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ABSTRACT. Let k and ¢ be positive integers. With a graph G, we associate the quantity
ck,e(G), the number of k-colorings of the edge set of G with no monochromatic matching of
size £. Consider the function cx¢: N — N given by ck¢(n) = max {ck,e(G): |[V(G)| = n},
the maximum of ¢k ¢(G) over all graphs G on n vertices. In this paper, we determine ci ¢(n)
and the corresponding extremal graphs for all large n and all fixed values of k£ and /.

1. INTRODUCTION

Let F be a fixed graph and k be a positive integer. In this paper, we study F'-free k-colorings
of a graph G, that is, edge colorings of G with k colors such that there is no monochromatic
copy of F. (Edge colorings in this work need not be proper.) More precisely, given a graph
G, we consider the number ¢ 7(G) of F-free k-colorings of G, and we study the extremal
function ¢ p: N — N, where ¢4 (n) maximizes c; (G) over all graphs G on n vertices. In
other words, ¢, p(n) = max {c;, r(G): |V(G)| = n}. For instance, if there is a single color
available, we must have ¢; p(n) = 1, with equality ¢; p(n) = ¢1,r(G) for every graph G on n
vertices that does not contain a copy of F.. A graph G on n vertices with ¢ p(G) = g, p(n) is
called (k, F)-extremal. The study of the function ¢; r and of the set of (k, F')-extremal graphs
has been motivated by a conjecture of Erdds and Rothschild [3] concerning edge colorings of
graphs with a given number of colors and no monochromatic cliques of a given order.

The graphs F' forbidden in this paper are matchings I; consisting of £ independent edges,
where £ > 2. For convenience, we use the notation ¢y r,(-) = cpe(-) and we say that (k, I;)-
extremal graphs are simply (k, £)-extremal. To state the main result in this paper, we need a
preliminary definition.

Definition 1.1. The following concepts will be used throughout the paper.
(a) Given integers c > 1 andn > c+2, let Gy . = ([n], En ) be the graph on the vertex set
n] ={1,...,n} such that {i,j} € Ey . if and only if min{s, j} < ¢, i.e., the graph Gy, .
contains exactly ¢ vertices each of which is joined by an edge to every other vertex.
(b) Given integers k,£ > 2, let c(k, L) be the quantity defined by
(-1 ifke{2,3
olk, €) = {W ~1)k/3]  ifk é 4, } (1)

Theorem 1.2. Let k,{ > 2 be fized integers. There exists ng = no(k,l) such that, for
n > ng, we have ce(n) = cxo(Gp crp))- Moreover, for n > ng, the graph Gy, () is the
unique (k,0)-extremal graph up to isomorphism.

When ¢ = 2, this theorem is a very special case of a hypergraph result obtained by the
current authors in [6]. Erdés and Gallai [4] have shown that, for n sufficiently large, the

The first author acknowledges the support by FAPERGS (Proc. 10/0388-2) and CNPq (Proc. 484154 /2010-
9). The second author was partially supported by CNPq (Proc. 308509/2007-2, 484154/2010-9). This work
was partially supported by the U. of Sdo Paulo, through the MaCLinC project.



2 C. HOPPEN, Y. KOHAYAKAWA, AND H. LEFMANN

graph G, y_1 is the extremal graph of the forbidden graph Iy, that is, G, y—1 is the graph on n
vertices with the largest number of edges that does not contain a matching I, as a subgraph.
Note that for k € {2,3} we have G, c(xr) = Gnye—1. We should mention that, for general
forbidden graphs F, the number ex(n, F') of edges in an n-vertex extremal graph for F' is a
parameter that appears in natural upper and lower bounds on ¢ r(n), namely

kex(n,F) < Ck,F(n) < kkex(n,F). (2)

To obtain the lower bound, note that an extremal graph G on n vertices for F has kex(%F)

distinct F-free k-colorings, as all k-colorings of the set of edges of G have this property.
Concerning the upper bound, for any k-coloring of the set of edges of a graph on n vertices
with kex(n, F) + 1 edges, at least one color class contains at least ex(n, F') + 1 edges, and
hence contains a copy of F. Therefore the value of ¢ r(n) is achieved by a graph with at
most kex(n, F) edges, from which we deduce that ¢y g(n) < kFex(nF),

Theorem 1.2 implies that, for large n, the lower bound in (2) is tight for k£ € {2,3},
whereas it is not tight for £ > 4. This phenomenon replicates, for the forbidden graphs Iy,
what has been observed in other classes of forbidden graphs F', such as complete graphs and
odd cycles (see Yuster [13] and Alon, Balogh, Keevash and Sudakov [1], which rely on the
Szemerédi Regularity Lemma [12]). In the case of complete graphs, this verifies the Erdés
and Rothschild Conjecture for k € {2, 3}, but disproves it for k£ > 4. More generally, Lemma
2.1 in [1] implies that, given a graph F' and k € {2, 3}, we have

ChF (n) < k;ex(n,F) +o(n?) )

In other words, the extremal graph of F' is never “far” from being (k, F')-extremal when k €
{2,3} and F is not bipartite, as the Erdds-Stone Theorem [5] ensures that ex(n, F) = Q(n?) in
this case. The work in [1] also implies that cg p(n) > k*<(F) if F is not bipartite and k > 4.
To the best of our knowledge, this is the first time that the same behavior is observed for a
class of bipartite graphs.

