n x n 0-1 matrices A,

that do not contain the submatrix [1 ! ﬂ (with arbitrary entries in the two places left blank)

and have Q(nlogn) 1 entries.

We build a bipartite graph G,, such that A, is its adjacency matrix. G, has 2n vertices, n of
them (the row vertices) corresponding to the rows of A,, and another n (the column vertices)
corresponding to the columns. The edges of G, correspond to the 1 entries in A,, so G, has
Q(nlogn) edges. Now we make G,, into an edge-ordered graph by ordering its edges according
to the corresponding 1 entries in A,,. If two 1 entries are in distinct columns, the one to the right
is larger. If they are in the same column, then the one lower in the column is larger.
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It remains to prove G, avoids Pi432. Assume for a contradiction that an isomorphic copy of
P32 shows up in G,,. Notice that column vertices are close, but the common vertex of the first
two edges in PJ*3? is not close, so it must correspond to a row vertex. This means that two
rows and three columns corresponding to the five vertices of the copy of Pi43? form exactly the
forbidden type of submatrix, a contradiction. 0

Our next lemma will be used in proving Theorem [£.12] Recall that we introduced edge-ordered
bipartite graphs as edge-ordered graphs whose underlying graph has a specified bipartition to left
and right vertices. When an edge-ordered bipartite graph G contains an edge-ordered graph H
with a specified root (in case of paths it is just the first vertex), we distinguish left-containment
or right-containment according to the position of the root of H in G.

Lemma 4.11. The mazimal number of edges an edge-ordered bipartite graph on n vertices that
right-avoids both P{** and P'® can have is ©(nlogn).

Proof. The proof of the lower bound is similar to the recursive construction of the lower bounds
in Theorem [4.9f We build the edge-ordered bipartite graphs G; recursively. The graph G; will
have 2071 left vertices, 2°~1 right vertices and (i + 1)2°72 edges.

We start with G; being (the only edge-ordering of) K3 and we designate one of the vertices
left, the other right. For ¢+ > 1 we construct G;;, as follows. We take two disjoint copies of G;
and connect them by a perfect matching M between the left vertices of the first copy and the
right vertices of the second copy. We keep the order of the edges within either of the two copies
of G; and make the edges of M larger than the edges in the first copy of GG; and smaller than the
edges in the second copy of G;. Note that the matching M and the order of edges within M is
arbitrary. A left vertex of either copy of G; will also be a left vertex of G, while a right vertex
of either copy of G; is also a right vertex of G;41.

We claim that G right-avoids P}3? for all i. We prove this by induction on 4. It trivially holds
for G;. Assume that G; right-avoids P}3? but we still find a copy P of P{3? in G, formed by
the edges €1, e5 and ez ordered as e; < ez < e;. We need to prove it starts at a left vertex. If P
is contained in one of the copies of GG;, then it starts as a left vertex by the inductive hypothesis.
Otherwise one of the edges in P is in the matching M. Notice that M is an induced matching
(no edge of G;;1 connects two edges in M), so exactly one edge of P is in M. It cannot be ey
as one of the other two edges of P would then be in the second copy of GG; and would be larger
than es. The matching edge cannot be e3 either as then e; and ey (being smaller and larger than
es, respectively) would be in different copies of G; and could not be adjacent. So e; must be in
M, and then then e; and e3 (being larger than e;) are in the second copy of G, so P starts in
the left side of the first copy of G; proving the claim.

A similar inductive proof shows that G; right-avoids P? for all i. Indeed, if G; right-avoids
P?2'3 but an isomorphic copy P of P?'3 consisting of the edges e, €2, and e3 in the edge-ordering
es < ey < ez shows up in G, 1, then either P is contained in a single copy of G; and then it
starts at a left vertex or exactly one of its edges is in the matching M. As above, the edge in M
cannot be e; or es, so it must be ez with e; and ey from the first copy of G;, but then P starts
at a left vertex again. This finishes the proof of the lower bound.
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For the upper bound we consider an edge labeled bipartite graph G on n vertices that right-
avoids both P32 and P?'3. That is, G is a bipartite graph with a given bipartition to left and
right vertices and L is an injective labeling L : E(G) — R specifying the edge-ordering. As only
the relative order of the labels matters we can assume without loss of generality that the labels
are integers between 1 and |E(G)|. This assumption is needed because in the proof below we
compare not only the labels but also distances between labels.

For a non-isolated left vertex « in G we write m(z) for the minimal label L(e) of an edge e
incident to z. For a non-isolated right vertex y in G we write M (y) for the maximal label L(e)
for an edge e incident to y. For an edge e = xy of G with x a left vertex and y a right vertex we
call L(e) — m(z) the left-weight of e and M (y) — L(e) is the right-weight of e. Note that these
are non-negative integers less than |E(G)| < n?. We call the edge left-leaning if its left-weight is
larger than its right-weight, otherwise it is right-leaning.

Let zy; and xys be two edges of G incident to the same left vertex x and assume L(xys) >
L(zy;). Then the left weight of zy, is larger than the left-weight of zy;. We must further have
M(y1) < L(zys) as otherwise the path yozy; followed by the edge of label M (y;) would show
that G right-contains P?'3, contrary to our assumption. If we further assume that zy; is right-
leaning, then we have L(zy,) —m(z) > M(y1) — m(x) > 2(L(zy;) — m(x)), so the left-weight of
Ty is more than twice of that of zy;. As all these left-weights are non-negative integers below
n?, this implies that there are O(logn) right-leaning edges of G incident to x. The total number
of right-leaning edges is therefore O(nlogn).

