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Preface

The past three decades have seen enormous development in graph the-
ory, and one striking feature is the invention of many modern methods
which involve ideas from various branches of mathematics such as proba-
bility, algebra, geometry, and analysis. Graph Ramsey theory is an impor-
tant area that serves not only as an abundant source but also as a testing
ground of these methods. Given the inconvenience to access sporadic re-
sults in an extensive literature, we set out to describe the material in this
elementary book which aims to provide an introduction to graph Ramsey
theory, with focus on methods. The mathematical prerequisites for this
book are minimal: we only assumed familiarity with elementary calculus,
linear algebra, and graph theory. To make this book as self-contained as
possible, we attempted to develop the theory from scratch except the use of
a few theorems in number theory (yet without proofs), for instance, some
constructions heavily rely on the structural properties of finite fields, so we
laid down the background beforehand.

Of course, no book could give a complete treatment of the subject in-
dicated in their titles; simplicity is our first criterion for selecting topics.
By so doing, we hope that, on the one hand, readers can easily extract the
basic idea underlying each approach and quickly master the methods; on
the other hand, teachers can completely finish one topic in a single lesson.
(We are sorry for not being able to incorporate many deep results into this
introductory book.) The selected topics are independent; beginners may
skip the chapters, sections, and proofs marked with asterisks.

Despite substantial advance in graph Ramsey theory, most outstanding
problems are far from being solved and beyond the power of traditional
methods. The new insights generated by tackling these problems will most
likely lead to new tools and techniques. It is due to the abundance and
hardness of problems that graph Ramsey theory is full of vitality and hence
deserves much more research efforts. We believe that this book, intended
for beginning graduate students, can serve as an entrance to this beauti-
ful theory. To facilitate better understanding of the material, this book
contains some standard exercises.

We are deeply indebted to the following professors who introduced us
to the exciting world of Ramsey theory: J. Beck, B. Bollobas, V. Chvétal,
P. Erdés, R. Faudree, A. Gyérfas, J. Kahn, C. Rousseau, M. Saks, R.
Schelp, F. Tian. Without their instruction, this book could never be made
possible. We also wish to express our gratitude to N. Alon, G. Chang, G.
Fan, T. Gowers, F. Graham, K. Lih, J. Kim, Z. Ma, J. Shao, A. Szemerédi,
Y. Yeh, and many more who should be on this list, for their perceptive



suggestions and encouragements. Finally, we like to thank the National
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Chapter 1

Existence and Upper
Bound

1.1 Terminology and Notation

“Ramsey theory” refers to the study of partitions of large structures. Typ-
ical results state that a certain substructure must occur in some classes of
the partition. That is to say, complete disorder is impossible. The smallest
size of the large structure is called Ramsey number.

Ramsey theory can be viewed as a generalization of the following naive
principle, called Pigeonhole Principle:

Let k and n be positive integers. Assume that a set consisting of N
objects is partitioned into n classes, then some class receives more than k
objects if N is large enough.

Here the set of size N is the large structure. The smallest N is kn + 1.
For N > kn + 1, the average size of the substructures is more than k, so
there exists a class contains at least k 4+ 1 objects. The argument uses the
averaging technique that is an important tool in Ramsey theory.

A cornerstone method in mathematics is mathematical induction, which
deduces a general statement for infinite many parameters from finite many
cases. In contrast to induction, Ramsey theory does the job to obtain a
general statement for all large parameters by excluding finite many excep-
tions.

Graph Ramsey theory is a fascinating branch of combinatorics. There
are many difficult open problems in this area. Our lectures are devoted
to the study of the behavior of various graph Ramsey functions. We use
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Modern Graph Theory by Bollobds (1998) for terminology and notation
which are not defined here. We assume that the readers have read some
standard textbooks in graph theory, a few of which are listed at the end of
this chapter.

Let G = (V, E) be a graph with vertex set V = V(G) and E = E(G).
The number of vertices of V' is called the order of G, which is the size of V.
The size of E(G) is particularly called the size of G, denoted by e(G). We
always assume that G is simple, that is to say, it has neither multiple edges
nor loops. For a vertex v of G, call the number of edges incident with v as
its degree, denoted by deg(v), or d(v), or even simply d,. Note the degree
of v is the number of its neighbors, which are vertices adjacent to v, since
the graph is simple. If W C V, and F C E, set

E(W) ={e € E(G) : both vertices of e are in W}

and
V(F)={v € V(G) : vis a vertex of an edge in F'}.

Sometimes we may need subscript such as Eq(W) to avoid confusion. A
graph H is called a subgraph of G if V(H) C V(G) and E(H) C E(G). The
subgraph of G with vertex set W and edge set E(W) is called the subgraph
induced by W; and that with vertex set V(F) and edge set F is called the
subgraph induced by F'. A subgraph with vertex set V and any edge set is
called a spanning subgraph.

If W CV(G) and E(W) = (), we say that W is an independent set of G,
The maximum cardinality of all independent sets of G is called independence
number of G, denoted by a(G), which is one of the important parameters
of graph.

In dealing with the problems of independence numbers, subgraphs in-
duced by subsets of vertices are important.

Proposition 1.1 Let G = (V| E) be a graph and let H be a subgraph of G
induced by a subset of V. Then a(G) > a(H).

As usual, we write a complete graph on n vertices as K,, and write a
complete k—partite graph with classes of sizes ny,...,ng as K(ny,...,ng),
and Kj(n) simply if n; = n for 1 < ¢ < k. The complete bipartite graph
K(t,s) is also denoted by K;s. The graph K ; is called a star. The path
and cycle of length n are denoted by P, and C,,, respectively. If for any
pair of distinct vertices u and v of G there is a path in G with end-vertices
u and v, then G is said to be connected. A connected graph with no cycle
is called a tree. The edge density of graph G of order n is defined to be
|E(G)|/n, which is half of the average degree.
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Let G and H be graphs with disjoint vertex sets. We use G U H to
denote the graph with vertex set V(G) UV (H) and edge set E(G)U E(H),
and it is called a union of G and H. We denote U¥_ ;G by kG. A forest
is a union of trees. We use G + H to denote the graph with vertex set
V(G) UV (H) and edge set consisting of all edges of G and H as well as all
edges joining G and H. Two graphs G and H are called complementary if
they have the same vertex set V' and their edges are a partition of complete
graph on V. Denote by G for the complementary graph of G.

If we color the vertex set of G with some colors, a subset of V(G)
consisting of all vertices with the same color is called a color class. If in
a coloring of V(G) any color class induces an independent set, then we
say that this coloring is a proper vertex coloring. Equivalently, any pair
of adjacent vertices have distinct colors in a proper vertex coloring. The
minimum number of the colors used over all proper vertex colorings of G is
called chromatic number of G and denoted by x(G), which is the minimum
k such that V(G) can be partitioned into k independent sets.

Let Gy,...,Gy be graphs. The Ramsey Number r(Gi,...,Gy) is de-
fined to be the smallest positive integer N such that in any edge coloring
of complete graph Ky with colors {1,...,k}, there exists some i, such
that G; is contained in the subgraph spanned by all edges in color 7. This
spanned subgraph may have isolated vertices which are those (if any )not
incident to any edge in color i. Note that in definition of Ramsey numbers,
there are no restraints on the way of coloring of edges. We write k—coloring
Ramsey number r(G, ..., G) as rx(G). In particular, if all G; are complete,
we write (G, ...,Gg) as r(n1,...,ng), where n; is the order of G;, which
is called classical Ramsey number

Graham, Rothschild and Spencer in their book Ramsey Theory pre-
sented an exciting development of Ramsey theory. The number of research
papers before 1970s is not substantial. The Combinatorial Conference at
Balatonfiired, Hungary 1973, in honor of Paul Erdés for his 60th birth-
day, was a milestone in Ramsey theory history. There were more than two
dozen talks devoted to what is now called Ramsey theory. Many papers
have been published after this conference. About 40 papers which are clas-
sified in generalized Ramsey theory and indexed as 05C55 are reviewed in
Mathematical Reviews of the American Mathematical Society each recent
year. But most of them are concerned the related topics.

The case k =1 is trivial and r1(G) is the order of G. The most studied
case is k = 2 in which we often refer the two colors for edges as red and blue.
For two colors, the Ramsey number (G, H) can be alternatively defined
as the smallest positive integer N such that for any graph F' of order IV,
either F contains G as a subgraph or F contains H as a subgraph, where
F is the complementary graph of F. We write 7(G) for (G, G) and call
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it the diagonal Ramsey number of G. So diagonal classic Ramsey number
r(n)is r(n,n) = r(K,, K,). If either G or H is not complete, then r(G, H)
is called a generalized Ramsey number.

It is a simple fact that r(K;,G) = 1 and r(K2,G) = |V(G)| for any
graph G. To see the latter, let n = |V(G)| > 2, and color the all edges of
K, _1 blue, then there is neither red K3 nor blue G, so (K2, G) > n. For
the inverse inequality, consider any coloring of edges of K, if there are red
edges, we have a red K, otherwise, all edges of K,, are blue, thus we have
a blue K, hence a blue G, so (K3, G) < n.

If G1 is subgraph of G and H; is a subgraph of H, then it is easy to
see that 7(G1, Hy) < r(G,H). Call a graph empty graph if its edge set is
empty. An empty graph of order m is the complementary graph of K,,. If
G is not an empty graph, then r(K,,,G) = m.

Proposition 1.2 For any graphs G and H, (G, H) =r(H,G).

Proof. Denote by N for r(G, H). There is a coloring of edges of Kn_1
with red and blue such that there is neither red G nor blue H. For each

edge, switch its color to the other. In the new coloring, there is neither red
H nor blue G, so r(H,G) > N =r(G, H). Similarly (G, H) > r(H,G). O

Generally, in multi-color Ramsey number (G, ..., Gy), G; and G are
exchangeable, namely

P, Gy Gy ) = 1( Gy Gy ).
It is trivial to see
(e Gie1, K2, Giga, o) = 11 (-, Gim1, Giger, o0,

In the two-coloring of the edge set of a complete graph with colors red
and blue, we often denote the subgraph spanned by all red edges including
all isolated vertices by (R), or simply R. Similarly, (B) or B is the subgraph
spanned by all blue edges including isolated vertices. In a specific two-
coloring of the edge set of G, for any vertex wu, we thus can say that it
has red degree degp(u), blue degree degp(u), red neighborhood Ng(u) and
blue neighborhood Np(u), respectively.

In order to verify that »(G,H) > N + 1 for some N, one must have an
edge coloring of K in red and blue, such that there is neither a monochro-
matic red G nor a monochromatic blue H. Since the two monochromatic
graphs, which contain all vertices, can be referred as F and F, respectively,
so verifying r(G, H) > N +1 is the same to find a graph F of order N such
that I does not contains G’ and F does not contain H. Such graph F of
order N =r(G, H) — 1 is called a Ramsey graph for r(G, H).



1.2. EXISTENCE AND UPPER BOUNDS 7

Note that in fact any graph F can yield a lower bound, good or bad,
for a Ramsey number. For example, if w(F) = m, and a(F) = n, then we
have r(m + 1,n + 1) > |V(F)| + 1. However, it is very difficult to find a
good lower bound for most Ramsey numbers.

1.2 Existence and Upper Bounds

In 1930 Frank Ramsey, in a fundamental paper on mathematical logic, gave
a result whose special case can be stated in graph language as follows.

Theorem 1.1 (Ramsey,1930) Let k > 2 and let ny,...,n; be positive
integers. The Ramsey number r(ny,---,ng) exists, and if n; > 2 for all
i <k, then

r(ni, -, ng) SZT‘(“-,mq,m—1,ni+17~-~)—k+2.
i=1

Proof. The proof is by induction on ny + --- + ng. As we shall prove the
inequalities, it will follow that r(n,---,ng) exists. Since r(ny,---,ngk) =1
if n; = 1 for some 7 < k and

TE( e, 2,1, ) = o1 (o M, i1, ),
and r(2,n) = r(n,2) = n, we may assume that
Ni=7r(-,ni—1,mi — L,nig1, )
exists for any 7 < k, and n; > 2. Let

k
N:ZNi*kJrQ

i=1

and consider a coloring of the edges of Ky with colors {1,2,...,k}. We
have to show that in this coloring there is some ¢ the subgraph spanned by
all edge in color 4 contains K,,. To this end, let v be vertex of this colored
Ky, and let deg;(v) be the degree in color i. Clearly there is some i so that
deg,;(v) > N; since otherwise deg;(v) < N; — 1 then

k k
N—1=> deg(v) <> (Ni-1)=N-2
i=1 i=1
leading to a contradiction. By symmetry we may assume that ¢ = 1, thus
vertex v has N neighbors connected by edges in the first color. Consider the
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complete graph K, spanned by these Ny vertices. If K, has a complete
K,,, -1 monochromatic in color 1, we are done since which forms a red K,
with vertex v. Otherwise, by the definition N7, the graph Ky, contains a
monochromatic Ky, for some j > 2. O

For a graph G of order at least two, denote by G’ for a graph obtained by
deleting one vertex from G. With a similar proof, we have a generalization
of Theorem 1.1.

Theorem 1.2 Let k > 2 be an integer and let Gy, ..., Gy be graphs. Then
the Ramsey number r(Gy,---,Gy) exists, and if each G; has at least two
vertices, then

T(Gla"'7Gk) < ZT‘("WGZ'fl?G;;GFFl;"')_k+2'

i=1

The popularization of Ramsey’s Theorem began with its rediscovery in
a classic paper of Paul Erdés and George Szekeres in 1935.

Theorem 1.3 (Erdds-Szekeres,1935) For any integers m > 2 and n >
2, Ramsey number r(m,n) exists, and it satisfies

r(m,n) <r(m—1,n)+r(m,n—1)

and

r(m,n) < <m+n2)'

m—1

Proof. The first inequality is a special case of Theorem 1.1. Then by the
first inequality we have

IA

r(m—1,n)+r(m,n—1)
m+n—3 m+n—3
+
m — 2 m—1
m+n—2
m—1 '
The first inequality in the following theorem is a special case of Theorem

1.1. We shall prove the theorem with emphasis on the condition for the
strict inequality, which is needed for exact values of small Ramsey numbers.

r(m,n)

IA

a
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Theorem 1.4 Let G and H be graphs with at least two vertices. Then
r(G,H) <r(G' H)+r(G,H").
If both r(G', H) and r(G, H') are even, then
r(G,H) <r(G,H)+r(G,H') — 1.

Proof. Let N = r(G',H) + r(G,H'). In any red-blue coloring of edges
of Ky, a vertex v has either red degree at least r(G’, H) or blue degree
at least r(G, H'). Suppose degp(v) > r(G’, H), then Nr(v) must contain
a red G’ or a blue H. Together with v, this either yields a red G or a
blue H. The case degg(v) > (G, H') is similar, thus the first inequality
follows. For the second inequality, suppose to the contrary, (G, H) = N =
r(G',H)+r(G, H'), which is even, then there is a coloring of edges of Ky _1,
such that there is neither red G nor blue H. For any vertex v, we have
degr(v) <r(G',H)—1 and degg(v) < r(G, H') — 1. However

degp(v) +degp(v) = N =2 = (r(G',H) = 1) + (r(G, H') - 1),
hence
degr(v) =r(G',H)—1 and degg(v)=r(G,H') -1

for any vertex v. Consider the number of edges of R, which is

1

e(R) = 5(N = 1)(+(G, H) ~ 1).
But the right hand side is not an integer since both N —1 and r(G', H) — 1
are odd, yielding a contradiction. O

1.3 A Two-Step Recursive Upper Bound

The following is a two-step recursive upper bound, due to Li, Rousseau and
Zang (2004), in which G” is a graph obtained by deleting two vertices from
G.

Theorem 1.5 Let G and H be graphs of order at least three, and let A =
r(G",H) and B =r(G,H"). Then

r(G,H) < A+ B+2+2\/(A2 + AB + B2)/3.

In particular, r(G,G) < 4r(G,G") + 2.
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Proof. Let N = r(G, H) — 1. Then there is a coloring of the edges of K
in colors red and blue in which there is neither a red G nor a blue H. Let
(Ey, Ep) denote the corresponding partition of the edge set of K. Denote
by V the vertex set of the colored complete graph Ky, and let F,. = (V, E,.)
and F, = (V, E}) denote the red and blue subgraphs, respectively. The
number of monochromatic triangles in the two-colored Ky is

(Z [ N> (u @+ Y Nb(u)ﬂNb(vN),

uwveE, uveEy

where N,.(u) and Ny(u) are neighborhoods of w in F,. and Fj, respectively.
Since an edge uv € E, and a red copy of G” in N, (u) N N,(v) yield a red
K3 + G” hence a red G, we have [N, (u) NN, (v)| <r(G",H)—1=A-1.
Similarly, |Np(u) N Np(v)| < r(G,H”) —1 = B — 1 for an edge uv € Ej.
Therefore we have the following upper bound for M:
(A= DIE| + (B = 1)|Ey|

3

As observed by Goodman (1959), since the number of non-monochromatic
triangles is 1 >, oy dr (v)ds(v), s0

- (3> _ % S d(0)(N =1 = dy(v)),

veV

M <

where d,.(v) = |N,(v)|. Suppose di,ds,...,dy are any real numbers satis-
fying Zivzl d; = s. Then Cauchy’s inequality,

(&) <(54) &%)

by taking y; = 1, gives NZi\il d? > (Ef\il d;)? = s?, with equality if and
only if dy =dy =--- =dy = s/N. Hence

N
Zd —1-— -)—(N—l)s—;dfg(N—l)s—N.

Since »_, cy dr(v) = 2|E;|, application of the above inequality gives the
following lower bound for M:

(J:D — & (N_1_2|Nf7a»|)

RSN TS

M

v
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This inequality is strict unless % is an integer and d,.(v) = % for each

veV. Set
1/N 1/N
|ET|—2(2>+x and |Eb—2<2>—x,

where |z| < %(g) Then the two bounds for M give

NN -D)(N=5) 2 _ (A-1|E[+(B-1)|E|

24 N 3
B N(N—l)(A+B—2)+(A—B)x
N 12 3
Equivalently,
N(N —1)[N — (244 2B + 1)) < (A= B)x - %
24 - 3 N

Maximizing the right-hand side on variable z € (—o0, c0) without consid-
ering the constraint on x, the maximum value is taken at x = w and
we have
(A—B)?

3 )

which gives N — 1 < A+ B +2,/(A2 + AB + B2)/3 as required. m

(N —1)[N — (24 + 2B +1)] <

The following is a result often used in estimating small Ramsey numbers.
Corollary 1.1 (Walker,1968) Let n > 3 be an integer, then

r(n,n) <4r(n—2,n) + 2.

1.4 Hypergraph and Infinite Version x

We shall conclude this chapter with hypergraph and infinite versions of
Ramsey theorem.

A hypergraph G on vertex set V is a pair (V, &), where the edge set &
is a family of subsets of V. Let V(") be the family of all r—subsets of V.
If £ C V"), then G is called r—uniform. Thus a 2—uniform hypergraph
is just a graph. When & = V()| we say that G is complete, denoted by
Kff), where n = |V|. If all elements in V(") are colored in k colors, a subset
X C V issaid to be monochromatic when any element in X (T), not element
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of X itself, has the same color. That is to say, the subset X induces a
monochromatic complete sub-hypergraph of G.

Define 7",(:) (n1,...,ng) to be the minimum integer N such that every
coloring of V(") with |V| = N in colors {1,...,k}, then for some i, there

exists X C V with | X| = n; that induces a monochromatic Ky(:;) in color 7.

Write rl(;)(n) for 7“,(:)(717 cooyn), 7" (m,n) for rg)(m, n) and ri(ny,...,nk)
for r,(f)(nl, ...,ni). Note that r(V)(m,n) =m+n —1 and for r > 2,

o) _ [ max{m,n} ifr=min{m,n},
i (m,n) { min{m,n} if r > min{m,n}.

Theorem 1.6 Let r,m,n > 2 be integers. Then v(") (m,n) exists that sat-
isfies
M (m,n) < rr=H (T‘(T) (m —1,n), r (m,n — 1)) +1.

Proof. From the fact that r(l)(m,n) = m +n — 1 and the upper bound
that ) (s,t) < r®(s—1,t) +7®(s,t — 1) in the section 2, we see that the
assertion holds for 7 = 2. For 7 > 2, we assume that 7"~ (s, t) exists.

Let V be a set with N = ("1 (r("(m — 1,n), v (m,n — 1)) + 1 ver-
tices. For a given coloring ¢ : V(" — {red, blue}, a vertex v € V and
X =V \ {v}, define a coloring

¢: XD - fred blue}, &(S) = ¢(S U {v})
for S € X"~V as S U {v} € X", From the definition of »("~1(s,t) and

‘Xl = ’]”(Til) (’I‘(T)(m - 1777/), T(T) (m7n - 1)) ?

we see that either X contains a subset Y with |Y| = 7(")(m — 1,n) such
that Y("=1 is completely red in ¢, or X contains a subset Z with |Z| =
7" (n,m — 1) such that Z("=Y is completely blue in ¢ Without loss of
generality, we assume that the former is the case. We shall show that Y
contains either a subset A with |A| = m such that A is completely red
in ¢ or subset B with |B| = n such that B(") is completely blue in c.

We now have Y C X = V' \ {v} with |Y| = #(")(m — 1,n). Consider the
restriction of the coloring ¢ of V(") on Y("). From the definition, we know
that either Y contains a subset B with | B| = n such that B(") is completely
blue in ¢, we thus are done, or Y contains a subset Ay with |4g] = m — 1

such that A((Jr) is completely red in ¢. Set A = Ay U {v}, then |[A] = m
since v ¢ A. For any T € A if v ¢ T, then T € A" and hence ¢(T) is
red. Otherwise, S =T\ {v} € A(()r_l) C Y=Y 50 &(S) is red since Y ("1
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is completely red in & The definition of ¢ implies that ¢(T) is red since
¢(T) = &), thus A is completely red in c. O

The following is an infinite version of Ramsey theorem.

Theorem 1.7 Let V' be an infinite set and let r and k be fixed positive
integers. If all elements in V") are colored in k colors, then V has an
infinite subset X such that all elements of X (") have the same color.

Proof. The assertion is trivial for » = 1. We thus assume that r > 2 and
the assertion holds for smaller values of r.

Consider any coloring ¢ : V(") — {1,2,... k}. Let Vi = V and pick
any v1 € Vo, and then set Uy = V) \ {v1}. Define a coloring

€1 Ul(r_l) —{1,2,...,k}, c1(S) = c(SU{v1})
for any S € Ul(r_l)
subset V7 C U; such that all elements of Vl(r_l) have the same color in ¢y,
say k1. Hence any T € (V; U {v1})™) with v; € T has color k; in ¢ since
T\ {v1} € Vl(rfl) has color ky in ¢; and ¢(T) = ¢1(T \ {v1}). Pick any
vy € V1 and set Uy = V7 \ {va}. Define a coloring

. By the induction hypothesis there exists an infinite

cat UY ™Y = (1,2, k), ea(S) = ¢(S U {v2})

for any S € UQ(T’*U. Then there exists an infinite subset Vo C U, such
that all elements of VQ(T_l) have the same color in co, say ko. Hence any
T € (Vo U{v2})") with vy € T has color ks in ¢. Continuing the process we
have a sequence of infinite nested sets: V, 2 V4 D V5 D ..., and an infinite
sequence of distinct vertices vy, vs,vs,... with v; € V;_1 and v; € V;, and
a sequence of colors ki, ko, ... such that any T € (V; U {v;})(") with v; € T
has color k; in c.

Since the infinite sequence of ki, ks, ... takes only k different values,
there exists a subsequence ky,,kn,,..., taking a constant, say k’. Set
X = {Un,,Vny, ...}, which is an infinite subset of V. For any T' € X"
with T = {Umyy -y Um, }, m; € {n1,n9,...} and m; < ma... < m,, we
have Uy, -« - Um, € Vi, hence T € (Vi U {v,, D) with v,,, € T thus
¢(T) = ky, = k'. Therefore all elements of X (") have color k” in coloring
¢, completing the proof. O

The hypergraph version of Ramsey theory can be deduced from its in-
finite version.
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Lemma 1.1 Let V1, Vs, ... be an infinite sequence of pairwise disjoint sets
with 0 < |V;| < oo, and let G be the graph on V' = U;>1V;. Suppose that
each vertex in V; has at least one neighbor in V;_1. Then G contains an
infinite path vivy ... with v; € V; for all i > 1.

Proof. For any vertex v, € V,,, let f(v,) be one of neighbors of v,,. There
is a path of form as v,v,—1 ...v; with v; € V; and v;_1 = f(v;). Let P be
the set of all such paths, then P contains infinite paths of finite lengths.
Since Vi is a finite set, there is a vertex vy € V; that is the end of infinite
paths. Let P; C P be the set of all such paths. Among all vertices of
V5 that in some path of Py, there is vs that is contained in infinite many
paths of P; since V5 is finite and P, is infinite. Let P, C P; be the set
of paths that contains vertices v; and vy, then Ps contains infinite many
paths. Continue the process, we find vy, vs, ... with v, € V,, for all n > 1
such that they form a path of G. O

The least integer NV in the following theorem is r,(:) (n), which has been
introduced earlier, where r is the uniformity of the hypergraph and % is
number of colors. As usual, we write [IN] for the set {1,2,..., N} and N/
for {1,2,...}.

Theorem 1.8 Let r and k be given positive integers. Then for each n > 1
there is an integer N > 1 such that if all elements of [N]") are colored in
k colors, then there is S C [N] with |S| = n such that all elements of S
are in the same color.

Proof. Note that if the assertion does not hold for some n, then it does
not hold for any large values of n. So we may assume that for some fixed
n and for any N > r, there is a “bad” coloring ¢ : [N](") — [k] such that
if S C [N] with |S| = n, the S is not monochromatic in ¢. Denote by
Vy for the set of all such bad colorings on [N]("), then 0 < |Viy| < co. For
N > r and ¢ € Vy, the restriction of ¢ on [N — 1](") is an element of Vy_;
since it is bad. From Lemma 1.1, there is an infinite sequence ¢, ¢, 41, ... of
bad colorings with ¢y € Vi that is the restriction of ¢yy1 on [N] ("), For all
N >m > r, any coloring cy agrees on [m]™). So if X € N, then cy(X)
coincides for all N > max X. We define the this common value ¢y (X) as
¢(X) hence define a coloring ¢ : N") — [k]. Then c is a bad coloring on
N In fact, for any Y € N with |Y| = n, then Y C [N] for some large
N > r. So all elements of Y™ cannot have the same color since ¢ coincides
with the bad coloring ¢y on [N]). We thus reach a contradiction and
finish the proof. a
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Exercises
1.1 Prove Theorem 1.2.
1.2 Prove
— — -1 -1
o 4 T Iy 1+ ) < <m+p ) <m+P )
p

(A. Thomason, 1982.)

1.3 Let G be a graph of order of N. Prove that the number of triangles
contained in G and G ‘is

N 1
(3) ) > d@)(N =1 —d(v)).
veV(G)
(R. Goodman, 1959.)
1.4 Let k > 2. Prove that

(ng+ -+ ng)!

T(n1+177nk+1)§ | |
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Chapter 2

Small Ramsey Numbers

2.1 Ramsey Folklore

What are exact values of r(m,n)? To answer this is more challenging than
to prove the existence of them. As mentioned in Chapter 1, if N = r(G, H),
there exists a graph F of order N — 1 that contains no subgraph G and F'
contains no H, F is then called Ramsey graph or extremal graph for r(G, H).
To illustrate the idea, we shall find the first four nontrivial classical Ramsey
numbers, which are folklore in graph Ramsey theory.

Theorem 2.1 FEzact values of four Ramsey numbers are as follows.
r(3,3) =6, r(3,4) =9, r(3,5) = 14, r(4,4) = 18.

Proof. By the upper bound in Theorem 1.3 in Chapter 1, we have r(3,3) <
(3) = 6. More direct proof is easy. Let F' be a graph of order 6 and
v € V(F). Then v has at least three neighbors in F or in F, say, three
neighbors S = {v1,vs,v3} in F. If any two vertices in S are adjacent, then
these two vertices and v form a triangle. Otherwise, S induces an triangle
in F. Thus 7(3,3) < 6. To show 7(3,3) > 5, just note Cs = C5, which
contains no K3. So C5 is an extremal graph of r(3, 3).

Since both 7(3,3) = 6 and r(2,4) = 4 are even, by Theorem 1.4 in
Chapter 1, we have r(3,4) < 9. Also,

r(3,5) <r(2,5) +r(3,4) < 14. (2.1)

To obtain a lower bound of r(3,5), let us consider the graph G on
vertex set Z13 = {0,1,2,...,12} (the integers modulo 13). Denote by
A =1{1,5,8,12} = {£1,£5}, which are non-zero cubic  (mod 13) of Z3.

15
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Connect vertices ¢ and j by an edge if and only if |i — j| € A. It is easy
to check that G is triangle-free and a(G) = 4. Thus r(3,5) > 14 hence
r(3,5) = 14. Furthermore the equality holds in (2.1) so r(3,4) = 9.

From 7(3,4) = 9, we have r(4,4) < 2r(3,4) = 18. To get a lower bound,
let us consider the graph with vertex set Z17 = {0,1,...,16}, in which i and
j are adjacent if and only if ¢ — j € {£1, £2, £4, +8}, the set of non-zero
quadratic (mod 17). This graph shows that r(4,4) > 18. We will see the
lower bound again by Paley graph later. a

Greenwood and Gleason (1955) computed the four exact values as in
above theorem. They also found the right values of r(3,3,3) = 17, whose
right upper bounds can be obtained by Theorem 1.1 in Chapter 1. The
lower bound of r(3, 3,3) will be in the next section, which is the only known
exact value among all nontrivial classical Ramsey number of three or more
colors. Graver and Yackel (1968) found that of #(3,6) = 18 and (3, 7) = 23.
No any other classic Ramsey number is found without aid of computers.
Using the computers, Grinstead and Roberts (1982) found that r(3, 8) is 28
or 29 addition to the exact value of r(3,9) = 36; Mckay and Zhang (1992)
finally determined r(3,8) = 28. MaKay and Radziszowki (1995) computed
r(4,5) = 25.

For fixed integer k£ > 2 and graphs G; with small orders, the exact value
of r(Gy,...,Gy) is called small Ramsey numbers. Radziszowski’s dynamic
survey (1994) offers up-to-date information on small Ramsey numbers. All
known non-trivial classical Ramsey numbers r(m,n) and some bounds at
present are listed in the following table.

m\n || 3] 4 5 6 7 8 9 10

3 6] 9 14 18 23 28 36 10/43

1 18| 25 35/41 | 49/61 56,/84 69/115 92/149

5 43749 | 58/87 | 80/143 | 101/216 | 121/316 | 141-442
6 102/165 | 111/298 | 127/495 | 169/780 | 178/1171
7 205/540 | 216/1031 | 232/1713 | -/2826

8 282/1870 | 317/3583 | -/6090

9 565/6588 | 580/12677
10 798/23556

Table 1 Some values and bounds of r(m,n).

The paucity of known exact values r(m, n) indicates the difficulty in this

area. Also this paucity stimulates our curiosity to find more classic Ramsey
numbers. The following story came from Ten lectures on the probabilistic
method by Spencer (1994).
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Erdds asks us to imagine an alien force, vastly more powerful than us,
landing the earth and demanding the value of r(5,5) or they will destroy
our planet. In this case, he claims, we should marshall all our computers
and all our mathematicians and attempt to find the value. But suppose,
instead, that they ask for r(6,6). In that case, we should attempt to destroy
the aliens.”

Perhaps as the improvement of computers and algorithms, the value of
r(5,5) will be obtained in the near future. But for a bit larger n, the exact
value of r(n,n) is still far away from tractable. However, more “exact”
results are known on generalized Ramsey numbers. We will discuss some
of them later in this chapter.

2.2 Finite Field and r3(3)

In this section, we introduce a construction by a finite field. About finite
fields, one of basic facts is that there exists a ¢ element field F(q) if and
only if ¢ ia a prime power. A finite field F(q) is often called Galois field
so denoted by GF(q). For the simplicity, we use the notation F(gq) or
F,. When ¢ = p is a prime, the addition and multiplication in F(p) are
more pleasing since they are arithmetic mod p. A bit later, we will see
the operations in F(p™) with m > 2 are different (only in appearance
essentially). Set F*(q) = F(q)\{0}, then F*(q) is closed for multiplication.
In fact it is a multiplicative group. However, If ¢ = p™ is a power of prime
p and if x € F(q), then pz = 0, where px is the sum of x of p times. Any
element of F*(q) satisfies that the equation z9~! =1 (mod q), hence any
element of F'(q) satisfies the equation 29 =z (mod g).

Let us look a more specific case. The following Fermat theorem is well
known in elementary number theory.

Theorem 2.2 (Fermat Theorem) If prime p and positive integer a sat-
ngy (avp) = 17 then ap71 - 1 (mod p)

Set Z, = {0,1,---,p— 1} and Z; = {1,2,---,p — 1}. So the Fermat
theorem ensures that any z € Z satisfies =1 =1 (mod p). Here Z, is
a field of order p, and it is the unique field of order p up to isomorphism.

Using finite field, Greenwood and Gleason in 1955 constructed a graph
giving the right lower bound of r3(3), in which more essential properties
of finite field F(p™) with m > 2 are involved. This is the only graph
producing the right lower bound for ri(n) with £ > 3 and n > 3. Let us
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begin with some basic properties involved in the construction. Of course,
we shall constrain ourselves with what are needed here.
Let F be a (finite or infinite) field. A polynomial

f(@) = apx™ + ara™ ' 4t ap,

is called a polynomial on F' if any coefficient a; € F'. Denote by F[z] for the
set of all polynomials on F. Then F[z] is a ring on ordinary addition and
multiplication of polynomials. The polynomial f(z) on a field F' is called
primitive if it is irreducible and ag = 1. We now define an equivalence
relation = on F[z] for with g1 (x) = go(2) if and only if f(2)|(g1(z) — g2(x)),
that is to say, the reminders of g1 (x) and go(z) are the same when they are
divided by f(x). Let

gi(x) = f(2)hi(z) + ri(z),

where h;(x),r;(x) € Flx] with the degree of r;(z) is less m. Denote by
(g(x)) for the equivalence class that contains g(z), then (g;(z)) = (r;(x)),
and g¢1(x) = ga2(z) if and only if r(z) = ra(z). Let F[z]/(f(x)) be the
set of all equivalence classes. Operating addition and multiplication on
Flz]/(f(z)) in an obvious way, we have a filed called quotient field.

By identifying any element a € F as the element (a) € F[z]/(f(x)),
we see that Fx]/(f(x)) is an extension field of F, and any polynomial
g(xz) on F is a polynomial on F[z]/(f(x)). In the extension field, the
polynomial f(z) is reducible. In fact, the element (x) is a root of f(z) in
F[z]/(f(z)). Denote the root by 3, then F[x]/(f(x)) is a linear space with
basis {1,3,..., 3™}, where m is the degree of f(x).

To make this construction clearer, let us look the complex field in an
algebraically constructive way. The polynomial f(z) = 2% + 1 is primitive
on real number field R. Denote the root of f(z) = 22 +1 by 4, then i = —1
and any complex number can be expressed as a + bi with a,b € R, where
a + bi is a signification of the element of (a + bx) of the quotient field
R[z]/(z* +1). Here {1,i} forms a basis of complex field over real field R.

Recall that for a prime p, Z,, is a field in which the addition and multipli-
cation are operated on (mod p). From the previous discussion, we know
that a finite field GF(p™) of order p™ can be isomorphic with Z,[z]/(f(x)),
where Zp[z] is the polynomial ring on Z,, and f(x) is a primitive polynomial
on Z, of degree m. Note that the number of polynomials with degree less
than m is p™, which is exactly the order of Z,[z]/(f(x)) by the mentioned
reason.

Let 3 be a root of f(x), then the elements of GF(p™) can be expressed
as

0753/627"'75q_1 =1,
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where ¢ = p". The above expression is only convenient for multiplication as
B339 = B+, However, the operations are on (mod f(x)). For example,
if 2¥ = h(z)f(x) + r(x), where h(x),r(z) € Z,[z] with the degree of r(x)
is at most m — 1, then 3* = r(3). The uniqueness is the advantage of the
expression r(3) for 5.

We now consider F' = GF(2*), which is isomorphic to Zo[z]/(z*+z+1)
since % 4+ 2 + 1 is a primitive polynomial in Zs[z]. Let 3 be a root of
2% + z + 1, then the elements of F' may be identified as

{0757/627-"7515 = 1}7

in which 1, 8, 32, 32 form a basis of F as a linear space on Zs.

0=0 B2 =1+p"

=5 F=3+F

p=p pU=1+p3+p
=5 T =0+5 175
Bl=1+p BP=1+p+3+ 5
B =p+p pr=1+p5"+p
56252_1_53 514:1+63

BT =1+6+5 [ B =1

Table 2 The elements in a field GF(16)

Note that —f(8) = f(B) since —f(z) = f(x) in Z3[z]. Let Ay be the
set of all cubic residues of F* = F'\ {0}, then

AO = {ﬁSa 667 697 ﬂ127 /615}
(8%, 6+ 8%, B+ 0% 14+ 8+ 0°+ 0% 1}.
It is easy to see that Ag is a subgroup of multiplicative group F*. Set
A=A = {1408, 1+ 6+ 0% 1+5+5°% 1+ 5+, 6}

and
A2 :ﬂ2AU = {ﬂ—i_ﬁQa 1+/827 ﬁ+ﬂ2 +ﬁ37 1+53752}'

The sets Ag, A1, Ao are cosets of Ay in multiplicative group F*. A set
S C F* is called sum-free if for any s,t € S, s+t ¢ S. Observe that Ay is
sum-free from the above table hence As and A3 are sum-free.