Naturally, one might ask whether the following holds for every fixed graph F: given k €
{2,3} and ¢ > 0, there exists ng such that

Ck:F(n) < k(l—i—a)ex(n,F)

for every n > ng. However, the current authors [7] have answered this question in the negative.
As a matter of fact, the extremal graph is far from optimal for 3-colorings with forbidden
paths with two edges (i.e., for proper 3-edge colorings). The same occurs for 2-colorings with
forbidden stars on t > 3 leaves.

In the last few years, there has been substantial progress in the study of ¢ p(n) and of
closely-related graph and hypergraph functions. For instance, in the case of graphs, Pikhurko
and Yilma [11] have determined, for n sufficiently large, the families of graphs G on n vertices
such that ¢4 i, (G) = c4,K,(n) and such that ¢4 g, (G) = ¢4 k,(n). Balogh [2] has considered
another question, which extends the problem of finding ¢ p(n). For a fixed graph F and a
fized edge coloring of F', he wishes to determine the n-vertex graph with the largest number of
edge colorings avoiding copies of F' with the prescribed coloring. He has shown that, for any
2-coloring of the edges of a complete graph K., where r > 3, maximality with respect to this
problem is only achieved by the extremal graph for K, (namely the Turdn graph 7,_1(n)), as
long as n is sufficiently large.

Concerning hypergraphs, recent results by Lefmann, Person, Rodl and Schacht [9] estab-
lished the following: if k € {2,3}, F' is the Fano plane and n is sufficiently large, then the
number of k-colorings of the hyperedges of any n-vertex 3-uniform hypergraph H on n vertices
is at most k=<("F)  where, as usual, the quantity ex(n, F') denotes the maximum number of
hyperedges in a 3-uniform n-vertex hypergraph containing no Fano plane. They have also
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shown that equality is attained by the unique extremal hypergraph for ex(n,F') and that,
for fixed k > 4, the inequality ci p(n) > kex(mF) holds as n tends to infinity. Very recently,
a similar phenomenon has been proved to hold in several other instances, such as 3- and
4-uniform generalized triangles, expanded complete 2-graphs and Fan(k)-hypergraphs. For
more information, see Lefmann and Person [8] and Lefmann, Person and Schacht [10].

This paper is organized as follows. Section 2 contains the proof of Theorem 1.2 when k = 2
colors are used. The structure of the proof of this result for £ > 3 is delineated in Section 3,
leaving the proofs of technical tools to the subsequent sections.

2. PROVING THEOREM 1.2 FOR k = 2

Our objective in this section is to determine the value of ¢y ¢(n) for every fixed ¢ and every
sufficiently large n. If n < 2¢ — 1, then no graph on n vertices can contain a matching I, of

size £, hence cp¢(n) = 2(3) and the only graph to attain this extremal value is the complete
graph K. The following result, due to Erdés and Gallai [4], fully describes the extremal
graphs for I,.

Theorem 2.1. Given integers n > 2¢ > 4, we have
20 —1

ex(n,Ig):max{< ; >,(£1)(n€+1)+ <£;1>}

Equality can occur only if G is the union of a complete graph on 20 —1 vertices with n —20+1
isolated vertices, or if G has a vertex cover C of size £ —1 and contains all possible edges with
at least one vertex in C.

In our arguments we shall make use of the following easy result.

Lemma 2.2. Let G = (V, E) be a bipartite graph with bipartition V= AU B, where |A| = £.
If every vertex v € A has degree at least £, then G contains a matching I,.

Next, we shall prove the following, which is essentially the statement of Theorem 1.2 in the
case when k = 2.

Lemma 2.3. For ¢ > 2, there exists ng = no(¢) such that, for n > ng, we have

eag(n) = 20x(m1e) = (=D =L+ 1)+(57)

In addition to this, if n > ng, an n-vertex graph G satisfies c3¢(G) = c2¢(n) if and only if G
is isomorphic to the graph Gy ¢—1 (see Definition 1.1). Moreover, if a graph G on n vertices
contains a matching Iy, then cp(G) < ca0(n); in fact, ca0(G) is exponentially smaller than
cae(n).

Proof. Let £ > 2 be fixed. Throughout the proof, we shall assume that n is sufficiently large
for the bounds to hold, and no special attempt is made to optimize ng. In particular, we
assume that n satisfies

5

—f—1<n

2

o(*5 )+ g2 A1) o gn—t+1

The first condition ensures that G,, y_1 is, up to isomorphism, the unique extremal graph for
Iy, while the second naturally arises in a counting argument.