To obtain a similar bound for left-leaning edges, let z1y and xsy be two edges of G incident to
the same right vertex y with L(z1y) < L(z2y). We have m(zy) > L(z1y) as otherwise the path
starting with the edge of label m(z3) continued by xoyz; would show that G right-contains P32
So if x9y is left-leaning, then we have M (y) — L(z1y) > M(y) — m(x2) > 2(M(y) — L(z2y)), so
the right-weight of z;y is more than twice the right-weight of xsy. As before, this implies that
the number of left-leaning edges incident to y is O(logn) and the total number of left-leaning
edges in G is O(nlogn). As every edge of G is either left- or right-leaning, G has O(nlogn)
edges. This finishes the proof of the upper bound. O

Theorem 4.12. ex_(n, P23?*) = ©(nlogn)

Proof. Consider an edge-ordered bipartite graph G that right-contains Pi3*4. The first three
edges of the isomorphic copy of PJ3?* forms an isomorphic copy of P}?? so G also right-contains
P32, Similarly, if G left-contains P23%4) then the last three edges of the isomorphic copy of P34
is isomorphic to P?'3, so G right-contains P#3. Therefore, if an edge-ordered bipartite graph
G right-avoids both P/3? and P#'3 then G both right- and left-avoids P***, so it avoids PJ3%4.
By Lemma such edge-ordered bipartite graphs G exist with n vertices and 2(nlogn) edges
proving the lower bound in the theorem.

For the upper bound we will also use Lemma but we need a more involved deduction. Let
G* be an edge-ordered graph with n vertices and m edges avoiding PJ3?*. Our goal is to prove
m = O(nlogn).
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First we partition the vertex set of G to left and right vertices and consider the bipartite
subgraph G’ of G formed by the edges between the left and the right vertices. We can do the
partition in such a way, that G’ contains at least m/2 edges. We remove the edge with the
minimal label incident to every vertex, and obtain the subgraph G” with the edge set E. We
clearly have |E| > m/2 —n. When saying that E or a subset of £ avoids (or left- or right-avoids)
a pattern we mean the statement for the edge-ordered bipartite subgraph of G’ formed by those
edges. In particular, E avoids both P13 and C}3?%. Tt avoids the former because the entire
edge-ordered graph G avoids it. Assume a copy of C}*** shows up in E. Let x be the vertex
incident with the edges with the smallest and third smallest label in this cycle. We have deleted
from G’ the edge xy with the minimal label incident to x. As G’ is bipartite, y is not on the
four-cycle, thus we can replace the edge with the lowest label in the cycle with zy to obtain a
copy P3* in G| a contradiction.

For a non-isolated vertex x of G” let m(x) (respectively, M(x)) stand for the minimal (re-
spectively, maximal) label L(e) of an edge e € E incident to xz. For an edge zy € FE with
x a left vertex and y a right vertex we write S(xy) (respectively, T'(xy)) for the set of edges
'y € E with m(z) < L(2'y) < L(xy) (respectively, with L(zy) < L(z'y) < M(z)). Let
S={ecFE||Se)|<1}and T={ec E||T(e)] <1}.

Let us form an auxiliary graph with the vertex set S by connecting e € S to the at most one
element in S(e) N'S. Now e is connected to at most one other edge of label less than L(e), so
this auxiliary graph is a forest. Forests are bipartite, so we can partition S into the independent
sets S; and Sy. Note that if y/zya’ is an isomorphic copy of P}3? starting at a right vertex ¢/,
then m(xz) < L(zy') < L(z'y) < L(xy), therefore 2’y € S(zxy). This means, that S; and Sy,
being independent sets in the auxiliary graph cannot contain such a path, so both S; and S
right-avoids P32,

Similarly, the auxiliary graph on the vertex set T', where e € T is connected to the at most
one element of T'(e) NT is a forest, so T' can be partitioned into the independent sets Sz and 5.
As above, both S3 and S, left-avoid P?'3 because the first two edges of any left-starting copy of
P23 in T are connected in this auxiliary graph.

Let y be a right vertex and let zy and 2’y be edges in E with L(zy) < L(z'y). Extend the
path z'yz at 2’ with the edge of label m(a’) and at x with the edge of label M (z). Unless
m(z') > L(zy) or M(x) < L(z'y) we obtain a copy of P}3?* or (if the two edges added are
adjacent) a copy of C}3?'. As E avoids both of these patterns we must have m(z') > L(zy)
or M(z) < L(2'y). Let H = {2"y € E | L(zy) < L(2"y) < L(2'y)}. If m(2’) > L(zy), then
S(z'y) € H, while if M(z) < L(2'y), then T'(zy) C H. Assume now that |[H| < 1 (that is, zy
and z'y are neighbors or second neighbors in the ordering of the edges at y), and we conclude
that 2’y € Sor xy € T.

Arrange the edges in F incident to the right vertex y according to their labels. By the previous
paragraph, if two edges are consecutive or second neighbors in this list, then one of them must
be in SUT. As a consequence we have |[SUT| > 2|E|/3 —n. Note that SUT can be covered by
four sets (namely S;, Sa, S3 and Sy), each of which either right-avoids P}3? or left-avoids P},
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Notice that we kept the left-right symmetry when defining the edge set F, so the statements
in the last paragraph have their mirror images too. In particular, there exists a set U C E with
\U| > 2|E|/3 — n such that U = U; U Uy U Us U Uy and each set U; either left-avoids P}3? or
right-avoids P13

But now we have [(SUT)NU| > |E]/3—2n and (SUT)NU = {J, ;(SiNU;). Here 8 out of the
16 intersections satisfies that S; N U; (left- and right-avoids and therefore) avoids either P}3? or
P33, in which case |S;NU;| = O(n) by Theorem [4.4] while in another 8 cases S;NU; either right-
avoids both of P}3? and P or left-avoids both of them. We have |S; N U;| = O(nlogn) in the
right-avoiding case by Lemma [4.11| and the same bound holds by symmetry in the left-avoiding
case.