We now construct a complete graph on vertex set formed by elements
of F'. Color the edge connecting vertices u and v with color i if u —v € A;.
Since u —v = u +v in F = GF(2*), the order of difference is immaterial.
Also, u— v # 0 for distinct u and v, so all edges are colored in three colors.
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Lemma 2.1 There is no monochromatic triangle in the above construc-
tion.

Proof. For any three distinct vertices u,v,w, assume that the edges uv
and uw are colored in 4, then v —u € A;, w —u € A;. Thus

w—v=(w—u)+(u—v)&A;

since A; is sum-free. O

Theorem 2.3 r3(3) = 17.

Proof. The graph constructed above shows that r3(3) > 17. The right
upper bound has been mentioned in Chapter 1 by

r(3,3,3) < 3r(3,3) —3+2=17.

A direct proof is easy. For any edge coloring of K;7, a vertex v is adjacent
to at least 6 vertices in one color among 16 other vertices. If there is an
edge among these 6 vertices is colored ¢, then we have a monochromatic
triangle in color 4, otherwise all these edges must be in other two colors,
which yields also a monochromatic triangle since r(3,3) = 6. O

This construction also gives r(3,6) > 17 if we blend two of the colors,
which is close to the right value r(3,6) = 18. The above construction can
be generalized as follows.

Let F' = GF(q) be a Galois field of order ¢. If the multiplicative group
F* = F\ {0} has a sum-free subgroup S that contains —1, then r(3) > g,
where k = (¢ — 1)/|95].

The subgroup S consisting of all kth power residues contains —1, where
k is odd. Finding such S that is sum-free with many elements as possible
seems to be reasonable.

2.3 Paley Graphs

We have seen some recursive bounds in last chapter. However they are
not effective on estimating larger classic Ramsey numbers. For the lower
bounds, the situation is even worse.

Property 2.1 Let m and n; be positive integers. Then

r(m,niy +ng —1) > r(m,ny) +r(m,ng) — 1.
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Proof. The proof is trivial. Let G; be a graph of order r(m,n;) — 1 that
contain no K, and a(G;) < n; — 1. Then the graph G = G1 UG5 contains
no K, and a(G) < ny + ny — 2, so the required inequality follows. O

The following result is also trivial.
Property 2.2 Let m; and n; be positive integers. Then

r(mims + 1,n1ny + 1)
> [rmi+1Ln+1)—1][r(me+1,no+1) = 1]+ 1.

Proof. Let G be a graph of order Ny = r(m1+1,n;+1)—1 with w(G) < my
and a(G) < ny. Let H be a graph of order No = r(mg + 1,ny +1) — 1
with w(H) < mg and a(H) < nz. One can “blow up” the graph G by H
as follows. For any vertex v of G, replace v by a copy of H, denoted it
by H,. For any pair of vertices z and y from distinct copies H, and H,,
x and y are adjacent if and only if u and v are adjacent. Inside the same
copy H,, the adjacency of H is preserved. Clearly, the clique number of
new graph is at most mims and its independent number is at most nins.
So the claimed inequality follows. a

On the other hand, we have been successful to obtain the right lower
bound of r3(3) by using finite field. Let us return to finite fields for help.

An element a € F(q) is called a quadratic residue mod ¢ if there exists
x € F(q) such that @ = 22 (mod ¢). A property of F(p) concerning
quadratic residue is the following theorem.

Theorem 2.4 (Euler) Letp be an odd prime. Anya € F*(p) is a quadratic
residue mod p if and only if a?=1/2 =1 (mod p); and it is a quadratic

non-residue mod p if and only if a?~V/2 = —1 (mod p). Furthermore,

half of elements in F*(p) are quadratic residue, and the other half are

quadratic non-residue.

Proof. Let p = 2k + 1 and let g(x) be a polynomial as
g(x) = 2252 4 a4y g 20k 4 gk
where a € F*(p). Then x?* — a* = (22 — a)g(z). Thus

a? —z = (2P —a®P V2 4 (aPV2 _1)g

= (2% —a)zg(x) + (a(p_l)/2 — 1)z

If a is a quadratic residue mod p, then a?~1/2 = 1 (mod p). On the
other hand, if a(»~1/2 =1 (mod p), then 22 — a can divide 2P — x, which
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has p roots in F(p), namely, all elements of F(p), thus g(x) has (at most
hence exactly) 2k — 2 roots and z? — a has two roots in F(p), so a is a
quadratic residue mod p.

From the Fermat’s theorem, we have

(@ D/2 £ 1) (@~ D/2 1) =0 (mod p).

By what just proved, we see that a is a quadratic non-residue mod p if and
only if a»~1/2 1 =0 (mod p).
Consider the equation

P71 —1=0 (mod p), (2.2)
which is equivalent to
2P D/211=0 (modp) or P V/2_-1=0 (mod p). (2.3)

Each element of F'*(p) is a solution of equation (2.2), so it is a solution of
one of equation system (2.3). But each of the equation system (2.3) has at
most (p — 1)/2 solutions so it has exactly (p — 1)/2 solutions, completing
the proof for the second part of the theorem. O

Corollary 2.1 Letp be an odd prime. For any a,b € F*(p), then the prod-
uct ab is a quadratic residue mod p if both a and b are quadratic residue
or both are non-residue; and ab is a quadratic non-residue mod p if one of
a and b is quadratic residue and other is a non-residue.

O

It seems to be necessary to discuss the density of primes. We know
that there are infinite many primes. As usual, let f(n) ~ g(n) signify that
f(n)/g(n) — 1 as n — oo, and let 7(n) be the number of primes p with
p < n, then 7(n) ~ n/logn, called the prime number theorem. For any
pair of positive integers a and b with 0 < b < a and (a,b) = 1, let us write

Za(b) = {ta+b:t>0}.

Dirichlet’s theorem tells us that Z,(b) contains infinite many primes. De-
note by m(n;a,b) for the number of primes p € Z,(b) with p < n. The
following result is usually called Siegel-Walfisz Theorem, in which ¢(a) is
the number of integers b € {1,2,...,a} with (a,b) = 1.

Theorem 2.5 Let a and b be positive integers with 0 < b < a and (a,b) =
1. Then n

7w(n;a,b) ~ () logn
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as n — oo. Equivalently, the nth prime in Z,(b) is asymptotically equal to
d(a)nlogn. Consequently, if p' and p” are two consecutive primes in the
set Zq(b), then p’ ~ p" as p’ — co.

By the facts that m(n) = w(n;1,1) and ¢(1) = 1, we see that the prime
number theorem is a special case of the above theorem. In the following
corollary, we write p,, for the nth prime.

Corollary 2.2 As n — oo, w(n) ~ n/logn, which is equivalent to p, ~
nlogn. Consequently, pn ~ Ppiy1-

Another way to describe the density is the estimate the difference p,, 41—
pn. It has been shown that for some constant ¢ with 0 < ¢ < 1, ppy1 —pn <
pS, for all large n. At present, the best known value of ¢ is less 11/20.

The first application of Theorem 2.5 is the case a = 4. Since ¢(4) = 2,
so asymptotically, there are half primes p < n in form p =1 (mod 4) and
half that p < n in form p =3 (mod 4). The common asymptotical value
is n/(2logn).

The Paley graph G, is defined as follows. Let p = 1 (mod 4) be a
prime and let F(p) be a p element field. The vertex set of G, is F(p), and
its edge set is formed by connecting two vertices x and y with an edge if and
only if x —y is a quadratic residue mod p. Note that if p = 4n+1 for some
integer n > 1 hence x — y is a quadratic residue mod p if and only if y — x
is. Thus = and y are adjacent if and only if (z —3)®~1/2 =1 (mod p),
and they are nonadjacent if and only if (z — y)®~1/2 = —1 (mod p).

As an example, it is easy to verify that G5 is C5, which is the Ramsey
graph for r(3,3).

In this chapter, we only define the Paley graph for prime p so that the
proof is simplified. Also, their parameters such as clique numbers are easier
to find by computers. In fact, the Paley graph can be defined for any prime
power.

A graph G of order n is said to be a strongly reqular graph with parame-
ters n, k, \, u, denoted by srg(n, k, A\, u) in short, if it is k—regular, and any
pair of vertices have A common neighbors if they are adjacent, or 4 common
neighbors if they are not adjacent. It is easy to see that the complement of
an srg is also an srg.

Proposition 2.1 Let G be an srg(n,k, \, u), then its complement is also
an srg(n, ki, A1, p1) with

kl = n—k—l,
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A = n—2k+pu—2,
w = n—2k+ A\

The union mKjy, is an srg(mk,k—1,k—2,0), where = 0. On the other
hand, let G be an srg(n,k, A, n). If 4 =0, then G is a union of complete
graphs with the same order. A relation among the parameters is as follows.

Proposition 2.2 Let G be an srg(n,k, A, 1), then
E(k—A—1)=pn—k—1).

proof. Consider a vertex x and partition the other vertices into N(z) of
neighbors of z and M (x) of non-neighbors of z. By the definition, N(z)
contains k vertices, and M (x) contains n — k — 1 vertices. Each vertex of
N(x) is adjacent to A vertices in N (z), and hence k— A —1 vertices in M (x).
Each vertex in M (z) is adjacent to u vertices in N(z). Counting the edges
between N(z) and M (z) in two ways, the required equality follows.

Theorem 2.6 Let p =4n+1 be a prime. Then the Paley graph G, is an
srg(dn 4+ 1,2n,n — 1,n). Furthermore, it is self-complementary.

Proof. Let V(G,) ={0,1,...,p—1}. Fix a vertex ¢, for any j € V, j # i,
among all differences j — i, exact (p — 1)/2 of them are quadratic residue
mod p by Theorem 2.4, so the degree of i is 2n = (p — 1)/2 hence G,, is
2n—regular. Fix a € F*(p) that is a quadratic non-residue mod p, define

a map ¢ as
6:V(Gy) = V(G,), ¢(a) = ax.

From Corollary 2.1, it is easy to check that z — y is a quadratic residue

mod p if and only if ¢(z) — ¢(y) is a quadratic non-residue mod p, so it is

an isomorphism between G, and G,. Hence G, is self-complementary.
Consider any edge ij of G,. It is easy to know that the map

¥ V(Gy) = VI(Gy), ¥(x) = (x—1) /(G — 1)

is an automorphism of G, with (i) = 0 and ¢ (j) = 1. Hence the number
of common neighbors of ¢ and j is as the same as that of 0 and 1. Similarly,
the number of common neighbors of any pair of non-adjacent vertices is the
same. So G, is a strongly regular graph with order 4n +1 and k = 2n. Set
the other parameters as A and . Thus by Proposition 2.1, we know that
G, is an

srg(dn+ 1,2n, 0 — 1, A+ 1).

Since G, is self-complementary, we have g = A + 1. Then by Proposition
2.2, we get A\=n—1and p = n, hence G is an srg(4dn+1,2n,n—1,n). O
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Denote by B,, = K5+ K,, which contains n triangles sharing a common
edges. We call B, as an n—book. Look back the Paley graph G, with
p = 4n + 1, it contains no B, and G’ip contains no B, since G, is self-
complementary. This fact yields that r(B,, B,) > 4n + 2. In fact the
equality holds for all n with 4n + 1 is a prime.

Theorem 2.7 (Rousseau-Sheehan,1978) Let m and n be positive inte-
gers that satisfies 2(m +n)+1 > (n —m)?/3. Then

7(Bm,Bn) <2(m+n+1),
and if 4n+ 1 is a prime, then r(B,, B,) = 4n + 2.

Proof. From the facts that K, can be obtained from B,, by deleting two
vertices and 7 (K, By,) = m, and Theorem 1.5 in Chapterl, we have

T(BmaBn) S m+n+2+2\/(m2+mn+n2)/3

To get the upper bound as desired, note that the Ramsey number is an
integer, we need only to verify that

2v/(m2 +mn+n2)/3<m+n+1,

which is equivalent to 2(m +n) +1 > (n — m)?/3, as given. The lower
bound for the equality is given by Paley graphs as mentioned . ]

2.4 Conjunction of Paley Graphs

Return to the classic Ramsey numbers, the interesting facts are that G5 =
C5 is the Ramsey graph for r(3,3) and G17 is a Ramsey graph for r(4,4).
Unfortunately, no other Paley graphs are found to be the “exact” Ramsey
graphs. However, they still give good lower bounds. Using the computers,
Shearer (1986) and Mathon (1987) independently calculated some a(G,) =
w(Gp) for small prime p listed in Table 3. Let k = a(G)) = w(Gp), then
r(k+1,k+1) > p+ 1. They found that some form of conjunction of two
copies of G, can give r(k+2,k+2) > 2p+3. (Mathon’s construction needs
to change slightly).

Theorem 2.8 Letp=1 (mod 4) be a prime and let k = w(G,) = a(G,).
Then ro(k+2) > 2p+ 3.
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Proof. Set the vertex sets of two copies of G, to be
V={0,1,...p—1} and V' ={0,1,...,(p—1)},

respectively. Let H, be the graph on vertex set VU V' U {\ X'}. Let A
connect with V', and A connect with V'’ completely. Then add the edges
connecting any two vertices x and ¢/, if and only if  and y are not adjacent
in Gp. Writing it in details, the edge set contains (A, ') and

(z, \), (', X)), (z,2), rzeV
(x,y), (@",y") (z,y) € E(Gp)
(@,9), (", y) (z,y) & E(Gp)

Note that all “crossing” edges of form (x,z’) are in the edge set of H,.

Claim 1. w(H,) = w(G,) +1 =k + 1. Let S be a maximum clique
of H,. Clearly |S| > 3. It is easy to see that |S| > k + 1 since X and a
maximum clique of G, form a clique of size k+1. Also, ifz € Sthena’ ¢ S
since they do not have any common neighbor. We then need to verify that
S| <k+1.

Case 1. A€ Sor X € S,say A € S. Then S\ {\} is a clique of G, thus
S| <k+1

Case 2. Neither A nor )\ is in S. Assume

S = {mla"'axﬂ’mylla"'ay;}a
where x;,y; € V and x; # y; for ¢ # j. That means
e x; —x; and y; — y; are quadratic residue mod p;

e y, — x; are quadratic non-residue mod p, that is to say, y; — z; are
quadratic residue mod p.

Then for any a € V, the set {1 —a,...,zm —a,(y1 —a),...,(yn —a)'} is
also a maximum clique of H),. Hence we may assume that

S={0,72,...,Tm, YL, Yn}
and
e z;, r; —x; and y; — y; are quadratic residue mod p;
e y; and y; — x; are quadratic non-residue mod p.

Set
T={1/za,...,1/xm,1/y1,...,1/yn},
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where 1/x is the inverse of z in field F(p). It then suffices to verify that T
is a clique of G, for Claim 1. For any ¢ # j,

( 1 1 >(p—1)/2 B (xj _mi)(p—l)/Q

(_jS;(;j)(P_l)/Q

=1 (mod p),
xZ; €

so 1/z; and 1/z; are adjacent in G, since x; and z; are adjacent in Gp.
Similarly, 1/y; and 1/y; are adjacent in G,. For any ¢ and j, note z; — y;
and y; are quadratic non-residue mod p, then

Ti  Yj

(p—1)/2 e \(p—1)/2 —
11 e 1
:Mzizl (modp%

()00 =

so 1/x; and 1/y; are adjacent in G, as required.

Claim 2. «o(H,) = w(H,) = k+ 1. Clearly a(H,) > k + 1 since a
maximum independent set in G, and X form an independence set of size
k+1in Hp. To verify the inverse inequality, let H be the graph obtained
from H,, by deleting crossing edges of form (z,2’) with 2 € V and (A, X). It
is easy to see that H is isomorphic to H, by extending the self-isomorphism
of G, and G,. Thus

From Claim 1 and Claim 2, both H,, and H,, do not contain clique of size
k+ 2, so ro(k +2) > |V(Hp)| + 1, completing the proof. O

In the following table, the entries in the first column are values of k =
w(Gp) = a(Gp); the second column p; and the third column p, are the first
and largest such prime p that w(G,) = k; the fourth column are number of
such primes p; and the last two columns are the lower bounds obtained by
Theorem 2.6 and Theorem 2.8, in which the better one of two lower bounds
is listed only, and r(k) = ra(k) = r(k, k).
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a(Gp) || ¢ Do n | rla+1)>pe+1|r(a+2)>2p+3
2 5 5 | 1 r3) > 6
3 13 | 17 | 2 r(4) > 18
1 20 | 37 | 2 (5) > 38
5 i1 | 101 | 6 7(6) = 102 7(7) = 205
6 97 109 | 2
7 113 | 281 | 10 (8) > 282 (9) > 565
8 173 | 373 | 7
9 229 | 797 | 15|  r(10) > 798 (1) > 1597
10 | 557 | 700 | 3 r(12) > 1421
11 | 433 | 1277 | 32 (13) > 2557
12 613 | 1493 | 13 r(14) > 2989
13 853 | 2741 | 53 r(15) > 5485
14 1373 | 2801 | 17 r(16) > 5605

Table 3 Independence numbers of small G,

Note that the best known lower bounds of ro(n) for n > 6 at present
come all from Table 3.

The lower bound r(12,12) > 1421 in last column can be improved as
r(12,12) > 1618 by using Property 2.1 twice and the fact r(11,11) > 1597.

It is time to propose a problem concerning the asymptotic behavior of
diagonal Ramsey numbers r2(n).

Problem 2.1 Prove or disprove that for any € > 0 fized, then
ro(n+1) > (2 — €)ra(n)
for all sufficiently large n.

Denote by By, , for the graph K,, + K, in which n isolated vertices
are adjacent to each vertex of a K,,. Thus By, = K, and By, = B,.
We have shown that 7(Bs,,) < 4n + 2. It is easy to see that r(Bi,) <

2r(Kpn, B1.,,) = 2n. The following is a conjecture of A. Thomason (1979).
Conjecture 2.1 For all positive integers m and n,
r(Bmn) <2™(m+n—2)+ 2.

This conjecture is very hard even its special case. For example, it implies
that r(K,,) has an upper bound (m — 1)2™~! 4 2 from the fact that

T(Km) é T(Bmflm)
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since either m vertices induces an independent set or they contain an edge
which together with K,,_o yielding a K,,.

2.5 Some Linear Formulas

As we have mentioned, more “exact” results have been obtained on gener-
alized cases. Some of them are formulas. But all these formulas are linear.

The first generalized Ramsey number was due to Gerencsér and Gyarfas
in 1966, who computed the Ramsey number r(P,,, P,). However, the gen-
eral problem was anticipated in a paper of Erdés (1947), in which the right
upper bound for r(P,,, P,) was determined.

Theorem 2.9 Let n > m > 1 be integers and let P, be a path of length n.
Then
(P, Pn) =n+ [(m+1)/2].

Proof. We only write the proof of the diagonal case, the proof for general
case is similar. So we shall show

(P, P,)=n+|[(n+1)/2].

The assertion is trivial for n = 1 and n = 2, so we assume n > 3 and the
assertion holds for n — 1. The facts that the graph G = K,, U Ky, where
¢ = |[(n —1)/2] and its complement contain no P, give r(P,,P,) > N,
where N = n+ [(n 4+ 1)/2]. Let us consider an edge coloring of Ky in
red and blue. We shall show that there is a monochromatic path of length
n. If not, by assumption, we have a monochromatic, say red, path P of
length n — 1. Consider two disjoint blue paths @; and Q)2 consisting of
edges between V(P) and V(Ky) \ V(P), such that their end-vertices are
in V(Kn)\V(P), and they do not contain end-vertices of P. Furthermore,
the sum of their lengthes are maximum. We shall prove that the following
claim by induction on n.

Claim. V(P)UV(Q.)UV(Qs) = V(Ky).

Tt is easy to see that [(V(Q1)UV(Q2))\V(P)| > 2 since otherwise there
is at most one vertex outside V(P) so |V(P)| > N —1 > n+ 1. Thus

[V(P)UV(Q1) UV(Q2)| >n+2.

Suppose to the contrary, the claim is false, there is a vertex € V(Ky)
with © € V(P)UV(Q1) UV (Q2). From the structures of @1 and @,

V)N V(@)] = 5(V(@) ~1) = [V@Q)\V(P) ~ 1.
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Thus we have

V(PN (V(Q1)UVI(Q2)] = n+2—|(V(Q1)UV(Q2))\V(P)]
n+2—[V(Kn)\V(P)|
n+2—|(n+1)/2]

In/2] +2.

V

Thus at least |n/2] + 3 vertices of P, hence at least |[n/2] 4+ 1 internal
vertices of P are not covered by ()7 U Q2. This implies that there is an
internal edge uv of P such that u,v ¢ V(Q1 U Q2).

One of edges zu and xv, say xu, must be blue as otherwise the length of
P can be increased by replacing uv by ux and xv. Denote by ug, vg, u1, v1, Uz, V2
for the end-vertices of P,Q1,Q2, respectively. Then the edge uyv and vus
must be blue by the same argument as above. Now

Q) = Q1+ u1v + vus + Q2,

and Q) = {z} are two paths with the sum of lengths greater than that
of Q1 and @, satisfying the same conditions, yielding a contradiction and
proving the claim.

Consider the four edges uguy, ugus, vov1, vova. All of these are blue by
the maximality of P. Therefore the cycle

C = Q1+ uruo + uouz + Q2 + va2vg + vous

is monochromatically blue. Since the vertices of C' are in V(P) and out of
V(P) alternatively, the length of C is

2N —n) =2[(n+1)/2].

If n is odd, the length of C' is n 4+ 1, which gives an path of length n by
removing an edge of C. So we assume that n is even and the length of
C is n. If there is a blue edge between C' and V(Ky) \ V(C), we can
find such blue path again. Thus we assume that all edges between C' and
V(Kn)\ V(C) are red. The a red path with length 2|(n +1)/2] > n can
be found easily. This contradicts to the maximality of P, completing the
proof. O

The following is an early result of Chvétal and Harary (1972).
Theorem 2.10 Let n > 1 be an integer. Then

2n —1 if n is even

r(Kin) = { 2n if n is odd.
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Proof. From the recursive bounds in Section 1, we have
T(Kl,n) < 27‘(?“,}(17") = 2n.

For an even n, the above inequality is strict. Let G be the graph K, ;U
K,—1. Then A(G) =n —2 and A(G) = n — 1, which shows that r(K; ,) >
2n — 1 hence r(K7,,) =2n — 1.

For an odd n, take disjoint vertex sets V; for i = 1,2, and U; C V; with
|[Vil =n —1 and |U;] = (n — 1)/2. Consider a graph on vertex set V; UV,
and one more vertex w. The edge set consists of all edges in Vi and V3, a
match between U; and U; of size (n —1)/2, and all edges connecting w and
Vi \ Uy and V5 \ Us. This is a regular graph of order 2n — 1 with degree

n — 1, which yields that r(Ky ,) > 2n hence r(K;,,) = 2n. O

The above result was generalized by Burr and Roberts (1973).

Theorem 2.11 Let m and n be positive integers. Then

P (K1 s K1) = { m+n—1 if m and n are both even

m-+n otherwise.

We need some lemmas for the proof of the above result. A factor of
a graph G is a spanning subgraph of G. If Gy,...,Gj are pairwise edge-
disjoint factors of G such that E(G) = U¥_, E(G;) , then we say that G is
the edge sum of the factors G,...,Gg. An r—regular factor of a graph G
is referred to as an r—factor. If there exists a factorization of G such that
each factor is a r—factor, then we say that G is r—factorable. A 1—factor
of a graph (of even order) is a perfect matching of the graph. A cycle of a
graph G containing all vertices is called a hamiltonian cycle.

Lemma 2.2 Let n > 1 be integer. Then Ko, is 1—factorable, and Koy 11
can be factored into n hamiltonian cycles.

Proof. The result is trivial for n = 1. Thus we assume that n > 2. Set
V(Ka,) = {vo,v1,...,v2,—1}. Arrange the vertices vy, va,...,v2,—1 in a
regular (2n — 1)—gon, and place vy in the center. Joint every two vertices
by a straight line segment. For ¢ = 1,2,...,2n — 1, define the edge set
of the factor F; to consist of the edge vgv; together with all those edges
perpendicular to vyv;. Then each F; is a perfect matching and Ko, is
factored into Fi,..., Fo,_1.

For the second assertion, set V(Kan11) = {vg,v1,...,02,}. Arrange
the vertices vy, vg,...,v9, in a regular 2n—gon, and place vy in some other
convenient position. Joint every two vertices by a straight line segment
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producing a Ko,11. Define the edge set of the factor Fy to consist of edges
Vo1, VoUn+1, all edges parallel to v1ve and all edges parallel to vave,. In
general, for ¢ = 1,2,...,n, define the edge set of the factor F; to consist
of edges vou;, VoUy14, all edges parallel to v;v;41 and all edges parallel to
V;4+1Vi—1, where the subscripts are expressed modulo 2n. Then each F; is a
hamiltonian cycle and Ky, 41 is factored into Fy, ..., F,. O

Proof of Theorem 2.11. From the recursive upper bounds in Section
1, we have

T(Kl,n"uKl,n) S T(quKl,n) + T(Kl,myfn) =m+ n,

and if m and n are both even, the inequality is strict. The upper bound
required follows.

If each of m and n is odd as is m +n — 1. By Lemma 2.2, the edge
set of the complete graph K, 1,_1 can be partitioned into (m +n — 2)/2
hamiltonian cycles. Let R and B be the edge sums of (m—1)/2 and (n—1)/2
of these cycles, respectively. Then R is an (m — 1)—regular and B is an
(n — 1)—regular, which yields that 7 (K1 m, K1) > m+n.

Assume that one of m and n is odd and one is even. Then m +n —1 is
even. By Lemma 2.2, the complete graph K,,,,—1 is 1—factorable. Let R
and B be the edge sums of m — 1 and n — 1 of these factors, respectively, so
that R is (m — 1)—regular and B is (n — 1)—regular. Thus r(K; , K1) >
m+n.

Finally, assume that both m and n are even. Then m +n — 2 is even
and K, 1,2 can be factored into m + n — 3 matchings. Let R and B be
the edge sums of m — 1 and n — 2 of these matchings, respectively, yielding
that r(Ky , K1,n) > m+n — 1 and completing the proof. O

We have seen that (P, P,) = n + |(m + 1)/2] for n > m and
(K1 m, K1n) = m+n+ 6, where § = 0 or § = 1. It is believed that
r(Th4m;Ti4n) is bounded between r(P,, Pp,) and r(Ki m, Ki,), where
T11m is a tree of m edges. The upper bound can be deduced if a conjecture
of Erdés and Soés in 1963 is confirmed, which stated that a graph with NV
vertices and more than (m —1)N/2 edges contains every tree with m edges.
The truth of this conjecture for the star K ,, is trivial and the case of a
path with m edges is covered by a well-known result of Erdés and Gallai
(1959), see Chapter 3 for more details.

The following result is due to Chvétal (1977), which stimulated gener-
alized Ramsey theory greatly.

Theorem 2.12 Let T,, be a tree on n vertices, then

(T, K1) = (k — 1)(n— 1) + 1.
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Proof. The complete (k — 1)—partite graph Kj_1(n — 1) yields the lower
bound r(Ky,T,) > (k—1)(n — 1) + 1. To get the reverse inequality, we
use induction on n. Let G be a graph on N = (k — 1)(n — 1) + 1 vertices.
Suppose that G contains no K, that is to say, a(G) < k — 1. We shall see
that G contains T,,. Let S C V(G) be an maximum independent set of size
¢ <k —1. Outside S, there are N — ¢ > (k — 1)(n — 2) + 1 vertices, which
must contain 7, _1 by induction, where T,,_; is a tree obtained from T,
by deleting a vertex v of degree one. Let u be the vertex of T;,_; adjacent
with v in T,,. Since S is maximum, so u has at least one neighborhood in
S, yielding T}, as claimed. a

We shall return to the above result in Chapter 13. Let us conclude this
section with the following problem.

Problem 2.2 Let T1y,, be a tree with m edges. Find a good expression for
T(Tl—&-ma T1+n)-

Exercises

2.1 Prove that r(Cy, Cy) = 6.

2.2 Prove that the Ramsey graph for r(3,4) can be obtained from that
for 7(3,5) by deleting a vertex and its neighbors. When we can do so for
r(m,n — 1) from r(m,n)?

2.3 Prove Proposition 2.1.
2.3 Show that

r(T,Kpyy - K ) = (m = 1D)(r(Kpy, -, Kp,) — 1)+ 1,

where T is a tree of order m.

2.4 Let ¢ = r(K,, K,,—2). Show r(K,, K,,) < r(By, Bs) hence Walker’s
bound (K, Kp,) < 4r(K,, Kn_2) + 2.

2.5 Show the line graph of K, with n > 4, denoted by T'(n), is an
srg((5),2(n—2),n—2,4). Using T(6) and T(7), show that r(Bz, Bs) = 16
and r(By, Bg) = 22. (Rousseau-Sheehan,1978.)

2.5 Show the line graph of K, , with n > 2, denoted by L(n), is an
srg(n?,2(n—2),n—2,2). Using L(4), show that (B3, Bs) = 17. (Rousseau-
Sheehan,1978.)
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Chapter 3

Bounding Independence
Numbers

3.1 Turan Lower Bounds

By the definition of Ramsey numbers, we see that r(H, K,,) is the min-
imum integer N such that any H—free graph G of order N satisfies that
a(G) > n, where a graph is H—free means the graph contains no H as a
subgraph. So it is important to get some bounds on independence num-
bers, in particular, that of H—free graphs. A well-known lower bound is as
follows.

Theorem 3.1 (Turdn’s Lower Bound) Let G be a graph of order N
with average degree d, then

N

a(G) > v d

This result is commonly called the Turdn lower bound since it can be
an easy corollary of a famous theorem of Turan, see Chapter 8. However, a
slightly stronger form was first explicitly given by Wei and Caro. An elegant
probabilistic proof due to Alon and Spencer (1992) will be in Chapter 4.

Theorem 3.2 (Caro and Wei) Let G be a graph of order N, then

1

veV(G)

35
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The first proof. Let G be a graph on vertex set {1,2,..., N} and
denote by d; as the degree of vertex i. We will use induction on N. Let H
be the subgraph from G by deleting vertex ¢ and its neighbors. It is clear

a(G) > 1+ a(H)

for any vertex ¢. (There must be some vertex ¢ such that the equality
holds). Assume that d; is the minimum degree and vertices {2,...,k} are
all neighbors of the vertex 1, where k =1+ d;. Let

N

1 1
H&) = Z 1+ deg(v) :Zl—i-d,"

veV(G) =1

By the induction a(H) > f(H), thus if we can prove 1 + f(H) > f(G),
then

a(G) =2 1+a(H) > 1+ f(H) > f(G),
we are done. The assertion 1+ f(H) > f(G) is

1 1 1 1

14— +... >
+1+d§€+1+ T a T T a T Ty

where d} signifies the degree of vertex ¢ in H. Since d < d;, it suffices to
verify that

1 1 1 1
14—+ ...+ > + ...+ —.
14 dg4 14+dy — 14+dy 1+dn
Equivalently,
1
1> .
“Tvd 14
This is clear since dq < d; and k =1 + d;. |

In the algorithm employed in the above proof, we delete a vertex of
minimum degree and it neighborhood in each step. In the following proof,
another algorithm will be used, in which only a vertex of maximum degree
is deleted until we obtain a graph without any edge.

The second proof. Let V(G) = {1,2,..., N}. Let Gy be the subgraph
from G by deleting a vertex of maximum degree of the graph. Assume this
vertex is 1, say. Let
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It is clear the statement is true for an empty graph. We shall show that
f(G) increases when a vertex of maximum degree is deleted unless no edge
left. Assume the neighborhood of vertex 1is {2,...,k} with k = 1+d; > 2.
We will show f(G1) > f(G). That is,

1 1 1 1
v d, T Trd  Tades U 1tdy
S S
~ 1+dy T 14dy’

where d] signifies the degree of vertex ¢ in G;. Note that d; = d, + 1, so we
shall prove,

Lot
dy 7 dy T l+di 1+dy T 1+4dy
Equivalently,
1 - 1 J 1
do(1+do) 7 dp(L4+dp) = 14+dy’

which can be seen easily since d;(1+ d;) < dy(1 + dy).
Suppose that after deletions of £ steps we obtain an empty graph Gy,
then

a(G) 2 a(Gr) 2 -+ 2 a(Gr) = f(Ge) = f(Gra) =2 -+ =2 f(G),

completing the proof. O

Note In the procedure of the proofs, we only need to delete the vertex
whose degree is no more than (no less than) that of its neighbors.

The Turdn’s lower bound a(G) > N/(1 + d) is sharp on graphs of
unions of complete graph with the same order; its discrete form o(G) >
>>1/(1+d,) is sharp on union of complete graphs (not necessary the same
order). The latter is stronger than the former since Y 1/(1+d,) > N/(1+d)
if G is not regular.

Proof of Theorem 3.1. Note that the function g(z) = 1/(z + 1) is
convex since ¢”(x) > 0 for x > 0. Using Jensen’s inequality for a convex

function g,
1 & 1 &
Nizzlg(ﬂ?i) >g <N ;%) ;

then Theorem 3.1 follows from Theorem 3.2.
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We now introduce the concept of asymptotic formula. Let f(z) and
g(x) be two functions. If f(x)/g(z) — 0 as x — oo, we write f(x) =
o(g(x)). For example, logz = o(z°) for any § > 0, where logz to stand
for the logarithmic function on natural base e. So f(z) = o(1) signify that
f(z) — 0 as © — oo, that is, f(z) is a small term tending to zero as
x — oo. Using e—language, f(z) = o(1) means that for any e > 0, there
exists an X = X(e) > 0 such that if x > X, then |f(z)| < e. We often
ignore the existence of the large X by saying that for large x or simply
x — oo instead. When f(z) = (1 + o(1))g(z), we say that g(x) is an
asymptotic formula of f(z), denoted by f(x) ~ g(x) sometimes. When we
write f(z) < (14 0(1))g(z) or f(z) > (1 —o(1))g(x), the term o(1) stands
for a positive term tending to zero. But in an asymptotic equality such as
f(@) = (14 0(1))g(x), the small term o(1) is not necessarily positive.

For two functions f(x) and g(z), we write f(z) = O(g(z)) if there
exists a positive constant ¢ such that f(z) < cg(x) for all large x, and
write f(z) = Q(g(z)) if g(x) = O(f(z)). We write f(z) = O(g(x)) if
f(z) = O(g(x)) and f(z) = Q(g(z)). If both f(z) and g(z) are positive,
then f(x) = O(g(x)) means that there exist positive constants ¢; and co
such that for all large =z,

c1g(z) < f(z) < cag().

In this case, we say that f(z) has order g(z). As an asymptotic formula or
order of f(z), the function g(x) should be simple.

In order to investigate the asymptotic behavior of a nonlinear Ramsey
function, it is often impossible to find its formula. It is even very difficult
to find the correct order.

Let us look back the upper bound r(m,n) < (m;gﬁf) obtained in Chap-

ter 1. For fixed m and n — oo, the upper bound is asymptotically equal
nm—l

to Gy and its order of magnitude is n™ 1. We of course have a weaker
bound r(m,n) < n™~1. This can be proved by the lower bound of inde-
pendence number just proved. To get this, we use induction on m start-
ing at m = 2. Assume it holds for m — 1, then for a graph G of order
N = r(m,n) — 1 which contain no K,, and o(G) < n —1. Let v € V(G).
Easy to see deg(v) < r(m — 1,n) — 1 hence the average degree d of G is no
more than r(m — 1,n) — 1. By Turdn’s theorem,

N r(m,n) —1
—-1> > >
" _a(G)_l—l—d_r(m—l,n)

Then

r(m,n) < (n—1r(m—1,n)+1<(n—-1)nm241<nm L
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This bound is weaker than Er6s-Szekeres bound in Chapter 1. Why? This
is because we did not consider the structures of the graph. As a further
step, we shall pay attention to the neighborhoods of the graphs in the next
section.

3.2 Triangle-free Graphs

From the argument in last section, it is expected that the upper bound of
Ramsey function can be improved if a better lower bound of independence
number is employed. Let us gain an overview of the technique employed by
Ajtai, Komlés and Szemerédi. In order to produce a larger independent set
in a greedy algorithm, we hope to delete less vertices and more edges in each
step so that the remaining graph is more sparse. To obtain some criterion,
we define Q(v) to be the number of edges that incident with a neighbor
of v, and Qo(v) = X, en(y) deg(u). Note that if we delete a vertex v and
its neighbors, we delete exactly Q(v) edges. Clearly Q(v) < Qo(v), and in
a triangle-free graph Q(v) = Qo(v) for any vertex v. We will establish a
criterion R(v) for choosing v to satisfy R(v) > 0. Before this, let us have a

property of Qq(v).

Lemma 3.1 Let G = (V, E) be any graph with average degree d. Then the
average value of Qo(v) over v € V is at least d°.

Proof. Denote by N for the order of G. Then

Y00 = £ Y detw)

veV vEV ueN (v)
1 1

= ¥ Z deg(u) Z 1= N Z deg?(u)

ueV vEN (u) ueV

1 2

_ 2
> <N Z deg(u)) =d-.
ueV

In the last line we have used the Jensen’s inequality for the convex function
fx) = a2 O

Ajtai, Komlds and Szemerédi(1980) defined a vertex v to be a groupie
if the average degree of its neighbors is at least the average degree of G.