It is clear that, for every value of n and every I,-free n-vertex graph G = (V, E), we have
c20(G) = 1Bl < 9ex(n.le) a5 no 2-coloring of an Ij-free n-vertex graph could possibly contain
a monochromatic I,. Moreover, equality can be attained by extremal I,-free n-vertex graphs,
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so that cp(n) > gex(n.le) — ot=1)(n—t+D+(5") for 4, large enough, where the equality sign
holds by Theorem 2.1 and our assumption on n.

Now, let G be an n-vertex graph that admits I,-free 2-colorings of its set of edges, but
contains I, as a subgraph. Let I,, be a maximum matching in G given by the edges e; =
{a1,b1},...,em = {am,bm}, m > £. We shall see that the number of I,-free 2-colorings of G
is exponentially smaller than 2°*(™1t), Clearly, we must have m < 2(¢ — 1), as otherwise the
matching itself would not be 2-colorable. Moreover, the maximality of I,,, implies that the set
W of vertices uncovered by the matching forms an independent set in GG, as any edge between
vertices in W could be used to increase I, to a matching I, 41.

Let A= {ay,...,an} and B = {b1,...,bn}. Let A be one of the at most 2(%s") I-free 2-
colorings of the set of edges with both endpoints in AUB. Assume that the colors used are red
and green and w.l.0.g.suppose that, with respect to A, the edges eq,...,e, are red, and the
edges €,41, ..., en are green. By assumption, wehave 1 <r </—land1 <g=m—r </{-—1.

Our objective is to bound the number of possible extensions of A to an Iy-free 2-coloring
of G. To achieve this, we look at the structure of the coloring A more closely. Given a vertex
v € V, we classify its neighbors as red or green according to the color of the edge joining v to
each neighbor.

Claim 2.4. Let A’ be an I;-free extension of the partial coloring A to G.

(a) The number of vertices in the set {ar4+1,br41,...,0m,bm} with £ —r or more red
neighbors in W is bounded above by £ —r — 1.
(b) The number of vertices in the set {ai,b1,...,a, b} with {—g or more green neighbors

in W is bounded above by £ — g — 1.

Proof. For a contradiction, assume instead that there is a subset S C {ay41,br41,- -, Gm, bm },
|S| > ¢ —r, such that every vertex in S has at least ¢ — r red neighbors in W. By Lemma 2.2
there must be a matching of size £ — r in A’ formed uniquely by red edges with one endpoint
in S and the other in W. Together with the edges ey, ...,e,, this yields a red matching Iy,
which is not possible.

Analogously, the number of vertices in the set {a1,b1,...,a,,b.} with at least £ — (m —
r) = £ — g green neighbors in W with respect to some extension of A is bounded above by
¢—(m—r)—1=4¢—g—1. This asserts the validity of the above claim. O

So, to extend A to an Iy-free 2-coloring of GG, one may first choose j; (0 < j; <l —g—1)
vertices in {ai, b1,...,a,,b,} to have at least £ — g green neighbors in W, and j, (0 < jo <
¢ —r—1) vertices in {ay41,br41,...,am, by} to have at least £ — r red neighbors in W. Once
these vertices are chosen, there are at most 201172)(n=2m) wave of coloring the set of edges
joining them to W. The set of edges between each of the 2m — j; — jo remaining vertices in
{a1,b1,...,am,by,} and W may be colored in at most

max{{—r—1,0—g—1}
Z <n - 2m>
i=0 !
ways. Hence, the total number of extensions of A to an Iy-free 2-coloring of G is bounded
above by

max{{—r—1,0—g—1} 2m=j1—j2

&S 2m —2r (d1+72)(n—2m) n—2m
>y ()07 > ()

Jj1=0 j2=0 i=0

l—g—1¢—r—1
< Z Z ( ><2m 27“) €(2m—j1—j2)2(j1+j2)(n_2m)

Jj1=0 j2=0 J2
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< £2 .92m n2m€ . 2(2Z—r—g—2)(n—2m)
— f2.92m anZ . 2(2£fm72)(n72m).
Summing over all of the at most 2(%5") possible choices of A and observing that £ < m <
2(¢ — 1), we conclude that, for n sufficiently large, co¢(G) is bounded above by

9(*5") g2 . 92m . 2ml  9(20—m—2)(n—2m)
(Y51) L oat—4  y2 2me o(20—m—2)(n—2m)
< (44;4)+4€—4 P2 n4(€71)€ . 2(272)(nff+1) (3)

2
< 2((—1)(n—€+1) <2ex(n,[[).

<

[\)

Note that (3) is exponentially smaller than 2°%("/¢) which finishes the proof. O

3. PROOF OF THEOREM 1.2 FOR k > 3

In this section, we describe the proof of Theorem 1.2 in the case k > 3. For convenience,
we use the term (k, £)-coloring of a graph G to mean an Ij-free k-coloring of the set of edges
of G. A graph G is (k,{)-colorable if it admits a (k, £)-coloring.

We frequently use the following lemma, whose simple proof can be found in [6].