Summarizing, we must have [(SUT)NU| = O(nlogn) and therefore |E| = O(nlogn) and
finally we must also have m = O(nlogn) for the number m of edges in G. This finishes the proof
of the upper bound. O

To prepare for our final result about four edge paths, namely Theorem [4.14] we start with
the following lemma. Note that while we do not expect Theorem to be tight, this lemma is
tight. Indeed, a slight modification of the construction given in the proof of Theorem (1) for
the edge-ordered graphs G; avoiding P33%? yields edge-ordered bipartite graphs avoiding P32
and also right-avoiding P}?2%. One only has to maintain a bipartition of the constructed graph G;
to an equal number of left and right vertices and (when constructing G;1 from G;) to restrict
the matching to connect the right vertices in the smaller copy of G; to the left vertices in the
larger copy.

Also note that this lemma follows directly from Lemma 4.1(b) in [41]. We include the proof
to be self contained.

Lemma 4.13. If an edge-ordered bipartite graph on n vertices avoids P33*? and right-avoids
P{32 then it has O(nlogn) edges.

Proof. Let H™ be the bipartite edge labeled graph on n vertices that avoids P:**? and right-
avoids P}3%. Our goal is to bound the number of edges in H. As in the proof of the upper bound
in Lemma we will compare differences between labels of edges, and to make this meaningful
we assume L takes integer values between 1 and n?.

First we delete the smallest labeled edge incident to each non-isolated vertex of H” to obtain
the subgraph H’. We lose less than n edges and H' avoids C}**2. Indeed, if a copy of C}3*2
showed up in H’ we could replace the smallest edge in the cycle with one of the edges not in H’
to obtain a copy of P{3*? in HZ, a contradiction. (Note, we did exactly the same thing in the
proof of Theorem [4.12] to obtain a large subgraph of a graph avoiding P2** that avoids C}%4.)

For each non-isolated right vertex y in H’ we define m(y) to be the smallest label of an edge
of H' incident to y. When referring to an edge xy of H' we will always assume x is a left vertex
and y is a right vertex. With this notation we define the weight of an edge xy of H' to be
w(zy) = L(zy) — m(y). We call the edge xy of H' minimal if w(zy) = 0, otherwise we define
n(xy) to be the label of the “next smallest label at y”, that is n(xy) = max L(z'y), where the
maximum is taken for edges =’y in H' with L(z'y) < L(zy). For a non-minimal edge zy of H’'




TURAN PROBLEMS FOR EDGE-ORDERED GRAPHS 33

we compare L(zy) —n(xy) and n(zy) — m(y). If the former is larger, then xy is light, otherwise
it is heavy.

The weight of light edge is more than twice of the weight of any other edge of smaller weight
incident to the same right vertex. Therefore, the number of light edges incident to any one right
vertex is O(logn) and the total number of light edges in H' is O(nlogn). Clearly, the number
of minimal edges in H’ is at most n, while the number of edges of H not in H’ is also at most n.
To finish the proof of the lemma it remains to limit the number of heavy edges.

Take two heavy edges from the same left vertex z: xy and xy’ with L(xy) < L(zy’). Extend
the 2-edge path yzy at y’ with the edge labeled n(xy’). As H right-avoids P}*? we must
have n(zy’) < L(zy). We further extend the 3-edge path at y with the edge labeled m(y). If
m(y) < n(xy'), we obtain an isomorphic copy of P131% or C1312. As H' avoids both we must have
m(y) > n(zy’). As zy’ is heavy we have w(zy’') > 2(L(zy') — n(zy’)). But L(zy') — n(zy’) >
L(zy)—m(y) = w(zy). So the weight doubles from one heavy edge incident to a given left vertex
x to the next heavy edge. Therefore, the number of heavy edges incident to x is O(logn) and
the total number of heavy edges in H' is O(nlogn), proving the lemma. OJ

Theorem 4.14. ex.(n, P}3*?) = O(nlog®n)

Proof. Let G be an edge-ordered graph avoiding P13!% on n vertices with a maximal number of
m = ex<(n, P}31?) edges. Let L be the graph formed by the |m/2| smallest edges (lower half)
of G and let U be the subgraph formed by the remaining edges (upper half) of G. We call a
vertex a left vertex it has at least 3 incident edges in L, otherwise it is a right vertexr. (Note that
neither L nor U must be bipartite though.)

Clearly, L has at most 3n edges not between two left vertices, so at least |m/2] — 3n edges
between left vertices.

We claim that U does not contain an isomorphic copy of P}3? that ends at a left vertex. Indeed,
such a copy could be extended at its end with an edge from L. We have at least three choices
for this last edge, so at least one yields a simple four edge path and that would be isomorphic to
P232 " a contradiction.

Let Uy, be the edge-ordered bipartite graph consisting of the edges in U between a left and a
right vertex. As a subgraph of G it avoids P3**? and as shown above it also right-avoids P;}3?] so
by Lemma [£.13] Uy, contains O(nlogn) edges.

The edges of U between left vertices form an edge-ordered graph avoiding P}?? by the same
claim above. Thus, by Theorem O(n) edges of U connect two left vertices.

By the previous two paragraphs, there are m/2 — O(nlogn) edges of U connecting right
vertices. They form an edge-ordered graph avoiding Pi**? just as the m/2 — O(n) edges of L
between left vertices do. We have either at most |n/2] left vertices or at most at most [n/2]
right vertices, and in either case we must have ex(|n/2], P:**?) > m/2 — O(nlogn). We
can rewrite this as ex.(n, P33?) < 2ex_(|n/2], P¥3*?) + O(nlogn). This recursion solves to
ex(n, P%2) = O(nlog®n), as claimed. O

4.3. Longer paths. Some of our results above directly imply bounds for longer edge-ordered
paths as well. For example, we have a linear upper bound for the Turan numbers of monotone
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paths of any length and Theorem gives an upper bound for the Turan numbers of some other
edge-orderings of longer paths. Some of our constructions in the previous section can be shown
to avoid more edge-ordered paths than what was shown. See more on this in Section [6.2

Our results in the previous sections imply that all edge-orderings of P, have order chromatic
number 2 and all edge-orderings of P have order chromatic number 2 or infinity. Here we show
that this does not remain the case for the edge-orderings of Ps. By Theorem [2.3] our result below
implies that ex.(n, Bi*%) = n?/4 4+ o(n?). This shows a very different asymptotic behaviour
compared to the Turdn numbers for shorter edge-ordered paths.