Lemma 3.2 FEvery graph has a groupie.
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Proof. For a graph G = (V, E) with average degree d, we need to find a
vertex v € V so that
Qo(v) — ddeg(v) > 0.

This is clear since the average value of the left hand side is at least zero
from Lemma 3.1. |

By deleting groupies recursively, they proved that for any triangle-free
graph G of order N and average degree d,

log d

>cN
a(G) > ¢ 7

(3.1)

where ¢ = 1/100, and logx = log, « is the natural logarithmic function as
mentioned. Ajtai, Erdds, Komlés and Szemerédi (1980,1981) conjectured
in 1981 that the best constant is 1—o0(1), where the small term o(1) tends to
zero as d — oo. By adding the details to the proof for (3.1), Griggs (1983)
improved the constant to 1/2.4. These results considerably improved the
Turén inequality when d is large. Now, let N = r(3,n) — 1, there is a
triangle-free graph G on N vertices that contains no independence number
n — 1. Since each neighborhood of a triangle-free graph is an independent
set, thus a(G) > A(G) > d, where d is the average degree of G. Thus
n—1> CN%, it follows by

n2

1
=N4+1< | - 1
) =N 1< (1o

as n — oo. This bound is much stronger than ("3') = Ln(n + 1), which

we have obtained in Chapter 1. A deep result of Kim (1995) proved that

r(3,n) > (1(132 - 0(1)) 1(:;2n~

This fact and the argument just mentioned imply that one cannot expect
to improve lower bound (3.1) more than a multiplicative constant even just
for triangle-free graphs.

The method of Ajtai, Komlds and Szemerédi(1980) is now called “semi-
random method” or “nibble method”, in which they selected their objects
in many small “nibbles” rather than a big “bite”, and then analyzed how
the nibbles change the structure of the remainder. It was the method that
Kim made an elaborate use in his random structure to obtain his lower
bound of r(3,n).

In order to find a larger independent set, the key step is to determine
the vertex, which together with its neighbors, will be deleted. We now
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look how Shearer (1983) determined this vertex for triangle-free graphs.
Suppose that f(z) is the function for which we want to prove

a(G) = N f(d)

for a triangle-free graph G. Naturally, we assume that f(x) is positive,
decreasing, and more importantly, f(x) > clogz/x for some constant ¢ >
1/100 when z is sufficiently large. Let P(v) denote deg(v) + 1 and Q(v)
denote the number of edges incident with v or one of neighbors of v. Let
H denote the graph obtained from G by deleting v and its neighbors. Note
we delete exactly Q(v) = Qo(v) edges since G is triangle-free. Then H has
N — P(v) vertices and Nd/2 — Q(v) edges. So its average degree is

4 Nd—20()
"= NP

By induction,
a(G) 2 1+a(H) =2 1+ [N — P()|f(dn).

We do not know which of d and dg is bigger. That is why the algorithm
of Ajtai et. al. deletes a groupie and its neighbors. However we can swap
fldg) with f(d), if we further assume that f(x) is conver so that we can
use the fact

f(@) = f(d) + f'(d)(z — d).
Thus we have

1+ [N = P()]f(dn) = Nf(d) + R(v)

where
R(v) =1- P(v)f(d) + [dP(v) — 2Q(v)] f(d).

The only thing left to prove is R(v) > 0 for some v. To find such vertex v,
let us look the average of R(v) as follows.

CYRM) 1 (@ DS + A+ 1)~ 27 ()
= 1-(d+1)f(d)—d(d-1)f'(d),

where we used the fact that the average of Q(v) is at least d? by Lemma
3.1 and the assumption that f’(z) < 0. So we need that the function f(x)
satisfies the following differential equation

2(a—1)f' (@) + (x + ) f(a) = L.
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Solving this differential equation, Shearer thus obtained that

_zlogr—z+1
f(x)—w

Luckily enough, f(z) is positive, decreasing and convex. Moreover, f(z) ~
logx/x as © — oo.

3.3 Graphs with Sparse Neighborhoods

Since the improvements of Griggs and Shearer are only for triangle-free
graphs, so their improvements can be applied only for r(3,n) in Ramsey
theory. We should do more. Our function is the solution of the differential
equation

z(@—m)f'(z)+ (x+1)f(z) = 1.
We shall adopt such a form of the solution that we can prove its increasing

and convex property.
For m > 1 and z > 0, set

1 _ \1l/m
fnl) = /O _a-nrm

m+ (z —m)t

Our aim is to prove that a(G) > N fp,+1(d) for any graph G with order N
and average degree d, in which each subgraph induced by a neighborhood
has a maximum degree at most m. This result appeared in Li, Rousseau
and Zang (1996, 2001). In order to prove, we need some analytic properties
of the function involved.

Lemma 3.3 For m > 1 and x > 0, the function

1 _ \1/m
fm(x):/o u;)dt

m+ (x —m)t
satisfies the differential equation
w(x —m)fy, (@) + (& + 1) fm(z) = 1. (3.2)

Moreover, f.,(x) is completely monotonic on [0, 00), that is to say, (—1)kf£f)(z) >
0 for allk >0 and x > 0. In particular, f,,(x) is positive, decreasing, and
convexr.
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Proof. By differentiating under the integral and then integrating by parts,
we have

£ — m) flo(2)
—x(x —m ' —(1 _t)l/mt
( >A( dt

m+ (x — m)t)?

= [ () mr
- amdm+41“_®wn[l = ]ﬁ

m 1—t m+(z—mt
= —zfm(z) +1— fu(2).

Hence (3.2) follows. The complete monotonicity of f,,(x) can be seen by
repeated differentiating under the integral. O

Corollary 3.1 The following two statements hold.

<1/(z+1) ifx<m;
fm(x){ >1/(x+1) ifxz>m.

Form>1, fn(x) > %

Proof. By the lemma, the function f,,(z) satisfies the differential equation
2w —m)fr (@) + (@ + 1) fm(2) = 1,

and f/ (z) <0. So

>0 ifx<m;
x(x—m)ﬂn(x){ <0 ifx>m.

The first statement follows.
To just the second statement for the case x > m, note that

(1 —t)dt
0o m+ (x—m)t

fm(z) =
zlog(xz/m) — (x —m)

(x —m)?
log(x/m) — 1.
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The last inequality holds since it amounts to
(2 —m)log(x/m) >z —m
or
(2t—1)logt >t —1
for t > 1. Set g(t) = (2t —1)logt —t+ 1. Then ¢'(t) = 2logt —1/t+ 1 and
g"(t) = 2/t +1/t%. From g(1) = ¢’(1) = 0 and ¢"(t) > 0, it follows that
g(t) >0 for t > 1. 0
By simple integrating, we see
zlogx —xz+1
fl (.’L‘) - ({E _ 1)2 )

which is the function that Shearer found and applied to triangle-free graph.
The following property is not necessary for the proof, but it is helpful for
us to understand the function series f,,.

Lemma 3.4 For fized x > 0, f,(x) is decreasing on m, that is
fm(@) = fins1 ().
Proof. We have
1 _ \1/m 1 1/m
1—-t¢ dt t dt
fm(z) :/ ( )
0

m+(x—m)t Jo mt+z(l—t)
By setting ¢t = u™,

! mu™du
fm(®) = /0 mu™ + z(1 —um)’

To prove that f,,(x) decreases with increasing m, it suffices to show that if
0 <r < s, then

ru” su®

> , O<u<l
ru” +x(l—ur) " sut 4+ (1 — ud) "

Equivalently, (s — r)u""* +ru” — su® > 0 for 0 < u < 1. Setting s =r + 4,
the inequality to be proved becomes

Su 4 — (r40)u’ >0, 0<u<l.
Let g(u) = 0u™ + 7 — (r + 6)u’. Note g(1) = 0 and
gdw) =80r+0u’Hu —1)<0, 0<u<l,
completing the proof. O

In conclusion, we have the following lemma.
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Lemma 3.5 Let f,(z) be the function defined in Lemma 3.3 for x > 0
with m > 1. Then f,,(0) =1 and

xlogx—x+1>f (m)>10g(x/m)—1 (

@1 . x> 0).

In particular, for any fixed m > 1, as x — oo,

) ~ logsc-

xT

Now we come to the our main result in this section.

Theorem 3.3 Let G be a graph with N wvertices and average degree d. If
any subgraph induced by a neighborhood has the maximum degree at most
a, then

a(G) 2 N fay1(d).

Proof. We prove by induction on N, the number of vertices of G. If
N < a+2, then d < a+ 1. By the corollary, we have 1/(d+ 1) > f,11(d).
It follows from Turdn’s theorem that a(G) > % > Nfatr1(d). So we
suppose N > a + 2 hereafter. By the preceding argument, we may also
assume d > a + 1. We shall let G, stand for the subgraph of a graph G
induced by the neighborhood of v. In case some vertex v of G has degree
N —1, by virtue of Turdn’s theorem, we have o(G,,) > % as the maximum
degree of G, is at most a. It follows that

Mol N Nfu(a+1) > Nfapa(d).

So we suppose henceforth that
the maximum degree of G is at most N — 2.

For each v € V(QG), let P(v) denote deg(v) + 1 and let Q(v) denote the
number of edges of G that are incident with either v or one of its neighbors.
Since the average degree of G, is at most a, G, contains at most § deg(v)
edges. It follows that

Qv) = Qo(v) - 5 deg(v),

where Qo(v) = ZMGN(U) deg(u). Consequently, the average value of Q

satisfies
ad

1
NZQ(U)ZCF—?’

veV
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where the fact that the average of Qo(v) is at least d? is from Lemma 3.1.
Set

R(v) =1+ [P(v)d = 2Q(v)] fay1(d) — P(v) fat1(d).
Note that the coefficient of Q(v) is positive since f,,;(d) < 0. Then

T RE) > 1[4 1)~ 28 4 ad)fog (d) — (A4 1) fara ()
veV

1—d(d—a—1)fe1(d) = (d+1)fatr(d)
0.
Hence there exists a vertex vg € V(G) such that R(vo) > 0. LetR(vo) = R,
P(vg) = P and Q(vg) = Q. Then
R=1+(Pd-2Q)f;:1(d) = Pfos1(d) > 0.

Delete vy and its neighbors from G, in view of that the maximum degree
of G is at most N — 2, we obtain a nontrivial graph H with N — P vertices
and Nd/2 — Q edges. Note that any subgraph induced by a neighborhood
of H has a maximum degree at most a, so by induction hypothesis,

oty > (o0 P (432,

Clearly a(G) > 1+ a(H). Since fyy1 is convex, foyi(x) > foy1(d) +
foi1(d)(x —d) for all 2 > 0. Combining these two facts, we obtain

a(G) > 1+a(H)

) Nd - 20
2 14+ (N =P)farr (N—P>
> 14 (N-P) {fa+1(d) + fla(d) (H) }
= 1+ (N = P)fasa(d) + (Pd — 2Q) fo11(d)
= Nfaa(d)+R
> Nfap1(d).
This completes the proof. O

Remark. Like the Turan lower bound, which has discrete form, the
Theorem 3.3 has discrete form as

AG) = Y fara(dy).

veV(G)
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See Li, Rousseau and Zang (2002), and Li and Zang (2005).

In application, we also need some generalization of Theorem 3.3. The
condition that any neighborhood has maximum degree at most m is equiv-
alent that the graph does not contain B,11 = Ki + Ki 41, which is a
star of m + 1 edges.

Lemma 3.6 Let G be a connected graph with n > 3 vertices. If for all
distinct nonadjacent vertices u and v,

deg(u) + deg(v) > .
where k < n, then G contains a path of length k.

Proof. Let P : ug,uq,...,u, be alongest path of length m in G. Since P
is a longest path, each of ug and wu,, is adjacent only to vertices of P.

If up and w; are adjacent, 1 < i < m, then we assume that u;_; and u,,
are non-adjacent; for otherwise the cycle

C: UoUL « -« - Uj—1UMUm—1 -+ -, UjUQ

of length m +1 is present in G. If m+1 = n, then m > k , we are done. So
the cycle C' cannot contain all vertices of G. There exists a vertex w not
on C' adjacent with a vertex of C'; however, this implies that G contains a
path of length m + 1, which is impossible. Similarly, ug and u,, are non-
adjacent in G. Furthermore, for each vertex of {uy,us,...,un,} adjacent
to ug there is a vertex of {ug,u1,...,Un—1} not adjacent with w,,. Thus
deg(u,,) < m — deg(ug) so that

m > deg(u) + deg(un) > k.

a

Corollary 3.2 Let G be a connected graph with n vertices and minimum

degree at least g, where k < n, then G contains a path of length k.

d

Lemma 3.7 Let G be a graph of order N that contains no a path of length
k > 1. Then it has at most %N edges.

Proof. We fix k and apply induction on N. The assertion is clearly true if
N < k. Assume now that N > k and the assertion holds for smaller values
of N.
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If G is disconnected, then the induction hypothesis implies the result.
Now, if G is connected, then it has a vertex x of degree at most (k —
1)/2.Thus the number of edges of G is

E—1 k-1 k—1

deg(m)Jre(G—x)ngLT(nfl): 5

d

Lemma 3.8 A graph G with average degree d contains a subgraph in which
every vertex has degree (in the subgraph) at least d/2.

Proof. It is trivial for d < 2, so assume d > 2. If the minimum degree of
G is at least d/2, we are at home. Otherwise, there are some vertex, say v,
whose degree is less than d/2, delete it from G. Then the average degree
of the remaining graph is at least

2 nd d
n1(2‘z)—d-

Repeat Procedure if necessary till we obtain the graph with minimum de-
gree at least d/2. O

Lemma 3.9 A graph G of order N with e(G) > (m — 1)N edges contains
every tree with m edges.

Proof. Now our graph has average degree more than 2(m—1) so it contains
a subgraph, denoted by H, whose minimum degree is more than m —1. Let
T4+1 be a tree of m edges. Suppose that T}, is contained in H that is the
subtree of T, +1. If k < m + 1, there is a vertex, say v, from which we can
obtain a larger subtree of T},41 by joining it with any vertex of H out of
Ti. This can always be done since deg(v) > m. O

Conjecture 3.1 (Erdés-Sés) A graph G of order N with e(G) > Z5LN
edges contains every tree with m edges.

Now we generalize our main result in this section. Note the condition
that N(v) has a maximum degree at most m controls the number of edges
in N(v) which are counted twice in summation >, cp (g deg(w). Now,
the condition that N(v) contains no T,,+1 can do the same thing.

Theorem 3.4 Let T,, 11 be a tree with m edges and let G be a graph with
N wertices and average degree d. If each neighborhood of G does not contain
Ton+1, then

Oé(G) Z Nfgm_l(d).

If Thy1 is a star or a path, then fon,—1(d) can be replaced by fp,.
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Note that if Erdés-Sés conjecture holds, then for any tree T),41, the
function fo,,—1(d) can be replaced by f,,. However, by the property of f,,,
the difference between f,,(x) and fo,,—1(x) is slight.

We conclude this section with a conjecture of Ajtai, Erdés Komlés and
Szemerédi(1981), which says that the independence numbers of Kj—free
graphs have the lower bound similar with that of triangle-free graphs.

Conjecture 3.2 Let k > 3 be a fized integer. There exists a constant
¢ = c(k) > 0 such that if G is a Ky—free graph with order N and average
degree d > 0, then

logd

> )
a(G) > ¢cN p]

Shearer in 1995 proved that a(G) > ¢N dlé‘;glgg 5 for the graphs described

in above conjecture. To confirm the conjecture, a factor loglogd in the
denominator needs to be taken away.

3.4 r(k,n) with Large n

Now we study the asymptotic upper bound for r(k,n) with k > 2 fixed
and n — oo.
Recall the function in last section,

B Va—t)edt _ log(xz/a) — 1
falw) = /0 a+(z—a)t = T ’ (3:3)

and for a graph G of order N and average degree d in which each subgraph
induced by a neighborhood has a maximum degree at most a, then a(G) >

NfaJrl(d)'

Theorem 3.5 Let k > 2 be fized. Then for all large n,
k—1

r(k,n) < (1+ 0(1))W-

Proof We prove by induction on k. For k = 2, it follows the trivial case
r(2,n) =n.

For the case k = 3. Let G be graph of order N = r(3,n) — 1 which
contains no triangles and a(G) < n. Since G is triangle-free, each subgraph
induced by a neighborhood is empty thus its average degree is zero. Let
d be average degree of GG, since each neighborhood is an independence set,
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n > a(G) > d. By inequality that has been just mentioned with noting
that a = 0,

n—1>Nf(d)>Nfin)> NB2ZL
Then r(3,n) — 1 < 10("n 1%, follows by 7(3,n) < (1+0(1)) 13-

Suppose the statement holds for 2, 3, ..., k. We proceed to the induction
step. Let G be a graph of order N = r(k 4+ 1,n) — 1 such that G contains
no K1 and that a(G) < n — 1. Then for each vertex v of G, we have

e the degree of v is at most r(k,n) — 1, and

e the maximum degree of G, is at most r(k —1,n) — 1,

where G, is the subgraph induced by the neighborhood of v.

Thus, it follows that

n > a(G) > Nfn(r(k,n) —1) > N fo(r(k,n)), (3.4)

where m = r(k —1,n). (Note that both r(k,n) and m go to oo as n — o).
Now let € be an arbitrary number with 0 < ¢ < 1. Then there exists an
M > 0 such that fn,,(x) > (1 —€)log(x/m)/x whenever x/m > M. Let us
decompose the set of large natural numbers into {n'} and {n”} so that

r(k,n’)

-1~

and .
k
7"(7771 ),, < (n//)l—e.
r(k—1,n")
Thus log{%} > (1 —¢)logn’. Without loss of generality, we may
suppose that for all n’, (n/)1=¢ > M. So, by (3.4), we have

W > Nfn(r(e,n) > (1 — g 8CEn)/m) o (1= o Nlogn’

r(k,n’) r(k,n’) 7
where m = r(k—1,n"). Hence N < = /6)2 Tlg)kg", , and the desired inequality

for r(k+1,n’) follows from the induction hypothesis on r(k,n’). Recall the
corollary in the last section, f,,(z) > 1/(1+ ) if z > m. So

n" > N fo(r(k,n")) = N/(L+r(k,n")),
where m =r(k — 1,n") < r(k,n"). Hence

N <a"[1+rk,n")] <n"[14+ @) 5r(k - 1,n")].
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The desired inequality for r(k+1,n") follows from the induction hypothesis
on r(k — 1,n") since (n”)27¢ < (n”/logn)? for large n”. This completes
the proof the theorem. |

From the Chapter 2,
’/‘(KLg,Kn) = T(Kl —|—€K1,Kn) = é(’l’L - 1) + 1~ {n.

Starting at this result similarly with the proof of above Theorem we can
obtain the following result.

Theorem 3.6 For any fized k, £ > 1

nk

r(Ki + (K1, K,) < (Ho(l))W

as n — oo. Furthermore
nk+1

(logn)k—1"

Bollobas and Erdés asked whether or not r(Kj, + K ¢, K,) really grows
linearly with /. We cannot solve this problem. However, we will prove

r(Kp +nKkp, K,) < (1+0(1))

nk+1

Ky +nK K,) > c——
T( k+n 1, )—C(logn)k

in a later chapter. So the second upper bound in above theorem is very
close to the right order of magnitude.

Let us propose a problem which is a special form of a conjecture of
Erdds’, see Alon and Spencer (1992).

Conjecture 3.3 Prove the order of r(k,n) is (1022% as k > 2 fized and
n — oo.

We will show that r(k,n) > c(k)(n/logn)**+1/2. For r(3,n) Kim
showed that 7(3,n) > en?/logn, thus the above conjecture is true for
k = 3. Further more, the upper bound n?/logn of r(3,n) may be very
close to the truth. The comparison of the value r(3,n) and n?/logn is in
the following table.

n 3 4 5 6 7 8 9 10 11 12

(3, 1) 6 9 14 | 18 | 23 | 28 | 36 | 40/43 | 46/51 | 52/59

n?/logn 8.2 11.5 | 15.5 | 20.1 | 25.2 | 30.8 | 36.9 43.4 50.5 57.9

Error(%) || 36.5 | 28.2 | 11.0 | 11.6 | 95 | 9.9 | 2.4

Table 1 Values 7(3,n) and n?/logn



52 CHAPTER 3. BOUNDING INDEPENDENCE NUMBERS

Problem 3.1 Prove or disprove that the asymptotic formula of r(3,n) is
n?/logn.

Exercises

3.1 Show if G is a graph of order N and average degree d, then
a(G) > (1—d/2)N.

(This is slightly stronger than Turdn bound for d < 1.)
3.2 It is well known that a linear first-order differential equation % =

p(z)y + ¢(x) has a unique solution

x
y = e?@ (yo —l—/ q(t)e_¢(t)dt)
xo

satisfying yo = y(zo), where ¢(x) = ffo p(t)dt. Solve the equation in
Lemma 3.3 this way, try to show that the function is decreasing and convex.
Explain why we shall adopt the form of the solution as an integral on
parameter.

3.3 Show that r(3,n) < n?/log(n/e).

3.4 Using Kim’s result that 7(3,n) > cn?/logn, show that r(4,n) <
(14 o(1))r(3,n)n/logn.

3.5 Complete the proof of Theorem 3.6.

3.6 Prove that there exists some constant ¢ > 0 such that for any regular

graph G on n vertices with girth at least 6, then its independence number
is at least ¢(nlogn)?/3.
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Chapter 4

Basic Probabilistic
Method

4.1 Random Graphs

Probabilistic method is a powerful tool in Ramsey theory. In fact, the
graph Ramsey theory is the birthplace of random graphs. The main reason
is that there are many problems in Ramsey theory that traditional combi-
natorial methods do not work well. The standard texts on random graphs,
we refer the books Random Graphs by Bollobés (2001), Probabilistic Method
by Alon and Spencer (1998), and Random Graphs by Jason, Luczak, and
Rucinski. Random graphs began with some sporadic papers of Erdds in
the 1940s and 1950s, in which he used random methods to show the ex-
istence of graphs with seemingly contradictory properties. A paper “On
the Evolution of Random Graphs” of Erdés and Rényi in 1960 was very
important for the development of the theory of random graphs. Among
all these results, Erdés gave an exponential lower bound for the diagonal
Ramsey number r(n,n). Today random methods have been used in many
other areas.

Every probability space whose points are graphs gives a notion of a
random graph. For a family of graphs G = {G1, G, - - -} with probabilities
Pr(G;) such that 0 < Pr(G;) < 1 and )., Pr(G;) = 1, we have a prob-
ability space of random graphs. Each G; is called a random graph of G
with probability Pr(G;). We shall consider the probability space consists
of graphs on a fixed set V = [n] = {1,2,...,n}, where the vertices in V
are distinguishable, so edges on V are distinguishable, too. Note that the

95



o6 CHAPTER 4. BASIC PROBABILISTIC METHOD

complete graph K, on set V = [n] has

() Gz (e ()2

subgraphs. The general term corresponds the subgraphs that have exactly

k vertices, and the last term 2(%) corresponds all spanning subgraphs.

Let us label all edges of K, on vertex set [n] as ej,ea,...,e,,, where
m = (3). Note the number of graphs on vertex set [n] is 2™ since the edges
are distinguishable. The space G(n;p1,...,Pm) is defined for 0 < p; <1 as
follows. To get a random element of this space, one selects the ith edge e;
independently, with probability p;. Putting it another way, the ground set
of G(n;p1,...,pm) is the set of all 2™ graphs on V' = [n], and the probability
of a graph H with vertex set V(H) = [n] and edge set E(H) ={e; : j € S}
is

(Ijespy) (Wjgs(1 —p;s))

where S C {1,...,m} is the index set of edges of H. That is to say, each
of the edges of H has to be selected and none of the edges of H is allowed
to be selected. Write ¢; =1 — p; and G(p1, ..., pm) for a random element
in G(n;p1,...,Pm), then

Pr(G(p1,....pm) = H)) = (Ijesp;) jgsq;) -

Since the vertices (and edges) are distinguishable, G(p1,...,pn) = H is
not equivalent to that G(p1,...,ps) is isomorphic to H. To see that
G(n;p1,-..,pn) is true a probability space, let us verify that

> Pr(Glpr,-p) =H) = Y (Wesp;) (Mgsq))
H SC[m]
= 17, (pj + ¢5)
1.
We shall concentrate on the case p; = ps = - -+ = p,, = p, for which the

probability space G(n;p1,...,pm) is written as G(n, p).

In G(n,p) the probability of a graph H on [n] with k edges is p*(1 —
p)™~F: each of the k edges of H has to be selected and none of the edges
of H is allowed to be selected. Write G) for a random element of G(n, p),
then

PI‘(GP _ H) _ pe(H)que(H).

In the space G(n,0), the probability that the empty graph K, appears is
one, and the probability that any other graph appears is zero. Similarly, in
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the space G(n, 1), the only graph that appears is K,,. Other than these two
extremal cases, 0 < p < 1, any graph on vertex set [n] can appear with a
positive probability. As p increases from 0 to 1, random graph G, evolves
from empty to full.

In their original paper in 1960, Erdds and Rényi let G(n, e) be the ran-
dom graph with vertex set V' = [n] and precisely e edges. For 0 < e <m =
(Z) with e fixed, the space G(n,e) consists of all (”;) spanning subgraphs
with exactly e edges: which can be turned into a probability space by tak-
ing its elements to be equiprobable. Thus, write G, for a random graph in
the space G(n,e), for a fixed graph H on vertex set [n], then

Pi(G, = H] = <m) -

where the event G, = H means that G, is precisely H, but not isomorphic
to H in general.

It is interesting, as expected, that for e ~ p(g) the spaces G(n,e) and
G(n,p) are close to each other. In most proofs for existence, the calculations
are easier in G(n,p) than in G(n,e). So we will work on the probability
model G(n,p) exclusively.

Note Another point of view may be convenient in which one colors all
edges of the complete graph K, with probability p, randomly and inde-
pendently. Thus random graph G, is viewed as a random coloring of edge
set of K. The coloring of edge set of K, is also said a coloring of K, in
short. Recalling the definition of Ramsey numbers, we see why the relation
between random method and Ramsey theory is so natural and tight.

In Ramsey theory, we need to consider the probability that a given
subgraph appears. Let F' be a given graph on k vertices, and let S C
[n] with |S| = k. The event UgAg signify that F appears in G, as a
subgraph, its probability is hard to calculate since the events Ag have a
complex interaction. It is often to bound above this probability by the
expectation of the number of copies of F' in the random graph. To get
the expectation, let us look the number of copies of F' in K, first. This is
closely related to the automorphism group of F. Recall a permutation (or
a bijection) ¢ of V(F) is called an automorphism of F when uv € E(F)
if and only if ¢(u)p(v) € E(F). It is straightforward to verify the set of
all automorphisms of F' forms a group under the operation of composition.
This group is called the automorphism group of F', denoted by A(F). For
example, A(K}) is the symmetric group Sy of order k!, and A(Cy) is the
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dihedral group Dy, of order 2k. The following results are simple consequence
of the definitions.

e For any graph F and its complement F, A(F) = A(F).
e For any graph F' on k vertices, the order of A(F) is a divisor of !,
and it is k! if and only if F' is isomorphic to Kj or K.

In random graph space, the graphs are labelled. Two graphs F; and
Fy are called identical if V(Fy) = V(Fy) and E(Fy) = E(F3). Clearly,
identical graphs are isomorphic, but the inverse statement is not generally
true. For example, given a labelling of a star Ky as V = {u,v1,..., 05}
with the center v and E = {uwvy,...,uvy}. Exchanging the labels of any
pair vertices v; and v; will yield identical graphs.

Theorem 4.1 Let F be a graph of order k. Then the number of copies of
F from a set of k labels such that no two resulting graphs are identical is

KA.

Proof. Let {v1,vs,...,v;} be the set of labels. Certainly there are k!
labelings of F' from this set of labels with the number of resulting labelled
graphs that may be identical. Let Fi, Fs,..., Fj be the labelled graphs
obtained from F', the relation “F; is identical to F};” is an equivalence re-
lation. For a given labelled graph F;, each automorphism gives rise to a
labelled graph that is identical to F;, and conversely. Hence each equiva-
lence class so determined contains A(F') elements, thus implying that there
are k!/A(F) equivalent classes in all. This proves the theorem. O

In random graph space G(n, p), we need to consider the number of copies
of F in a labelled complete graph.

Corollary 4.1 Let F be a graph of order k. Then the number of copies of
F in a labelled complete graph of order k is k!/|A(F)|.

Now let S C [n] with |S| = k and let Xg be the number of copies of F
on S. Then X =3 4 Xg is the number of copies of F' in Gj,. Then

k!
= C(F)
E(Xs) amr

and

o n k}' e o (n)k e
BX) = (k) Ao = e

where (n)y =n(n—1)---(n — k+ 1) is the falling factorial.
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Similar formulas hold for the number of induced subgraphs. Let Y be
the number of induced F' in G}, then

(Y) (n)k e(F)

= gy

Let Ag signify the event that the subgraph induced by S in G}, contains
F' as a subgraph, then

Pr(As) < p.

|A(F)|

Hence

Pr(F € Gy) = Pr(UAsg) < (Z) | A’(“;pr - |Xz}f)|pe<F>, (4.1)

where the upper bound is exactly E(X). This can be seen by the fact that
X takes only nonnegative integral values and

Pr(UAs) = Pr(X >1)=> Pr(X =i)

i>1

< ) iPr(X =i) = E(X).

i>1

It seems to be necessary to point out that F' is not a random element in
G(n,p) and the above discussion is about appearance of F' as a subgraph.

It is worth remarking that p = p(n) is often a function. The space
G(n,p) is of great interest for fixed values of p as well; in particular,
G(n,1/2) could be viewed as the space of order m: it consists of all 2™
graphs on [n], and the probability of any graph is equiprobable. This is
just a classical probability space. Thus G, 1,2 is also obtained by picking
any of the 2™ graphs on [n] at random with probability 27™. No matter
how p is fixed or a function, we tend to be interested in what happens as
n — oo.

Now we have obtained a space of random graphs, every graph invariant
becomes a random variable; the nature of such a random variable depends
crucially on the space. For instant, the number Xy (G) of complete graphs
of order k in G is a random variable on our space of random graphs.

To be proficient in the probabilistic method one must have a feeling for
asymptotic calculation. For the sake of convenience, we state some simple
inequalities that will be used in the calculations. The following precise
formula is called Stirling formula.
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Lemma 4.1 For alln > 1,

|2

n\n" 1
v ) ety
" m e eXp{12n+9

where 0 < 60 =6, <1. Thus
2n (ﬁ> <n!<V2mn (ﬁ) el/12n
e e

and

as n — oQ.

Proof. The first two inequalities are immediate, which implies an upper

bound (]T\Z )Un < % We need a lower bound for the asymptotical equality.
Then the Stirling’s formula gives

(N) B N!
n)  nl(N-—n)
© G () (5)
N o\
e (vs) (5)

where we use the condition n = o(N). Also we have

(N]fn)N — (1+ N’in)N > (e~ o1))",

(f)l/naeo(l»N;”f;’f

hence
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as desired. O

The following simple fact from calculus is often used.
Lemma 4.3 For any 0 < x <1 and k >0,
(1—x)F <ehe

We have obtained an upper bound of r(n,n) in Chapter 1. This and
Stirling’s formula give

n—1

v

770 = o)

r(n,n) < (

n —

Hence

lim r(n,n)l/" < 4.

n—oo

We do not have any general lower bound for r(n,n) yet.

4.2 Elementary Examples

In the original proof of the exponent lower bound for r(n,n) in 1947, Erdés
did not use the formal probabilistic language. So his paper has been con-
sidered as an informal starting point of random graphs. But in two papers
published in 1959 and 1961, in which he gave a lower bound c(n/logn)?
for r(3,n), he even wrote probabilities in the titles.

Theorem 4.2 Asn — oo,

n
r(n,n) > (1 —o(1))—=2"/2.
() > (1= o(1))
Proof. Consider the random graphs in G(N, 1/2), or color Ky randomly
and independently with probability p = 1/2.
Let S be a set of n vertices. Let Ag be the event that S is monochro-

matic. Then ;
Pr{Ag] = 2 (;) W _ 21-(3),

as for S to hold all (%) edges must be colored the same. Consider the
event | JAg over all n—set on [N]. It is difficult to find value for Pr{UAg]
as Ag may have a complex interaction. We use the simple fact that the
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probability of a disjunction is at most the sum of the probability of the
events. Thus
Pr[UAg] < ZPr[AS] _ (N o1-(5)
- n

If this is less than one, then event B = (] Ag has positive probability.
Therefore B is not the null event. Thus there is a point in the probability
space for which B holds. But a point in the probability space is precisely a
coloring of the edges of K. And the event B is precisely that under this
coloring there is no monochromatic K,,. Hence r(n,n) > N.

We need to find the maximum possible N such that

N . N\" 2 AN
21_<2) < ey =2 6\[ <1,
n n 2n(n—1)/2 n2n/2

eVvV2N

n2n/2
For any € > 0, if n is sufficiently large, the possible N that ensures the
above inequality would be

N = {(1 - ;)6352”/2J .

Therefore r(n,n) > N > (1 — e)eL\@Z"/Q7 that is

only need

rin,n) > (1— 0(1))%271/2,

completing the proof. O

Theorem 4.3 Let m,n and N be positive integers. If for some 0 <p < 1,
N m N n
( >p(2)+< )(1—p)(2)<1’
m n

Proof. Consider random graphs G, in G(N,p). Let S be a set of m
vertices and let Ag be the event that S induces a complete graph. Then
2

Pr[As] = p( ), and

Pr{UAs] < 3 Prldg] = (Z >p<’5’>.

then r(m,n) > N.
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Let T be a set of n vertices and let Br be the event that T induces an
independent set. Then

PrlUBs] < > Pr[Bs] = (Z),;(Z).

Thus
Pr{(UAg) U (UST)] < 1.

So there exists a graph on N vertices such that there is neither an induced
K, nor an induced K, thus r(m,n) > N. O

The above result is ineffective in bounding r(3,n). We now examine
the lower bound of r(4,n). We shall give details in calculation for choosing
a suitable value of p and N as large as possible for large n. To make the
condition in Theorem 4.3 satisfied, we roughly estimate (J:Z) as (eN/n)",

and (1 _p)(’;) as e—p(g)’ hence (]X)(l _ p)(2) as

(5) e ()} - )

We have known that r(4,n) < (1 + o(1))n®/(logn)?, thus eP(*~1/2 =

nate) for some constant a, so we take p = (¢; logn)/(n — 1). Then

4
N 1 logn\® ¢ logn') >/
o Lye (erlosn) o (loan )Yy
4 24 n 24 n
so N ~ cy(n/logn)?/? for some constant cy.

Formally, we let p = (¢;logn)/(n—1) and N = |ca2(n/logn)®/?], where
c1 and cp are positive constants to be chosen satisfying that cfcj < 24.

Then .
N\ 4  N* 4 S n
—p < == < 1
<4)p Sl =g \n-1) =<

for large n, where c3 is a constant. For the second term, we estimate that

N N n
< )<<€> and 1—-p<e™®,
n n

thus (1 — p)(g) < e_p”(”_l)/z — n—C1n/2 and

(ﬂf)u - < (f)n/ = <n+N/)
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In order to make the above tending to zero, we have to take ¢; > 1. On
the other hand, in order to take cy as large as possible with c8ci < 24, we
have to take c; as small as possible. So it has to be ¢; = 1.

Now, we may hope to optimize the constant cy. Since we need only
Cco < 241/47 50 ¢o = 24Y/% — ¢ will be ok. Thus we have

7‘(4,77,)2(241/4—0(1))( r )3/2.

logn

Hereafter we will choose p with some foresight. For general m > 4, by
taking p = (m — 3)logn/(n — 1), the similar calculation yields

N E
r(m,n) >c ( ) .
logn

Note It is often to replace log n/(n—1) in the expression of p by log n/n.
Strictly speaking, only if f(n) — g(n) — 0, we have e/ (™) ~ e9("). But the
replacement works. When we use p = logn/n in above calculation for the
lower bound of r(4,n),

N n eN\" (n— eN \"
(n)(l—p)(2)<<n) Tl( 1)/2:<n3/2> n1/2—>0.

Also, when N = [f(n)] or N = [f(n)] and f(n) — oo, we often ignore
the fact that f(n) may not be an integer by simply taking N = f(n) if this
does not affect the proof essentially.

We have seen that the property of G, is sensitive with the value of p. To
ensure that G, contains no K,,, (with a positive probability, more precisely,

or (ﬁi)p(?) is small), it is better to take smaller p. But it is better to take a

bigger p to ensure that there is no induced K, (i.e, (JT\Z) (1 —p)(g) is small).
Our task is to balance both sides to obtain a larger N as possible.

We shall improve the obtained lower bounds for r(n,n) and r(m,n) by
the proofs so called deletion method.

Theorem 4.4 Asn — oo,
r(n,n) > (1 — 0(1))22"/2.

Proof. Consider the random graphs in G(N,1/2). Let X be the number
of clique or independent set of size n. Then

X:ZXS,
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the sum over all n—set S, where Xg is the indicator random variable of the
event Ag that S is a clique or independent. That is

Yo — 1 if S induces K, or K,,
STV 0 otherwise.

Therefore

E[Xs] = PrlAg] = 2 <;) w

By linearity of expectation

ElX] =Y E[Xs] = (Z)Ql_(;).