Lemma 3.1. Let m > 2 be an integer. All optimal solutions s = (s1,...,5c) to the mazi-
mization problem
max [[_; sc
¢, 81,...,8c positive integers, (4)
S1+--+s.<m,
have the following form.
(a) If m =0 (mod 3), then ¢ =m/3 and all the components of s are equal to 3.
(b) If m =1 (mod 3), then either ¢ = [m/3], with exactly two components equal to 2 and
all remaining components equal to 3, or ¢ = |m/3], with exactly one component equal
to 4 and all remaining components equal to 3.
(¢) If m = 2 (mod3), then ¢ = [m/3] with exactly one component equal to 2 and all
remaining components equal to 3.
As a consequence, the optimal value of (4) is 33 ifm =0 (mod3), and 4. 3lm/3I=1 g
m =1 (mod 3), and 2 - 3"/3) if m =2 (mod 3).
Given the number k of colors and the forbidden matching I,, the following function appears
often in the remainder of this paper.
Definition 3.2. Given positive integers k and ¢, let D(k, ) be defined by
3(=Dk/3 if (¢ — 1)k =0 (mod 3)
D(k,0) = < 4-3WE=DRBI=1 e (p — 1)k =1 (mod 3)
2. 3LE=DR/BL G (0 — 1)k = 2 (mod 3).
Let 0 < v = ~v(k,¢) < 1/3 be such that, whenever the nonzero components of an integral
vector s = (s1,...,8.) with >;_; s; < (¢ — 1)k and s; < k for every ¢ do not form an optimal
solution to (4) with m = (¢ — 1)k, we have

[

II si<D&o. (5)
Z’=1,Si750

For the proof of Theorem 1.2, we shall now establish the following result.

Lemma 3.3. Let k > 3 and £ > 2 be integers. Then there exists an integer ng such that, if
n > ng, we have cyo(n) = cgo(Gp e(k0)). Moreover, the following assertions hold:



6 C. HOPPEN, Y. KOHAYAKAWA, AND H. LEFMANN

(i) the graph G, o) is, up to isomorphism, the unique (k,{)-extremal graph;
(ii) n particular, for k = 3, we have

cze(n) = gex(n,le) _ 3(3—1)(717@,1”(2;1)_

)

(iii) for (¢ — 1)k # 1 (mod 3), if a graph G on n vertices has a minimum vertex cover of
size ¢ # c(k,l), then ¢ o(G) is exponentially smaller than ci¢(n).

Proof. Let k > 3 and ¢ > 2 be fixed. We first prove the result for (¢ —1)k # 1 (mod 3). With
foresight, choose ng sufficiently large so that, for every n > ny,

kk(é—l)D(k’ E)n(l—v) < D(k’g)n—c(k,é)’

(2(571)1@)
K\ 2 ") < D(k, €)™, and (6)
(2€k)(é—1)k . 2Pk (Inn+ink) - D(k, o).

The constant v = y(k, £) in these inequalities satisfies the condition stated in (5).

Let G = (V, E) be a (k,{)-colorable graph on n > ng vertices. The proof is structured in
terms of a minimum vertex cover C' = {vy,...,v.} of G. The first step is to obtain an upper
bound on the size ¢ = |C| that does not depend on n.

Lemma 3.4. If G = (V, E) is a (k,{)-colorable graph, then G has a vertex cover of size at
most 2k(£ —1).

Proof. Let F' be a maximum set of pairwise independent edges in G and let A be a (k,¢)-
coloring of GG. Since there are at most k color classes in A and the intersection of F' with each
color class has size at most £ — 1, we conclude that |F| < (¢ — 1)k. Due to the maximality of
F', we deduce that the endpoints of the edges in F' form a vertex cover of G, and our result
follows. O

The second step of the proof is to show that, if G has the largest number of (k, £)-colorings
over all n-vertex graphs, then G must have a minimum vertex cover of size c(k, ¢).

Lemma 3.5. For ({ — 1)k # 1 (mod3), if n > ng and an n-vertex graph G = (V, E) s
(k, £)-extremal, then the minimum size of a vertex cover in G is equal to c(k,l).

To conclude the proof, we show that G, . ) is the unique (k,f)-extremal graph over all
graphs on n vertices with minimum vertex cover of size c(k, ¢).

Lemma 3.6. For ({ — 1)k # 1 (mod 3), up to isomorphism, the unique mazimum of cy ¢(G)
over all graphs G with vertex set of size n > ng and minimum vertex cover of size c(k,l) is
achieved by the graph G, c(x.0)-

The proofs of Lemmas 3.5 and 3.6 are given in Sections 4 and 5, respectively.

We now comment on the case (¢ — 1)k = 1 (mod 3). The main difference is that, in this
case, there are two families of optimal solutions to (4) with m = (¢ —1)k. Because of this, the
arguments used in the proof of Lemma 3.5 only show that, for large n, the minimum size of
the vertex cover in a (k, £)-extremal graph G, i.e., a graph for which ¢ ¢(G) = ¢ 0(n), lies in
the set {c(k,¢) —1,¢(k,€)}. We may then adapt the arguments in the proof of Lemma 3.6 to
demonstrate that the (k, £)-extremal graph is, up to isomorphism, either G, o(1¢) or Gy, ok ,0)—1-
To conclude the proof, we then show that the latter has fewer (k,£)-colorings than G, . ¢)-
Details regarding these steps may be found in Section 6.