Theorem 4.15. x_(Pi*%) =3

Proof. The inequality x(Pg3?%) > 3 follows directly from Proposition 2.9 Indeed P¢*3% has a
single proper two-coloring and both color class contains a vertex that is not close.

For the inequality in the reverse direction we use Theorem [2.5] It is enough to show that
all canonical edge-orders of K343 contain P614325. As we have observed in Section , in all
canonical edge-orders for K33 either one of the three parts precedes the other two parts or one
of the three parts is preceded by the other two parts. (We have already used this fact in the
proof of Proposition 2.10]) In the former case we can find an isomorphic copy of P*32 in the
minimal part and then we can extend it to P}**?® by an edge outside this part. In the latter case
we find an isomorphic copy of Pi3% in the maximal part and extend it to Pi*3% using an edge
outside this part. 0]

5. 4-CYCLES

The four edge cycle Cy has three non-isomorphic edge-orderings. The only one which embeds
into a max-labeled clique is C}**3, therefore x(C}?31) = x-(C}**!) = 0o and

ex(n, O} = ex_(n, C}**) = <Z)

In this section we improve the upper bound ex_(n, C}**?) = O(n°/3) proved in [20]. Our proof is
inspired by some ideas of [30]. Note the simple lower bound ex. (n, C}?*3) > ex(n, Cy) = O(n®?).

Theorem 5.1. ex.(n, C}***) = O(n®*?logn)

Proof. Let G* be an edge-ordered graph with n vertices and m edges avoiding C}243. We assume
the edges are labeled with the integers 1 through m. Our goal is to bound m.

We call an edge-ordered subgraph of G isomorphic to C}?** an increasing 4-cycle. Consider
an increasing 4-cycle on vertices a, b, ¢ and d with L(ab) < L(bc) < L(cd) < L(da). We say that
the width of this increasing 4-cycle is w(abed) = L(da) — L(ed) + L(bc) — L(ab). Note that 1 <
w(abed) < m. We say that the increasing 4-cycle abed contributes the value v = log(m/w(abed))
to the pair {b, d} of vertices and the value —v to the pair {a,c}. For two distinct vertices x,y of
G, let V(z,y) be the total value the pair {z,y} received from the contributions of all increasing
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4-cycles in G. As each 4-cycle contributes a total of zero value we clearly have
> V(ay) =0, (1)
Y

where the summation runs over all unordered pairs of distinct vertices in G.

We will show that V (x,y) is strictly positive unless x and y have only a few common neighbors.
This will help us bound the codegrees and the eventually the number of edges in G.

For a pair of distinct vertices 2 and y of G, let N(x,y) stand for the set of common neighbors
of z and y in G. For z € N(z,y) we write wyy(2) = L(x2z) — L(zy). Note that w,,(2) = —w.y(2).

Any contribution to V(x,y) must come from an increasing 4-cycle zzyt with z,t € N(z,y).
Consider first a pair of distinct vertices z,t € N(z,y) with w,, () and w,,(¢) having the same sign.
We claim that in this case zzyt is an increasing 4-cycle of width w = w(xzyt) = |wyy(2) — wey(t)]
and it contributes log(m/w) to the pair z,y. By symmetry, it is enough to show this assuming
that both w,,(2) and w,,(t) are positive and L(zz) > L(xt). This implies L(yz) < L(yt) as
otherwise the 4-cycle wzyt would be isomorphic to the forbidden 4-cycle C}?*3. So we have
L(zy) < L(yt) < L(txr) < L(zz) making a zzyt an increasing 4-cycle of width w = L(xz) —
L(tx) + L(yt) — L(2y) = wyy(2) — wyy(t) as claimed and contributing log(m/w) toward V(z,y).

Now consider a pair z,t € N(z,y) with w,, (%) and w,,(t) having opposite signs, say w,,(z) <
0 < wyy(t). In this case the 4-cycle xzyt is not necessarily increasing, but if it is, its width is again
W = |wyy(2) — wey(t)| and it contributes —log(m/w) toward V(x,y). Indeed, the 4-cycle zzyt is
only increasing if either L(yt) < L(tx) < L(zz) < L(zy) or L(zz) < L(zy) < L(yt) < L(tx) and
our assertions hold in either case.

We can calculate V(x,y) by summing the above values for all distinct z,¢t € N(x,y):

Vi) = B sientun (G O)1og (1 5™ ) 2)

z,t

where the summation is for unordered pairs of distinct vertices z,t € N(z,y). We have inequality
and not equality because some of the pairs may yield non-increasing 4-cycles and thus do not
contribute to V'(x,y), but as we saw this can only happen when sign(w,, (2)w.,(t)) is negative.

It will be easier to deal with max(|ws,(2)|, |wey(t)]) in place of |wyy(2) — wyy(t)] in inequality
(2). The former is the larger of the two values if the signs of w,,(z) and wy,(t) agree, but the
latter is larger otherwise, so we always have

m m
sign(wgy (2)w, (t))log< ) > sign(wgy (2)w, (t))log( ) :
! ! [Way (2) — wWay (1)] Y ! max(|wgy (2)], [way ()]) (3)
Further, the difference between the two sides of inequality is at least 1 whenever

wry(z)
< un® = “

DO | —
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As 1 < |wgy(2)| < m holds for any z € N(z,y) we can partition N(z,y) into 2[logm] parts such
that whenever z and t are from the same part, condition holds. This means that condition (4
is satisfied for at least d2,/(2[logm]) of the ordered pairs z,t € N(z,y), where d,, = |N(z, y)|
is the codegree of z and y in G. Thus, is also satisfied for at least d2, /(4[logm]) —
unordered pairs of distinct vertices z,¢ € N(x,y). Substituting inequality in our bound
and using the slack in (3]) whenever (4)) is satisfied, we obtain

m d?
V(r,y) > sign(wyy(2)ws,(t)) log ( > +—2 — —d,, (5

2t max(|wey (2)], [wey (t)]) 4[logm]

where the summation is for unordered pairs of distinct vertices z,¢t € N(x,y).
Consider now the following integral