There is a point in the probability space for which X does not exceed its
expectation. That is, there is a graph with at most

(]7\{)21—(3)

S that induces a K, or a K,. Fix that graph. For each such S select a
point z € S arbitrarily and delete it from the vertex set. The remaining
point V* have neither K,, nor K,,. Thus

r(n,n) > [V*] > N — (i\[)zl@),

The remaining proof is to find N such that |V*| as large as possible. By
taking N = "2:/2, then

Mg o (N 2 (eV2N) g
n - n on(n—1)/2 n2an/2 —

which is o(N). Thus

r(nm) 2 V'] 2 N = o(N) = (1= o(1))N = (1 - o(1)) 22"2
completing the proof. O

Theorem 4.5 For any positive integer m,n and N, and any real number

0<p<l,
> 8 = ()0 = (M- pte).
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Proof. Note that in G}, in G(NNV, p) the expectation of the number of clique

of size m is (Z ) p( 2), and expectation of number of independent sets of size

n is (]X)(l - p)(g) By the same argument in the proof for Theorem 4.4
gives the required lower bound. 0.

Theorem 4.6 Let integer m > 3 be fized. Then for some constant ¢ =

c(m) > 0,
n m/2
>
r(m,n) > c <logn)

for all large n.

Proof. Setting N = a(n/logn)™/? and p = (m —2)logn/(n— 1) such that
 m—(®)

———a™ > 0, this is possible since a™ = o(a) as a — 07. Then

N, = (N>p(7;) N (m_2)(?)am < n >m/2’

m m! logn
and
N n eN " —pn(n— eN "
Ny = (n)(l_p)(z) < (n) o—pn(n=1)/2 _ (nm/2) 0.
. m2)(3) gm
Soife<a— %

m/2
r(m,n)ZN—Nl—N2>c(n> .
logn

To get the constant ¢ optimal, let ¢, be the maximum value of a — (m —
m

2)( )am/m!, then r(m,n) > (cm — o(1))(n/logn)™/2, where c¢3 = v/2/3

and ¢y = 3(3/32)1°. 5
Similarly,
ki) > N =m0 ()= ()=

In fact, we have the following lower bound for r(F, K,,).



4.2. ELEMENTARY EXAMPLES 67

Theorem 4.7 Let F be a graph with m > 3 vertices and e(F) > m edges.
Then

)

e(F)/(m—1)
T( ’ n) =¢ (1()g n)

for all n > 1, where ¢ = ¢(F) > 0 is a constant. In particular,

n m/(m—1)
logn '

7(Cmy Kpn) > (

Proof. We just need to find such constant ¢ > 0 that the lower bound
holds for all large n. So we always assume that n is sufficiently large. Set
s =e(F), and

s/(m—1)
Na< i > andp2< 5 1) log

logn m—-1 Jn-1

where a is a positive constant satisfying

1 s m ] B

This is possible since a™ = o(a) as a — 0. In a random graph G, €
G(N,p), let N1 and Ny be the the expected numbers of F' and induced K,,,
respectively. Then

N
N, < m!( )pSNNmpS
m

s s/(m—1)
~ 2 (2 r :
m—1 logn

Ny = <JZ)(1 —p)E) < (ei\f)"epn(nl)/g

eN "
= <ns/(m1)> — 0.

There exists a graph on IV vertices from which we can delete at most N1+Na
vertices to get a graph containing no F' and no induced K,. Thus

T‘(F,Kn) > N —N;— Ny
n s/(m—1)
2e o) (1o

logn

< n )S/(ml)
c
logn

and

Y

V
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for all large n, as desired. O

Note that the order of the lower bound in above theorem is higher than
linear, together with Chvatél linear formula of r(T,,, K,,) in Chapter 2, we
have the following conclusion.

Corollary 4.2 For a fized connected graph G, r(G, K,,) can have a linear
upper bound if and only if G is tree.

Let A be a property of graphs. When the probability that graphs hold-
ing A appear in G(N,p) tends to one, we say that almost all graphs have
the property A, or almost surely, all graphs in G(N, p) have property A. In
Theorem 4.2, we in fact proved the following result.

eV2
G in G(N,1/2) satisfy that = w(G) < n and a(G) < n.

Theorem 4.8 Let € > 0 and N = LMT/QJ. Then almost all graphs

That is to say, all most graphs in G(NV,1/2) yield the lower bound
r(n,n) > (1 — 0(1))%2"/2. Can we construct one (in fact, one family
of graphs)? Unfortunately, nobody can give a constructive proof of a lower
bound like 7(n,n) > a™ for any constant a > 1. This reveals that finite
discrete structures are much more complicated than they seem to be. The
graphs of large order we can image must have some uniform description,
but typical random graphs do not have such description. This is not very
unusual cases. Most real numbers that we can write down are rational,
which are recycling. However, almost all real numbers are of irrational.

We have a brief remark on “almost all” arguments in the proofs of several
theorems in this section. They are in fact weighted counting arguments. The
probability space we are dealing is finite, which can be defined as a finite
set ) together with nonnegative weights on the elements that sum to 1. An
event A is a subset of Q. The probability Pr(A) is the sum of the weights
of the elements of A. In particular, in the space G(N,p), the graphs with
around p(g] ) edges have larger weights.

In this chapter we have
V2 < mr(n,n)l/” < limr(n, n)l/" < 4.

There is a big gap between the lower bound and the upper bound. It is
likely that in fact, limr(n,n)"™ = 2, but both the lower bound v/2 and
the upper bound 4 has been standing for more than half century without
improvement.
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4.3 Label Vertices Randomly

We have proved in Chapter 3 that for any graph G = (V, E),
1
> _ 4.2
D2 D g0 (42)
veV

This result has an elegant probabilistic proof due to Alon and Spencer
(1992) as follows.

Proof of (4.2). Label vertices in V(G) randomly. Define a set
I={veV:lv)<Llw)forany we N(v)},

where £(v) is the label of v. Note that I is a random set. Let X, be the
indicator random variable for v € I and X = )" X, clearly X = |I|.
For each v,

veV

E(X,) = Prlv e I] = %d(v)

since v € I if and only if v is the least element among v and its neighbors.

Hence 1
E(X)= —_—
v;/ 1+4d(v)

and so there exists a specific ordering < with

1
IIIZZW-

veV
It is clear that I is an independent set thus a(G) > |I|. O

Shearer (1998) extended the idea in the above proof to obtain a result
as follow. Let m > 2 be a fixed integer, then there exists a constant
¢ = ¢(m) > 0 such that if G is a graph that contains no C3,Cs, ..., Copnt1,

then
(m—1)/m
a(G) > ¢ (Z d(v)1/<m—1>> .

veV

However, we need such result that can apply to graphs that have only one
forbidden odd cycle.
Let us introduce some notions before presenting results. Given a graph
G=(V,E), set
N;(v) ={w eV :d(w,v) =i},
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which is the set of all the vertices of distance i from vertex v in G, and
set d;(v) = |N;(v)|. Thus d;(v) = d(v). We do not distinguish the subset
N;(v) and the subgraph of G induced by N;(v) when there is no danger of
confusion. The graph G is called (m, k)—colorable if N;(v) is k—colorable
for any vertex v and any ¢ < m, that is, there is an assignment of & colors
on vertices of N;(v) so that no two adjacent vertices receive the same color.

Lemma 4.4 Let G = (V,E) be a (1,k)—colorable graph. Then

dl (U)
(v) + d2(v)”

1
>
a(G)_k‘;l—Fah

Proof. Randomly label the vertices of G with a permutation of inte-
gers 1,2,..., N, where N = |V|. Let X be the set of all the vertices v
such that the minimum label on the vertices in {v} U Ny(v) U Na(v) is
on a vertex in Nj(v). Then the probability that X contains a vertex v

is #%. So the expected size of X is ), .y, #ﬂ)ﬂlz(v). It fol-
lows that for certain fixed permutation of integers from 1 to N, we have
X > > v ﬁ%m. We aim to prove that there is an independent
set in this X with size at least | X|/k.

To this end, we define a relation R on X as follows. Let u,v € X. Call
u and v satisfy the relation R if the minimum label on {u} U Ny (u)U Na(u)
is precisely the same as that on the vertices in {v} U N;(v) U Na(v). Clearly
R is an equivalence relation, and thus X can be partitioned into certain
equivalence classes X7, X»,..., X, for some positive integer p. For each
1 <4 < p, by the definition of relation R, all vertices in X; share a neighbor
v; in common, in which for any u € X, the label of v; is the minimum label
on vertices in {u} U Nq(u) U Na(u). Hence X; C Ni(v;) and clearly v; # v;
for ¢ # j. We claim that there is no edge between X; and X; whenever
1 <i# j <p. To justify it, assume the contrary: some w; € X; is adjacent
to some w; € X;. Since w; € X and since v; € Ny(w;) U Na(w;), by the
definition of X we see that the label on v; is less than that on v;. Similarly,
by considering w;, we conclude that the label on v; is less than that on v;,
yielding a contradiction.

Since X; C Ni(v;) for each 1 < i < p is k—colorable there is an inde-
pendent set Y; in X; with |Y;| > | X;|/k. It follows from the above claim
that U?_,Y; is an independent set with size at least > ©_, | X;|/k = |X|/k,
as desired. O

Note For a triangle-free graph G, the proof is easier since X itself is
independent, so there is no need to introduce the equivalence relation.
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Lemma 4.5 Let G = (V, E) be an (m,k)— colorable graph. Then for any
1<l <m+1, we have

Z 1+di(v 'erg_l(v)
- 2k 1+d1 st de(v)

Proof. The proof goes along the same line as that of the preceding lemma,
so we only give a sketch here.

Randomly label the vertices of G with a permutation of the integers
1,2,..., N, where N = |V|. Let X be the set of all the vertices v such that
the minimum label on the vertices in U?zon(v) is on a vertex U?;%JNJ‘(’U).
Then for certain fixed permutation of the integers from 1 to IV, we have

1+di(v)+- -+ di—1(v)
‘X‘ng T+ di(v) -+ de(v)

We aim to prove that there is an independent set in this X with size at
least | X|/(2k).

To this end, define an equivalence relation R on X such that u and v
satisfy R if the minimum label on the vertices in U?zon(u) is precisely the
same as that on the vertices in Uﬁ-:ONj (v). Then X can be partitioned into
certain equivalence classes X1, Xs,..., X, for some integer p > 1. It can
be shown that for each 1 < ¢ < p, there exists a vertex v; such that

e the distance between each vertex in X; and vl is at most £ — 1; and

e v; is the vertex with the minimum label in U¢ i—oVj(v) for each v € X;.

Based on these v;, we can deduce that there is no edge between X; and
X; whenever 1 < i # j < p. Now partition each X; into subsets X ;,
1 < j </{—1, such that the distance between every vertex in X; ; and v; is
j. Since each X, ; contains an independent set Y; ; of size at least | X, ;|/k,
where 1 < i < pand 0 < j < /-1 ThusoneofU 1U0ddelj and

UZ 1 Ueven j Yi,; is an independent set with size at least 1 Up -1 U] on j=
|X]

Sg > completing the proof. O

Note For a graph G that contains no Cs, Cs, . .., Capt1, it is (m, 1)—colorable.

Theorem 4.9 Let m > 2 and k > 1 be integers and let G = (V, E) be an
(m, k)—colorable graph, then

) (m=1)/m
. 1/(m=1)
G) 2 i (Z d(v) ) .

veV
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Proof. Applying Lemma 4.4 and Lemma 4.5 repeatedly, we have

1 dl(v)
a(G) = k(m_1)2(1+d1(v)+d2(v)

veV
1 +d1(1)) +d2(’U)
2(1+ di(v) + d2(v) + ds(v))
1+d1(’l}> +"'+dm1(1})>
214+ di(v) + -+ dn(v) /)’

Since the arithmetic mean is no less than the geometric mean, we obtain

1 di(v) Yoy
N .
G) 2 ST ; <1 Tdi(v)+ -+ dm(v)>

By the condition that N;(v) is k—colorable, there is an independent set
in N;(v) with size a;(v) > d;(v)/k, and by the fact that there is no edge
between N;(v) and N;(v) whenever i —j =0 (mod 2),

20(G) > 1+ a1(v)+---+an(v)
1
> %[1 +di(v) + -+ dpm(v)].
Therefore
1 di(v) 1/(m=1)
A0) 2 ey 2 (Qka(G) :
veV
the desired statement follows. O

Note The theorem 4.9 is sharp for graph G = K, ,, for which k& = 1.

4.4 0Odd Cycle vs. Large K,
Erdés, Faudree, Rousseau and Schelp (1978) proved that
r(Cam1, Kn) < en't/m,

where ¢ = ¢(m) > 0 is a constant. We will improve their bound. A relation
they established can be stated as follows.
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Lemma 4.6 Let m > 1 be an integer and let G = (V, E) be a graph that
contains no Copy1. Then it is (m,2m — 1)—colorable.

Proof. For a fixed vertex v, we need to verify that N;(v) is (2m —
1)—colorable. The proof is based on the construction of a spanning tree
T, of the component of G that contains v. As the construction going on,
we label all vertices of G, which yields an order < on V(G). First of all,
for any u € N;(v) and w € Nj(v) with i < j, we define v < w. We label
the vertices in Np(v) in an arbitrary way. Assuming that the vertices in
N;(v) have been labelled, such that N;(v) = {u1,us,...,us}, where u; has
label j, we then proceed to N;y1(v) as follows. Take the vertex u; € N;(v),
label all neighbors of w; in N;41(v) arbitrarily, say ws,...,w,., and each
is labelled as its index, and make wy, ..., w, adjacent with u; in T. Then
consider neighbors of ug in N;11(v)\{w1,...,w,}, which have no label yet,
label them arbitrarily as {w,41,wr42..., }, and make them adjacent to usg
in T. Goes this way unless all vertices in N;;+1(v) have a label, and each is
adjacent with exactly one vertex of N;(v) in T. Clearly, if vertices y and z
in N;11(v) are adjacent in T to vertices u and v in N;(v), respectively, and
if u < v, then y < z.

Assign each edge uv a direction from u to v if u < v. We now claim
that there is no directed path of length 2m — 1 in N;(v). Let

d* = mjax dr(vj,vj11) = dr(vs, Vsg1)-

Consider the relationship between the construction of 7" and the labelling
of Ni(v),...,N;(v), we know that in fact d* = dr(v,,v;) for any r < s <
s+ 1 < t. Moreover, for ¢ < m, whatever the value of d*, if there exists a
directed path (vy, vp41,...,v) in N;(v) of length 2m — 1, then the unique
path connecting some v;, and vy (r < k < £ <t) in T with the path would
form a cycle Cy,41. Since G contains no Coyy, 41, so the subgraph induced
by N;(v), ¢ < m, in which each edge has direction from smaller vertex to
bigger vertex, contains no directed path of length 2m — 1.

We now assign each vertex u € N;(v) with a color that is the maximum
length of directed sub-path beginning from u in N;(v). Clearly, any two
adjacent vertices receive distinct colors. Since the maximum length of di-
rected path in NV;(v) is at most 2m — 1, thus N;(v) is (2m — 1)—colorable.
O

Combining the above lemma and Theorem 4.9 in last section, we have
the following result.
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Theorem 4.10 Let m > 2 be an integer. If a graph G = (V,E) is
Comi1—free, then

(m—1)/m
1 .
o(G) > G gD (Z ORA 1)) .

veV

In particular, if G is Cs—free, then a(G) > \/Nd/18, where N is the order
of G and d is its average degree.

Remark 1 If G is regular of degree d, then
a(G) > c(m)Nl_l/mdl/m,

which is also valid for m = 1 with ¢(1) = 1. So Theorem 4.10 can be
referred as a generalization of a trivial fact that the independence number
of a triangle-free graph is at least its average degree.

Remark 2 From the proof of Lemma 4.6, we see that if a graph G of
order N is Cy,,—free, then it is (m — 1,2m — 2)—colorable. So we have

(m—=2)/(m—1)
al(G)>c (Z d(v)l/(m_2)> . (4.3)

veV

However, it will be shown that the average degree of G is at most ¢cN'/™ in
Chapter8. From a result in Chapter 3, we then have a(G) > ¢N'=%/™log N.
If G is regular, the above Theorem 4.10 just yields a(G) > ¢N'=1/™. So
the inequality (4.3) for Cy,,—free graphs is weaker than that given by the
main result in Chapter.

We now improve the upper bound ¢(m)n'*t/™ of Erdés et. al (1978)
of r(Coma1, Kp) in following theorem. This improvement is independently
due to Li and Zang (2001,2003), and Sudkov (2002).

Theorem 4.11 Let m > 1 be an fized integer. Then for all sufficiently
large n,

nmt1 ) 1/m
)

m 5K’YL S
"(Com+a ) C(logn

where ¢ = ¢(m) > 0 is a constant.
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Proof. Case 1. m = 1. The desired upper bound for r(Cs, K,) = r(3,n)
has obtained in Chapter 3.

Case 2. m > 2. Suppose that G is a Cyp,41—free graph on N =
r(Comy1, Kyn) — 1 vertices with a(G) < n — 1. We aim to show that there
L ) 1/m

logn

exists some constant ¢ = ¢(m) > 0 so that r(Copt1, K,) < c(
holds for all sufficiently large n. Set

X = {v e V(Q) : d(v) > n/™(log n)m=D/m},

We consider two subcases depending on |X]|.
Subcase 2.1. | X| > N/2. By Theorem 4.10,

(m—1)/m
n > ¢ (Z d(v)l/(m—1)>

veV
(m—1)/m
> o (Z d<v>1/<ml>)
veX
N 1/(m-1)](m=1/m
> {2 (nl/m(logn)(m_l)/m> ]
> czN(m—l)/mnl/mz(logn)(m—l)/m27

yielding N 4+ 1 < e3n'*t/™/(logn)'/™, where ¢; and henceforth ¢; are
positive constants depending on m only.

Subcase 2.2. |X| < N/2. Denote by H for the subgraph of G induced
by V'\ X. Then the order of H is at least N/2, and the average degree d of
H is at most n'/™(logn)(™~1/™ By Theorem 3.4 in Chapter 3, for large
n’

n > c N logd
Y2 d
logn
> N
¢ nl/'m(log n)(nb—l)/nL
_ (logn)'/™
= C5N nl/m y

yielding N + 1 < cgn't/™ /(logn)/™.
Now set ¢ = max{cs, cg}. Then in both subcases we have
n1+1/m

Comit Kp) =N 41< et
7(Com1, Ky) + C(logn)l/m
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completing the proof. O

The above proof is due to Li and Zang that contains a probabilistic
algorithm (in proof of Theorem 4.9). The following proof is due to Sudakov
that in fact contains a deterministic algorithm.

The Second Proof of Theorem 4.11. Let

{ an1+1/m
(

1)1/J7 and d = bn'/™ (logn)m=1/m
ogmn)+/m

where a = a(m) and b = b(m) are constants to be chosen. Let G be a graph
of order N that contains no Cy,,41. We aim to verify that «(G) > n, which
implies that r(Capmi1, K,) < N. Starting with G’ = G and I = (). If G’ has
a vertex of degree greater than d we do the following iterative procedure,
otherwise, we stop.

Pick a vertex v with d(v) = d;(v) > d. Since

dpi1(v) = dl(u)d2(”) L dm(v) N,

dq(v) dm(v) —

there exists some ¢, 1 < i < m, such that

di+1(v) < N 1/m§ an 1/m.
di(v) d blogn

Take the smallest ¢ with this property, then

()<

for large n. By Lemma 4.6, N;(v) is (2m — 1)—colorable hence it contains
an independent set I’ of size |I'| > d;(v)/(2m — 1). Enlarge I to I U I’
and remove N;_1(v) U N;(v) U N;y1(v) from G’. The number of removed
vertices is

+14

dicr(0) + di(0) + dipa(v) = (‘Zjﬁ? d;gﬁ;’))dm
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for any large n, where A = (2m — 1) <2 + (bl%Z,L)l/m)' Clearly all neigh-
bors of I’ have been removed thus I is an independent set after each step,
and the ratio between the number of removed vertices and |I| is at most A.

Let G; = (V4,E1) be a graph in the end of the process, and G2 =
(Va, E3) be the graph induced by all removed vertices Vo = V' \ V;. We
distinguish two cases depending on |V5|.

Case 1. |Va| > N/2. G5 has an independent set I of size at least

N a

1/m
|| > % >(1- 0(1))n2(2T_U (2) >n

for large n if a and b satisfy

2(277?* 0 <2)1/m =1 (44)

Case 2. |Vo| < N/2. In this case, |V1] > N/2. Since no vertices in
G1 has degree greater than d, so the average degree of (G; is at most d,
and each subgraph induced by a neighbor of G; does not contain a path
of length 2m — 1 since G; does not contain Cy,11. By Theorem 3.4 in
Chapter 3, we have

a(G) > a(Gy) > % 1og(d/(2m)) ~1, o,

if @ and b satisfy
a

— > 1. (4.5)

To obtain the desired constants a and b, let us look at the case where
the equality holds for (4.4) and (4.5). then a/b = 2m and a = 2(2m —
1)(2m)Y/™. To get what we want, just perturb this solution a little bit,
When a and b are slightly larger, such that both (4.4) and (4.5) are satisfied.
Thus for all sufficiently large n,

nmtl > 1/m
)

(Comat, Kn) < (1 + 0(1))2(2m — 1)(2m)"/™ ( -

completing the proof. O
From the above proof, 7(Cs, K,,) < (12 + o(1))n3/2/\/logn. Since the

above proof uses just “half” of the information, so perhaps the following
slightly better bound for m = 2 with a short proof is more pleasing.
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Theorem 4.12 Let n > e¢®. Then

n3/2

Cs, Ky) < 6——.
71( 5 ) = \/m
Proof. Let G be a graph on N = r(Cs, K,,) — 1 vertices that contains no
Cs and a(G) < n — 1. We consider two cases depending on the value of d,
the average degree of G.
Case 1. d > 3y/nlogn. By Theorem 4.10, we have o(G) > /Nd/18.

It follows that n — 1 > 1/3Ny/nlogn/18, implying

6(n —1)2 6n>/2
+1< .

vnlogn Vdlogn

Case 2. d < 3y/nlogn. Since G is Cs—free, each neighborhood of G
does not contain any path of length 3, according to Theorem 3.4 in Chapter
3, we have

N+1<

log(3y/nlogn/3) — 1 S N\/logn

—1>N
" - 3v/nlogn — 6yn
It follows that 5
N+1< M +1< 6n ,
Vdiogn Vviogn
completing the proof. a

4.5 Pick Vertices Randomly

To illustrate the method, this section contains two results with proofs of
picking vertices randomly. The first is weaker than that a(G) > N/(d+1),
which we have obtained. The second may be related to Ramsey graphs for
r(3,n).

Theorem 4.13 Let G be a graph with N vertices and average degree d > 1,

then
N

a(G) > 2

Proof. We want to find in G an independent set at least N/(2d) vertices.
We begin by picking a set at random. Let S be a random subset of V(G)



4.5. PICK VERTICES RANDOMLY 79

where each vertex of G belongs to S with probability 1/d independently.
That is to say, S is defined by

1

PI‘[’U (S S] = g,

where all these events are mutually independent over v € V(G). Let X ()
be the number of vertices in S and let Y(.S) be the number of edges in the
subgraph induced by S. Note that for one of the Nd/2 edges of G, the
probability is p? = 1/d? that both of its vertices belong to S. By linearity
of expectation,

N Nd, N
SO
N
B(X -Y) = BE(X) - B(Y) = —.

Thus there exists a set S satisfying

N
X(S)-Y(S)>—.
(8)-Y(5) 2 3
Now S is not quite what we want as the subgraph of G induced by S may
have edges. However, if we delete one vertex from each edge, then at most
Y (S) vertices are deleted, we obtain a new set with at least N/(2d) vertices
and whose induced subgraph has no edges. o

This simple proof can give a nontrivial result for hypergraphs. Let
G = (V,€) be a r—uniform hypergraph of order N. A subset S C V is
called an independent set if it does not contain any edge of G. The degree
d, of a vertex v € V is the number of edges that contains v. Let d be
the average degree of G, then Nd = ) _ d, = r|€|. Denote by a(G) for
the independence number of G. Then for any hypergraph G with average

degree d > 1,
g)> 1|1 1 71
o9) = (1= ) ey

The proof is similar. Define a random subset S C V by Pr(v € S) =p
for some 0 < p < 1 with all these events are mutually independent over
v € V. For the similarly defined X (S) and Y (S), there exists a subset S
with

X(S) — Y(S) > B(X) — B(Y) = Np— gpr.

The desired lower bound follows by taking p = l/dl/(rfl).
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A dominating set of a graph G = (V,E) is a set U C V such that
UUN(U) =V, where N(U) = UyecyN(u). The domination number is the
is the smallest cardinality among all dominating sets of G. Let §(G) denote
the domination number of G. Clearly

a(G) = 5(G)

since any maximal independent set is a dominating set. We would like to
ask what G look like if G is triangle-free and a(G) and 5(G) are close?

Recall that in Chapter 3, we have that for any triangle-free graph G
with N vertices and average degree d, then

a(G) = Nf(d),

where f(z) ~ logz/x as * — oo. A similar bound for domination number
du to Alon (1990) is as follows, in which the involved function has the same
asymptotical form.

Theorem 4.14 Let G be a graph with N vertices and minimum degree
6 > 1, then
1+log(d+1)

B(G) <N 51

Proof. Let us pick a vertex v of G with probability p randomly and
independently, where p = log(d + 1)/(6 4+ 1). Let X be the random set of
picked vertices and let Y = V' \ (X U N(X)). The set X UYx is clearly a
dominating set of G which can be picked with the cardinality as small as
its expected number. The expected values of | X| is Np. A vertex v belongs
to Y if and only if neither v nor any neighbor belongs to X, so

E(Y) =Y (1-p'™ < N1 -p)'*.

veV
Thus
E(X|+|Y]) <N [p+(1—p)'*+].
Since 1
1 — )+l < o=P(+1) _ —log(6+1) _ _ =
(L=p)™ <e ¢ S+ 1

then we have
1+1log(o+1)

0+1 ’

as desired. O

E(X|+Y)) <N



4.6. INDEPENDENCE AND CHROMATIC NUMBER % 81

A triangle-free graph G is called mazimal or critical when adding any
edge would yield a triangle. Form the definition, there must exist a Ramsey
graph on N = r(3,n) — 1 vertices which is maximally triangle-free with
a(G) <n—1. Thus S(G) < n —1since B(G) < a(G) holds for any graph.
We shall conclude this chapter with the following problem.

Problem 4.1 Does there exist a family {G,} of graphs satisfying the fol-
lowing conditions:

(1) Each Gy, is mazimally triangle-free, and A(G) ~ §(G) ~ n;

(2) a(G,) < cB(G,,) for some constant c.

The first condition is natural but the second is crucial. We are expecting
that the existence of above family would yield good lower bound for r(3,n).

4.6 Independence and Chromatic Number *

We have obtained some lower bounds for independence numbers of graphs
with some forbidden subgraphs. However, it is often that a lower bound
of independence number is associated with an upper bound of chromatic
number. With the naive relation

a(G)x(G) = N

for any graph G of order N, any upper bound of x(G) gives a lower bound
of «(G). Let the maximum degree, minimum degree and average degree of
G be A, 6, d, respectively. Then x(G) < A + 1 implies that «(G) > HLA.
In fact, we have a stronger form a(G) > 1%1’ and we do not expect that
d+1 becomes an upper bound of x(G) since the edges may be concentrated
in a small subset. We list these associated bounds in the following table
for those readers who may have interests, and most of these bounds have
proved by probabilistic method. In the table, o(1) is a small term tending
to zero as the corresponding parameter A, or J, or d tending to infinity.

Condition Lower bound of «(G) | Upper bound of x(G)
general N/(d+1) A+1
no Cs (1—0(1))Nlogd/d CA/log A
A(N(w)) <m | (1 —o0(1))Nlog(d/m)/d CA/log(A/m)
no Cs, Cy (1—0(1))Nlogd/d (I+0(1))A/log A
no Copt1 cN1I-1/mgl/m
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Table: Lower bound of Independence Number and the associated upper
bound of chromatic number

The upper bound of chromatic number for triangle-free graphs is due to
Johansson (1986); that for graphs with each neighborhood has a bounded
maximum degree is due to Alon, Krivelevich and Sudakov (1999); that
for graph with forbidden subgraphs C3 and Cjy is due to Kim (1995). A
good source for these bounds of chromatic numbers proved by probabilistic
method is the book Graph Coloring and the Probabilistic Method by Molloy
and Reed (2002).

Problem 4.2 Can the constant C in upper bound of x(G) for graphs with
sparse neighborhoods in above table be improved as 1+ o(1)?

Problem 4.3 Prove or disprove x(G) < C (%)Um for graphs G contain-
ing no Copy1.

Exercises

4.1 Show that the complement G, of a random graph G, is exactly Gy,
where ¢ =1 — p.

4.2 Give a graph F' of order at least two such that A(F) is a singleton.
4.3 Verify Theorem 4.1 for graph F' = K 3.

4.4 Let v be a fixed vertex of G(n,p) and let d(v) be the degree of v.
Compute the probability of the event d(v) = k and its expectation and
variance.

4.5 For distinct vertices v and v, show

Pr(d(u) < ki,d(v) < ky) < Pr(d(u) < k1) Pr(d(v) < ka).

4.6 (1) Show that the probability that a fixed subset S of G(n,1/2) is
contained in the neighborhood of a vertex is (n — |S[)27151.

(2) Show that almost every graph G in G(n,1/2) has A(G) > n/2++/n
and §(G) <n/2 —/n.

4.7 Try to obtain asymptotically optimal constants in Theorem 4.7.
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4.8 Denote by W, for K; + C,,,. Using that fact that 7(C,, K,,) is
super-linear on n, show

T(Wvan) S cr(crru n)%a

where ¢ = ¢(m) is a constant.

4.9 Call a term 1/(1 + d,) in (G) > >, 1/(1 + dy) as the ratio of
independence. Using this concept, explain Lemmas 4.4 and 4.5 intuitively.
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Chapter 5

Concentration

5.1 The Chernoff’s Inequality

The probability space we consider in graph Ramsey theory has only finite
many possible outcomes, and the random variable is often nonnegative.
Let X be a random variable, the expected value of X is defined to be
E(X)=>,a; Pr(X = a;), where the summation is taken over all values a;
that X can take.

Theorem 5.1 (Markov’s Inequality) Let a > 0 and let X be a nonneg-
ative random variable, then

E(X)

Pr(X >a) <
HX 2 a) < =

Proof. Suppose that {a;} is the set of all values that X takes. Then
E(X) = > aiPr(X =a)
> Z a; Pr(X = a;)

a;>a

a Z Pr(X =a;) = aPr(X > a),

a;>a

Y

as required. O

In particular, if X only takes nonnegative integer values and E(X) < 1,
then we have Pr(X > 1) < 1 hence Pr(X = 0) > 0. This is exactly what
we used to get a lower bound of 7(n,n) in the last chapter.

81
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For a positive integer k, the kth moment of a real-valued random variable
X is defined to be E(X*), and so the first moment is simply the expected
value. Denote by = E(X), and define the variance of X as E((X — u)?),
and denote by o2 for the variance. Call o as the standard deviation of X.

Theorem 5.2 (Chebyshev’s Inequality) Let X be a random variable
and let a be a positive number, then

0.2

Pr(lX —pl 2 a) < —.
Proof. By Markov’s inequality, for any a > 0,

o’ E((X —1)?)
2 Pr((X — p)? > a?)
a®Pr(|X — p| > a).

Vol

It follows by the required statement. O

In important, the second moment E(X?) is second to the first moment
E(X).

Lemma 5.1 (Second Moment Method) If X is a random variable, then
2 B E(XZ) _ 'u2

112
where u = E(X). In particular, Pr(X =0) — 0 if B(X?)/u® — 1.

Pr(X =0) <

)

tw‘ Q

The proof follows from Chebyshev’s Inequality and the trivial fact that
Pr(X =0) < Pr(|X — p| > p) immediately. Intuitively, if o grows more
slowly than p grows, than Pr(X = 0) — 0 since o “pulls” X close to pu.

The Chebshev’s inequality is in fact the Markov’s inequality on random
variable |X — u|. However, Chebshev’s inequality states the probability
of a random variable X apart from E(X) is bounded. When this is the
case, we say that X is concentrated. A concentration bounds is used to
show that a random variable is very close to its expected value with high
probability, so it behaves approximately as one may “expect” it to. When
Sy, is the sum of n independent variables, each variable equals to 1 with
probability p and —1 with probability 1 — p, respectively, the bound can be
sharper. Such random variables are bounded in Chernoff’s inequality. Most
of the results in this chapter may be found in, or immediately derived from,
the seminal paper of Chernoff (1952). While our proofs are self-contained.
A set of random variables Xy, X, ... are said to be mutually independent
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means each X; is independent of any Boolean expression formed from other
(X;)'s. In any form of Chernoff bounds, we assume that

Assumption A : On the independence of variables in Chernoff bound
Let X7, X5, ... be mutually independent variables and they have the same
binomial distribution. Set

Sp=>_ X
i=1

All concentration bounds in the remaining part of this section are Chernoff
bounds of different forms, which estimate the probability of

Pr(Sn > ”(ﬂ + 5))a

where p = E(X;). The symmetric bound on Pr(S, < n(u — §)) can be
obtained similarly.

Theorem 5.3 Under Assumption A, suppose
Pr(X;=1)=Pr(X; =-1)=<
fori=1,2,.... Then for any § >0,
Pr(S, > nd) < exp{—nd?/2},
and for any a > 0,
Pr(S, > a) < exp{—a®/(2n)}.

Proof. Let A > 0 be arbitrary. Then

A Y
E(GAXi):ie +€ .
2
Note that
E(eAS”) E(e’\Xl)E(e)‘XQ) E(e’\X")
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where we use the fact that (24)! > 275! for all j > 0 with strict inequality
when j > 2. Now by Markov’s inequality,

Pr(S, >nd) = Pr(e* > M)

E(e>\5n )
eAnd

< exp{n(\?/2 - \d)},
for all A > 0. Setting A = §, we obtain the desired result. O

For large n, the central limit theorem implies that S,, is approximately
normal with zero mean and standard deviation y/n. For any fixed u,

n—oo

oo
1 2 2
lim Pr(S, > uy/n) = / ——e U2t < o7 /2,
w V2w

However, the Chernoff bound holds for all positive n and a.

Since X; is often an indicator variable of some random event, so X;
takes 1 when the event appears and 0 otherwise. The following form of
Chernoff bound may be used in more cases.

Theorem 5.4 Under Assumption A, suppose
Pr(X;=1)=Pr(X; =0) ==
fori=1,2,.... Then for any é >0,
Pr(S, > n(1+6)/2) < exp{—nd?/2},

or
Pr(S, > n(1/2 + §) < exp{—2nd°}.

Proof. Set YV; =2X;, —1and T}, = > | Y; =25, — n. Then

1
Pr(Y; =1)=Pr(Y; = -1) = 5

and {Y;} satisfies Assumption A. Note that T,, > nd if and only if S, >
n(1+0)/2. Applying Theorem 5.3 to {Y;} and T,,, we have

Pr(S, > n(1 +6)/2) = Pr(T,, > nd) < exp{—nd?/2}

as claimed. O
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Under Assumption A, suppose
Pr(XL = 1) =D, and IDI'()(Z = 0) =1 —p

for i =1,2,.... Then we say that the sum S,, = Z?zl X; has binomial dis-
tribution, denoted by B(n,p). Involved in Theorem 5.4 is special binomial
distribution B(n,1/2). For general case , the calculation is slightly more
complicated, but the technique is the same. As usual, denote by ¢ for 1—p.

Theorem 5.5 Under Assumption A, suppose
Pr(X;=1)=p and Pr(X;=0)=¢q

fori=1,2,.... Then there exists §o = do(p) > 0 so that if 0 < & < do, then
Pr(Sn = n(p+6)) < exp{—nd?/(3pa)}.

Proof. Denote by a for p + §. By the same argument as used before,
Pr(S, > na) Pr(e*Sn > eAna)

1 AS
6)\na E(e )

1 A n
e (P +4)

IN

_ (pe)\(l—a) + qe—)\a)n
forall A > 0. Let c=1—a=g—¢ > 0. By taking A\ = log(ag/cp), we have
: Ac —Aa _ —Aa A
min(pe™® +ge”") = e "(pe” +4q)
= () o) ()
aq) c a c)

Setting 0 < § < 1 — p, and expanding in powers of §, with the fact that

2 3
10g(1+x):x7%+%+0(x4),
we find
log(zj)a = (p+9)log 1—L
a p+46
52 53 3
= - - 5 +0(5%),

2(p+9) 3(p+9)



86 CHAPTER 5. CONCENTRATION

and

log (%) — (q—6)log <1+£5>

- B 52 63 . 3
= 05— g _ee )

Adding them by terms,

- <1+1> _ —52( 11 )
2 \p+d q—9 2 \p(1+d/p) q(1-9d/q)
—5° ( 1 (¢g—p) )
= (== +o(o
2 \pgq P*q? ©)
—0? (q—p)53 3
= g T o T
and
5 1 1 M /1 1
. _ = (= _ = 1
3 <<q—6>2 <p—6>2> 3 (q2 ol )>
—(q—p)53 3
3p2q2 +0(6 )’
we have
pY\e (q\°] _ —6% | (¢—p)&® 5 _ —0°
log [(2) (4)] = =& L 4= P)9 -,
Og[(a) (c) } 2pq * 6p%q? o8 < 3pq
Thus
Pr(S, >n(p+9)) < exp{—n§2/(3pq)},
completing the proof. |

From above proof for p > ¢ and Theorem 5.4 for p = g = 1/2, we see
that if p > 1/2, the bound can be slightly better as

Pr(S, > n(p + ) < exp{—nd*/(2pq)}.