4. PROOF OF LEMMA 3.5

We start this section with a lower bound on the number of (k,¢)-colorings of the graph
G ek0)- Let C = {v1,..., v} be a minimum vertex cover of this graph, consider an opti-
mal solution s = (s1,...,5.(x,e)) to the optimization problem (4), and fix a way of distributing
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k(¢ — 1) balls, with (¢ — 1) balls having each of the k colors, into ¢(k, ) distinct bins in such
a way that the i-th bin receives s; balls, all of which have different colors. Assuming that
the colors are indexed by 1,...,k, we consider the set S of all edge colorings of G,, . ¢y with
the following properties: (i) if e = {v;,v;}, 1 <@ < j < ¢(k,£), then e is colored with the
color of smallest index among all colors in bin i or j; (ii) if e = {v;, w}, where w ¢ C, then e
may be colored with any of the colors in bin . It is easy to see that every coloring in S is a
(K, £)-coloring of G, .(1¢). Hence we have

c(k,l)
ek t(Greir) = 18I = T i~ ™ = Dk, )=, (7)
i=1
We shall see that graphs whose minimum vertex covers do not have size c(k,¢) have fewer
(k, £)-colorings than D(k,£)"= <) when n > ng. To this end, let G = (V, E) be a (k,{)-
colorable graph on n vertices with minimum vertex cover C = {v1,...,v.}. Let F be the set
of all edges of G with both endpoints in C' and consider the graph G’ obtained from G by the
removal of F'. Note that G’ is a bipartite graph with bipartition (C,V \ C).

Consider a (k, ¢)-coloring A of G. For a vertex v; € C and a color o € {1,...,k}, we say
that o is substantial for v; if at least ¢ edges incident with v; in G’ have color o. In other
words, a color is substantial for vertex v; if it appears “many” times among the edges that
are incident with v;, but not with any other cover element Moreover, we say that vertex v; is
s-influential if there are precisely s colors that are substantial for v;. Finally, a color o is said
to be influential if it is substantial for exactly £ — 1 vertices in C'. Observe that influential
colors are “maximally substantial”, since a color cannot be substantial for more than ¢ — 1
vertices due to Lemma 2.2.

Given j € {0,...,(¢ — 1)k}, let Z; be the set of all non-negative integral solutions to the
equation s + - -+ + s, = j such that s; < k for every i. For any such vector s = (s1,...,S),
let As(G’) be the set of all (k, £)-colorings of G’ for which vertex v; is s;-influential for every
i€{l,...,c}. As the sets As(G’) partition the set of all (k,¢)-colorings of G', we have

(t—1)k

(@)=Y Y |A(E]. (8)

j=0 s€Z;

Clearly, every (k, £)-coloring of G is the combination of a (k, £)-coloring of G’ with a coloring
of the edges of I’ with at most k colors. We know that there are at most

EF < 1) (9)
colorings of the latter type, thus equation (8) becomes

(t=1)k

eee(@) <) 3TN [Ag@)]. (10)

j=0 s€I;
We now concentrate on (k, £)-colorings of G.

Lemma 4.1. If a color o is influential with respect to a (k,f)-coloring A, then every edge e
with color o is incident with a vertex for which it is substantial.

Proof. Suppose that o is influential with respect to A and let v;,,...,v;,_, be vertices in
the vertex cover C for which o is substantial. Let e = {x,v;} be an edge in G’, where
vj € C\{vi,,...,v;, ,} and = ¢ C, and assume that e has color . Consider the bipartite

subgraph B of G’ induced by U = {v;,,...,v;,_, } and by the set W of all vertices y # = that
are adjacent to a vertex in U through an edge with color 0. The degree of every vertex in
U is at least £ — 1 in B, hence B contains a matching M of size £ — 1 by Lemma 2.2. Thus
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M U {e} is also a matching, and every edge in this matching has color o, contradicting the
assumption that A is a (k, £)-coloring of G. O

Lemma 4.1 will be used to bound from above the number of colorings in A4(G’). Fix a
vector s = (81,...,5c) with s1 + -+ 4+ s. = j, where s; < k for every ¢. The number of ways
to choose the colors that are substantial, with their respective multiplicity, is bounded above
by ((e_jl)k), which is the number of ways of choosing j different colors from a set of (¢ — 1)k

different colors. Once the colors are chosen, they may be distributed in at most W‘lsc' ways
among the cover vertices, where the upper bound again pretends that all the colors chosen are
distinct. Now, given that the colors have been distributed, the edges in G’ that are incident
with vertex v; may be colored in at most

k—s; s k—s; _
s () s (TH(9)
(a1, map—s;) \1=1 ¢ (a1,mmsg—s;) \t=1 t

ways, if s; > 1, where the sum is such that each a; ranges from 0 to £—1. This is because there
are at most n — ¢ edges in G’ that are incident with v;, from which a;, 0 < a; < £ —1, may be
chosen for every color that is not substantial for vertex v;. All remaining edges incident with
vertex v; may be colored with any of the s; colors that are substantial for v;. Note that