2

0 < /lm% Z sign(wgy(2)) | du

2EN (2,y),|way (2)|<u

_ /1 " % 3 Sign (e (2)way (1)) du

ZtEN (z,y),max(|way (2)|,[way (8)]) <u

_ sign(way (2 (1) |
% /m X(|way (2)|s[way (8)]) u

= X s () m ).

z,t€N (z,y) maX(‘wI?](z)‘? |wxy(t)|>

The summations here are for ordered pairs z,¢ and contains terms with z = ¢t. We simply
bound these latter terms by Inm and switch to binary logarithm to obtain

Z sign(wyy (2)wgy(t)) log (

z,teN(z,y)

m

max(|wyy (2)|, [way(t)])

) Z _da:y IOg m/27

where the summation is now for unordered pairs of distinct vertices z,t € N(z,y). With our
bound this means

2

__x _ 1 2.
Viz,y) > Tlog m] dyy — dyylogm/

It remains to sum this last bound for all unordered pairs of distinct vertices x,y of G. On
the left hand side we obtain zero by equality . With the notation D = ) , Aoy we clearly
have 37, d3, > 2D?/n? (both summations are for unordered pairs of distinct vertices of G). We
obtain:

0> — 2" ogm/2+1)D
4n?[logm]| &m ’



TURAN PROBLEMS FOR EDGE-ORDERED GRAPHS 37

and therefore
D = O(n*log”>m). (6)
Bounding m from this bound on D is straightforward. Let d, denote the degree of the vertex
x of G, then we have ) d, =2m and ), (d;) = D. By convexity and assuming m > n we also

have J o) )
m/n m
D= = =Ql— ).
>(5)=0("") == (%)
We obtain the bound m = O(n*?logn) claimed in the theorem by combining this last well
known bound with our bound @ on D. 0

6. CONCLUDING REMARKS

6.1. An application: number of unit distances among n planar points in convex
position. Turdn theory for edge-ordered graphs is likely to have several applications in other
areas, especially in discrete geometry. As an example, we show a simple application of one of
our results concerning the Turdn number of P?'*3 (Theorem [4.9) (ii)). Erdds and Moser asked in
1959 to determine the maximum number of point pairs among n points in the plane in convex
position that can be exactly unit distance apart. If we denote this quantity by f(n), then the
best bounds known are 2n —7 < f(n) = O(nlogn), due to Edelsbrunner-Hajnal [12], and Fiiredi
[T7]. (For a later, simpler proof of the upper bound, see [6].) Here we reprove the upper bound
using the theory of forbidden edge-ordered graphs. Fiiredi [17] used forbidden submatrices, and
our argument is inspired by his.

Proposition 6.1 ([I7]). The number of unit distances among n points in the plane in convex
position is O(nlogn).

Proof. Define a graph G with the n points in convex position in the plane as its vertices and
by connecting those points that are unit distance apart. Represent these edges as straight-line
segments of length one. Without loss of generality (rotating the plane if needed), we can assume
that at least half of these line-segments have slope between —1 and +1. Keep only these edges
to form a graph G, thus we have |E(G1)| > 3| E(G)|.

Now add an infinite number of vertical lines (each of infinite length) to the plane such that
two neighboring vertical lines are % units apart. Keep only those edges of GGy that do not cross
any of these vertical lines to form the graph G5. A simple probabilistic argument shows that the
vertical lines can be placed in such a way that |F(Gs)| > %|E(G1)| = 2|E(Gh)| = 3| E(G)|.

We show that any path in Gy must consist of alternating steps to the left and to the right.
Indeed, since any edge of G5 is a unit line-segment with slope between -1 and +1, the horizontal

component (or the x-component) of any edge of Gy is at least %, so two edges in the same

direction would not fit between two vertical lines of distance % < +/2.
Order the edges of G by the slope of the respective line-segments, breaking ties arbitrarily.

Claim 1. Gy is P2'"3-free.
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FiGURE 2. Illustration for the proof of Claim

Proof. Suppose that we have a path ujvouzvsus in Gy such that the slopes of its edges is in the
order vouz < uivy < vqus < uzvy. Draw a line ¢ parallel to vsvy through ug, and denote the
points at distance |vyvy| from uz on ¢ by uy and uy, respectively, such that usvs is a translate of
uzvy and ugvy is a translate of uzvs. Due to the order of the slopes, looking from vy, u; must lie
between us and ug, thus beyond the line ¢. Similarly, us must also lie on the other side of ¢ as
vg. Thus ug is in the convex hull of {uy, va, vy, us}, contradicting our assumption that the points
are in convex position. O

Therefore, by Theorem (ii), the number of unit distances among the points in V(G) is
|E(G)| < 7|E(G)| < Tex<(n, P5'*) = O(nlogn). m

Remark. One may try to use that Gy is also P3'*?-free in the hope of getting a better upper
bound. Currently, the best known bound is nlog,n + O(n) due to Aggarwal [2]. It is a very
interesting question to determine whether a linear upper bound can be obtained by excluding
some other edge-ordered graph(s).

Remark. After the first preprint of this paper has appeared on arXiv, a new geometric applica-
tion of our results has been discovered by Keszegh and the fourth author [24]. They proved that
among n pairwise disjoint x-monotone red curves and n pairwise disjoint xz-monotone blue curves
there can be at most O(nlogn) red-blue tangencies, improving the earlier O(nlog®n) bound of
Pach, Suk, and Treml [37], who already gave a lower bound of Q(nlogn) for the problem. The
proof in [24] is based on a simple application of Theorem to the graph G whose vertices
are the curves and whose edges are the tangencies in which the red curve is above the blue
curve, since G is P13 -free when the edges are ordered according to the z-coordinates of the
corresponding tangencies.
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6.2. Generalizations of our construction techniques. In the proof of Theorem we gave
recursive constructions of edge-ordered graphs G; and G, both with 27 vertices and 2" edges.
G; was constructed to avoid Pi**? G was constructed to avoid P2'*3. But the same argument
shows that they avoid other edge-ordered graphs too. We can formulate the following statement.