We now write out a symmetric form for Theorem 5.5, for Theorem 5.3
and Theorem 5.4, we omit them.

Theorem 5.6 Under Assumption A, suppose
Pr(X;=1)=p and Pr(X;,=0)=q
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fori=1,2,.... Then there exists o = do(p) > 0 so that if 0 < § < &y, then
Pr(S, < n(p —4)) < exp{—nd*/(3pq)}.

Therefore
Pr(|S,, — np| > nd)) < 2exp{-nd?/(3pq)}.

From the above proof, we have

Pr(S,, > na) Sexp{n (alogp—&—(l—a)log1 ¢ >}
a —a

Set k = na, since a =p+ 9 > p then k > np , and

Pr(S, > k) < exp {n ((k/n) log k]/in + (1 — k/n)log 1_qk/n) } .

Let H(z) signify the entropy function

H(x):xlog§+(1—x)1og1 4 ,

then
Pr(S, > k) < exp{nH(k/n)},

which is valid also for k = np since H(p) = 0. The following form of
Chernoff’s inequality was used by Beck (1983).

Theorem 5.7 Under Assumption A, suppose
Pr(X;=1)=p and Pr(X;=0)=g¢q

fori=1,2,.... If k > np, then

sz < () (2)

Consequently,

Proof. The right hand side of the first inequality is just exp{nH (k/n)}.
For the second inequality, simply note that

ng n—k n n—k L n—k
< = k.
(n—kz) _(n—k‘) <1+n—k> <€
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Thus the required result follows. O

We conclude this section with bounding Pr(S,, > k) by Pr(S, = k).
Denote by b(j;n, p) for the probability of Pr(S, = j), i.e.,

b(j;n,p) = Pr(Sp = j) = (?)pj(l —p)".
Theorem 5.8 x Under Assumption A, suppose
Pr(X;=1)=p and Pr(X;=0)=gq
fori=1,2,.... If k > np, then

(k+ 1)1 —p)

Pr(S, > k) < b(k;n,p) k+1)—(n+1)p’

and if k < np, : )
n—k+1)p

Pr(S, <k) < b(k;mp)m-

Proof. To prove the first result, note that for any j > k,

b+1inp) _ _ (n=jp
b(j;n, p) (j+1(1—-p)
(n—k)p
- (k+ D1 -p)

Denote by r for %, then

Pr(S, > k) = Y b(jin,p)
j=Fk

< b(ksn,p)[l4+7r+1r2 4]
= bknp)
(k+1D1 -p)

A similar proof holds for the second bound. O

When p is sufficiently small, we can deal with factor (1—p)* in b(k;n, p)
as follows.
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Property 5.1 x If 0 < p < 1/2, then

1
exp(—kp?) < (1 —p)F < exp(— 5 kp?).

In particular, if kp? = o(1), then (1 — p)¥ ~ e=FP.

Proof. Note that for |z| < 1, log(l —z) = —(x + % + ‘”—; +--+), thus
2 3
log(e"”(1 —p)*) = kpk<p+]32+p + )

<

3
2 3
p p
B T T
(5+5+)
—kp2

2

To obtain the second bound, note that 2(1 — p) > 1,

log(e*”(1 — p)*)

the required bound follows.

2 3
p p

= —k(E=4+E 4.
<2+3+ )

> 7(p2+p3+'-')
_ Ry

2(1 —p)
2 _kaa

89

5.2 Chernoff Bound for Different Distribu-

tions

In applications, we may need to consider a sum of random variables such
as X = > " | X;, where X; may have different distributions.

Theorem 5.9 Let Xq,..

., X be mutually independent random variables

such that for 1 < i < n, Pr[X; = 1] = p; and Pr[X; = 0] = 1 — p;, where
0<p; <1. Then for X =31, X;, and for § > 0,

PriX > 1+ < <

65 "
(1 +6)1+5> ’
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where = E[X] = >""_ p;. In particular, for 0 < 4§ <1

Pr(X > (1+96)u] < exp (—524”> .

A more general form of the above theorem is a Chernoff bound for
weighted random variables in different distributions as follows.

Theorem 5.10 Let X1,..., X, be mutually independent random variables
such that for 1 < i < n, Pr[X; = 1] = p; and Pr[X; = 0] = 1 — p;, where
0 < pi <1. Then for X = Z?Zl w; X;, where wy,...,w, are positive
constants, and for § > 0,

66 p/w
Pr[X > (1+6)u] < <(1+5)1+a> :

where p = E[X] =" wipi, andw = max{w; : 1 <i < n}. In particular,
for0<d<1

Pr[X > (1 +6)u] < exp (—iﬁj) .

Remark. If u/w — oo as n — oo, then Pr[X > (1 + §)u] — 0.
We need a simple lemma as follows.
Lemma 5.2 For any real numbers 0 < p,w <1, and t > 0,
p(e™ — 1)+ 1 < exp(wp(e’ — 1)).

Proof. Set
f(t) = exp(wp(e’ = 1)) = p(e" = 1) — 1.
Then f(0) =0 and

') exp(wp(e’ — 1))wpe’ — wpe'”

wp(et - etw) > Oa

v

and for small ¢, f'(¢) > 0, which yield the required statement.

Proof of Theorem 5.10. We shall separate the proof for the first
bound into two cases depending on the value of w.

Case 1: w=1.

For any real number ¢t > 0,

Pr[X > (1 + 6)u] = Prlexp(tX) > exp(t(1 + §)u)].
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Applying the Markov inequality gives

Elexp(tX)]
PriX > 1+ < ———M—.
O < o+ o
From the assumption on independency of X, ..., X, and Lemma 5.2, we
have
Elexp(tX)] = Elexp() _ tw;X;)] = E[I} exp(tw;X;)]
i=1
I}, Elexp(tw; X;)] = 117 [p; exp(tw;) + 1 — p;]
= Ty [pi(exp(tw;) — 1) + 1] < T [exp(wipi(e’ — 1))
= exp (Z wip;(e' — 1)) = exp((e — Dp).
i=1
Therefore

exp((e’ = p) ¢4 u
PriX > (1+0)ul < AT 00 (exp(e’ =1 —t(1+0)))".

Then the first bound with w = 1 follows by taking ¢t = log(1+4) > 0, where
the logarithmic function is on natural base.

Case 2: w # 1.
Set w] = w; /w, X' =Y 1" wiX; = X/w,and p/ = E[X'] =Y | wip; =

K2
p/w. Then w' = max{w} : 1 <i <n} =1. Applying what just proved in
case 1 on X', we obtain

Pr[X > (1+0)] = Pr[X' > (14084

) I ) w/w
- ((1+6)1+5> :<(1+5)I+5> ’
completing the proof for the first bound.

To obtain the second bound, note that for any 1 > § > 0,
(1+0)log(1+6) > 5 + 6% /4,

thus
el B el
(1465 exp((1+6)log(1+9))
5
€ _ Y
exp(5+§2/4) —exp( 6 /4)’

as desired.
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Corollary 5.1 Let Yi,...,Y, be mutually independent random variables
such that for 1 < i < n, Pr[Y; = w;] = p; and Pr[Y; = 0] = 1 — p;, where
0<p; <1, and wy,...,w, are positive constants. Then for Y = Z:;l Y;,
and for § > 0,

)

. w/w
PrlY > (1+6)u] < <(1+5)1+5> :

where = E[Y] =" w;p;, and w = max{w; : 1 <i < n}.

5.3 Lower Bounds of r;(K,,,) and r(K,,,, K,)

Recall that r4(G) is the smallest integer N such that in any k—coloring
of edges of Ky, there is a monochromatic G. Chung, Erdés, and Graham
(1975) propose a problem to determine 74 (K, ). We now give a lower
bound for it as k and m are fixed and n — oc.

Theorem 5.11 (Li, Tang and Zang) For any fized positive integers k
and m, as n — oo,

Tk(Km,n) > (1 - 0(1))kmn

Proof. Fix € > 0, we turn to show that ri(K,, ) > (K™ — e)n for large
enough n. To this end, set

N = |(k™ —€/2)n] — m.
Since for all sufficiently small (independent of n) § > 0,

S N+m S N
n
T km—¢/27 km /5

where p = k7™, we can fix a small § > 0 which meets the requirement of
Theorem 5.5. Now let us randomly and independently color the edges of
Kn4m with k colors, such that each edge is assigned in each color with
probability 1/k. Consider a fixed color, say color A, and an arbitrary but
fixed set U of m vertices. Let vy, vs,...,vy be the N vertices outside U. For
each j, define a random variable X; such that X; = 1 if the edges between
v; and U are all in color A and 0 otherwise. Then Pr(X; =1) =k~ =p.
Set Sy = Zszl X;. Clearly Sy has the binomial distribution B(N,p) and
the event Sy > n means that there is a monochromatic K,,, in color A
(in which U is the m-vertex part). Hence

> (k"™ +6)N=(p+I)N,

N+m

Pr(3 monochromatic K, ) < k<
m

> Pr(Sxy > n).
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By virtue of Chernoff bound (Theorem 5.5)
Pr(Sy >n) < Pr(Sy > (p+0)N) < exp{—Né&*/(3pq)}.

So the probability that there exists monochromatic K, , tends to zero as
N — o0, which guarantees the existence of an edge-coloring of Kn4,, with
no monochromatic K, . Hence rip(Kyn) > N +m > (™ — e)n for all
sufficiently large n. O

In Chapter 3, we proved that for any fixed m > 1,

o nm-{—l

K,+ K, K, < 1)——.

P T K) < (1 0(1) ot

We will see that the upper bound is very close to truth. In fact, an ap-

plication of Chernoff bound will yield a lower bound of r(K, ,,K,) as
follows.

Theorem 5.12 (Li and Rousseau, 1997) Let integer m > 2 be fized.
Then there exists a constant ¢ = ¢(m) > 0 such that

n7n+1
T(Km,nv Kn) Z C

(logn)™"
Proof. The lower bound is obtained through a simple application of Cher-
noff bound (Theorem 5.7). With

nm+1
N=|_-"“
{S(Qm log n)mJ

let G(N,p) be a random graph of order N and edge probability p =
(2mlogn)/n. The probability that m chosen vertices in G(N,p) are con-
necting with another fixed vertex is p™. So the probability that they have
at least n common neighbors is Pr(S > n), where S has the binomial dis-
tribution B(N — m, p™). Then n > Np™ and Theorem 5.7 yields

Pr(Kpn C G(N,p) < (N) (“V‘m’“)
m n
N (N
m/! n
nm(m+1) e n
< Cl(logn)m2 (3) ’

where ¢; = ¢1(m) > 0 is a constant. Hence Pr(K,,, C G(N,p)) — 0. At
the time, by standard estimates that (JZ) < (Ne/n)" and 1 —p < e P, we
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obtain a bound of the probability that G(NV, p) has an independent set of
size at least n as follows

Pr(a(G(N,p)) >n) < (N) (1— p)n(n—l)/g

n

Ne —pin-1)/2
n

C2 "
< - ,
- (3(2mlogn)m>

where ¢2 = c2(m) > 0 is a constant, so Pr(a(G(N,p)) > n) — 0. Hence the
probability that G(N,p) contains neither K,, ,, as a subgraph nor an inde-
pendent set of size n is positive (in fact, close to 1). Thus r(K, », K,,) > N.
0.

IN

We shall review to this problem in Chapter 8, where we will show that
the lower bound in above theorem is the right order of r(K, n, Kp).

Exercises

5.1 Let X be a random variable, the its variance 0> = E(|X — p|) and
expectation p = E(X) satisfy

o? = E(X?) — u*.
5.2 With p = (1 —¢) log n/n, how large can m be such that almost every

graph in G(n,p) has at least m isolated vertices.

5.3 What is the asymptotically optimal constant in Theorem 5.12 from
the proof?
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Chapter 6

Some Properties of
Random Graphs *

6.1 Some Behavior of Almost All Graphs

We digress a bit from extremal graphs to random graphs in this chapter.
We do so for the beauty of the results and for the better understanding the
nature of the existence given by the “almost all” arguments.
Given a graph property A, it is often associated with a family @ of
graphs as
Q=Q(A) ={G : G has A}.

Slightly abusing notation, we do not distinguish the property A and the
family @ if no danger of confusion. We say that almost all (a.a.) graphs in
G(n, p) have property @ if lim,, .o, Pr[G, € Q] = 1. In this case we also say
that almost surely that G, € G(n,p) has property Q). We always suppose
that n is large. We begin at a classic result of Erd&s that almost all graphs
seem to behave strangely even though they are sparse.

We will use S|¢ signify for the subgraph of G induced by vertex set S,
and d(QG) for the average degree of G.

Theorem 6.1 (Erds8s,1962) For all k > 1, there exist positive constants
¢ and € such that almost all graphs in G(n,p) with p = ¢/n satisfy that
d(G) > k and x(G) > k, and yet d(S|c) < 3 and x(S|a) < 3 for any vertex
subset S with |S| < en.

Proof. In order to simply the notation, we will prove that d(G) > k — 1
instead of d(S|g) > k. Let

97
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H(z) = —loga™(1 —2)'™", 0<z<l,
and let constants ¢ and e satisfy

3/265/2

W61/2 < 1.

c>2k*H(1/k) and

Set p = ¢/n and consider G = G, in G(n,p). We show that all most graphs
in this space satisfy the conditions in Theorem. If d(G) < k—1or x(G) < k,
then a(G) > n/k. The expected numbers of such independent sets is

(e

From m! ~ v/27mm(m/e)™, we estimate that

(Jk) - (n/k)!(g!—n/k)!

< exp{nH(1/k)},
and
(1= <exp{=3 (7 — D} = exp{ 5501 —0(1)}.
Therefore,

(e )a=n0) e {n (o - mp -om) |,

which tends to zero by the condition satisfied by c.

Suppose some set S with ¢ < en vertices such that d(S|g) > 3 or
x(S|g) > 4, we claim that that S|g would have at least 3t/2 edges. The
claim is trivial if d(S|g) > 3. If x(S|g) > 4, then we would have a minimal
such set S. For any v € S, there would be a (proper) 3—coloring of S\ {v}.
If v has two or fewer neighbors in S|g then it would be extended to a
3—coloring of S. Hence the minimum degree of S|g is at least 3 and it
follows by the claim. The probability that some ¢ < en vertices have at
least 3t/2 edges is less than

SN GIICATC RS SUND S,

4<t<en 4<t<nl/4 nl/4<t<en
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(?) < (%)t and (3(}/)2> < (e;)%/z.

So each term is at most
ent [et\>? s c\3t/2 312e5/241/2\ "
(5 O - ()

Hence the first summation

We bound

B3/2¢5/2p1/4\ 4
) ~o.

1/4
sy <n'/ ( 33/2,1/2

Each term in the second summation is at most

nl/4
3/265/241/2 t< c3/265/2 1o
33/2,,1/2 = 33/2 ¢
3/2.5/2

Let 6 be the bracketed term <737

Thus the second summation

€'/2 then § < 1 by the choice of e.

1/4
s < end™ — 0.

So almost surely no such set S exists, completing the proof. O

By the last theorem, we know that in random graphs, the neighbors
of an average vertex distribute evenly in every part of the vertex set. So
their clique numbers and independence numbers are small, and chromatic
number are big. Let us enjoy a result of Erdos style that he used this central
observation to disprove a conjecture with almost all graphs.

A suspended path in graph G is a path (zg, 21, ..., 2x) in which 2, ..., 25—
have degree two in G. A graph H is a subdivision of G if H is obtained from
G replacing edges of G by suspended paths, that is to say, H is obtained by
adding vertices on the edges of G. Hajos conjectured that every graph G
with x(G) > r contains a subdivision of K,.. Catlin disproved the conjec-
ture by a constructive proof, but Erdés’s disproof was more powerful. Let
~v(G) denote the largest r such that G contains a subdivision of K,.. Hojas
conjecture is equivalent to that v(G) > x(G).

Theorem 6.2 Almost all graphs G, € G(n,1/2) satisfy

n

X(G) > , and 7(G) < Vo6n.

2logyn
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Proof. Set k = [2log,n|. Since

k
Pr(a(G) > k) < <Z> 2-(2) < (ng) 0,

and the fact
a(G)x(G) = n

for any graph G, the first statement follows immediately. Set r = [v/6n].
Then n < r2/6. There are

n eny” er\”
<(5) =(5)
(7“) T 6
potential K, subdivisions, one for each r—element subset of V(G). If we

fix such a subset X, then we notice that since each subdivided edge has

to use a distinct vertex of V(G) \ X. There are (;) suspended pathes in a

subdivision, and at most n — r of them are of length two or more, which
are “really” subdivided edges. So the number of edges in subgraph induced

by X is at least
" —(n—r)> " —i—r—ﬁ>g "
2 —\2 6 — 3\2

edges. But the number of edges in subgraph induced by X, denoted by
e(X), has binomial distribution B(N,1/2), where N = (}). From Chernoff
bound in Chapter 5,

Pr(e(X) 2 N(1+6)/2) < exp{~N&*/2},

by taking § = 1/3 hence 2 (}) = (5)(1 + 6)/2, we have

Pr <e(X) > g (;)) < exp{—N32/2} = exp {_118 (;) } .

Thus we bound the probability that our random graph G contains a sub-
division of K, as follows.

Pr(y(Q) > 1) < ;PI‘G(X)Z?(;))

() er{-5()}
_ <erexp{—(g—l)/36}>r,

N

IN
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which tends to zero as n — oo. O

Since for almost all G,

n
— > — —
x(G) —v(G) > oz, vV6n — oo

as n — 0o, so Hajos conjecture is false, and almost all graphs in G(n,1/2)
are counterexamples. Further more, the gap between the truth and the
conjecture is big.

For fixed 0 < p < 1, most graphs in G(n,p) are dense. One of the
most striking phenomena on parameter concentration was discovered by
Bollobés and Erdés (1976) for dense random graphs. Let d = d(n,p) be

the maximum integer with
<Z> p(g) > logn.

So d ~ 2log; s, n for fixed 1 > p > 0. Then
Pr(d < w(G,) <d+1] — 1.

Namely, the clique numbers of a.a. graphs in G(n, p) are concentrated at two
values. Since the complementary space of G(n,p) is G(n,q) with ¢ =1 —p,
so the independence numbers of a.a. graphs in G(n,p) are concentrated
at two values, which are asymptotically 2log; ,, n. Bollobas (1988) proved
that the trivial inequality a(G)x(G) > n becomes an asymptotical equality
by determining the chromatic number for G, € G(n,p) by showing

n n
Pr|{ ——— G 1 —_— 1
lr<210g1/qn<X( r)<( +€)210g1/qn>_)

where 1 > p > 0 and € > 0 are fixed.

We shall see that almost all graphs are nearly regular.

Theorem 6.3 Let 0 < p <1 be fized. Then almost all graphs G in G(n, p)
satisfy that
A(G) ~6(G) ~ (n—1)p.

Proof. Let G be a random graph in G(n,p) and let v ba a fixed vertex
of G. Then deg(v) has binomial distribution B(n — 1,p). From Chernoff’s
Theorems in Chapter 5, we have

Pr(|deg(v) — (n = 1)p| > (n — 1)e) < Zexp{—(n —1)¢*/(2pq)},
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which tends to zero as n — oo. O

6.2 Threshold Functions

We have seen that random graphs in G(n, p) behave sensitively on p = p(n).
A monumental discovery of Erdés and Rényi (1960) was that many natural
graph theoretic properties become true in a very narrow range of p = p(n).

A property @ is said to be monotone increasing if G has @, then any
graph from G by adding new edges has (). The monotone decreasing prop-
erty can be defined similarly. Thus the property of being connected is
monotone increasing and that of being triangle-free is monotone decreas-
ing. As mentioned in Section 1, a property @ is associated with a family of
graphs. We call this family to be monotone increasing if so is Q). Also we
do not distinguish the property and its associated family.

Lemma 6.1 Let QQ be a monotone increasing property, then Pr(G, € Q)
is an increasing function on p.

Proof. Let 0 < py(n) < pa(n) < 1, we shall verify
Pr(G,, € Q) <Pr(G,, € Q).

Let
Q={Hy,Hy,...,H}

be the family of all spanning graphs on vertex set [n] that have property. For
1 < j < ¢, we have Pr(G, D H;) = p°li) hence Pr(G,  H;) = 1 —pH).
By the fact that @ is increasing, we obtain

Pr(G, ¢ Q) = Ij_, (1 — pt™)),

yielding that
Pr(Gy € Q) = 1 — I, (1 — p(),

The desired inequality follows since p; < po. O

Let @ be a monotone increasing property. Erdds and Rényi defined a
function f(n) with 0 < f(n) <1 as threshold function for Q if

. [0 ifp=f(n)/w(n)
A Pr{G, € Q] = { 1 itpo Fln)w(n),

where 0 < w(n) < 1/f(n) is a function which tends to infinity with n, as
slowly as desired. For example, if f(n) = logn/n, we may take w(n) =
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loglogn. Note that if f(n) is a threshold function for Q, so is ¢f(n) with
c>0.

Obviously, the definition of f(n) being a threshold function for a mono-
tone increasing property @ is equivalent to

Jim Pr(G, € Q] = { (1) gg i %g

where p < f(n) means p = o(f(n)).

The definition of the threshold function for a monotone decreasing prop-
erty is similar. The definitions means the situation whether or not a.a. G,
have @ changes suddenly even though p = p(n) changes slightly in the
moment.

Let X = X(G) be a non-negative integral parameter of graph G. Since

Pr(X >1)=>» Pr(X =k) < E(X),

k>1

so F(X) — 0 implies that a.a. graphs in G(n,p) satisfy X = 0. And in
many cases F(X) — oo implies that a.a graphs in G(n,p) satisfy X > 1,
which can be shown by Chebyshev’s inequality often. For example, let X
be the number of triangles in G, € G(n,p). Then

£x) = () ~ o

As we will see in the next theorem that f(n) = 1/n truly is a threshold
function for triangle-freeness. Let p = ¢/n and let ¢ — 0 and ¢ — oo sig-
nify w(n) in the denominator and numerator in the definition, respectively.
When c reaches and passes 1, the structure of GG, radically. This is called
the double jump because the structure of Gy, is significantly different for
cKLl,c~1land c> 1.

Let us recall the Second Moment Method in last chapter.

Lemma 6.2 (Second Moment Method) If X is a random variable, then
B(X?) —

pro
where = E(X). In particular, Pr(X = 0) — 0 if B(X?)/p? — 1.

Pr(X =0) <

A graph G with average degree d is called balanced if no subgraph of it
has average degree greater than d. Complete graphs, cycles and trees are
balanced.
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Theorem 6.4 Let F be a balanced graph with k > 2 vertices and ¢ > 1
edges and let Q) be the property that a graph contains F' as a subgraph. Then
f(n) = 1/n¥* is a threshold function for Q.

Proof. To simplify the notation, we shall use p = # with v — 0 and
v — oo as before. Let X = X (G) be the number of copies of F' contained
in G =G, € G(n,p). Denote by a for the number of graphs isomorphic to
F on fixed k labelled vertices. Then

With the simple facts that 1 < a < k!, k and ¢ are fixed, we have F(X) <
nkpt =+* and E(X) ~ &nFp’ = £~ Thus

ey’ < enfp’ <p=EB(X) <A,

where ¢; and c¢p henceforth ¢; are positive constants.
When v — 0, by Markov’s inequality,

Pr(G, € Q)=Pr(X >1) < E(X) — 0.

We then want to show that Pr(G, € Q) =Pr(X >1) — 1 asy — co. We
turn to the Second Moment Method for help since the Markov’s inequality
does not work in this case.

For any k labelled vertices in [n], we have a = k!/|A|, where A is the
automorphism group of F. Then there are total of a(Z) potential copies of
F on [n]. Denote by

F={n,F,..}

for the family of these copies. Denote by F; U F} for the graph with vertex

set V(F;)UV (F}) and edge set E(F;) UE(F;). The two critical observations

are that most pairs F; and F} have no vertices in common, and if they have

s > 1 common vertices and ¢ edges, then t/s < ¢/k since F is balanced.
Let X; be the indicator function of F;, then

Since X =3, X;, thus
E(X?) =) E(X;X;)=)Y Pr(G>DFUF),
5] ,J
where the sum is taken over all pairs {7, j} with F;, F; € F. Set

Ay = > Pr(G D F; U F}),
[V (F)NV (F))|=s
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where the sum is taken over all pairs F; and F} as they have s vertices in
common. Then E(X?) = E]::o A,. Note that if V/(F;) NV (F;) =0, then

since the independency of the events. We thus have the fact Ay < p? which
follows from

Ay = Z PI"(GDFZ'UFJ')
V(F)NV (F;)=0

= > Pr(G > F;) Pr(G D Fj)
V(F)NV (F;)=0

2 2
< (Z Pr(G D Fl)> = (Z E(X1)>
= B*X)=p%

For s > 1 it is expected that A, is much less than p?. Fix Fj, counting F;
that has s common vertices with F; which contains at most ¢ < s¢/k since
F' is balanced, we have

> Pr(G > F;UF))
JHV(E)NV (Fy)|=s

K\ (n—k
> (DG
s k—s
0<t<st/k
CSnk—s Z p2€—t

0<t<st/k

IN

IN

since k, s, ¢ are fixed and ¢ is bounded. From the fact that there are a(Z)
elements in F, we obtain

n
As < a<k) ankfs Z p227t
0<t<st/k
< C4n2k—s Z p2€—t < 04(nkp€)2n—s Z p—t
0<t<st/k 0<t<st/k
ey nTt ey et _ e
- psg/k - (npf/k)s - ,ysf/k — ,ysf/k’

where we used the fact that n*p’, ¢ and u have the same order. So for
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s> 1, we have A,/pu? < c7/vY/*, and

E(XQ) Ag + Zk,1 A, k cr cg
- =1 3T gy B
12 12 ; Uk e/

By the Second Moment Method,

]

Pr(X=0) < Pr(X—ul>w<%;
7
E(X?) — u?
- 2 M)z < T
which tends to zero as v — o0. O

In traditional definition of threshold function f(n) of Erdds and Rényi
p1/p2 — 0 with p1(n) = f(n)/w(n) and pa(n) = f(n)w(n). In many case
this is not necessary. Perhaps it is just needed that p; is slightly less than
p2. A more precise definition of threshold function is as follows.

Let Q be a monotone increasing property of graphs. A function p, =
pe(n) is called a lower threshold function (1tf) if almost no graphs in G(n, py)
have Q; a function p,, = p,(n) is called an upper threshold function (utf) if
almost all graphs in G(n, p,) have Q.

A realistic situation is very interesting. In a conference, a pair of mathe-
maticians unknown each other can found a common mathematician friend,
even they are regular, and none of them is familiar with many mathemati-
cians. The following result called distance two theorem gives us a good
explanation for this small world phenomenon.

Theorem 6.5 For any function w(n) — oo with w(n) < logn, set

. /2logn—w(n)’ and p, = 2logn—|—w(n).
n n

Then py and p, are ltf and utf for the property of graph having distance
two.

Proof. Enumerate of all pairs of vertices {u,v} of G(n,p) as e, ea,...,em
with m = (3). For e; = {u, v}, let d(u,v) be the distance between u and
v. Define

0 d(u,v) <2

1 otherwise,

X = Xi(G) = {

and X = Z;nzl Xk. A non-complete graph G has distance two if and only
it X =0. Since the event d(u,v) > 3 for a pair of non-adjacent vertices is
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equivalent to that neither u nor v is adjacent to any other n — 2 vertices,
S0
BE(Xy) = Pr(X; =1) = (1 -p)(1 - p*)" 2.

Set = F(X), then

w= 00 = () -pi -

(i) Let p = p, = \/(2logn + w(n))/n. We have

TL2 n2 2
~ —(1— 2\n ~ TP
I 5 (L=p7)" ~ e
= %e*“’(") — 0.

Thus Pr(X > 1) < E(X) — 0, which proves that a.a. graphs in G(n,p)
have distance two.

(ii) Let p = p, = \/(2logn — w(n))/n. Suppose that w(n) < loglogn
without loss of generality since the property of distance two is monotone
increasing. Consider

E(X?) =) B(XiX;) = Ao + A1 + Az,
i

where A = Z\emej\:s E(X;X;), in which the sum is taken over all pairs
{i,7} with e; and e; having s vertices in common. Clearly

p= B ~ et = o
and
Also .
Ay = ZE(Xk) = .
k=1

We now estimate A; that should not be big since Ag counts most of pairs.
For e; = {u,v} and e; = {v,w} with |e; Ne;| = 1, the event d(u,v) > 3 and
d(v,w) > 3 is equivalent to the following events happen:

Bi: uand v, v and w are non-adjacent;
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B> : none of vertices other than u, v, w is adjacent to all of the three
vertices.

Bs : none of distinct vertices is adjacent to both u and v, another is
not adjacent to both v and w;

We have
Ay = > E(XiX;)=Pr(BB;Bs) < Pr(Bs)
le;Nej|=1
n

— 3 1— 2\2n—7
<3>( p”)
n3 n3 2 1

~ 71_22nN772np:72w(n) )
5 (1=77) 2 ¢ m¢ 0

Hence

0P =FE(X?) -2 =Ag+ A1+ Ay — 2 < p+1,
which and the Second Moment Method yield

[\

ag
Pr(X = 0) <Pr(X — 2 ) < 75 0.

proving that almost no graphs in G(n, p) has distance two with p = py. O

The further solution for diameter of random graphs is as follows. Let
diam(QG) be the diameter of G and let d > 2 be an integer. If

p= nl/d—l(log(rﬂ/x))l/d7

then
Pr(diam(G,) = d) — e~*/?

and
Pr(diam(G,) = d +1) — 1 — e~2/?

an n — oo. See Bollobds (2001) for details. The above limit distribution
implies that
prw =04 (2logn + w(n))/4

are Itf and utf of graphs being distance d.

The distance two graphs are of interest in graph Ramsey theory. Let
G,, be a Ramsey graph of order n = r(3,k) — 1. We suppose that G,, is
edge maximal for triangle-freeness. Then G, is a distance two graph. Since
the order of n is k?/log k, so the maximum degree of G, is bounded above
by k < cy/nlogn. It is likely that the minimum degree of G,, has order
vnlogn hence the order of its edge density is \/logn/n as that in above
theorem.
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Problem 6.1 Let G, be a Ramsey graph of order n = r(3,k) — 1 that is
edge maximal. Determine the orders of the minimum and maximum degrees
of G, as k — oo.

The following result gives a precise form of the threshold functions for
the property of being connected. The deeper version of the result will be
in the next section.

Theorem 6.6 Let w(n) — oo be a function with w(n) < logn. Set

e = logn — w(n) and p, = logn—&—w(n).

n n

Then p; and p, are ltf and utf for graph in G(n,p) with the property of
being connected.

Proof. Let @ be the family of connected graphs. Since () is monotone
increasing, we may assume that w(n) < loglogn without loss of generality.
Let X}, = X, (G) be the number of components of G € G(n,p) that have
exactly k vertices. We first prove that p = py is a Itf for Q. Denote by p
for E(X1). Note that (1 —p)™ ~ e~" since np? — 0, we have

po= BXy)=nl-p"
~ n(l—p)" ~ne™ = e oo
This may indicate that Pr(X; = 0) — 0 and Pr(X; > 1) — 1, so a.a.
graphs have isolated vertices hence they are disconnected. In order to use

the Second Moment Method, we need to estimate the variance o2(X) hence
E(X%). We first have

E[X1(X; — 1] =n(n—1)(1—p)>" 2,

which is the expected number of order pairs of isolated vertices. There
are n(n — 1) ordered pairs of vertices, and such a pair are isolated if and
only if they are neither adjacent each other nor adjacent to any other n — 2
vertices, which count 2n — 3 edges. Then

E(XT) = EXi(X;—1)]+E(X))

= ptnn-1)1-p>
We thus have
o?(X1) B[(X1 - p)*) = B(X}) — p”

ptn(n—1)(1—p)*~* —n*(1—p)>?
ptpn?(1—p)*r =2

IA
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Since p = (logn — w(n))/n with loglogn > w(n) — cc and 1 —p < e P,

p3(1—p)P"3 < (1+o(1))(log nne 2"
= (14 0(1))(logn)ne 28 nt2w(n)

1
= (1+ 0(1))%62“(") — 0.

We thus obtain
o*(X1) S p+ 1.

This and the Second Moment Method give

2
Pr(Gy € Q) < Pr(Xy = 0) < Pr(|X; — pl = p) € =5 — 0,
W
proving that p, is a Itf for property of being connected.
Now let p = p, = (logn + w(n))/n. Note that if G is not connected
then it must contains a component of order at most |n/2]. So

ln/2] ln/2] ln/2]
Pr(G,¢Q)=Pr| > Xpe 21| <E[ D> Xi|= > E(Xy).
k=1 k=1 k=1

Since if a set with k vertices induces a component, then any vertex in it is
not adjacent to any vertex out of it. Thus

B < () a- o,

where we ignore condition that the set is connected. Therefor,

[n/2]
PiG Q) < Y ()0 -p 0,

k=1

Let us split the sum into two parts S and Ss. Note that P 1 uniformly
for k <n3/4 and e *"? = (n~le=*(™)* we have

o= > <Z>(1p)k(”k)

1<k<n3/4

E () e

1<k<n3/4

AN

(1—w(n))k
&
< (I+o(1) > —

1<k<n3/4
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< (o)) 3 elmet

1<k<n3/4

< (1+o(1))e~M .

Note that for n*/4 < k < n/2, we have (}) < (en/k)F < (en'/*)* and

— n —RKn 1
(1_p)k(n ®) < (1_p>k /2 <e knp/2 o E2
hence
n e
so T (aees
n3/4<k<|[n/2]
© Y () s ()

n3/4<k<n/2

Thus S + S2 — 0, proving that a.a. graphs in G(n,p) are connected. O

6.3 Poisson Limit

In order to show that a.a graphs in G(n, p) are disconnected for p = (logn —
w(n))/n, we in fact have proved that a.a. graphs in G(n,p) have isolated
vertices. We shall have some deeper results in this section. Let us begin
with a basic identity called inclusion-exclusion formula.

In a probability space 2, let X1, X5,..., X, be 0-1 random variables
and set

X=X+ Xo 4+ Xq.
As usual, denote by [¢] for {1,2,...,¢}. Define Sy =1 and

Sp=> Pr(Xi, - X, = 1),
(g

where the sum is taken over elements {iy,...,4,} € [(]("), the family of all
r—subsets of [¢(]. Note the elements w such that X; ---X,; = 1 are what
such that X;, =1,...,X; =1, and S, =0 for r > ¢. For general r,
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as an element w of the sample space for which X (w) = t contributes to (i)
of the terms defining S,.. Here and in what follow, we write the formulas
appropriate for finite sample space. Following standard notation, we define
falling factorials by (X)o =1 and

(X)r = X(X —1)- (X =1 +1).

Then

The quantity E((X),) is called the rth factorial moment of X.

Theorem 6.7 (Inclusion-Exclusion Formula) For each integer k > 0,

Pr(X =)= S (-1)" (’“ N ) Siir.

r>0

Moreover, for each integer m > 0,

2:”;01(1)T <k j T)Sk“ <Pr(X = k) < jgmo(l)r (k Jrr 7"> S

Proof. It is easy to see

PI‘(X:O) = Pr(Xl :()7._.7Xe:O)
1-Pr(34,X; =1) =8 — 51 + S5, —---.

For general k, using

Skr = (ﬁ”ﬁ) Pr(w),

we

and interchanging orders of the summation, we obtain

! R [

r>0 we | >0

For a fixed w hence fixed X = X (w), note that

;0(—1)T(kjr> <k)+(r) _ <)k() ;0(_1)T(XT k)
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If X <k, all terms vanish. If X = k, then one term (r = 0) contributes
and the sum is 1. Finally, if X > k, the sum vanishes since

S () = a-ar—e

r>0

S (P (X Y1 Xt
r k+r) | 0 otherwise,

r>0

Thus

and

S0 (U ) S = X i Prle) = PrX = )

r>0 weN

where ¢;; is the Kronecker delta. To verify the second result, note for all

s>0andn>1, )
S ()l

which can be proved easily by induction on s, hence

s - Bzer ()

0 if X<k
- {1 if X =k
D )Y i Xk
We thus have
;SOHV ("5 s
- S{mer (T
- T e 3 () (7)) e
= Pr(X =k)+(-1)° > (ij) (X *f B 1) Pr(w).

X(w)>k

In the last line elements w such that X (w) > k make a positive or negative
contribution depending on whether s is even or odd. O
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Suppose that we have defined a sequence of probability spaces and that
in the space Q = ,, we have the preceding situation with £ = £(n). If
E((X);) — u" as n — oo, we can make a precise statement about the
limiting distribution of X = Zle X;. In probability theory, we call a
random variable Y to have Poisson distribution if it takes non-negative
integral values and Pr(Y = k) = ’,‘f—?e*“ for some constant p > 0, which is
the expectation of ¥ (and the variance of Y).

Theorem 6.8 (Poisson Limit) Suppose that there is a positive number
w such that

1

lim S, = —,
n—o0 r!

which is equivalent to lim, .. E((X),)) = u", for each fized integer r > 0.
Then

1*
lim Pr(X =k)="—e "

Namely, the limiting distribution of X is Poisson with mean (.