> (H <n_)>ﬁ > (kﬁim—c)“t)

(alv---yak—si) t=1 (a17"'7ak—si) t=1
k—s;
/-1

= Z (n— c)Zf:i @l st = Z(” —c)f S
- A - A

(alz"wakfsi) p=0

¢ k—s;
ot -1

_ (“;L — ) 51 <tk g, (11)

If s; = 0, then there are at most (¢ — 1)k edges incident with vertex v; in G’, which may
be colored with at most k colors in at most

k,(f—l)k (12)
ways.
Combining inequalities (11) and (12), and observing that ¢ is an upper bound on the number
g1neq g pPp
of vanishing components in a vector s = (s, ..., S.), we obtain
_ i ¢
Z ‘AS<G/)| < (6 1)k . ncﬂkz . kc(ﬁ—l)k . Z J: H ¢
o J s1lsal - s.) ¢
s€L; s€Z; i=1,8;#0
. &
< (C=DE\ cokmnimm) 3 J! I s (13)
- J s1lsal - s.! v
s€Z; 1=1,5;7#0

Observe that, for our fixed value of k, the product Hf:L 51240 s; ¢ is maximized when the
nonzero components of s are the components of a vector in the set S(k, ¢) of optimal solutions
to (4) with m = k(¢ — 1), which is described in Lemma 3.1. Recall that the number D(k,¢)
given in the statement of Definition 3.2 is precisely the optimal value of (4), and, whenever
the nonzero components of the integral vector s = (si,...,s.) are not an optimal solution to
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(4), we have

I[ si <Dk 0. (14)
i=1,8;7%0

Lemma 4.2. Let k and ¢ be positive integers and fix ng as in (6). For n > ng, let G be an
n-vertex graph with minimum vertex cover of cardinality ¢ < 2(¢ — 1)k. Then

k(¢—1)
Ko S ST |AN@E)] < Dk, )"0,

J=0 seZ;\S(k,¢)

In particular, if Ag(G') = 0 for every s = (s1,...,8.) whose nonzero components are the
components of a vector in the set S(k,£) of optimal solutions to (4), then

cxo(G') < D(k, £)"1=7).

Proof. Let G be an n-vertex graph with a minimum vertex cover C' of cardinality ¢ < 2k(¢ —
1) < 2kf. Each edge with both endpoints in the vertex cover C' can be colored with at most
k colors. The inequalities (13) and (14) imply with (6) that

=Dk
LRI DRI

J=0 s€T;\S(k,t)
(t—1)k

< k(”@”"’) . Z ((f —.1)’“) . eclk(Inn+lnk) Z ' 'j! ] 'D(k’g)(n—C)(l—iiv)
0 Vi 81:82!++ Se:
J SGI]
=1k .
_ 2EZDRY ctk(Inntnk) | (n—=c)(1=37) (6= Dk : 3t
e k( 2 ) e D(kﬂg) 7 Z ] 251!82!"'86!
]:O SGI]'
(t—1)k
< D(k?g)'yn . 6c@k(lnnJrlnk) . D(k7£)(nfc)(173'y) . <(€ 1>k>c7
— J
7=0
< 62£2kz2(lnn+lnk) _D(k,g)n(l—Z’y) (14 C)(e—l)k;
< (26[6)(2—1)16 . 6252k2(lnn+lnk) . D(kﬁ,f)n(l_}ﬂ
< D(k,0)"™ - D(k, )" =20 = D(k, )=, (15)
as required.
When A4(G') = () for every s = (s1,. .., S.) whose nonzero components are the components

of a vector in S(k, ), the inequality cj¢(G) < D(k,0)"=) is an immediate consequence of
the above. O

In light of Lemma 4.2, to conclude the proof of Lemma 3.5, it suffices to show the following.

Claim 4.3. If ¢ # c(k,£), then Ag(G') = 0 for every s = (s1,...,S.) whose nonzero compo-
nents are the components of a vector in S(k, ().

Indeed, if this claim is true, then by Lemma 4.2 we have
cre(G) < D(k, )" < D(k, )"~ < o (G i)

which implies the statement of Lemma 3.5.
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Proof. Claim 4.3 is certainly true for ¢ < c¢(k,?), as there are no vectors of length ¢ whose
nonzero components give a solution in S(k, ). To prove the claim for ¢ > ¢(k,¥), we note
that Lemma 4.1 implies that, if A is a (k, £)-coloring of G for which every color is influential,
then, for every vertex v; in the minimum vertex cover C, there is a color that is substantial
for v;. Indeed, if we suppose for a contradiction that this is not true, then Lemma 4.1 tells
us that there is no color available for edges incident with vertex v; in G’; however, such edges
must exist by the minimality of C.