Proposition 6.2. Let H be an edge-ordered graph on more than one vertices that has no partition
of its vertex set into two non-empty parts A and B such that the edges between A and B form
a matching and are larger than any other edges in the graph, while edges within A are smaller
than the edges within B. In this case the graphs G; in the proof of Theorem avoid H.

Similarly, the graphs G in the proof of Theorem avoid all edge-ordered connected graphs
on more than one vertices that have no partition of their vertex sets into two non-empty sets A
and B such that the edges between A and B form a matching and they are larger than any edge
within A and smaller than any edge within B.

Proof. We prove the statements of the proposition by induction on ¢. They trivially hold for
the single vertex graph G,. Assume for a contradiction that G; avoids an edge-ordered graph H
but G,y contains it. Recall that GG;;; is constructed from two disjoint copies of G; by adding a
perfect matching between them. So given an isomorphic copy of H in ;1 we can partition the
vertex set of H according to which copy the corresponding vertex in the copy of H belongs to.
By the way the edge-ordering of G,;; was defined, this partition violates the assumption on H
unless one of the parts is empty. But if one of the parts is empty, then H is contained in a single
copy of G; violating the inductive assumption. The contradiction proves the first statement of
the proposition.

For the second statement the same proof works verbatim if we replace G; and G;;; with G
and G ;. O

A similar generalized statement can be formulated about the edge-ordered graphs avoided,
left-avoided and right-avoided by the edge-ordered bipartite graphs G; constructed in the proof
of Theorem

We used a simple connection to the theory of forbidden matrix patterns in the proofs of
Theorems and . In general we can make an edge-ordered bipartite graph G(M) from
any 0-1 matrix M by having a left vertex for every row, a right vertex for every column, an
edge between the corresponding vertices for every l-entry in the matrix and ordering edges first
according to their column and within a column according to the row.

Recall that for 0-1 matrices M and P we say that M contains P if P is a submatrix of M
or P can be obtained from a submatrix of M by switching a few 1 entries to 0. If M does
not contain any pattern P with G(P) isomorphic to a fixed edge-ordered graph H, then G(M)
clearly avoids H. In the proof of Theorem we used the fact that there is exactly one (-1

matrix P with G(P) isomorphic to PJ*? namely (O L1

10 1). The same connection can be used

for other patterns as well.

6.3. Open problems.
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e In the first draft of this paper we asked whether ex.(n,T) = n't°() holds for every

edge-ordered forest T" with x-(7") = 2. In a recent development, Gaurav Kucheriya and
the fifth author managed to prove this statement, [27]. This represents a characterization
as it is easy to see that such a bound never holds if T" contains a cycle or its order
chromatic number is larger than 2. Our conjecture can be considered as the edge-ordered
analogue of a similar conjecture on vertex-ordered trees that is still open. The vertex-
ordered version originates from the work of Fiiredi and Hajnal, [I§]. They formulated
their conjecture in terms of 0-1 matrices but it is equivalent to the statement that the
extremal function of a forbidden vertex-ordered forest with interval chromatic number 2
is always O(nlogn). This conjecture has been refuted by Pettie [38], but the extremal
function of his counterexample is only slightly larger. An upper bound of O(nlog®n) is
still a possibility. An even weaker version of the conjecture was given in [36] with the
conjectured bound n'*+°(M) . This conjecture is still open. The best partial results appeared
in [26].

The bound proved in [27] for ex.(n,T’) where T is an edge-ordered forest of order
chromatic number 2 is n20(V15m)  They also conjecture that the much stronger n logo(l) n
bound also holds. Although we do not know of any edge-ordered forest T with order
chromatic number 2 that violates ex.(n,T) = O(nlogn), we conjecture that such an
edge-ordered forest T exists. Some of the techniques used to construct the counterexample
in [38] might be useful in resolving this problem.

How large can x(H) be for a family of n-vertex edge-ordered graphs H if it is finite? It
would be interesting to decide whether it grows exponentially or double exponentially in
n. In Proposition we proved that the optimal family to consider here is the family
IC,, consisting of the four canonical edge-orderings of K, and gave a doubly exponential
upper bound for its order chromatic number. We can, however, ask the same question
with respect to a single edge-ordered graph: How large can x(H) be for an n-vertex
edge-ordered graph H if it is finite? It is not clear which single n-vertex edge-ordered
graph has the largest finite order chromatic number. Theorem [2.14]states an exponential
lower bound in case of the edge-ordered graph D,,.

Theorem gives exact asymptotics for ex.(n, H) if x<(H) > 2. Many of our results
give the exact order of magnitude of ex_(n, H) for some edge-ordered graphs H of order
chromatic number 2. But in a few cases our lower and upper bound do not coincide.
In all of these cases it would be interesting to narrow the gap. For instance, is it true
that ex.(n, C}***) = ©(n*?)? Theorem [5.1| shows an upper bound of O(n*?logn) but
the only lower bound we have comes from the classical extremal function of C4y which is
O(n%?). Another interesting question is whether ex.(n, Pi342) = ©(nlogn)? Theorem
shows an upper bound of O(nlog?n). These are the only edge-orderings of Cy and
Ps for which we do not know the order of magnitude of the Turan number.

We studied here the Turan numbers of some short paths and cycles, but did not go
beyond four edges except for exhibiting a single edge-ordering of P with order chromatic
number 3 in Theorem [£.15] It would be interesting to study the Turdn numbers of longer
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paths. We expect that results in this direction would quickly find applications just as
Theorem has already found an application in discrete geometry, see [24].