Proof. Refer to the inequalities in the last theorem we have

Note that if m is fixed, we can make the limit n — oo term by term to get

2m—1 2

1 Mk—i—r 1 m Mk+r
T : _ T
Bt < - < St
r=0 r=0
Since m is arbitrary, the result follows. O

Theorem 6.9 For any fized real number x, let

_logn+z

)

n
and let X be the number of isolated vertices in a graph of G(n,p), then

k
lim Pr[X = k] = & e—n

=—c¢
n—o0 k! ’

x

where p = e~*. In particular, the limiting probability that graph in G(n,p)
has no isolated vertices is exp(—e™%).
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Proof. Define X; as an indicator that the vertex i is an isolated vertex,
and define X = """ | X;. Then X counts the number of isolated vertices
in G, and

S =E(X)=n(1l—-p)" ! =e®

as n — o0o. More generally,

r

7! rl’

where p = e~®. The limiting distribution of X follows from Poisson limit
theorem as desired. O

logn—w(n) and
n

Corollary 6.1 Suppose logn > w(n) — oo. Then p; =

Py = w are ltf and utf for graph in G(n,p) having no isolated ver-
tices, respectively.

We shall show that for the same p = (logn + z)/n,
lim Pr(G, has no isolates) = lim Pr(G), is connected) = exp(—e™").

So in almost every graph when the last isolated vertex disappears, the
graph G, becomes connected in the evolution of random graph as z in-
creases. Sightly before it is connected, a giant component with only a
bounded number vertices outside has formed. In fact, the giant component
are formed by larger components and the smaller components have bigger
chances to survive.

Theorem 6.10 For any fized real number x, let

_logn+x

)

n

and let A denote the event that outside of at most one non-trivial compo-
nent, all vertices are isolated. Then

lim Pr(A)=1
and
lim Pr[G), is connected = exp(—e™7).

n—oo
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Proof. We begin by identifying the following events in G(n,p).

A: Outside of at most one non-trivial component, G, has only isolated
vertices.

B: G, has no isolated vertices.

C: Gy, is connected.

Then C'= AN B and

Pr(B) = Pr(C) + Pr(AnN B).

To prove that Pr(C) — exp(—e™) as n — oo, it suffices to show that
Pr(A) — 0 since we have known that Pr(B) — exp(—e~®). Let X C [n] be
the vertex set of the largest component of G and let Y = V'\ X. We do not
distinguish a vertex set and the subgraph induced by this set if no danger

of confusion. If A holds, then for some X C [n] with | X| > 2,
1. X is connected;
2. Y contains edge;
3. There is no X — Y edges.

Note that these events are independent. Let the probabilities of the events
1, 2 and 3 be denoted Px, Py and Pxy, respectively and let | X| = k and
|Y| = m = n — k. By distinguishing that k£ < [n/2] or m < [n/2], we have

[n/2] [n/2]
_ n n
Pr(A) < E PxP E Py Pxy. 1
r(A4) < 2 (k) X XY+m:2 <m> Y IxXYy (6.1)

To bound Pr(A), we use the following facts:
1. Px < kF=2pk-1
2. Py =1—(1—p)(%)
3. PXY = (1 7p)mk.

The first fact follows since X must contain one of the k*~2 possible spanning
trees. Consider then first term on the right hand side of (6.1), we have

[n/2] n [n/2] n
Z <k) PXPXY S Z <k) kk72pk71(1 _p)k(nfkr)

k=2 k=2
The term corresponding to any fixed & > 2 can be bounded above as

k k—1

anfpFTH (1 —p)km < enfphTlemhnr

— Cle—kwpk:—l N 07



6.3. POISSON LIMIT 117

where ¢; henceforth ¢; are positive constants. For any k < n/2,
6793/2
T

(1 _p)nfk < ef(nflc)p < 67np/2 —

Thus

—x/2 k
N\ k-2 k—1 k(n—k) en\k o 41 (€
1-— < —
(s ammren < () e ()

1 ( e/2 > b
= — |enp———
k2p Vn

n cologn k
logn + x vn

It follows that

[n/2] k
n n cologn
PxPxy <o(1 0
,§2<k) X XY_O()Jrl;logn—i—x( n ) -

as n — o0o. Now setting

K=|vn|, and M = [2ynexp(l—21z/2)],
we shall separate the second term on the right hand side of (6.1) into three
parts by K and M. Using the facts that

Pxy = (1 _p)m(n—m) < e—m(n—m)p < e—mnp/g _ (e—$/2>

N

for m < [n/2] and (") < (en/m)™, we have
Ln/2] n [n/2] n
Z (m)PYPXY < Z (m) Pxy
m=M m=M
—z/2\ ™
ene
< o
< 5 ()
1 1
< D gw=gut 0
m>M

since M — oo as n — oo. On the other hand, if m < M, we have " < 2
for all large n since mp < Mp — 0, so

m_ (2e7"\™
Pyxy = (1 7p)m(nfm) < (efnpemp) < ( en > .
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It follows that

M1 M1

Z < )PYPXY < Z ( )PXY

m=K m m=K m
(2e—7)™

since the sum in the last line is the tail of a convergent series.
Finally, for all m < K,

Py <1-(1-p)(3),

which tends to zero uniformly on m < M, and it follows that

S () =o( X (1)rer ) <o X 8] <o

m=2 m=2 m>2

Combining the results, we find that Pr(A) — 0, completing the proof. O

Corollary 6.2 Suppose that logn > w(n) — oo. Then py = M
and p, = w are ltf and utf for graph in G(n,p) of being connected,

respectively.

Exercises

6.1 Explain the neighbors of a vertex of a random graph are likely to be
“spreading” by Theorem 6.1.

6.2 A historic result of Erdds (1959) is that for any k and ¢, there is
a graph G with girth g(G) > ¢ and x(G) > k. Prove this result by the
following steps.

(1) Fix 0 < 0 < 1/¢, let p = n’~!. Consider random graphs in G(n,p).
Let X be the number of cycles of length at most ¢ in G. Show that Pr(X >
n/2) = o(1) by E(X) = o(1).

(2) Set m = 3n'~%logn. Show Pr(a(G) > m) = o(1).

(3) For any graph G with X(G) < n/2 and a(G) < m, delete a ver-
tex from each cycle of length at most ¢. The resulting graph G* satisfies
X(G*) = nf [ (6log ).
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6.3 Prove that p = n=2/7(H) ig a threshold function for the appearance
of H as a subgraph of G,,, where p(H) = max{e(F)/|V(F)|: F C H}.
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Chapter 7

Local Lemma

7.1 The Lovasz Local Lemma

Let Ay, Ag, ..., A, be the events in a probability space (2, 7, Pr). In com-
binatorial application such as a coloring of edges of Ky , any A; is a “bad”
event. We wish to show Pr(NA;) > 0 so there is a point (coloring) which
is good. In proofs in Chapter 4 for lower bound of r(m, n), Ag is the event
that S is monochromatic for an n—set S. The event Ag is “bad”. Then
NAg is the event in which none of n—sets is monochromatic. Pr(NAg) > 0
means that there must be a coloring in which no “bad” thing happens.
That is, there is a edge coloring of Ky, which determines a graph G such
that G contains no K,, and whose complement contains no K,, either.
It is a trivial fact if Ay, Ao, ..., A, satisfy

n

> Pr(4i) <1, (7.1)

i=1
then B
Pr(n4;) > 0. (7.2)

On the other hand, if Ay,..., A, are mutually independent events and
Pr(4;) = z; <1 for ¢ > 1 then (7.2) holds as

n

Pr(n4;) = [J(1 - 2:) > 0.

i=1

with no further restriction on probabilities Pr(4;).
The local lemma may be understood in term of taking advantage of par-
tial independence of the events Aj, A, ..., A, so that (7.2) can be ensured

121
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with far weaker bounds on the probabilities Pr(A4;) than that are needed
for (7.1).

The argument to follow uses conditional probability. Recall that for
events A and B with Pr(B) > 0, the conditional probability Pr(A|B) is
given by
Pr(AnN B)

Pr(B)

If A and B are independent then Pr(A|B) = Pr(A). Two events A and B
are independent if and only if Pr(AN B) = Pr(A) Pr(B).

A graph D on vertices [n] = {1,2,...,n} (the set of indices for the
events A;) is called dependency graph for events Aj, Ao, ..., A, if for all
i, event A; is mutually independent of all A; with {i,5} ¢ E(D). That
is, A; is independent of any Boolean function of these A;. This is slightly
stronger than that A; is dependent with A; for {3, j} € E(D) even though
they are same condition in most of applications in graph Ramsey theory.

The following is the general form of the Lovasz Local Lemma given by
Spencer (1977), whose original form was in Erdés and Lovasz (1975).

Pr(A|B) =

Theorem 7.1 Let Aj, Ay, ..., A, be the events in the probability space
(Q, F,Pr) and suppose that there exist real numbers x1,xa, ..., x, such that
0<z;<1landfor(i=1,2,...,n),

PI‘(Az) S ‘T'L’H{i,j}eE(D)(l — :Cj).

Then

Pr(nf_, 4;) > I, (1 — 2;) > 0.

Note. If i is an isolated vertex in D, that is, the event A; is mutually
independent of all other events, then {j : {i,j} € E(D)} = 0. In this case
Icp(1 — ;) =1 as usual.

Proof. The desired result follows directly from the following claim.
Claim. For S C [n], set

(For the case S =), we take Cs to be Q). If i ¢ S, then

PI‘(AZ"Cs) < ZTi.

Proof of the claim. The proof is by induction on |S| for fixed 7 with
i € S. If |S| = 0 the desired result is immediate since the hypothesis of the
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local lemma yields

PI‘(AZ“Cs> == PI‘(AJQ) = PI‘(AZ)
< zillijrenm) (1 - a;)
S Z;.

Now assume that |S| > 1 and form a partition S = (S1, S2), where
S1={jeS:{i,j} € E(D)} and S, =S\ 5.
Noticing that Cs = Cg, NCg,, we write
Pr(A;NCs)  Pr(A;NCs,|Cs,)
Pr(Cs) Pr(Cs,|Cs,)

and bound the numerator and denominator separately. First, since A; and
Cs, are independent,

PI‘(Al ﬁCsl|C52) < PI‘(AZ‘CS2)
< willjes, (1 — ;).

Pr(4;Cs) = (73)

To bound the denominator of (7.3), we use the induction hypothesis. If
|S1] = 0 then Cs, = Q and

PI‘(CSI |C52) = Pr(Q|Csz) =1

and the claim follows. Otherwise, suppose S1 = {j1,J2,-..,Jr}, Where
r > 1. Let Dy, Dy, ..., D, be the events defined recursively by

Dy =Cs, = Njes, 4
and for k=1,2,... 7,
Dy, = Dy—1NA4j, = (Njes, A7) N (Nf_14;,) -

They start with Dy = Cg, and end with D, = Cg. Note that for each
k =0,1,...,7 — 1, the event Dy has a form of Cr for some set 7' C S
with |T'| < |S| and the fact that Pr(A4;|Dx) = 1 — Pr(A4,|Dy) . Using the
induction hypothesis on Cr repeatedly, we have

Pr(Cs) B Pr(D,)
Pr(Dy)  Pr(Dyo)

Pr(D,)  Pr(Dy)
Pr(D,—1) Pr(Dy)
= Pr(A; |D,—1) - Pr(A;,|Do)
= (1=Pr(4;,[Dy-1))--- (1 = Pr(4;,[Do))
Hjesl(l — xj).

Pr(csl |CS2) =

Y
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Combining this with what proved we have established the claim.

Note that ﬂ;’z,ﬁ_lzl- has a form of Cg with k € S. In view of the claim
just established,

Pr(Mi ;) = Pr(Ay] My Ai) Pr(nis,
= Pr(4i] MLy Ai) Pr(Az| iy Ai) - - Pr(4,|Q)
= (1=Pr(4] My 4))-- ( = Pr(4,[0))
> I (1 =)

This completes the proof of the local lemma. O

The original local lemma in Erdés and Lovéasz (1975) appeared in a form
like the following one, which is now called the symmetric form.

Theorem 7.2 If each of the events of Ay, ..., A, has probability p or less
and each vertex in the dependence graph has degree at most d and if

e(d+1)p <1,

where e is natural logarithm base, then Pr(N?_,A;) >0, and if d > 1,

_ d n
n ) > —— .
Pr(ni_,4;) > (1 +d) >0

Proof. As remarking at the beginning of this chapter, the result is im-
mediate if d = 0 with no further restriction on Pr(4;). Otherwise, taking
z; =1/(14+d) for 1 =1,2,...,n, we have

PY(A ) < sz{z ]}GE(D)(l — CCj)7
since the left hand side is at most p and the right side is at least

L[, 1 ¢ .
d+1 d+1 e(d+1)
To see that the last inequality truly holds, it suffices to assume that for

d > 1, use the fact that (1 + 1/d)? < e. Thus the conclusion of the local
lemma holds and this yields

_ d \"
Pr(nf_,A;) > T, (1 — @) = (d+1) > 0.
O

We also need the following form of local lemma due to Spencer who used
it to obtain his lower bound for non-diagonal classic Ramsey numbers. This
form is slightly more convenient for some applications.
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Theorem 7.3 (Spencer,1977) Let A, As,..., A, be events in a prob-
ability space. If there exist positive numbers yi,ya,...,Yn such that for
i=1,2,....n,

Yi PI‘(Al) < ].,

and

logy; > — Z log(1 —y; Pr(4;)),
ijeEE(D)

then Pr(NA;) > 0.
Proof. We may suppose that for each ¢ the probability Pr(A;) is positive.
Let x; be as in the general form of the local form and set

Li

Vi P4y

for i =1,2,...,n. The hypothesis of the local lemma
PI‘(Al) < xiH{i,j}eE(D)(l - .’L‘j)

will take the form

1
Yi > H{i,j}eE(D)m~

So taking logarithms, we get

logy; > — Y log(1 —y; Pr(4;)) (7.4)
{i,5}€E(D)
for : = 1,2,...,n. Thus if there exist positive numbers y1,¥yo, ..., ¥y, such

that
yi Pr(A4;) < 1,

and (7.4) holds, then
Pr (N, 4;) > 0.
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7.2 Applications of the Local Lemma

Local lemma is one of important mathematical contributions of Lovasz.
It has a lot applications in recent years. The following theorem improves
Theorem 3 in Chapter 4 with another factor v/2. This is negligible when
viewed in the light of the gap between the upper bound and lower bounds,
but we do what we can. The progress on this difficult problem has been
slow. For comment, see Spencer (1987).

Theorem 7.4 Asn — oo,

r(n,n) > (1 — 0(1))§n2"/2.

Proof. Consider the random graph space G(N,1/2) or consider to color
each edge of Ky with probability 1/2, randomly and independently. Let S
be a subset of size n of V(K ) and let Ag signify the event “S' is monochro-
matic”, S ranging over the n—subsets. Define a graph D with vertex set
consisting all such S and connect vertices S and T in D if and only if
|SNT| > 2. Then Ag is mutually independent of all Ar with T not ad-
jacent to S, since the Ar give information only about edges outside of S.
Hence D is a dependency graph. We apply the local lemma with

p="Pr(Ag) = 217(5).

And for any S, its degree d in D can be bounded as

d=|{T:|SNT|> 2} < (Z) <RN2).

If ep(d + 1) < 1 then Pr(NAs) > 0 thus 7(n,n) > N. So we want

e<’;) <n]if 2)21(3) <1

As we did it before, the left hand side is less than

en? eN \" 2 2
2 \n-2 on(n—1)/2°

ﬁ n n—2 eN n—2
2 n—2 \/§n2”/2 '

For any € > 0, if we take N = [(1 —¢) ﬁn?”/ﬂ, then the above tends to

e

Zero. O

which is
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We now apply the local lemma to give a lower bound of r(m,n), which
improves that obtained in Chapter 4.

Theorem 7.5 (Spencer, 1977) For any fized integer m > 3, there exists
a constant ¢ = c¢(m) > 0 such that

o ooty ()

)

logn

as n — oQ.

Proof: Let us color the edges of Ky in red and blue randomly and in-
dependently, in which each edge is colored red with probability p and
blue with probability ¢ = 1 — p. For each subset S of vertices of Ky
with |S| = m, let Ag signify the event that S spans a monochromatic
red K,,. For each subset T of vertices of Ky with |T| = n, let Br
signify the event that 7' spans a monochromatic blue graph K,. Then
P(Ag) = p™(m=1/2 and P(By) = ¢*»Y/2. Denote by (N),, for the
falling factorial N(N —1)--- (N —m+ 1) and by ¢, for (Z) = (N)p/ml.
There are ¢,, events of form Ag and ¢, events of form Br. Obviously,
two events are dependent if and only if their subgraphs have edges in com-
mon. Hence, each A event is mutually independent of all but at most
() (N =2)p_s < m(mT_l)Nm_2 other A events and mutually independent
of all but at most ¢,, of the B events; each B event is mutually indepen-
dent of all but at most () (N —2)p—2 < @de of the A events and
mutually independent of all but at most ¢,, other B events.

We aim to prove that there exist positive numbers a and b satisfying
Spencer form of Local Lemma, namely, ap®®=) < 1 and bg*5») < 1 hold
with y; = a for each A event and y; = b for each B event. Specifically,

loga > —e(K)N™ 2 log(1 — ap®m)) — £, log(1 — bg®5)), (7.5)

logh > —e(K,)N™ ?log(1 — ap*®m)) — £, log(1 — bge ")), (7.6)

If such a and b are available, then there exists a two-coloring of Ky in
which there is neither red K, nor blue K, ; in other words r(m,n) > N.
To this end, set f = —2— > 0 and set

m+1
p = ClN_ﬂa
a = Cz,
b = exp {C3Nﬂ(log N)Q},
n = caNPlogN,
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where ¢, co, c3 and ¢4 are constants to be chosen. Observe that

by, = .y < N"™ =exp {C4N'8(logN)2}.
Using the basic inequality 1 —z < e~* for x > 0, we have (1 — z)F < e7**
for k£ > 0 and
g = (1= pyeti)
n2
< exp {(1 — 0(1))2p}
1
= exp {—(2 —0(1))c1c2NP (log N)Q} .
Thus
1
£t < exp{ [ea = (5 = olt)enct| N (o )7 .
If we choose the constants ¢y, co, c3 and ¢4 such that
1
cs < 56103 — ¢y, (7.7)

then £,,bq°5») — 0 as n — oo hence as N — 0o. So bg®5») — 0, and from

the fact log(1 — x) ~ x as & — 0, the second terms in the right sides of the
inequalities (7.5) and (7.6)

nlog(1 — bgEn)y ~ £, bg°En) — 0.
Clearly
N™=2gpetim) = Ci(Km)CQN_ﬁ —0
as N — 00, so ap®Km) — 0 and
—e(Kn)N™ 2log(1 — ap® ™)) ~ e(K,, ) N™2qpeKm) — 0.
Thus (7.5) is satisfied for all large n hence for all large N if we choose
a=cy>1. (7.8)
Finally, note that the first term in (7.6)

—e(K, ) N™ 2 log(1 — ap™™m))  ~ e(K,) N 2apm)
2
~ %Nm72ape(Km)
1
= ici(KM)CQCiNﬁ(logN)z.
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Thus (7.6) is satisfied for large n hence for all large N if we choose
) y2, (7.9)

1
c3 > 501

To get the desired constants ¢y, co, c3, ¢4, let us first look at the case where
the equality holds for (7.7), (7.8), and (7.9), then c2 = 1 and

1 1 ek,
56103 —C4 = C3 = ici( )6421
Therefore
2
g =——.
c1 — ci(K’")

Since the function f(z) =  — z¢Em) is concave on [0,1] and f(0) = f(1) =
0, f achieves a positive maximum value at some z,, € (0,1), which can be
determined by setting f’(x,,) = 0. So the minimum value of ¢4, denoted
by ¢4, occurs at ¢y = z,,,. To get what we want, just perturb this solution
a little bit. With c¢; is slightly less than x,, and ¢4 slightly greater than ¢y,
we have

1 e(Kom)

1
50104 —1> 501 cyq.

Thus we can choose appropriate co > 1 and cg such that

1 K
5010421 —Cq4 > C3 > ici( m)czci.

So the inequalities (7.7), (7.8) and (7.9) are satisfied simultaneously. We
then conclude that r(m,n) > N. Since n = c4N?log N, logn ~ Blog N.

Thus
/B
n n
N = —o(1
(C4logN> > (e=o(1)) <logn

c= (f(‘”m)ﬂ)l/ﬁ _ (f(xm)>(m+1)/2’

)

) (m+1)/2

where

2 m+1

which is independent of n. This completes the proof. O
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7.3 A Generalization for
Large Dense Graphs

The present section is devoted to generalize the result to the Ramsey num-
bers involving large dense graphs. We shall first prove the following theo-
rem, which yields not only Spencer’s lower bound of (K, K;,) but also the
Erdds-Faudree-Rousseau-Schelp(1987) and Krivelevich(1995) lower bound
of the form r(F, K,). We need to say a bit on automorphism group of
a graph G on n vertices. It is straightforward to verify that ( under the
operation of composition) the set of all automorphisms of G forms a group,
denoted by A(G) and referred to as the automorphism group of G. Clearly,
|A(G)| < n! and the equality holds if and only if G = K,, or G = K.

Theorem 7.6 (Li and Zang, 2003) Let integer m > 3 be fized, and let
constants § > 0 and o > 0 be fizred. Let {G,} be a family of graphs, in
which G,, has n vertices and

2
e(Gn) = (6 —o(1))

(logn)*

edges asn — oco. If F is a graph on m vertices, then there exists a constant
¢ =c(m,d) > 0 such that

n (e(F)=1)/(m=2)

r(F,Gy) > (c—o(1)) ((logn)o‘+1>

Proof: Clearly, it suffices to consider the case in which e(F) > 2 and
e(Gp) ~ on?/(logn)®. Let us color the edges of Ky randomly and inde-
pendently, where each edge is colored red with probability p and colored
blue with probability ¢ = 1 —p. For each subgraph S of K that is isomor-
phic to F', let Ag be the event that S spans a monochromatic red graph
F. For each subgraph T of Ky that is isomorphic to G, let By be the
event that T' spans a monochromatic blue graph G,,. Then P(Ag) = peF)
and P(Br) = ¢°(»). Since F has m vertices, there are (N),,/|A(F)|
events of form Ag. Similarly, there are (N),/|A(G)| events of form Br.
Obviously, two events are dependent if and only if the corresponding sub-
graphs have edges in common. Hence, each A event is mutually indepen-
dent of all but at most e(F)(N — 2),_2 < e(F)N™2 other A events and
mutually independent of all but at most ¢(G,) of the B events, where
U(G,) = (N)n/|A(Gy)|; each B event is mutually independent of all but
at most e(Gp)(N — 2);m_2 < e(G,)N™2 of the A events and mutually
independent of all but at most ¢(G,) other B events. It is trivial that
(Gy) < N™
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We aim to prove that there exist positive numbers a and b satisfying
Spencer form of local lemma, namely, ap®¥) < 1 and bg®(¢) < 1 such that

loga > —e(F)N™ 2log(1 — ap®™)) — £(G,,) log(1 — bge(G)),

logh > —e(G)N™ %log(1 — ap®™)) — £(G,,) log(1 — bge(En)).
To this end, set f = -2~2- > 0 and set

e(F)—1

p = NP

a = C3

b = exp{csN’(log N)**?}
n = c4NP(log N)>tt,

where c1, co, c3 and ¢4 are constants to be chosen. We omit the details of
the proof which are similar to that in the last section. O

Corollary 7.1 For fixed m > 3 as n — oo,

n

(m+1)/2 m—1
< < (1 1)———
cm (logn> S rmn) < (1+o(1)) (logn)m=2"

where ¢, = c(m) > 0 is constant.

Note Only for the case m = 3, the lower bound was improved by Kim
(1995) with a logn factor so that the exact order of magnitude of 7(3,n) is
known to be n?/(logn).

The following result improves the lower bound obtained by deletion
method as 7(C,, K,,) > ¢(n/logn)™/ (m=1),

Corollary 7.2 Let integer m > 3 be fized. Then there exists constant
c¢=c(m) >0 so that

n

(m—1)/(m-2)
van 2
r(C ) >c <logn>
for all large n.

Corollary 7.3 For any fized integers k > m > 2, there exist constant
c=c(m,k) >0 so that

n

> (mk—1)/(m+k—2)

Km 7Kn Z
( ok ) C(logn

for all large n.
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m
We will prove that (K, x, Kn) < ¢ (&) later. Note that the ex-

ponent (mk —1)/(m+ k — 2) in the lower bound can be arbitrarily close to
the exponent m in the upper bound for fixed large k.

Exercises

7.1 Let Q@ = {1,2,3,4} and let the probability of a singleton is 1/4. Set
events A; = {i,4} for i = 1,2,3. Show A;, Ay, A3 are pairwise independent
but not mutually independent. How we consider the mutual independency
of the events in graph for using Local Lemma?

7.2 Using the Local Lemma, give a lower bound for r(K, ,), compare
it with that by basic probabilistic method.

7.3 Give a lower bound and an upper bound for r(Ks, K, ).
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Chapter 8

Turan Numbers

8.1 Turan Number of H with y(H) >3

For a graph H, the Turdn number, denoted by ex(n; H), is defined as the
maximum number of edges in a graph on n vertices that does not contain
the given graph H.

Let x(H) =k > 3 and let n = Zi:ll n; such that |n; —n;| < 1. Thus
n; is either |27 ] or [:25]. We call the complete (k — 1)—partite graph
K(ny,...,ng_1) as the Turdn graph of order n, and denote by tx_1(n) for
the number of edges of it. Simple calculations show that

k—2(n (k —2)n?
/€—1<2> <tp—1(n) < m

Write n = s(k—1)+r where 0 < r < k—1. In Turdn graph K(nq,---,ng_1),
there are k — 1 — r parts of size s = [n/(k—1)] = (n—7r)/(k — 1) and the
remaining r parts of size s + 1. It is easy to verify

(k72)n27r(k7177’).

ti-a(n) = 2(k — 1)

Clearly
ex(n; H) > ty_1(n)

since the Turdn graph does not contain H as x(H) = k. We shall show
that the equality holds strictly if H is a complete graph and asymptotically
if H is a general graph. We begin with a slightly less precise theorem with
a proof extended from Mantel ingenious argument for k = 3 in 1907.

133
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Theorem 8.1 Let n and k be positive integers with k > 2. Then

(k —2)n?

tp—1(n) < ex(n; Ki) < m

Furthermore both inequalities become equalities if n is a multiple of k — 1.

Proof. The first inequality follows from the fact that the Turan graph does
not contains Ky, and the second is equivalent to show that if a graph G

2
of order n contains no Ky, then |E(G)| < % Assign to each vertex

v € V(G) a weight w(v) > 0 so that 3,y (g w(v) = 1. Let

Sw) = Y wwu),

wweE(G)

where the sum is taken over unordered pairs of end vertices of all edges.
Suppose that w has been chosen so as to maximize S as Sya.x. Then for
uwv € E(G) we may claim that either w(u) = 0 or w(v) = 0. To see this,

we suppose that
ST ow@) = Y wy).

€N (u) yEN (v)
Then
S(w) = w(u) Z w(z) + w(v) Z w(y) + S1,
zEN (u) yEN(v)

where S; is independent of w(u) and w(v). If w(u) and w(v) were both
positive, we could increase w(u) by some amount, and decrease w(v) by the
same amount, and S would increase, this is impossible. This claim means
that the vertices z with w(x) > 0 belong to some clique of G. Label all

these positive weights as w1y, ws, ..., w;, where t is the order of the clique.
Then
1 t 2 t 1 t
st = Ty = (L) 3wt = |13
i<j i=1 i=1 i=1

with 22:1 w; = 1. From Cauchy-Schwarz inequality,

t t

t
R STIEEN DT> SRS it
=1

i=1 i=1 i=1

we get the minimum value of 2221 w? to be 1/t as w;’s are equal, so

t—1
Smax: o

2



8.1. TURAN NUMBER OF H WITH x(H) >3 135

On the other hand, by assigning w(x) = 1/n to each vertex x of G we get
S = |E(G)|/n?, thus

|E(G)\<t—1< k—2
n? — 2t — 2(k-1)

since t < k — 1, and the desired upper bound follows immediately.
If n is a multiple, then t;_1(n) = (k — 2)n?/(2(k — 1)) hence both
inequalities in the theorem become equalities. O

Corollary 8.1 Letn and k be positive integers with k > 2. Then

(k — 2)n?
s K) < .
ex(n; Ki) < SE—1)

As mentioned in Chapter 3, we shall show that the Turdn lower bound
on independence number of graph G with n vertices and average degree d
n

(e (8.1)

can be implied easily from above corollary. The short proof is as follows.

Proof of (8.1) by Corollary 8.1. Let us consider the complement
graph G of G. Denote by d for its average degree, then d +d =n — 1. Set
k= a(G)+1, then k = w(G)+1 and G contains no K. Applying Theorem
8.1 to G, we have
(k — 2)n?

nd _ (k —2)n>
N 2(k— 1)’

=~ E@)| <

yielding K — 1 > n/(n — d) hence

a(G)=w@) =k—1> _

as desired. O

In Chapter 3, we deduced (8.1) directly from a slightly stronger bound
as

1
a(G) > veVZ(G) T del)” (8.2)

This bound in fact implies Corollary 8.1, too.
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Second Proof of the upper bound in Theorem 8.1. First note a
well known result that for positive numbers ay,...,a, as

Mt gy > S—

n T oag 4o dant
If G does not contain Kj, then k —1 > w(G) = (G). Applying (8.2)
to G, we have
1

b=l 2 @2 3 s

veV(G)

_ Z 1 S n?
vevie) ' T deg(v) = X ev (g (n — deg(v))

n2

n? —2|E(G)|"

It follows that |E(G)| < (5(;3)?)2 as required. O

When n is not a multiple of £ — 1, the lower bound in Theorem 8.1 is
still an equality, but the upper bound is not.

Theorem 8.2 Let k and n be integers with k > 2 and
n=sk-1)+r
where 0 <r < k—1. Then

(k—2n%—r(k—1-7)
2(k—-1)

ex(n; K) =tg—1(n) =

Furthermore, if a graph with n vertices and ex(n; Ky) edges that contains
no Ky, then it is the Turdn graph.

Proof. From the fact ex(n; K3) = 0, we may assume that k& > 3. We
shall use induction on s = |[n/(k —1)|. The case s = 0 corresponds to
n =r < k—1, and in this case it is obvious since ex(n; K;) = (5). The
equality holds and the graph makes the equality is K,,. Now we assume
that s > 1 and G is a graph with n = s(k — 1) 4+ vertices that contains no
K. Tt suffices to prove |E(G)| < tx—1(n).

We may suppose that G has the maximum possible number of edges
subject to this condition. Then G must contain Kj_; as a subgraph, oth-
erwise we could add an edge and the resulting graph would still not contain
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K. Pick such a Kj_; on vertex set X, let Y = V(G) \ X. Slightly abus-
ing notation, we use Y for the subgraph of G induced by Y. Then Y has
n—k+1=(s—1)(k—1)+r vertices, and by induction, the number of
edges in Y satisfies

IE(Y)] < tia(n—Fk+1)
k=2 —k+1)?—r(k—1—r)
B 2(k — 1)
= tk_l(n)(k2)(nk+1)(k;1).

Since G contains no Ky, no vertex in Y is adjacent to all the vertices of X.
Thus

B@) < 1B+ (=20 -k + 1+ (75 1) <t
completing the induction.

If G has t;—1(n) edges, an inductive argument shows that ¥ must have
tg—1(n—k+1) edges and each vertex in Y must be adjacent to k—2 vertices
of X. It follows that G is the Turdn graph. O

Since ex(n; H) > tr—1(n) for a graph H with x(H) = k, so a graph F'
with n vertices and ¢;_1(n) edges need not contain H or Kj. However, one
more edge in F' will force it to contain a K. A deep result of Erdds and
Stone, published in 1946, that if € > 0 is fixed, then en? more edges ensure
that F' contains not only K}, but a K (t) with any large ¢ hence any fixed
graph H as n is large. The Erdds-Stone theorem is a fundamental theorem
in extremal graph theory. Sharpening this result, Bollobas and Erdés in
1973 proved that the speed of ¢t — oo can be at least celogn as n — oo,
where ¢ = ¢(k) is a constant.

Lemma 8.1 Let k > 2 be an integer and let 1 > € > 0. Then there is an
integer ng = no(k, €) such that if F is a graph of order n > ny with

0(F) > (:_? + 6> n,

then F contain a Ki(t) for some t > %.

Proof x. We use the induction on k. Suppose & = 2. Let F' be a graph
with n vertices and minimum degree at least en that does not contain a
Ky (t) with ¢ = [elogn]. As before, we say that a set S is covered by a
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vertex x if = is adjacent to every vertex in S. Every vertex of F' covers at
least (") sets of ¢ vertices, and no set of ¢ vertices is covered by ¢ vertices.

(3)=e-()

Therefore,
This inequality is invalid for ¢t = [elogn] with large n, since then

(t— 1)(7;) < (t—1)nt
n(et") n(en)t(1—1/(en))...(1 = (t —1)/(en))
t o 2%,
e pry7pon e Al V)
< %eelognlog(l/e) < 2610gnn1/e N 07

where we use the facts that (1 —¢/(en))’ — 1 and elog(1/e) < 1/e < 1.
This contradiction proves the assertion for & = 2, so we assume that k > 2
and assertion is valid for k. Let F' be a graph with n vertices and minimum
degree at least (% + e)n. Note that the existence of such a F implies
0 <e<1/k. Since

o) = (Iil+6>"> (:_i+k(k11))"’

by the induction hypothesis F' contains a Kj(t') on vertex set X with
t' = [c(k)logn] vertices in each class, where

1/(k(k—1 1
c(k) = 21552((]6 _ 2)))! T k2l

Let Y be the set of vertices in V(F) \ X adjacent to at least (% + 5)|X]
vertices of X. We shall prove that

Y| > en.

To see this, let us consider number of edges between X and V(F) \ X,
denoted by f. Clearly, each vertex in X is adjacent to at least §(F)—|X|+1
vertices in V(F) \ X, so

ro 13 (- +an-1x1).

Also, for a vertex v € (V(F)\ X)\ Y, it is adjacent at most (52 + £)|X|

vertices in X, so

£
2

k—1
P XY X)) (S 4 ) X
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< XK+ - ) (S 5 ) 1
The above lower bound and upper bound of f give that
(2 —ke)|Y| + 2k|X| > ken.
Since | X| = kt' = o(n), so for large n we have

(ke —o(1))n _ ken
MEZRES T > e,
2—ke 2 ="

. elogn < ket
2kl k-1 T 2 |7

K’“;lJr;) |XW = [(k— Nt + k;t’w = (k —1)t' +t.

That is to say that each vertex in Y is adjacent to at least (kK — 1)t/ +¢
vertices in X, showing that each such vertex covers at least one Kj(t) in

Wk
existing K (t'). There are ()" such Kj(t) in this Kx(t'), so there is a set

"k
Z C Y with |Z| > |Y|/()) ", such that every vertex of Z covers the same
K (t). To complete the proof, we have to verify that |Z| > t. Note the facts

that (tt/) < (et’/t)! from the Stirling’s formula, and t/(et’) > ke/(2e) > €/e,

¢ tk e th
)= en ()
e

kelognlog(e/e)
€N exXp <2k—].(k_1)| .

Y| >

Set

Then

2|

v

™

3
TN
&

v

Note that k¥ < (k —1)! 25~ and elog(e/e) > log(1/2¢)/2 = —1+n > —1
since € < 1/2, where n = log(e/2)/2 > 0. We thus have |Z| > en" >
logn > ¢ for large n, hence we get a subgraph Ky, 1(t) in F, completing
the induction on k + 1 hence the proof. O

The condition on minimum degree should be weakened to one on the
number of edges of a graph.

Lemma 8.2 Let ¢, € be positive real numbers and let n > 3/¢ be an integer.
If F is a graph with n vertices and at least (c+¢) (g) edges, then it contains
a subgraph H with n' > €'/?n vertices and 6(H) > en'.
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Proof. The condition e(F) > (c+¢)(5) implies that 0 < € < c+e < 1. If the
assertion is not valid, then there is a sequence of graphs {G; : ¢ < j < n},
where ¢ = |e!/?n| and the order of G; is j, such that

G=Gp2Gp12-DGe1 DGy

and the only vertex of Gj not in Gj_; has degree less than cj in G; for
n>j>{+1. Then

e(Gy) > (c+e)<g)jiﬂcj
()3
> 5)> ()

since (“2'1) >n with €'/?2n—1<0<e/?n,0<e<1andn> 3/e. This is
a contradiction. O.

Theorem 8.3 Let k > 2 be an integer and let ¢ > 0. Then there is ng =
no(k, €) such that if F is a graph of order n > ng with

o= () (0)

then F contains Ky(t) for some t > Q,fézg_g)!.

Proof. If n > 3/e, by Lemma 8.2, F has a subgraph H of order n’ > ¢'/?n
and 0(H) > (¥=2 + £)n’. By Lemma 8.1, if n is sufficiently large, then F
contains a Kj/(t) for some ¢ satisfying
!/
. (e/2)logn - elogn 7
T 22 (k—2)! T 2k (kK —2)!

as desired. O

The following corollary is the original Erdés-Stone theorem.