With this, we conclude that As(G’) = () for every s = (s1,...,8c) with s34+ -+s. = ({—1)k
but s; = 0 for some j, which in turn proves our result. O

5. PROOF OF LEMMA 3.6

By Lemma 3.5, for n > ng, an n-vertex graph G = (V, E) is (k, {)-extremal only if the size
of a minimum vertex cover of G is ¢(k,¢). Thus let G = (V, E) be an n-vertex graph with
minimum vertex cover C' = {v1, ...,V } for which there are vertices v; € C' and = # v
such that {v;, z} ¢ E. We shall show that the graph G is not (k, £)-extremal. This is done in
two parts. First, we prove that every (k, £)-coloring of G can be extended to a (k, ¢)-coloring
of G U {v;,xz}. To conclude the proof, we show that at least one of the (k,¢)-colorings of G
can be extended in more than one way, and hence ¢ ¢(G) < ¢ (G U {v;, z}).

We first consider the case when vertex v; covers at most (¢ — 1)k edges not covered by any
other element of C. Consider the graph G’ obtained from G by the removal of these edges.
On the one hand, since G’ has a vertex cover of size smaller than ¢(k, £), the number of (k, £)-
colorings of G’ is bounded above by D(k,¢)"1=7). On the other hand, every (k, £)-coloring of
G consists of the union of a (k, £)-coloring of G’ and a k-coloring of the edges removed from
G, so that there are at most

kFED D (k, 0) (=) (16)

such colorings, which is smaller than cy ¢(G, (1,0)) = D(k, £)"=<(k:) by our choice of ng in (6).

Now, suppose that vertex v; covers more than (¢ — 1)k edges not covered by any other
element of C. Then, by the pigeonhole principle, for every (k,¢)-coloring A of G, there is a
color ¢ that is substantial for vertex v;. If A induces a matching M of size £ — 1 with color
o, then, as o is substantial for v;, the vertex v; must be an endpoint of some edge in M. In
other words, the coloring A can be extended to a (k,¢)-coloring of G U {v;, z} by assigning
the color o to {v;,x}.

To conclude the proof, we observe that there exists a coloring A of G using [c(k,¢)/(¢ — 1)]
colors, namely the one that assigns the first color to all edges incident with the first ¢ — 1
cover elements, then assigns the second color to all uncolored edges incident with the next
£ — 1 cover elements, and so on. However, note that

[c(l@ﬁ)“ . [((6—1)/4:—#2)/3" B(GRLEV: I

<k

(-1 ‘-1 (-1 (-1
if k£ > 2. Hence the coloring A can be extended to a coloring of G U {v;, z} in at least two
ways, either by coloring {v;, x} with a color that is substantial for vertex v; or by coloring
{v;, z} with a color that is not used by A.

6. THE CASE ({ — 1)k =1 (mod 3)

To finish the proof of Theorem 1.2, we still need to address the case (£ — 1)k =1 (mod 3).
The peculiarity of this case lies in the fact that there are two types of optimal solutions to the
optimization problem (4). As we have discussed in Section 3, this implies that the arguments
used in the proof of Lemma 3.5 only allow one to show that, for large n, the minimum size of
the vertex cover in a (k, £)-extremal graph G, i.e., a graph for which ¢ ¢(G) = ¢ ¢(n), lies in
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the set {c(k,?) — 1,c(k,£)}. With this, it is not hard to adapt the arguments in the proof of
Lemma 3.6 to show that the (k,{)-extremal graph lies in the set {Gy, c(x,0)—1, Gn,c(k,0)}- We
then show that maximality is attained by G,, . r)-

Lemma 6.1. For ({ —1)k =1 (mod 3), up to isomorphism, the maximum of ¢y ¢(G) over all
graphs G with vertex set of size n > ng and minimum vertex cover of size either c(k,¢) — 1
or c(k,€) is achieved by Gy, o(k0)—1 0T G e(k0)-

Proof. Let G be a graph with minimum vertex cover of size ¢(k,f) — 1 and assume that
G # Gy ck)—1- The fact that ¢ o(G) < ¢ (G ere)—1) can be derived directly from the
proof of Lemma 3.6, unless k = 4 and ¢ = 2, in which case ¢(k,f) — 1 = 1 and the conclusion
is straightforward.

We now show that cx¢(G) < cpe(Gp o)) for every graph G # G, o1,¢) With minimum
vertex cover of size c(k,£). Let C' = {v1,...,v.4} be a minimum vertex cover of G and
assume that there are vertices v; € C' and = # v; such that {v;,z} ¢ E. We shall show that
the graph G is not (k, ¢)-extremal. Let m be the number of edges whose only endpoint in C'is
v; (the minimality of C' implies that m > 1). As in the proof of Lemma 3.6, we consider two
cases, according to whether m < (¢ — 1)k or m > (¢ — 1)k. In the latter case, we may again
extend colorings of G to colorings of G U {v;,z}, and the result follows with the arguments
used in the case (¢ — 1)k # 1 (mod 3).