The order chromatic number of paths is also an interesting topic of research. We saw
here that edge-ordered paths up to 3 edges have order chromatic number 2, edge-ordered
paths with 4 edges have order-chromatic number 2 or infinity, but there exists an edge-
ordered 5-edge path with order-chromatic number 3. What is the situation for longer
paths? What is the maximum order-chromatic number of an edge-ordering of P, if it is
finite? We expect that the answer grows significantly slower than in the case addressed
above, where the forbidden edge-ordered graph was arbitrary. Can the answer in this
case exceed n?

Acknowledgements. We are grateful to the anonymous referees for many helpful suggestions.
We thank Tran Manh Tuan for his useful comments on the first version of this paper and for
pointing us to [35].

The research of Daniel Gerbner was supported by the Janos Bolyai Research Fellowship of the
Hungarian Academy of Sciences and the National Research, Development and Innovation Office
— NKFIH under the grants FK 132060, K 116769, KH130371, KKP-133819 and SNN 129364.

The research of Abhishek Methuku was supported by the EPSRC, grant no. EP/S00100X/1,
by IBS-R029-C1 and by the National Research, Development and Innovation Office - NKFIH
under the grant K 116769.

The research of Daniel T. Nagy was supported by the National Research, Development and
Innovation Office - NKFIH under the grants K 116769, K 132696, PD 137779 and FK 132060,
and by the Janos Bolyai Research Fellowship of the Hungarian Academy of Sciences.

The research of Démotor Palvolgyi was supported by the Lendiilet program and by the Janos
Bolyai Research Scholarship of the Hungarian Academy of Sciences, and by the New National
Excellence Program UNKP-22-5 and by the Thematic Excellence Program TKP2021-NKTA-62
of the National Research, Development and Innovation Office.

The research of Gabor Tardos was supported by the Development and Innovation Office,
NKFIH projects K-132696 and SNN-135643 and by the ERC Advanced Grant “GeoScape.”

The research of Maté Vizer was supported by the Hungarian National Research, Development
and Innovation Office — NKFIH under the grant SNN 129364, KH 130371 and KF 132060 by
the Janos Bolyai Research Fellowship of the Hungarian Academy of Sciences and by the New
National Excellence Program under the grant number UNKP-19-4-BME-287.

REFERENCES

[1] R. Adamec, M. Klazar, P. Valtr. Generalized Davenport-Schinzel sequences with linear upper bound. Discrete
Mathematics 108, 219-229, 1992.

[2] A. Aggarwal. On unit distances in a convex polygon, Discrete Mathematics 338(3), 8892, 2015.

[3] M. Balko, M. Vizer. Edge-ordered Ramsey numbers, Fur. J. Comb. 87, 10 p. (2020).

[4] J. Balogh. The Turdn density of triple systems is not principal. Journal of Combinatorial Theory, Ser. A
100, 176-180, 2002.



42

GERBNER, METHUKU, NAGY, PALVOLGYI, TARDOS, VIZER

[5]

[10]
[11]

[12]

P. Bra83, Gy. Karolyi, P. Valtr. A Turdn-type extremal theory of convex geometric graphs. In B. Aronov et al.
(Eds.), Discrete and Computational Geometry—The Goodman-Pollack Festschrift, Springer, Berlin, 275-300,
2003.

P. Bra8}, J. Pach. The Maximum Number of Times the Same Distance Can Occur among the Vertices of a
Convex n-gon Is O(nlogn), Journal of Combinatorial Theory, Ser. A 94(1), 178-179, 2001.

M. Buci¢, M. Kwan, A. Pokrovskiy, B. Sudakov, T. Tran, A. Z. Wagner. Nearly-linear monotone paths in
edge-ordered graphs, Isr. J. Math. 238(2), 663-685, 2020.

M. Bucié¢, B. Sudakov, T. Tran. Erdés-Szekeres theorem for multidimensional arrays. To appear in Journal
of European Mathematical Society

V. Chvétal, J. Komldés. Some combinatorial theorems on monotonicity. Canad. Math. Bull. 14 (151-157),
1-3, 1971.

J. De Silva, T. Molla, F. Pfender, T. Retter, M. Tait. Increasing paths in edge-ordered graphs: the hypercube
and random graphs. The FElectronic Journal of Combinatorics 23(2), P.2.15., 2016.

F. Duque, R. Fabila-Monroy, C. Hidalgo-Toscano, P. Pérez-Lantero. Non-crossing monotone paths and binary
trees in edge-ordered complete geometric graphs, Acta Math. Hung. 165(1), 28-39, 2021.

H. Edelsbrunner, P. Hajnal. A lower bound on the number of unit distances between the vertices of a convex
polygon, Journal of Combinatorial Theory A 56(2), 312-316, 1991.

P. Erdés, M. Simonovits. A limit theorem in graph theory. Studia Sci. Math. Hungar. 1, 51-57, 1966.

P. Erdés, A. H. Stone. On the structure of linear graphs. Bulletin of the American Mathematical Society 52,
1087-1091, 1946.

P. C. Fishburn and R. L. Graham, Lexicographic Ramsey Theory, J. Comb. Theory Ser. A 62 (1993),
280-298.

J. Fox, R. Li. On edge-ordered Ramsey numbers, Random Struct. Algorithms 57(4), 1174-1204, 2020.

Z. Firedi. The maximum number of unit distances in a convex n-gon. J. Comb. Theory, Ser. A 55 (2),
316-320, 1990.

Z. Firedi, P. Hajnal. Davenport-Schinzel theory of matrices. Discrete Mathematics, 103(3), 233251, 1992.
Z. Fiiredi, M. Simonovits. The history of degenerate (bipartite) extremal graph problems. In Erdds Centen-
nial, Springer, Berlin, Heidelberg, 2013, pp. 169-264.