Corollary 8.2 Let H be a fized graph with x(H) =k > 2. Then
k—2
ex(n; H) = (k—l + 0(1)) (;)

The different proofs for the above corollary can be found in Erdés and
Stone(1946), and Erdés and Siminovits(1966), or Ertremal Graph Theory
by Bollobas (1978).

as n — oQ.
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8.2 Bipartite Cases—Upper Bounds

This asymptotical formula of ex(n; H) in the last section is also valid for
a graph H with x(H) = 2 . But it does not tell too much, by which we
just know that ex(n; H) = o(n?). The story for bipartite graphs is totally
different. We shall discuss the upper bounds of bipartite Tur’an numbers
in this section and next section, and we will discuss their lower bounds in
next chapter. The following result of Kévéri, Sés and Turdn (1954) used a
powerful double counting argument in the proof.

Theorem 8.4 Let t < s be positive integers. Then

ex(n; K;. o) < =[(s — Y2 Yt 4 (t — 1)n). (8.3)

N | =

Proof. Let G be a graph of order n that contains no K; ;. Let us say that
a set is covered by a vertex v if v is joined to every vertex of the set. Since
G does not contain K; ,, every t—set (i.e., a set with ¢ elements) is covered
by at most s —1 vertices. Therefore, if G has degree sequence d1,ds, ..., d,,

then B
() sen()

?

Without loss of generality we assume d; > t since otherwise (‘i‘) = 0. Let

zlx—1)...(x—t+1)

g(x) = i ,

then g(z) is convex for x > t. Therefore we have

nd(d—l)..ﬁ(d—t—kl) <(s—1)

nn—1)...(n—t+1)
t!

where d is the average degree of G. Thus (d—t+1)! < (s—1)n!~!. Therefore

we have
nd
=<
e(G) =" <

as claimed. O

(s — 1)V V8 4 (t — 1)n)]

Remark: The upper bound in above theorem can be improved slightly
by using

d—t+1\" _ dd—1)---(d—t+1)
<n—t—|—1> Sn(n—l)-~-(n—t—|—1)’
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which implies

ex(n; Ki. o) < =[(s = DY'n(n —t +1) + (t — 1)n).

1
2

We shall improve the upper bound for ex(n;Cy) in above theorem
slightly, so that it almost agrees with a lower bound in Chapter 9. The
following result is due to Kovari, Sés, and Turan (1954), and due to Reiman
(1958).

Theorem 8.5 Let n ba a positive integer, then
ex(n; Cy) < %(1 + V4n — 3).

Proof. Let G a graph of order n containing no Cy, from what we have
> (%)=0)

2 2
veV(G)

or

Y dw) <nmn-1)+ > d(v).

veV(G) veV(G)

Applying the Cauchy-Schwarz inequality, we have

Yoodw) | <n Y &)

veEV(G) veV(G)

hence
2

Z dw)| <n*(n—1)+n Z d(v).

veV(Q) veV(G)

Denote by z = 1 >_vev(c) A(v) for the number of edges of G, then
4a* <n?(n —1) + 2na.
Solving the corresponding quadratic equation in x we obtain

z < g(1+M),

yielding the inequality as required. O
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Let us turn to the the problem of Zarankiewicz. Denote by G(m,n)
for a bipartite graph with m vertices in the first class and n vertices in
the second. Define z(m,n;s,t) to be the maximum number of edges in a
G(m,n) which does not contain K with s vertices in the first class and ¢
in the second. The argument in the proof of the above theorem can apply
to obtain the following upper bound.

z(m,n;s,t) < (s — )Yim =V 4 (1 — 1)m. (8.4)

Lemma 8.3 For any positive integers n, s and t,

1
ex(n; Ky ) < iz(n, n; s, t).

Proof. Let G = (V,E) be a graph with |V| = n and |E| = e(G) =
ex(n; K s) edges that does not contain K, ;. Construct a bipartite graph
H as follows. Take two disjoint copies of V(G), say

V' ={v},...,v,} and V" ={ovf,... 0]}

The graph H has bipartition (V', V"), and ;2" is an edge of H if and only

if z;x; is an edge of G. Note v} and v} are not connected. Clearly de(z;) =
du(x}) = du(z}), thus e(H) = 2e(G), and since G does not contain Ky 4
hence H does not contain Ky 5. So Z(n,n;s,t) > e(H) = 2e(G). O

For fixed s > t > 2 and large n, the asymptotic form of upper bound
(8.3) is

1
ex(n; Ky, ) < (2 + 0(1)) (s — 1)Vtp2=1/t,

This result has not been improved for more than a half century. Fiiredi did
it for fixed s > ¢t > 3 in 1996.

Theorem 8.6 Let m > s> 1 andn >1 > 1 be integers. Then
z(myn;s,t) < (s —t+ )Y m =Vt 4 tn 4 tm?72/t,
and hence

ex(n; Ky ) <

)

((s —t+ 1)1/tn2_1/t +tn + th_Q/t) :

DN | =
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Proof. The case t = 1 is trivial, and ¢ = 2 is known in (8.4) so we assume
that s >t > 3. Let G be a bipartite graph with bipartition

V={1,2,...,m} and V'={12"....n},

which does not contain K; , with s vertices in V' and ¢ vertices in V’. In
case that there are some ¢ € V such that d(i) < t or some j’ € V' such that
d(3") < t, the validity of the theorem can be verified by the induction on
m + n. By deleting such vertex i or j’, we know that the number of edges
of G is at most

zm—1,n;s,t)+t—1 or z(m,n—1;s,t)+t—1

which are less than that desired. We now suppose that d(i) > ¢ forany i € V
and d(j') > tfor any j' € V'. Fixt—2 vertices 1 < iy < iy < -+ <iz_o <m
in V. Consider all t—subsets of N(i1)N...N N(i;—2) in V'. Any such set
T in V' is covered by at most s —t + 1 further more N (k) (with k € V') by
the property of G. We obtain

N(@i1)N-NN (ig—2)NN (k
Zk#hm,it_z (\ (i1) t(t 2) ()\)

< (s—t4 1) (NI PN G2,

where the first summation is over k # i1, ...,7;_2. We now need following
lemma in which the function (f) on z > 0 is defined as

(x) :{ rlx—1)(x—t+1)/t! z>t-1

t 0 0<z<t—1.

Lemma 8.4 Let p,t > 1 be integers, and ¢, xg,x1,...,x¢ > 0 be real num-
bers. If

S (1) <)

- t t

=1

P
in < zoctpt TVt 4 (£ —1)p.
i=1

then

Proof of the lemma. Let o = % ;. We suppose o > (t — 1)p.

From the convexity of the function (f), we have p(”{p) <>t (ﬁ) Hence

D xolxo—1) - (zo—t+1) o K
¢ =Gl =1 (ofp—t+1) S(a/p—m) ’
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the desired inequality follows immediately. O

Now, using the lemma with p = m —t+2,¢c = s —t+ 1, and xp =
[N (i) N -+ N(iz—2)|, we have

Dkitin,ie_s 1V (@) O - NN (ig—2) N N(E)|
<(s—t+ DY Hm —t+2)""YYN(i) NN N (g2
+(t—1)(m—t+2).
Summing up both sides over iy, ---,7;_s, the left hand side is

Z Z [N (1) N NN (ig—2) NN (k)]

i1 < <bp—2 kFi1, 02
n .
d(j’)
:(t_1)z<t_l .
j=1
And for the right hand side,
. - . d ’
> v e Gl = 30 (49)),
i< <fp_o Jj=1
We thus obtain
(t=1) 325, (39))
<(s—t+D)Yi(m—t+2) V0 (49)
+(t = 1) (m—t+2)(,7,)-

We will derive a lower bound for the left hand side in the new inequality.
Denote by y; for d(j). One has

iy = 1) -~ (g = (= 3)) —w;(y; = 1) -~ (y; — (£ =3))]
x[(yi = (t=2)) = (y; = (t=2)] =0,

which yields

[(fg) - (fg)] [y — (t—2)) = (y; — (t —2))] > 0.

Therefore

A
—
~
| ~
s
= o
~—
—_—
—~ <
& &
5
—
~
+
o+ \)
\$ ~
— ~
N
[
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Adding up over pairs of (y;,y;) = (d(i'),d(j")) for all 1 <i,j < n, we have
; (j(_j’;) ;(d(j/) —(t-2) ] <nt- 1); (j(_j/i)

Combining this with what obtained, we have

L (2 (199) (S @) — (¢ - 2))
S(s—t+ )Y (m—t+2) TR (19)
+(t—1)(m—t+2)(,",).
Thus
Sy d(i') —n(t —2)
<(s—t+ D)V (m—t+2)"Vin

(- 1)(m—t+2)%.

Since e(G) = >_"_, d(j'), we have

Jj=1

”(th)
> ()

If the last fraction is at most m , the the above inequality implies what
required for e(G). Otherwise, we have

(1) <)

J

e(G) < (s —t+ )Y im Y 4 tn 4 tm

1-2/t

Apply Lemma 8.4 again with p = n, ¢ = n/m!~2/*

and replacing ¢ by ¢t — 2, we then have

, ko = m, and z; = d(i'),

S . n 1/(t=2) 1-1/(t—2
j=

nm! =Vt 4 (t — 3)n.

The result follows immediately. O
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Corollary 8.3 Let integers s >t > 1 be fixed and n — oo. Then
1
ex(n; Ky, ) < (2 + 0(1)> (s —t4+1)Vtp2- 11,

We now discuss a relation between ex(n; G) and 7,(G), where G is a
bipartite graph. Note if ex(n;G) < (c + o(1))n?~/* for some constants
¢>0and t > 1, then G must be a bipartite graph.

Theorem 8.7 Ifex(n;G) < (c+o0(1))3n?~ Y asn — oo, where ¢ > 0 and
t > 1 are constants, then

r5(G) < (14 0(1))(ck)"
as k — oo.

Proof. Setting n = r;(G) — 1, then there is k—coloring of edges of K, such
that there is no monochromatic G. By consider each subgraph induced by
edges in a single color and the definition of Turdn number, we have

(’2‘) < kea(n;G) < (e+ o(1)) b ",

which yields n < (1 + o(1))(ck)" hence the required inequality. O

Corollary 8.4 Let s >t > 2 be fixed integers and let k — oo, then

me(Kis) < (1+0(1))(s —t + 1)k".

The idea in proof of the following result is due to N. Alon, see Chung
and Graham(1999).

Theorem 8.8 If for large n, ex(n; G) > cin®~'/*, where ¢; > 0 is a con-
stant and t > 1 is a fized integer, then there exists a constant ca > 0 such

that
N
>
mi(G) 2 e (logk) ’

Proof. Set co = (c1/t)!, and set n = |ca(k/logk)t|. Let H denote a
graph on n vertices with e(H) = ex(n;G) edges containing no G. Let
Hy,Hs,...,H; be k copies of H placed randomly and independently in

as k — oo.



148 CHAPTER 8. TURAN NUMBERS

the complete graph K, on n vertices. For each edge {u,v} of K, the
probability that the edge is not covered by any graph H; is precisely

(- 3)

If (Z) p < 1, then there is a choice of placing these H; so that their union
covers all edges of K,,. By referring each edge in H; as one in color ¢, then
any edge of K, is colored in at least one color. Keep one color for each
edge and delete other colors if the edge got more than one colors, then the
edges of K, is colored in k colors, and there is no monochromatic G. Thus
re(G) > n. Now using 1 — 2 < e~ * for x > 0, we have

e () = 245 5 (1)
(e (k)" ()

the required bound follows. |

which yields

It is a widespread belief that the order n?~'/* in the upper bound of

ex(n; Ky 5) is sharp as s > t > 2 fixed and n — oo. If so, then the order of

t
(K, 5) is between (@) and k! from the above results. However, when
we have a construction to give a lower bound of form ex(n; Ky ;) > ¢yn?~1/t,
we often get a lower bound of form 74 (K, ;) > cokt. This situation happens
repeatedly in the next chapter.

We conclude this section by remarking that if x(G) > 3, then r;(G) is

much greater than any polynomial function of k as k — oc.

Theorem 8.9 Let G be a graph with x = x(G) > 3, then there exists a
constant ¢ > 0 such that

me(G) = e(x — 1)
for any integer k > 2.
Proof. We in fact will prove
re(G) > e(x —1)F +1

with ¢ = (r2(G) — 1)/(x — 1)? by introduction on k. For k = 2, we have
nothing to do. For k > 3, set N = r,_1(G) — 1. Suppose all edges of K is
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colored in k — 1 colors so that contains no monochromatic G. Take xy — 1
disjoint copies of the colored K, and connect these copies completely by
edges in a new color. Then we have a complete graph of order (x — 1)V
whose edges are colored in k colors, in which there is no monochromatic G,
thus by introduction

re(G) =1 (x = D(re—1(G) = 1)

C(X - 1)k7

as desired. O

(ALY

Therefore 7 (G) can be bounded above by a polynomial of k if and only
if G is a bipartite graph.

8.3 Upper Bound of ex(n;Cy,)

In this section, we shall give the following result due to Erdés (1965), who
published it without proof, and due to Bondy and Simonovits (1974), who
published a proof.

Theorem 8.10 Let m > 2 be a fized integer. Then
ex(n; Cop) < 10mnttt/m
forn > 10m”.
Let us first recall a result in Chapter 3 as follows.

Lemma 8.5 Let G be a graph with average degree d. Then there is a
subgraph H of G such that 6(H) > d/2.

The next result is similar, in addition to be used here, which has its
own interest.

Lemma 8.6 For any graph G, there is a subgraph H of G such that H is
bipartite and e(H) > e(G)/2.

Proof. For a subset S of V(G), write S = V(G)\ S. Let e(S,5) be the
number of edges between S and S. Maximizing e(S,S) over all proper
subsets S of V(G), we obtain a spanning bipartite subgraph H on vertex
classes S and S with e(H) = ¢(S, S). Then for any vertex v, say v € S, at
least half of neighbors of v are in S since otherwise removing v from S to
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S would increase e(S, S), contradicting to the maximality of e(S, S). This
follows by e(H) > e(G)/2.

The Lemma has a simple proof by probabilistic method. Let S be a
random set of V(G) defined by Pr(v € S) = 1/2, independently. Then it is
easy to know that the probability of any edge is an edge between S and S
is 1/2. Thus the expectation of e(S,S) is e(G)/2, implying that there is a
S such that e(S,5) > e(G)/2. O

Now we shall prove the bipartite version of Theorem 8.10 first. To do
this, We shall have more preparative lemmas. Let ¢ > 1 be an integer. A
coloring of vertices of a graph G, not necessarily proper, is called t-periodic
if the pair of end vertices of any path of length ¢ have the same color. So
in any 1—periodic coloring, all vertices in a connected graph G have the
same color. For ¢t > 2, if G has enough edges, the number of colors used in
a t—periodic coloring is small.

Lemma 8.7 Lett > 1 be a integer, and let G be a connected graph of order
n. If e(G) > 2tn, then the number of colors in any t—periodic coloring of
G is at most two.

Proof. We separate the proof into several short steps. We first prove
that G contains two adjacent vertices joined by two internal vertex-disjoint
paths, each of length at least t. We shall call this subgraph as a §—graph
intuitively.

Step 1: 6(G) > 2t. We can find such a theta—graph in the following
way. Let x129 - - - 2, be alongest path. Then z; is adjacent only to vertices
of this path, z;,, zi,, ..., %;,, say, where

2=101 <ig <+ <ip, r>2tL.

The cycle x1z2 - - - x;,,21 and the edge x1x;, form the desired §—graph.
Step 2: 6(G) < 2t. Since e(G) > 2tn, so the average degree of G is at
least 4¢. From Lemma 8.5, G contains a subgraph H with 6(H) > 2¢. Then
from step 1, H contains desired §—graph.
Step 3: Any f—graph has three cycles. Denote by Cy, Cs, C3 for these
cycles with lengths ¢; < £y < /3, respectively, then

{1+ by — ¥ = 2.

The restrictions of the t—periodic coloring of G to the §—graph and to each
cycle C; are also t—periodic. Let t; > 2 be the smallest integer such that
the coloring of C; is t;—periodic for i = 1,2,3. Clearly ¢;|¢; and any period
on one cycle induces the same period on the other two cycles and hence
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t; = to = t3. Let ¢ be the same value of ¢;, then #]¢; hence |2 so t = 2,
implying that the number of colors in the §—graph is at most two.

Step 4: Since G is connected, any vertex of G is jointed to some vertex
in the #—graph by a path of length kt, probably using some vertices in the
f@—graph. Thus both of the end vertices of the path have the same color.
Hence the number of colors in G is at most two from step 3. O

Lemma 8.8 Let G be a bipartite graph of order n > 10™ with 6(G) >
5mnt/™. Then G contains Copm,.

Proof. Fix a vertex x of G and let
Vi={veV(Q):d(v,z) =i},

which is the set of vertices at distant ¢ from x. Since G is bipartite, each
V; is an independent set.
Suppose that G contains no Cs,,. We show that

V| = !/ ™|V (8.5)

for 1 < ¢ < m, which leads to the contradiction that |V(G)| > n since
[Vin| > n.

We shall prove (8.5) by induction on ¢. This is trivial for ¢ = 1 since
§(G) > 5mn!/™. Suppose (8.5) holds for smaller value of i.

Let H be the subset of G induced by V;_1 UV; and let Hy, Hs,..., H,
be the components of H. Write W; = V(H;) N V;_;.

A path z125 - -z in G is called monotonic if d(x;, x) is monotonic. This
means that a monotonic path passes through each of some consecutive sets
Vi, Vig1, ..., Vjyr exactly once.

We shall show that e(H;) < 4m|V (Hy)|. This is trivial if W; has just
one vertex hence H; is a star. We thus assume that W has at least two
vertices. Let p < 7 — 1 be the smallest index such that there is a vertex
a € V, and there are two monotonic paths P;, P> joining a to W; which
have just the vertex a in common.

We then show that each vertex of Wj is jointed to a by a monotonic
path. This is clear it « = z. Otherwise, for y € W7, there is a monotonic
path P; joining y to x. By the minimality of p, P3 must interest P, or Ps,
say Pp, at some vertex z. The path consisting of the section of P3 between
y and z and the section of P; between z and a is a monotonic path from y
to a.

We now assign colors red and blue to the vertices of Wj in such a way
that if two vertices have different colors, then they are joined to a by internal
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disjoint monotonic paths. This can be done as follows. Each vertex of Wy
that can be joined to a by a monotonic path disjoint from P> is colored
red; all other vertices of W; are colored blue. To see this is the required
coloring, let x; and x5 be vertices of W7 colored red and blue, respectively.
Let P be a monotonic path from z; to a disjoint from P», and let Pj be
a monotonic path from z; to a. Moving along Pj from x5 towards a, let v
be first vertex of (P U P;) \ {a} encountered. Such a vertex v exists since
x9 is colored blue. Also we see that v cannot belong to P| for otherwise
the section of Py between xo and v together with the section of P| between
v and a would constitute a monotonic path from x5 to a disjoint from P,
contradicting the assumption that x5 is colored blue. But then v € P and
we have a monotonic path zoPjvPsa disjoint from P.

We now color the vertices of H; in V; green and show that this coloring
of Hy is t—periodic with ¢ = 2(m — i + p + 1). For, since ¢ is even, if one
end vertex of a path of length ¢ in H; is green, the so is the other. Also,
there can be no path of length ¢ joining a red and a blue vertex, because,
if a red 1 were joined to a blue x5 by such a path, this path together with
vertex-disjoint monotonic paths from x; to a and x5 to a would form a
Copm,. Therefore, the coloring of H; is indeed t—periodic. Since there colors
are used in the coloring, Lemma 8.7 implies that

e(Hy) < 2t|V(Hy)| < 4m|V (Hy)|.
Similarly we have that e(H;) < 4m|V (H;)| for j =1,2,...,q hence
e(H) < 4m|V (H)]|.
Let H' be the subgraph of G induced by V;_s UV;_;. The same argument

gives
e(H') < 4m|V(H")|.

Clearly, since 6(G) > 5mn'/™,
e(H) + e(H') > 5mn'/™|V;_4|.
Combining these inequalities, we get

Am(|Vic1] + |Vi| + |Vie1] + |Vie2])
= (V)| + [V(H))) > e(H) + e(H') > 5mnt/™,

which implies that

1
Vil > o [(5mnt/™ = Sm)[Vi | — 4m|Vi 3]
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Using the induction hypothesis,

Vie1] > n/™|Vi_al.

we obtain
1 1/m 20m2
Vi| > o (5mn —8m — 5mnl/m) Vi1l
1
> R(5mn1/m —9m)|Vi_1|
> nl/m\Vi—1|
as desired. O

Proof of Theorem 8.10. Let G be a graph of order n > 10m° with
e(G) > 10mn'*tY/™. The Lemma 8.6 implies that there is a spanning
subgraph H of G such that H is bipartite and e(H) > 5mn'*/™. The
average degree of H is at least 10mn'/™. From Lemma 8.5, there is a
subgraph F of H satisfying that 6(F) > 5mn'/™. Let ng be the order of
F', then

ng > 6(F) > 5mnt/™ > pt/m > 10™,

and 6(F) > ané/m. Thus by Lemma 8.8, the bipartite graph F contains
Com, so does G. This proves the theorem. O

8.4 1r(Kis K,) and r(Cop, K,)) with n Large

We have seen that for a fixed graph G, r(G, K,,) is linear on n if and only
if G is a forest. We prove an asymptotic upper bound of r(K; s, K,,) as
n — oo in this section, see Li and Zang (2003).
Recall the main result in Chapter 3 that for any graph G of order N
with average degree d,
&(G) > N fin(d), (8.6)

if the subgraph of G induced by any neighborhood contains no star or path
of m edges, and f(x) = fm(x) > (log(z/m) — 1)/« for > 0.

Theorem 8.11 For any fized integers s >t > 2, as n — oo,

s e ) < (1 oD)(s = 04 1) ()



154 CHAPTER 8. TURAN NUMBERS

Proof. Let N = r(Ky s, K,) — 1 and let G be a graph on N vertices with
no K; ; whose independence number is at most n —1. By the upper bound
of Turdan numbers in Section 2, we have

d(G) < (14 0(1))(s —t + 1)VENITL/, (8.7)

where d(G) is the average degree of G.

Let v be an arbitrary vertex of G and let G, be the subgraph of G
induced by the neighborhood of v and let A(G,) be the maximum degree
of G,. Then

A(G,)<s—1ift=2 (8.8)

and
A(Gy) <r(Ki—os, K,) —1if t > 3. (8.9)

Indeed, for t = 2, (8.8) follows instantly from the fact that G contains no
Ky 5. Fort > 3, suppose to the contrary that the degree of some vertex u in
G, is at least (K;_2 s, K,,). Since G contains no K,,, G, NG, must contain
Ki_s, s, which together with v and v yield a K; , in G, a contradiction.

Now let us apply induction on t > 2.

For t = 2, in view of (8.7) and (8.8), from (8.6) we have,

n > Nf(dG))

> (- 0(1))Nlog(\/(s —1)N/s)

(s—1)N

= (o BN

It follows that N < (s — 1+ 0(1))(n/logn)? since otherwise, there exists a
constant § > 0 such that N > (s — 1+ 6)(n/logn)? for infinitely many n,
which will lead a contradiction.

Let us proceed to the induction step. Recall (8.7) and (8.9), by the
main theorem with a = r(K;_2 4, K;,) and d = d(G) we have n > N f,(d).
It follows that

N 1/t N1-1/t
) og i (8.10)

n=0-o) (;57)

Now we distinguish between two cases according to the value of t.
Case 1. t = 3. Our proof begins at Chvétal’s discovery on (T, K,,)
mentioned in Chapter 2,

r(Ki,s, Kn) =s(n—1)+ 1.
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So the inequality (8.10) becomes

1/3 2/3
n > (1-o(1)) (STNQ) logs(év_ﬁ

= (1-o0(1)) (8¥2)1/3 log %/3

For any fixed 0 < € < 1, divide the natural number set into two sets
S ={n'} and T = {n”} such that

(8.11)

N2/3 N2/3
> (n/)lfe and < (n//)lfe.

n n//

We suppose both sizes of S and T are infinite without loss of generality.
For large n € S, from (8.11), we have

N O\ /3
n>(1-o(1)(1—¢) () logn,
5—2
which follows by N < m(s —2)(n/logn)®. On the other hand, for
large n € T', we have directly

3
N<n336/20( n ) .
- logn

Since € > 0 can be arbitrarily small, we get the desired statement.

Case 2. t > 4. Our proof goes as follows. For any fixed 0 < e < 1,
divide the natural number set into two sets S = {n'} and T' = {n”} such
that

Nl—l/t . Nl—l/t
—_— n —€ and —_— < n” 1_6.
T Koam Ky = ) T Koam Ky =)

%

Let n be any sufficiently large integer. If n € S then from (8.10) we have

N 1/t

By letting € — 0, we get the desired statement. If n € T then, by definition
of T and the induction hypothesis on r(K;_2 s, K,), we have N1t <
n'=¢c(n/logn)’~! with some constant ¢ > 0, which yields

/ n t—et/(t—1) n t
N < = .
=€ <logn> O(logn>
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So the desired statement follows. O

Combining the above theorem and the lower bounds obtained in Chapter
5, we have

( n ) (Stfl)/(SthfQ)
C
logn

IN

T(Kt,sa Kn)

IN

t
n

(I+o(1)(s—t+1) (logn> )
Note that the exponent (st —1)/(s+t—2) in the lower bound can be arbi-
trarily close to the exponent ¢ in the upper bound when s is large but fixed.
So it is natural to ask if the order of upper bound is sharp. Assuming yes,
we shall be able to establish a somehow unexpected result: asymptotically,
all the extremal graphs for r(Ky s, K,) come from those for ex(K; s; N).
Thus it is very interesting to estimate the independence numbers of known
extremal graphs for ex(n; K; ;). No doubt, this assumption is a bold ad-
venture.

Proposition 1 For any fized integers s > t > 2, if there exists a constant
¢ > 0 such that

r(Ke, s, K) > (¢~ o(1) (lo’;n> (8.12)

as n — oo, then

ex(K; s N) > Z(c—o(1)Y/IN2-1/ (8.13)

DN | =

for all sufficiently large N of the form N = r(K,; s, Ky) — 1. Furthermore,
the extremal graphs yielding (8.12) also yield (8.13).

Proof. To prove it, assume the contrary: there exists 6 > 0 such that
ex (K¢, 3 N) < 2(c—6)V/tN?=1/ for infinitely many n, where N = r(K; 4, K,)—
1. Imitating the proof of (8.10), we have

> 1oy (M) S
nz(1-o()) | —5 K ap Ky)

¢
which implies N < (¢ — 6 4 o(1)) (%) , contradicting (8.12). O

The main idea for the proof of the above theorem is simple: if the
average degree of a graph is small, its independence number must be big.
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The main result in last section ex(Cay; N) < c¢(m)N'H1/™ will be used
to improve the result of Erdds, Faudree, Rousseau and Schelp (1978) that
7(Copm, Kpn) < en™/(m=1) with a factor logn.

Theorem 8.12 For any fivred m > 2, there exists constant ¢ = ¢(m) > 0
such that for all sufficiently large n,

n )711/(771—1)

K,) <
T(CZWu n) cC (1ogn

Proof. Let G be a graph of order N = r(Cay,, K,,) — 1 which contains
no Oy, and a(G) < n. For any vertex v of G, consider the subgraph G,
induced by the neighborhood of v. The subgraph G, does not contain path
P52 since G does not contain Cs,,, where Ps,, 5 is a path of 2m—2 edges.
Also since ex(Cap; N) < ¢y N1H/™ for some constant ¢y = ¢1(m) > 0 thus
the average degree of G is at most 2¢; N'/™. Note that for fixed a, the
function f,(x) is asymptotic equal to logxz/x as © — oco. Apply (8.6) once
again,

log 2¢; N'1/™
chNl/m
> N'"Y™log N

n>a(G) > (1-0(1))N

for some constant co > 0. Now if for any large ¢ > 0, there are infinitely
many n such that N > ¢(n/logn)™/ (™= then log N > c3logn, where
c3 > 0 is a constant increasing as c¢ increasing, and

(m—1)/m n
logn

n > coc c3logn = ch;»,c(m_l)/mn
which would lead a contradiction if ¢ is large and n — oo.

Using the similar proof we can have that for any fixed integers k > 2,
and s >t > 2,

t
rk(Kt,sv e ,Kt,saKn) S c <10’gn> )

where ¢ = ¢(k,t,s) > 0 is a constant. We conclude this section with the
following problems.

Problem 8.1 For fized s >t > 2, determine if the order of r(Ky, s, Ky) is
(n/logn)t. If yes, does it grow linear on s?
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8.5 Involving K, with Large n

We cannot solve the problem proposed at the end of the last section. The
following result seems to support for a positive solution.

Theorem 8.13 Let t > 2 be fixed. Then for all large n,
ntt1 pttl

— < K n Kn S 1 1 ’
c(logn)t = ’I"( t, ) ( +O( ))(logn)t

where ¢ = ¢(t) > 0 is a constant. In particular, the order of r(Ky n, Ky) is
nt*tt/(logn)t.

Proof. The lower bound was proved in Chapter 5. The proof for the upper
bound is the similar to that for Theorem 8.11, we thus omit it. a

The above result can be generalized as follows with proof by induction
on t = 2 starting at r(Ksa ,, K,).

Theorem 8.14 Let H be a graph on t > 2 vertices that is not complete.
Then the order of r(H + K,,, K,,) is n'*1/(logn)! as n — oo.

O
We conjecture the above result may hold for any graph H of order t > 2.
To confirm this, one needs only to verify it holds for H = K5 by the same
proof.
We now discuss asymptotic formula of k—color Ramsey number 74 (K, »)
as k and m fixed and n — oo.

Theorem 8.15 Let integers k > 2 and m > 2, and real € > 0 be fixed.
Then

I—ek™n <rp(Km,n) <kEm(n—1)4+m(km—k+1)+1,
for all sufficiently large n.

Proof. The lower bound appeared in Chapter 5. For the upper bound we
first show that r (K, n) < (14+0(1))k™(n—m+1). Set N = 1 (K, n) — 1.
By definition, there is a k-coloring of the edges of Ky which contains no
monochromatic K,,,. So there are at most ex(N;K,, ,) edges in each
single color, using Theorem 8.6, we thus have

(27) < kex(N;Kpn)

k
< §Z(N7N;m>n)
k
< =[(n—m+1)YmN2ZY™ LN 4 mN2T2m),

2



8.5. INVOLVING Kr n WITH LARGE N 159

Suppose m and k are fixed. Clearly N — oo as n — oo. Now take § > 0
such that (1 4+ 0e)™ < 1+ €/2. Then for all large N, we deduce that
N? < (14 8e)k(n —m + 1)/ N2=1/m which yields 74 (K ) = N +1 <
(I+¢/2)k™(n—m+1)+1< (14+¢)k™(n—m+1), as desired. Combining
the lower bound and the upper bound, we know

N ~k™M™n~Ek™n—1) as n — oo. (8.14)

To get a slightly better upper bound, note that (by upper bound of Turdn
number in Section 2)

(J;f) <kex(Kmn; N) < g[(n —1)YmMN2TY™ 4 (m — 1)N],

So N? < k(n — 1)Y/™N2=Y/™ 4 (km — k + 1)N, and hence

km—k+1
N1-1/m

m km—k+1/ N \Y™
= k(n—1)Y <1+ o (n_1> )

Using the fact (1 +2)™ =1+ maz + O(2?) as z — 0, it follows that

km—k+1/ N \/™\"
min—1) (1
K™ (n )< TN (n—l) >

- 1) <1+m(km—k+1)( N >1/m+0(1))>

NY™ < k(n—1Y™ 4

N

IN

IN

kN n—1 N2

N 1/m—1
E™(n—1) + k™ m(km — k 4+ 1) ( 1) +o(1).
n—
By (8.14), the second term in the last line tends to m(km — k 4 1). Thus
re(Kmn) = N+1<k™(n—1)+m(km —k+ 1)+ 1+ o(1). Clearly the
term o(1) can be omitted for large n, this completes the proof. O

For m = k = 2, we have (1—o0(1))4n < r(K3,) < 4n+3. This should be
improved. The following result is due to Exoo, Harborth and Mengersent
(1991).

Theorem 8.16 Forn > 2, r(Ka,) <4n —2. If 4n — 3 is a prime power,
r(Kapn) =4n — 2.
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Proof. We prove r(Ks,,) < 4n — 2 first. Suppose, to the contrary, this is
not valid. Then for N = 4n — 2, there is a red-blue edge coloring of Ky
on vertex V' that contains no monochromatic Ky ,. We now estimate the
number of red edges between Ng(v) and Np(v) for v € V. Set

A(w)= > |Ng(x)nNp()|.

zENR(v)
Since for x € Ng(v)
dp(v) = [Nr(z) N Np(v)| + [Np(z) N Np(v)],
and [Np(z) N Np(v)] <n—1,s0 |Ng(z) N Ng(v)| > dg(v) —n+ 1. Hence
A(v) = dr(v)(dp(v) —n+1).
On the other hand,

Aw)= Y |Ngr(z) N Ng(v)| < dp(v)(n - 1).
zENg(v)

Therefore, dr(v)(dp(v) —n+ 1) < dp(v)(n — 1), which yields
dr(v)dp(v) < (n—1)(4n — 3). (8.15)

For any vertex set U C V, consider the sum >, ;.. [Np(z) N Np(y)|,

in which each vertex z € V is counted ('NB (S)NUI) times, thus we have

Z <|NB(22)QU|> < (|g>(n_1)_ (8.16)

z€eV

Since either dg(v) > 2n — 1 or dg(v) > 2n — 1, we suppose that dr(v) >
2n — 1 without loss of generality.

Case 1. dr(v) = 2n—1. Then dp(v) = 2n — 2 so that (8.15) is violated.

Case 2. dr(v) > 2n. Take a subset U C Ng(v) with |U| = 2n. Then
for any z € U, |[Np(2) N U| > n since otherwise |[Nr(z) NU| > n hence z
and v, together with their common red neighbors, would form a red Kj ,,.
Similarly, for any z € V \ U, |[Ng(z) NU| > n+ 1. So the left hand
side of (8.16) is at least n(n — 1)(2n + 1). But the right hand side is just
n(n —1)(2n — 1), which is a contradiction, proving the upper bound.

If g=4n —3 =4(n—1) + 1 is a prime power, then the Paley graph of
order q constructed in Chapter 2 is a strongly regular graph with parameters
(4n—3,2n—2,n—2,n—1). This graph and its complement do not contain
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K ,, since it is self-complementary. Thus r(Ks,) > 2n —2, completing the
proof. O

It would be interesting to look back the process of studying the behavior
of r(Kp,,) for fixed m, which may offer an epitome of solving a class of
Ramsey problems.

For m = 1, the proof in Chapter 2 is easy, and we get a formula for all
(K7 ), which is 2n for odd n and 2n — 1 for even n.

For m = 2, the proof is less easy. We use some technique to obtain an
upper bound and use Paley graph to obtain a lower bound for some n. We
get a formula 4n — 2 just for infinitely many n.

For general m, the proof is not trivial. We apply a result on Turan
number of K, ,, to obtain an upper bound and use probabilistic method to
obtain lower bound which is non-constructive. We get only an asymptotic
formula 2™n as n — oc.

A natural problem on (B, ) related to results in this chapter is
as follows, which is easier that the conjecture of Thomason mentioned in
Chapter 2.

Problem 8.2 Prove or disprove ri(Bm.n) ~ k™n as n — oo for fized m
and k. What can we say for the case k — oo if m and n are fixed?

The second problem may be very hard. We will see how far one is away
from determining the order of r(K3) as k — oo.

Exercises

8.1 Let G and H be graphs of order n. Prove that GG contains a subgraph
with at least e(G)e(H)/(}) edges that is isomorphic to a subgraph of H.
(See proof of Theorem 8.8.)

8.2 Let G be a graph with n vertices and m edges. Considering random
bipartition of V(G) of sizes |n/2| and [n/2], show G has a bipartite graph
with at least 2m|n?/4|/n(n — 1) edges.

8.3 Complete the proof of Theorem 8.14. Where is the incompleteness
of graph H used?

8.4 Show that if GG is a bipartite d—regular graph of order n containing
neither Cy nor Cg, then d < n'/3 +1.
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Chapter 9

Constructions Forbidding
Bipartite Graph

9.1 Constructions Forbidding C}4

The starting point of problem involving complete bipartite graph is usu-
ally K9 = C4. We begin with a construction of Erdés-Rényi (1962) and
Brown(1966), which contains no Cj.

Let F' = F(q) be the Galois field with ¢ elements. Define an equivalence
relation = on F3\ {(0,0,0} by letting (a1, az,as) = (b1, be,b3) if there is
A € F* = F\{0} such that (a1, as,as) = A(b1, b2, b3). Let (a1, az,az) denote
the equivalence class of (aj,as,a3), and let V' be the set of all equivalence
classes.

Define a graph G, with vertex set V' by letting distinct vertices (a1, az, as)
and (x1,z2,z3) be adjacent if

11 + G222 + azxrz = 0.

Clearly,

3

-1

|V|:q =¢+q+1
g—1

For a vertex {(ai,az,as), since a;ry + asws + azws = 0 has ¢2 — 1 solutions
forming g + 1 vertices, it has degree q if a3 + a3 + a% = 0, or degree ¢ + 1
otherwise.