For m < (¢ — 1)k, let G’ be obtained from G by the deletion of all edges whose single
endpoint in C is v;. In this case, we need to be more careful than in the proof of Lemma 3.6,
as the upper bound (16) does not hold directly for the number of (k, £)-colorings in G, since,
when (£ —1)k =1 (mod 3), there is an optimal solution to (4) of length ¢(k,¢) — 1. Let C; be
the family of (k, £)-colorings of G for which there is a color that is substantial for v;, and let
Cy contain the remaining (k, ¢)-colorings of G, so that ¢ ¢(G) = |Ci| + |C2|. We shall bound
the number of (k, £)-colorings in each of these two families separately.

Let A be a coloring in Cq, and consider the coloring A’ of G’ obtained by ignoring the
colors of the deleted edges. Let C{ be the set of all (k, £)-colorings of G’ obtained in this way.
If o is substantial for v; with respect to A, then it can be substantial for at most £ — 2 other
vertices in C, and hence o cannot be influential with respect to A’. By Lemma 4.2 applied
to G’, we have

€} < D(k, )"1=7),

Moreover, each coloring of C] corresponds to at most ERE-D colorings of Cy, since there
is at least one coloring of the deleted edges for which no color is substantial (namely one in
which there are at most ¢ — 1 edges with each of the k colors). In particular, we have

C1| < (k;’f“*l) - 1) cl| < (k;W*U - 1) D(k, £)"1=.

Now, let A be a coloring in Cs and let o be the color of an edge whose single endpoint in
the vertex cover is v;. Since o is not substantial for v;, Lemma 4.1 implies that ¢ cannot be
influential with respect to A, so that, by applying Lemma 4.2 to GG, we obtain

Co| < D(k, )",
As a consequence, we have
cr0(G) = [C1] + [Ca| < KV D(k, )"0 < e o(Gop o))

as required.
O

To conclude the analysis of the case (/ — 1)k = 1 (mod3), we show that maximality is
attained by Gy, c(x,0)-
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Lemma 6.2. For ((—1)k =1 (mod 3) and large n, we have c (G o)) > Che(Gr c(,0)—1)-

Proof. For simplicity, we use the notation ¢ = ¢(k,¥). Let C* = {vy,...,v._1} be the minimum
vertex cover of G* = G, .—1 and let v. be an additional vertex in this graph. We may view
G = Gj as the graph obtained by the addition of all edges {v., w} to G* for every vertex
w ¢ C*.

Let §; = S1(k, ) and Sy = Sa(k, £) denote the sets of optimal solutions to the optimization
problem (4) with one component equal to 4 and with two components equal to 2, respectively.
From equation (8), combined with Lemma 4.2, we deduce that

ST IAUG)] < (@) < Y 1A(G)| + Dk, )"

SES2 SES2
> 1A G| S cre(GT) < D |AH(GY) + Dk, ")
s*€S s*eSy

Because of equation (7), we know that, for large n, the two inequalities are dominated by the
sums. Hence, in order to establish our result, it suffices to show that

D A(G) 22 ) |A-(GY)] (17)

SESs s*eS)
for n sufficiently large.

Note that, for every vector s* in S; and every coloring in A4 (G*), there exists exactly one
vertex v; € C* with the property that precisely four colors are substantial for v;. Moreover,
these are the only colors that appear in the edges for which v; is the single endpoint in C*.
This will be used to define an injective map ¢ of the colorings of Ag«(G*) into A4(G), where
s is the vector in S; whose components equal to 2 are precisely s; and s..

To define the mapping ¢, suppose that the k colors are ordered from 1 to k, fix a coloring
A* € Ay (G*) with s7 = 4, and let 01 < 02 < 03 < 04 be the substantial colors in v;.
The image of A* under ¢ is a coloring A € A, (G) with 01,09 substantial for v; and 03,04
substantial for v.. The colors associated with all the edges that are not incident with v; or
e, or the edges that join vertices in C' = C* U {v.} remain the same. An edge {v;,w}, w ¢ C
receives color o1 if it has color o1 or o3 with respect to A*, otherwise it is assigned g5. On the
other hand, an edge {v., w}, w ¢ C receives color o3 if {v;, w} has color og or o3 with respect
to A*, otherwise it is assigned color g4. It is easy to see that A has no monochromatic I,.

The crucial fact about this construction is that the color of {v;, w} that was originally
assigned by A* is uniquely determined by the colors of {v;, w} and {v.,w} in A = ¢(A*).
The injectivity of ¢ is an easy consequence of this fact, and hence

D 1A(G) < Y 1AL(G)

S*ES] s€Ss
Now, note that we may interchange the roles of the colors in the above mapping, that is, the
colors o1, 09 could be assigned to v., while o3, 04 would be assigned to v;. Since all the colors
are substantial for v; with respect to the colorings in Ag«(G*), the colorings created with this
new mapping are all distinct from the colorings created through the original mapping. By

the argument above we get
2 ) A(G)] <Y 1A(G)],
s*eSy sE€S2
which establishes (17) and thus concludes the proof. O
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