D. Gerbner, B. Patkds, M. Vizer. Forbidden subposet problems for traces of set families. The Electronic
Journal of Combinatorics, 25(3), P3.49, 2018.

R. L. Graham, D. J. Kleitman. Increasing paths in edge-ordered graphs. Periodica Mathematica Hungarica,
3 (1-2), 141-148, 1973.

S. Hart, M. Sharir. Nonlinearity of Davenport-Schinzel sequences and of generalized path compression
schemes. Combinatorica 6, 151-177, 1986.

P. Keevash. Hypergraph Turdn problems. Surveys in combinatorics 392, 83-140, 2011.

B. Keszegh, D. Palvolgyi. The number of tangencies between two families of curves, arXiv preprint
arXiv:2111.08787, 2021.

M. Klazar. A general upper bound in extremal theory of sequences. Comment. Math. Univ. Carolin. 33,
737-746, 1992.

D. Koréndi, G. Tardos, I. Tomon, C. Weidert. On the Turdn number of ordered forests. Journal of Combi-
natorial Theory, Series A 165, 32—43, 2019.

G. Kucheriya, G. Tardos, On edge-ordered graphs with linear or almost linear extremal functions, manuscript,
2022.

M. Lavrov, P. S. Loh. Increasing Hamiltonian paths in random edge-orderings. Random Structures & Algo-
rithms 48 (3), 588-611, 2016.

W. Mantel. Problem 28 (Solution by H. Gouwentak, W. Mantel, J. Teixeira de Mattes, F. Schuh and W. A.
Wythoff). Wiskundige Opgaven 10, 60-61, 1907.



TURAN PROBLEMS FOR EDGE-ORDERED GRAPHS 43

[30] A. Marcus, G. Tardos. Intersection reverse sequences and geometric applications. Journal of Combinatorial
Theory, Ser. A 113 (4), 675-691, 2006.

[31] A. Marcus, G. Tardos. Excluded permutation matrices and the Stanley-Wilf conjecture. Journal of Combi-
natorial Theory, Ser. A 107, 153-160, 2004.

[32] A. Methuku, I. Tomon. Bipartite Turdn problems for ordered graphs. Combinatorica, 2022. https://doi.
org/10.1007/s00493-021-4296-0

[33] K. G. Milans. Monotone paths in dense edge-ordered graphs. Journal of Combinatorics 8 (3), 423-437, 2017.

[34] D. Mubayi, O. Pikhurko. Constructions of non-principal families in extremal hypergraph theory. Discrete
Mathematics 308, 4430-4434, 2008.

[35] J. Nesetiil and V. Rodl. Statistics of orderings. Abh. Math. Semin. Univ. Hambg. 87, 421-433, 2017.

[36] J.Pach, G. Tardos. Forbidden paths and cycles in ordered graphs and matrices. Israel Journal of Mathematics
155, 359-380, 2006.

[37] J. Pach, A. Suk, M. Treml. Tangencies between families of disjoint regions in the plane. Comput. Geom. 45,
131-138, 2012.

[38] S. Pettie. Degrees of nonlinearity in forbidden 0-1 matrix problems. Discrete Mathematics 311, 23962410,
2011.

[39] C. Reiher, V. Rodl, M. Sales, K. Sames, M. Schacht, On quantitative aspects of a canonisation theorem for
edge-orderings. Journal of the London Mathematical Society 106(3), 2773-2803, 2022.

[40] V. Rodl. Master’s thesis, Charles University, 1973.

[41] G. Tardos. Construction of locally plane graphs with many edges. In Thirty Essays on Geometric Graph
Theory, Springer, New York, NY., pp. 541-562, 2013.

[42] G. Tardos. Extremal theory of ordered graphs. Proceedings of the International Congress of Mathematics —
2018, Vol. 3, 3219-3228, 2018.

[43] P. Turdn. On an extremal problem in graph theory (in Hungarian). Matematikai és Fizikai Lapok 48, 436-452,
1941.

[44] https://faculty.math.illinois.edu/~west/regs/increasing.html

DANIEL GERBNER, ALFRED RENYI INSTITUTE OF MATHEMATICS, BUDAPEST
E-mail address: gerbner@renyi.hu

ABHISHEK METHUKU, DEPARTMENT OF MATHEMATICS, ETH ZURICH, SWITZERLAND.
E-mail address: abhishekmethukuOgmail.com

DANIEL T. NAGY, ALFRED RENYI INSTITUTE OF MATHEMATICS, BUDAPEST
E-mail address: nagydani@renyi.hu

DOMOTOR PALvOLGYI, MTA-ELTE LENDULET COMBINATORIAL GEOMETRY RESEARCH GROUP, INSTI-
TUTE OF MATHEMATICS, EOTVOS LORAND UNIVERSITY (ELTE), BUDAPEST
FE-mail address: dom@cs.elte.hu

GABOR TARDOS, ALFRED RENYI INSTITUTE OF MATHEMATICS, BUDAPEST
E-mail address: tardos@renyi.hu

MATE VIZER, ALFRED RENYI INSTITUTE OF MATHEMATICS, BUDAPEST
E-mail address: vizermate@gmail.com


https://doi.org/10.1007/s00493-021-4296-0
https://doi.org/10.1007/s00493-021-4296-0
https://faculty.math.illinois.edu/~west/regs/increasing.html

	1. Introduction
	1.1. History
	1.2. Outline of the paper and main results

	2. Erdos-Stone-Simonovits theorem for edge-ordered graphs  and order chromatic number
	2.1. Canonical edge-orders
	2.2. How large can the order chromatic number be?
	2.3. The best and worst edge-orders of a graph

	3. Star forests
	4. Paths
	4.1. Edge-ordered paths with three edges
	4.2. Edge-ordered paths with four edges
	4.3. Longer paths

	5. 4-cycles
	6. Concluding remarks
	6.1. An application: number of unit distances among n planar points in convex position
	6.2. Generalizations of our construction techniques
	6.3. Open problems
	Acknowledgements

	References