Lemma 9.1 Let g = p™ with prime p and odd m. Then there are precisely

163
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q? solutions (w1, 2,23) of the equation

i a5+ ai=0
in F(q), and hence precisely g+ 1 vertices in G, of degree q and ¢* vertices
of degree q + 1.
Proof. Label the vertex set of G, as

V(G ={A,B,---,X,---,Y,---, Z}
in some order. We write X L Y if and only if
T1y1 + 22y2 + w3y3 = 0,

where X = (w1, 29, 23) and Y = (y1,¥2,¥y3) . Let n = ¢®> + ¢+ 1 and define
an n x n real matrix M = (m;;) by

XLy,
1 0 otherwise,

where X and Y represent the ith vertex and the jth vertex, and X and Y
are associated with the ith row and jth row in M, respectively. Note the
diagonal elements of M are different from that in the adjacency matrix of
G,. We have m;; = 1if X L X, that is, X lies on the conic 23+ 23+23 = 0.
All that remains to show is that

tr(M) =q+1,
where tr(M) = Y"1 | my; is the trace of M. We know that the trace equals
the sum of eigenvalues.

Fact 1. Any row of M contains precisely ¢ + 1 ones hence ¢ + 1 is an
eigenvalue of M.

This is because ML = (¢ + 1)L, where L = (1,1,...,1)7.

Fact 2. For i # j, there is exactly one column with 1 in the both ith
row and jth row.

Suppose that X and Y represent ith row and jth row, respectively.
Then there is a unique row, say kth row, corresponding to the solution
(w1, wsy,ws) of the equation system

Tiwy + xowe + z3wg = 0,
y1wr + yawe +yswz = 0.
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That is to say, m;; = mjr = 1. Note that M is symmetric, so we see that
only in kth column, the elements in both ith row and jth row are 1.

Using these two facts, we have

qg+1 1 1 1
1 g+1 - 1 1

M? = . . =ql + J,
1 1 - 1 g+1

where [ is the identity matrix and J is the all-ones-matrix. It is easy to see
J has the eigenvalues n = ¢+ ¢+ 1 (of multiplicity 1) and 0 (of multiplicity
n—1 = ¢®>+q). This follows by that M? has the eigenvalues g+n = (¢+1)?
(of multiplicity 1) and ¢ (of multiplicity n — 1 = ¢ + q).

Since M is symmetric and hence diagonalizable into

A1
A2
An
where Aq,..., A\, are eigenvalues of M. This implies that M? is diagonal-
izable into
AP
A3
/\2
implying that A2 = (¢+1)? and A\3 = ... = A2 = ¢, in which the eigenvalues

may be relabelled. So Ay = ¢+ 1 as ¢ + 1 is an eigenvalue of M, and
Ai =+xy/qfori=2,...,n. Let s and ¢t be the numbers of eigenvalues of M
equal to \/q and —,/q, respectively. Then s +¢=n —1 and

tr(M) =(g+1)+ (s —1t)\/q.

Since the trace is an integer and ¢ = p™ with m odd, we must have s = ¢
hence tr(M) = ¢ + 1, completing the proof. O

Remark. In fact for any prime power g, the assertion in above lemma
holds.

Lemma 9.2 The order of the graph G, is ¢* + ¢+ 1 and

(Gy) = yala +17

for odd prime power q.
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We now come to the point to see that G, contains no Cy.
Theorem 9.1 The graph Gy contains no Cy.

Proof. Suppose to the contrary that G, contains Cy4, then there are two
distinct vertices (a1, a9, as) and (b1, ba, bs) such that

a1r1 + agxe +azrs = 0
bllL'l —+ bQ.TQ + bglL’g = 0

has nonzero solutions that form two distinct vertices. This is impossible as

(a1, az2,a3) and (b1, ba, bs) are linearly independent that the above equation
system has exactly g — 1 solutions forming only one vertex. O

Denote by n = ¢> + ¢+ 1. Then ¢ = (v4n —3 — 1)/2. Thus for
n=¢+q+1,

1
ex(n;Cy) > Z(n —1)(1+ v4dn —3).
This is very close to the upper bound ex(n; Cy) < in(1++/4n — 3) obtained
in last chapter. We will show the lower bound gives the quality for infinite
many n = ¢ + ¢ + 1 in next section. Before this, we shall obtain an

asymptotic formula of ex(n; Cy).

Theorem 9.2 Asn — oo,

1
ex(n; Cy) ~ 5713/2.

Proof. The desired upper bound has been proved in the last chapter. For
any large n, let p; be the maximum prime satisfying that

Ptk +1<n<pii+pe+ 1

Then py, ~ /0 since pi ~ pi_ﬂ from a result in Chapter 2. So
1. 1
ea(n; Ca) > ex(pf + s +1:Ch) > L} ~ 0

by the construction mentioned. The required inequality follows. O

Lemma 9.3 All vertices of degree q in graph Gy are independent.
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Proof. Suppose that (a1, as2,a3) and (by,bs,bs) are distinct vertices of
degree ¢ in G. Then the vectors (aj,as,as) and (by,be,b3) are linearly
independent in F3. Therefore, the dimension of the subspace S of F?
consisting of all solutions (z1,x2,x3) of the equation system

a1r1 + asxe +azxs = 0
bizy + bazo +b3xzs = 0

is one. If (a1, as,az) and (b1, by, bs) are adjacent, then both (aq,as,as) and
(b1, b2,b3) would be in S, a contradiction. O

Since there are exactly ¢ + 1 vertices of degree ¢ in G, these vertices
form an independent set, so a(G4) > ¢ + 1. Using the main result in
Chapter 3, one has a(Gq) > (1 —o(1))qlog g as ¢ — oco. It is interesting to
determine whether this is an asymptotical equality.

Among all graphs of the same order that contain no Cy, the extremal
graphs for ex(n; Cy) have the largest average degree. So they are expected
to give good lower bounds for r(Cy, K1, ,) if they are near regular. We
now apply the above constructions to give such Ramsey lower bounds. The
following results are due to Parsons (1975).

Lemma 9.4 Let q be a prime power, then

T‘(C4, Kl’qz)
7”(04, K17q2+1)

+q+1,

>
> ¢ +q+2

Proof. Denote by G, the graph we just constructed. Then G has 4q+1
vertices. It contains no Cy and its minimum degree is ¢, so the maximum
degree of Gy is ¢?. This proves the second lower bound in the lemma.

For the first lower bound, let v be a vertex of degree ¢ in the graph G,
by Lemma 9.3, each neighbor of v has degree ¢ + 1. Deleting the vertex
v, we obtain a graph with ¢? 4+ ¢ vertices and minimum degree ¢, so its
complement has a maximum degree ¢> — 1. This proves the first lower
bound. a

Lemma 9.5 Let n > 2 be an integer. Then
r(Cy, Kip) <n+vn—1+2.

Proof. Let N = r(Cy, K1,) — 1 and let G be a graph of order N that
contains no Cy and its complement G has the maximum degree at most
n — 1. Since it is easy to see that r(C4, K1 2) = 4 and r(Cy, K1,3) = 6, so

we suppose that n > 3 and N > 5. The fact A(G) < n — 1 implies that for
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any vertex v of G, deg(v) > N —n. Since the fact G 2 Cy4 implies that for
any distinct vertices v and v of G, |[N(u) N N(v)| < 1, we thus have

deg(w) N
< . .
s () e
weV (G)
This and deg(w) > N —n give
N?—2(n+1)N+n*+n+1<0. (9.2)

The above inequality becomes an equality if and only if G is regular with
degree N —n and any pair of vertices have exactly one common neighbor.
We now need the following result known as “the Friendship Theorem” of
Erdds, Rényi and Sés (1966). We shall attach a proof as the last section
of this chapter. Call the graph Fy = K; + kK> as Friendship graph or a
k—fan, which consists of k triangles with a vertex in common.

Lemma 9.6 (Friendship Theorem) Let G be a graph with N wvertices
such that any pair of vertices is joined by exactly one path of length two in
G. Then N =2k +1 and G = F}.

Return to our current proof. If the inequality (9.1) is an equality, then
by Lemma 9.6, G = F,, but G is regular, contradicting to n > 3. So this
is not the case hence the inequality (9.2) is strict, thus

N?—2(n+1)N+n*+n+2<0,

yielding 7(Cy, K1p) = N+1<n++n—-1+2. O

Theorem 9.3 Let q be a prime power, then
r(Cy, Ky, g2) = P +aq+1.

O
Remark. A careful analysis shows 7(Cy, K1 4241) = ¢%>+q+2, so both
lower bounds in Lemma 9.4 are equalities.

The following construction of Lazebnik and Woldar (2000) yields a lower
bound for ri(Cy).

Theorem 9.4 Let k be a prime power. Then

re(Cy) > k* + 2.



9.2. EXACT VALUES OF EX(N;Cy) 169

Proof. Let F(k) be the field of k elements and let V = F(k) x F(k). We
shall color the edges of K21 on vertex set V U {u} with k colors so that
there is no monochromatic Cy. We will do so for all edges in V first. Let
e be an edge with end vertices (a1,az2) and (by,bs) in V. We assign e with
color

a=aib; + as + bs.

We claim that there is no monochromatic C4. Since otherwise, suppose
that (a1, az2), (b1,b2), (c1,¢2), and (di,ds) are four consecutive (distinct)
vertices of a Cy in some color «. then

o = a1b1+a2+b2:b101+b2+02
= ci1dy +ca +dy = dray + da + az,

yielding (a; — ¢1)(by — dy) = 0. So either a1 = ¢; or by = dy, which imply
either (a1, a2) = (c1,c2) or (by,b2) = (d1,dz), a contradiction.

It remains to color the edges of form {u,v} with v = (a1,a2) € V. For
such an edge, we assign it with color a;, the first coordinate of v. Suppose
that there is a monochromatic Cy in color «;, which must contain the vertex
u. Let (o, az), (b1,b2) and («, c2) be the other three vertices in the Cy, so

a:ab1+a2+b2:ab1+b2+02.

Thus as = ¢z, which implies that the vertices (a, az) and («, ¢2) are iden-
tical, a contradiction. This completes the proof. |

Combining the upper bound on (K, 5) in the last chapter and what
in above theorem, we obtain the asymptotic formula of r(Cy) as follows.

Theorem 9.5 As k — oo, 7:(Cy) ~ k2.

9.2 Exact Values of ex(n;Cy)

We have obtained that ex(n;Cy) ~ n3/2/2. It is hopeless to find all exact
values of ex(n;Cy) because of the difficulty of constructions for the lower
bounds and estimating for exact upper bounds. However, it is possible to
be lucky to find such values for some special values of n.

Recall the graph G, constructed by Erdds and Rényi in last section that
has n = ¢> + ¢+ 1 vertices and g(q + 1)?/2 edges. Each vertex v of G, has
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degree q or g+ 1. There are exactly g + 1 vertices of degree ¢, and exactly
q? vertices of degree g + 1.
The graph G, and the upper bound obtained in last chapter give

1 1
i(n —1)(14+vdn —3) <ex(n;Cy) < zn(l + Vdn — 3)
with n = ¢® + ¢ + 1. That is
1 2 L s
Jela+1)" <ex(n;Cy) < 5(@° +g+1)(g+1).

Erdés, Rényi and Sés (1966) proved that the second inequality is strict,
and Erdés (1966) conjectured that the first inequality is an equality. This
conjecture was confirmed by Fiiredi in 1996, who obtained a partial answer
for ¢ = 2% in 1983.

Theorem 9.6 Let g > 13 be a prime power, and let n = ¢*> + q + 1, then
1 2
ex(n; Ca) = 5q(q +1)°.

To avoid some burden with extra background for the proof, we only
introduce the proof of Fiiredi for the special case where ¢ is a power of 2.

Lemma 9.7 Let ¢ > 2 be an even integer and let G be a Cy—free graph of
order ¢*> + q + 1 with A(G) < q+ 1. Then any vertex of degree q + 1 is
adjacent to at least one vertex of degree of q or less. Consequently, G has
at least q + 1 vertices of degree q or less.

Proof. Let v € V(G) be a vertex with deg(v) = ¢ + 1. In the subgraph of
G induced by N (v), there is no vertex with degree two or more, thus

qg+1| ¢
)

Evo)l < |4

since ¢ is even. Noticing that any pair of vertices in N(v) have the unique
neighbor in common, namely {v}, and V(G) \ (N(v) U {v}) contains ¢® — 1
vertices, so we have

> deg(w)

€N (v)

IN

deg(v) + 2[E(N (v))] + [V(G) \ (N (v) U {v})]

IA

(q+1)+q+ (@ —1)=(g+1)* -1
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Thus there exists at least one vertex € N(v) with deg(x) < ¢ as claimed.
Set S = {z € V(GQ) : deg(z) < ¢}. Then any vertex x € S can be a
neighbor of at most g vertices. From what has just proved, we get

U W (@) ufa}) =v(a),
€S

thus (¢ +1)|S| > ¢ + ¢ + 1, which implies that |S| > ¢ + 1. O

Lemma 9.8 Let G be a Cy—free graph on ¢* + q+ 1 vertices with A(G) >
q + 2, where q is an even integer. Then e(G) < q(q+1)?/2.

Proof. Set
V = V(G) = {’Ul, V2,..., Un},

where n = ¢? + ¢+ 1, and deg(v1) = A = A(G) > g+ 2. Since G contains
no Cy, so
[N (vi) \ N(v1)] = [N (vi)| = 1 = deg(v;) — 1

for 2 < i <n. Then

(n - A) > ( number of pairs of V'\ N(v1))

2
> Z (number of pairs of N(v;) N (V' \ N(vy))
2<i<n
deg(v;) — 1
>
- 20
2<i<n

Suppose to the contrary, e(G) > q(q + 1)?/2. Since g(q + 1)? is an integer
thus e(G) > q(q+1)?/2 + 1, that is, 2¢(G) > (n — 1)(q¢ + 1) + 2. Using the
Jensen inequality, we have

("35) = (Tl —0/0-0)
— (-1 ([26(6) —(n— ;) —Al/(n— 1))
> (n- 1>([<“ ~ba+2- Al/(n - 1)).

This yields

(n=1)(n-A)(n-A-1)>[(n—-1)g+2-A][(n-1)(¢—1)+2-A]. (9.3)
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However, the fact Ag > (¢+2)g—1=n+q— 2 for A > ¢+ 2 implies
mn—1g+2—-A>(¢g+1)(n—A), (9.4)
and the fact A(g —1) > (¢ +2)(¢ — 1) = n — 3 implies
n=1@-1)+2-A>qn—-A—-1). (9.5)

Multiplying the expressions on the left-hand sides and on the right-hand
sides, respectively, we have an inequality contradicting to (9.3). O

Proof of Theorem 9.6 for case ¢ = 2*. The graph G, gives that
ex(n;Cy) > q(q + 1)?/2. On the other hand, if G is a Cy—free graph of
order n = ¢?> + ¢ + 1 with ¢ a power of 2, by Lemma 9.8, we may assume
that A(G) < g+1. By Lemma 9.7, there are at least g+ 1 vertices of degree
q or less. Hence

2¢(G) < (¢ +1)n—(g+1) =qlqg+1)%

the desired equality follows immediately. O

9.3 Constructions with Forbidden K>,

The following construction is due to Fiiredi (1996), and Axenovich, Fiiredi
and Mubayi (2000), which gives a lower bound for r;(Ks, s+1) hence that
for ex(n, K3, s41). Recall the Siegel-Walfisz theorem in Chapter 2, which
ensures that abound 1/¢(s) primes have the form ks + 1 for k > 0, where
¢(s) is the number of integers in {1,2,...,s} that are prime with s.

Theorem 9.7 For any fived integer s > 1, 1 (K2 s41) ~ sk? as k — oo.
Proof. The upper bound is in the last Chapter. We need to show that
(K, oi1) = (1— o(1))s k2

as k — oo. Let ¢ be a prime power such that k = (¢ — 1)/s is an integer.
Set n = (¢ — 1)?/s = sk?. We will color all edges of K,, with slightly more
than £ colors such that there is no monochromatic Ka sy1.
Let F' = F(q) be the g—element finite field, and let h € F' be an element
of order s, and
H={1,h,---, "1},
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Denote the cosets of H by

H17H25"'aHk7

[ ——t

which partition F* = F'\ {0}. We introduce an equivalence relation
in F* x F* as (a1,a2) = (v1,22) if (a1,a2) = h(z1,22) for some 0 < ¢t <
s — 1. It is easy to verify that the relation is an equivalence relation. The
equivalence class represented by (a1, as) is denoted by {(aq,as). Let V be
the set of all equivalence classes and n = |V| = sk?. Consider the complete
graph K, with vertex set V. Color the edge joining two vertices (ai,as)
and (z1, z2) with color i if a1x1 + asxy # 0 and a1 + agze € H;. Clearly
the definition for the coloring is compatible with the equivalence class, that
is to say, a171 + agze € H;, (a1,a2) = (b1,b2) and (21, 72) = (y1,y2) imply
biy1 + bays € H;. Note that the edges of form {(a1,as), (x1,x2)} with
a121 + asxo = 0 are still uncolored.

Let G; denote the graph induced by all edges in color . We shall show
that G; contains no Ky sy1. Let (a1,a2) and (b1, bs) be a pair of distinct
vertices. Consider the equation system

{ a1xr1 +asxre = U (96)

bl.’El +bQCL'2 = .

We claim the system has at most one solution (z1,x2) for every u,v € H;.
Indeed, the solution is unique if the determinant of the system is not 0.
Otherwise, there exists A € F™* such that (b1, b2) = A(a1,az2). If the system
(9.6) has solution (x1,z3), then Au = v hence A = v/u € H, contradicting
to the fact that (a1, az) and (b, bz) are not equivalent. Finally, there are s?
possibilities for w,v € H; in (9.6). The set of solutions form s equivalence
classes hence s vertices. So there are at most s vertices (z1,x2) joined
simultaneously to (a1, as) and (by, ba).

Now turn to the uncolored edges {{ay, as), (b1, b2) } with a1b1 +asbs = 0.
Let Gy be the graph induced by these edges. We are going to color the edges
of Go by an additional O(v/k) colors. Since the equation

ai1x1 + asxs =0

has ¢—1 solutions forming k = (¢—1)/s equivalence classes hence k vertices,
thus vertex (aj,as) of Go has degree k if a? + a3 # 0 and degree k — 1 if
a? +a3 = 0. Let {{a1,a2), (b1,b2)} be an edge of Gy, then a;b; + azby = 0.
Set

Vi = {{x1,22) : @121 + agx2 = 0}

and
Va = {{y1,y2) : bry1 + bay2 = 0}.
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Then (a1, as) € Vo and (by,be) € Vi, and |Vi| = |Va| = k. For any (z1,x2) €
‘/1 and <y1792> S ‘/Qa we have

T1Y1 + T2Y2 = T1Y2 (y + )

T1Y2
= - b b
dab (a1b1 + azbs)

= 0.

So V1 and V5 are completely connected in Gq. If V1 NV5 = (), they induce a
complete bipartite graph K}, ;, that is not connecting to any other vertex of
Gy since the maximum degree of Gy is k. If Vi NVa #£ 0, (21, 20) € V1 NV,
then we see that 22 + 23 = 0 and the degree of (21, 22) in Gg is k — 1. Since
it is adjacent to all other vertices in V; and V5, so Vi = V5 and it induces
a complete graph Kj. As any vertex in Vi = V5 has degree k — 1, so any
vertex in this complete graph is not connecting to any other vertex of Gj.
Therefore, Gy is a union of Ky, ; and K.

From Theorem 9.5, r;(Cy) ~ k%, we can color the edges of Ky with
at most (14 o(1))v/2k < v/3k colors such that there is no monochromatic
C4 hence no monochromatic Ky s11. Let p, be the kth prime such that
(pk — 1)/s is an integer, and let ny, = (pr — 1)/s + [3v/(pr — 1)/s], then
by what has been proved, 7, (K2 s+1) > (1 — o(1))sni. For any n with
ng < n < ng41, then n ~ ng as n — oo, thus

P (Ko, s41) > 7y, (K2,541) > (1= 0(1))sni = (1 = o(1))sn?,

as desired. |

By counting the edges in a single color, say, that in GG, we obtain the
asymptotic formula of ex(n; K s41) as follows.

Corollary 9.1 For any fized integer s > 1,

1
ex(n; K, s41) ~ 5\/§n3/2

as n — oQ.
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9.4 Orders of ex(n;Cyy,) for m =2,3,5

In the last chapter, we proved that for m > 2
ex(n; Cop) < 10mn'*+t/m,

This upper bound has the right order for m = 2. We shall prove that its
order is also right for m = 3 and m = 5.

Theorem 9.8 There exist some constant ¢ = c¢(m) > 0 such that

ex(n; Cop) > enltl/m

form =2,3,5.

The following constructions for the desired lower bounds is due to
Wenger (1991). The same lower bound for ex(n; Cs) has obtained by Ben-
son (1966). Let p be a prime number. Construct a bipartite graph H,,(p)
as follows on vertex classes X and Y, where both X and Y are copies of
F™(p). Thus |X| = |Y| = p™. For a vertex A € X and a vertex B € Y
with

ay bl

a9 b2
A= ) and B= ) ,

QAm bm

they are adjacent if
bl ay ag
b2 a9 as
B = = : + b,
bm—l Am—1 am,
bm, 0 1

For every A € X, the value b,, uniquely determines a neighbor of A, so
each vertex in X has degree p. Hence H,,(p) has 2p™ vertices and at least
p™+ edges.

Remark The construction of Lazebnik and Woldar in Section 1 has
some similarity with the above construction for m = 2.
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Before giving some properties of H,,(p), let define generalized Vander-
monde matriz on F(p) as follows. For m > k > 2 and a; € F(p), set

ay a2 ag
Mm :Mm(a17a27 7ak) =
m—1 m—1 m—1
ay as ay

as an m x k matrix on F(p). Note that Mj is the commonly defined the
Vandermonde matrix and

det(My) = i<icj<k(a; — a;).

So Mj, is singular if and only if there are some ¢ # j such that a; = a;.
However, we need a more specific property of the Vandermonde matrix.

Lemma 9.9 If p > m > k > 2 and if the ith column of the Vandermonde
matric M, is a linear combination of the others, then there exists j # i
such that a; = a;.

Proof. Without loss of generality, we assume that the last column is a
linear combination of the other columns.

Case 1. ay,as, . ..,a,_1 are pairwise distinct. Define a polynomial P(x)
of degree k — 1 as

P(z) = det(My(aq,...,ax—1,2)) =c(z —a1)(z —az) -+ (x — agp—1),

where ¢ = II1<;<j<k—1(a; — a;) # 0. Since kth column is a combination of
the first k£ — 1 columns, so M (ay,...,a,_1,ax) is singular hence P(ay) = 0.
Thus there is some a; with 1 <47 < k — 1 such that a; = a; as claimed.

Case 2. There exist a; and a; with 1 < ¢ # j < k — 1 such that
a; = a;. Without loss of generality, we assume that a; and a; are the
unique pair which are equal. Thus we can find at least two a} € F(p) such
that aq,..., aj,l,a;-,ajﬂ, ...,ai_1 are pairwise distinct. It is easy to see
that the last column in the following Vandermonde matrix

!/
Mm(al, .. .,aj_l,aj,aj+1, .. .,Clk)

is still a linear combination of the other columns. From that proved in Case
1, either ar = a; for some 1 <i < k—1or a = a}. The latter is not true
since there are different choices for a;. o

Lemma 9.10 Let p be a prime and m and k be integers with p > m >
k> 2. If H,(p) contains a cycle Co, = (A1, B1, As, Ba, -+, Ag, Bx) with
A; € X and B; € Y, then for each By, there exists a By with j # i such
that b; , = bjm, where by, and by, are the mth (last) coordinates of B;
and Bj, respectively.
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Proof. Let A, B and A’ be three consecutive vertices in the cycle Cy;, with
B €Y. By the definition of adjacency we have

a; — aj ag — al
, = —bn , )
Am—1 — Ay am — al,
0 0
which gives a; — a} = —by(ai41 — aj 1) = (—bm)™ “(am — al,) hence
ay — aj (—bp)™ 1
ag — al (—bp)™ 2
= (a‘m - am)
A1 — Ahy 4 —bm
am — a;n 1

Clearly a,, # a}, since otherwise A and A’ are the same vertex. By taking
A, B and A’ as A;, B; and A;,1, respectively, and by writing z; = a;,, —
@i+1m, and ¢; = —b; ,, we obtain

1

cl )
m

C;

Ai— A = : ;
Ci

1

m—

and x; # 0. From the trivial fact that Z?Zl(Ai — A;41) is a zero vector,
where Ay is Aq, we have

m—1 m—1 m—1
Sl 5 Cy ) G 5 T 0
m— m— m—
€1 Co Ck To 0
a1 2 Cr :
1 1 1 Tk 0

Note that the left-hand side matrix is a Vandermonde matrix, and the ith
column is a linear combination of the others since x; # 0. Thus ¢; = ¢;
hence b; , = b;,, for some j # i by Lemma 9.9. a

Lemma 9.11 If two distinct vertices in the same vertex class of H,,(p)
have a neighbor in common, then they have different mth (last) coordinates.
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Proof. If two distinct vertices A, A’ € X have a neighbor B € Y in
common, the proof of the Lemma 9.10 gives the assertion. If two distinct
vertices B, B’ € Y have a common neighbor A € X, then the assertion
can be seen easily by the definition of adjacency, since otherwise B and B’
would be the same vertex in Y of H,,(p). O

Corollary 9.2 Let p > m be a prime number. Then H,,(p) contains no
Cy for m > 2, and H,,(p) contains neither Cy, nor Cg for m > 3; and
H,,(p) contains neither Cy, nor Cg, nor Cig for m > 5.

Proof. Suppose m > 2. If H,,(p) contains a cycle Cy = (A1, By, A2, Bs)
with A; € X and B; € Y. By Lemma 9.10, b5 = by5. However, both B;
and By are adjacent to Ay, which contradicts to Lemma 9.11.

Suppose m > 3. If H,,(p) contains a cycle Cg = (Ay, By, As, By, As, B3)
with A; € X and B; € Y. By Lemma 9.10, by3 = bs3 or by3 = bss.
However, By and By have a neighbor A, in common, and B; and Bs have
a neighbor A; in common, which contradict to Lemma 9.11.

Suppose m > 5. If H,,(p) contains a cycle C1g = (A1, By, -, As, Bs)
with A; € X and B; € Y. By Lemma 9.10, there exist three distinct
vertices B;, B; and By, such that b;5 = bj5 = brs. Two of these vertices
must be consecutive in the cyclic sequence By, Bs, ..., Bs, By, so they have
a neighbor in common, which contradicts to Lemma 9.11. |

Proof of Theorem 9.8. Note that H,,(p) has n = 2p™ vertices and
(1 —o(1))p'tV/™ = (1 — 0(1))(n/2)'+1/™ edges. The proof of Theorem 9.8
is then immediate from the above corollary and a result in last section on
the gaps of consecutive prime numbers. |

It is not difficult to find that H4(p) contains Cs, and Hg(p) contains Cys.
However, We believe the answer of the following problem is affirmative.

Problem 9.1 Prove or disprove that ex(n; Cap) = O(n'TY/™) as m > 2
fixed and n — oo.

9.5 Constructions with Forbidden K33

We now turn to discuss ex(n; K3 3) and ri(K3,3). The following construc-
tion is due to Brown (1966).
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Let p be an odd prime, and let @ € F*(p) = F(p) \ {0} be a fixed
quadratic non-residue if p =1 (mod 4), and a quadratic residue if p = 3
(mod 4) in F(p). Set V = F3(p). We shall call z,a € V as points or vectors
and write them as © = (21, z2, z3) and @ = (a1, a2, a3). For z € V, define

3
N(z)={yeV: Z(ifi —y;)® = a}.

Note that y € N(z) if and only if z € N(y). We construct a graph G on
vertex set V' by connecting a pair of vectors  and y if and only if y € N(z).
The degree of each vertex x is p? — p by admitting without proof a theorem
of Lebesgue that N(x) contains p? — p vertices. So the order of G is p® and
the number of edges of G is (p° — p*)/2.

We shall prove that G contains no K3 3. Suppose to the contrary, G
contain a K33 with bipartition a,a’,a” and b,0’,0”. Thus w = b, b, are
three solutions of the equations

which yields

2(a; —a))wy  +2(az — ah)wy  +2(az — ah)ws = (a? —al?)
2(ay —af)wr  +2(ay —ax)wy  +2(ah — af)wz =Y (a — af
2(af —ap)wr  +2(af —az)ws +2(af —az)ws =>_

Set a matrix A as

ap —ay ags—ah asz—ah a—a
A= d—af dy—af af—af "—a"

al —a1 ay —ay af —as a —a

Il
S|
|
]

then we have
w; >.(af —a?)
24| wy | = Y(a?-d?) |. (9.7)
ws >o(af? —af)
Clearly, the rank of the matrix A is one or two.
For fixed vectors ¢,d € V = F3(p) with d is not a zero vector, we shall
call the set of points

{c+td:te F(p)}

as a line of V. In particular, when c is a zero vector, the line passes through
the origin.
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Lemma 9.12 Let S be a subset of V' with at least two points. Then the
points in S are collinear if and only if there is some ¢ € V, such that the
rank of {x — c: x € S} is one; that is to say, {x —c:x € S} are collinear
passing through the origin.

Claim 1 If the rank of A is one, then vectors a,a’,a” are collinear, and
if the rank of A is two, then b,b’,b" are collinear.
If fact, if the rank of A is one,

a—a a—a a—a"
rank | o’ —a”" | =rank| o —ad’" | =rank| o' —d’ | =1.
a’ —a 0 0

So the points a, a’, a” are collinear from Lemma 9.12 (with ¢ = a”’). Suppose
that the rank of A is two, and suppose that ¢ is a solution of equation (9.7).
Then b — ¢, b’ — ¢,b” — ¢ are solutions of equation 2Aw = 0, thus the rank
of them must be one since the rank of 24 is two. So b,b’,b” are collinear
from the lemma 9.12.

The fact that G contains no K3 3 will follows the following claim.

Claim 2 No three points in N(z + ¢) are collinear for any x,c € V.
In fact, if a line {c+td : t € F(p)} meets N(z + c¢) at least three points,
then the line {¢td : t € F(p)} meets N(z) at least three points. Thus

which yields a quadratic equation in ¢ as

(de) tQ—Q(Zdixi)t—i—Zx? = a.

This equation has three solutions in ¢ only if

Zd? =0, Zdixi =0, Zx? =a.
Since d # (0,0,0), we assume that dy # 0 without loss of generality. Then
da = & fo
(—deQ — d31‘3)2 + d%(.’l?% + x%)

(doxo + dsx3)? — (d3 + d3)(z3 + 22)
= —(dg(EQ — d21’3)2.
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This contradicts the choice of « since —1 is a quadratic residue as p = 1
(mod 4), and a quadratic non-residue otherwise.

Brown did not known that his construction is in fact asymptotically
sharp when the paper appeared in 1966. Combining his construction and
Fiiredi’s upper bound in 1996 proved in the last chapter, we have an asymp-
totic formula of ex(n; K3, 3).

Theorem 9.9 Asn — oo, ex(n; K3 3) ~ in®/3.

However, Brown’s construction cannot give a good lower bound for
(K3, 3). The following construction is due to Kollar, Rényai and Szabé
(1996), and Alon, Rényai and Szabé (1999), which yields both asymptotic
formulas of ex(n; K3, 3) and ri (K3 3).

Let g be a prime power. For any X € F(q?), set N(X) = X!'*49. Note
that the roots of the polynomial £ — x are precisely the elements of F(q).
Since X¢° = X for X € F(¢?) and

N(X)? = (X9)7 = X9X¢ = X1X = N(X),

we infer that N(X) € F(q) for any X € F(q?). Clearly, N is a multiplicative
function: if A, B € F(q?), then N(AB) = N(A)N(B). We then define a
graph H as follows. The vertex set V(H) is F(q?) x F*(q). Two distinct
vertices (A, a) and (B,b) in V(H) are connected if and only if N(A+ B) =
ab. The order of H is ¢ — ¢®. If (A,a) and (B,b) are adjacent, then
(A,a) and B # —A determine b. Thus a vertex (4, a) has degree ¢ — 1 if
N(2A4) # a?, and degree ¢> — 2 otherwise.

Lemma 9.13 The graph does not contain K3 3 as a subgraph.

Proof. The lemma is a direct consequence of the following statement: if
(D1,d1), (D2,ds), (Ds,ds) are distinct vertices in V(H), then the system
of equations

(X + Dl) = Idl,
N(X +D3) = xds

has at most two solutions (X, z) € F(q?) x F*(q).
If the system (9.8) has one solution (X, z), then

e X #£—D,; foranyi=1,2,3,
o D; # D;j for i # j.
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The former is true, because xd; # 0; and so is the latter since if D; = D,
then d; = d; hence (D;,d;) = (Dj,d;). From the system (9.8) and the
property that N is multiplicative, we have

X+Dy —  di
N X+Ds3 - ds’
X+Do — 42
N X+Ds3 - ds’
which yields
N X+D; — dq
(X+D3)(D1—D3) dsN(D1—Ds3)’
N X+Do — do
(X+D3)(D2—D3) dsN(Dy—Ds3) "

Denote by bi for dz/(dgN(Dl — Dg)), A1 for 1/(Dz 7D3), and Y for 1/(X+
Ds), then

N(Y+A1) = by,
N +A3) = b
Note that (A+ B)? = A7+ B%,so N(Y + A;) = (Y + A;) (Y9 + AY) hence
(Y 4+ A2) (Y94 AL) = by :

We now refer unknown Y and A; and b; as elements of F/(¢%). Consider
the system of equations

(21— an)(@s —a12) = by,
{(xi—a;)(mz—a;z) = 512 (9.10)

with a1 7é az1 and ajs 7é a292, where Qij, b; € F(q2) We claim that the
system has at most two solutions (z1,72) € F?(¢?). In fact, from the
system we get

(@11 — a21)x2 + (@12 — a22)x1 + a21a22 — a11a12 = ba — by.

By expressing x; in terms of zo and substituting it into one equation in
system (9.10), we obtain a quadratic equation in x5 with a nonzero leading
coefficient. This has at most two solutions in x9 and each determines a
unique z1. The claim follows.

Setting 1 =Y, o = Y9, we see the system (9.9) has at most two solu-
tions in unknown Y. These solutions are corresponding with the solutions
(X, x) of system (9.8), so the proof is finished. O

It is just one more step to obtain an asymptotic formula of (K3, 3).
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Theorem 9.10 As k — oo,
Te(K3,3) ~ K>

Proof. The upper bound 74 (K3 3) < (1+0(1))k® comes from last chapter.
For a lower bound, let ¢ be a prime power. For a complete graph on vertex
set V = F(q?) x F*(q), color the edge connecting (4,a) and (B, b) by color
N(A+ B)/abif A+ B # 0. It can be verified as the proof for Lemma 9.13
that there is no monochromatic K3 3 in edges that have been colored. The
uncolored edges form (¢? —1)/2 pairwise disjoint complete bipartite graphs.
In fact, for any fixed A € F(q?),

Vi={(A42):z€F (¢} and Va={(-4Ay):y<€F(q)}

form such a complete bipartite graph on 2(q — 1) vertices for A # 0 or
a complete graph on g — 1 vertices for A = 0. Using the same technique
recursively, we can color the edges of each such bipartite graph (in fact
the complete graph the same vertex set) with at most (1 + o(1))(2¢)'/?
additional colors. Since the uncolored copies of graph are pairwise disjoint,
we can use the same set of new colors for each of them. The total number
of colors is ¢ + o(q), implying the required lower bound, in view of known
results about the density of primes, mentioned in Chapter 2. O

The above construction can be generalized as follows. Let V(H) =
F(¢'=') x F*(q) for t > 3. Two distinct vertices (A,a) and (B,b) are
adjacent if and only if N(A + B) = ab, where

t—2

N(X) = xltat+a

In this way, the same authors obtained that for any fixed ¢ > 3 and s >
(t — 1)! + 1, the order of ex(n; K, ¢) is n' =%/, and the order of ry(K; ) is
kt. In particular, for s >t = 3, the generalization yields

1(s—1\"*
(10(1))2( 5 > n®? < ex(n; Ky

< (o(1)g(s — 2",

and
5 —

(1= o(1)) 222k < r(Ks) < (1+ 0(1)(5 — 2)4°.

A natural problem is as follows.



184CHAPTER 9. CONSTRUCTIONS FORBIDDING BIPARTITE GRAPH

Problem 9.2 Determine the orders of ex(n; Ky, 4) and ri(Ky, ) for fized
t. Is the former n?>~Yt2 Is the latter k' ?

Another problem is related to the constructions in this chapter.

Problem 9.3 Estimate the upper bounds of the independence numbers of
the graphs constructed in this chapter. How far away are they from the
lower bounds given by the main theorem in Chapter 3¢

9.6 Friendship Theorem

We now prove Friendship Theorem that we have used. The theorem states
that if in a group of people any pair of persons have precisely one common
friend, then there is always a person (the “politician”) who is everyone’s
friend.

Theorem 9.11 Let G be a graph of order n in which any two vertices have
precisely one common neighbor. Then there n = 2m + 1 for some integer
m and G = K1 +mKy is a fan.

Proof. If n < 3, then G is K or K3, so we assume that n > 4. It suffices
to show that G has a vertex adjacent to all other vertices. Suppose to the
contrary that the assertion is false and G is a counterexample. To arrive
at a contradiction, we separate the proof into several parts.

Claim 1. The graph G contains no Cy as a subgraph.

This is clear since otherwise a pair of vertices in a C4 have two common
neighbors.

Claim 2. The graph G is k—regular with k£ > 3.

We first show that any two non-adjacent vertices have the same degree.
Let uw and v be a pair of non-adjacent vertices of G with d(u) = k. Clearly
k > 2 since any vertex must be a vertex of a triangle. Suppose N(u) =
{wy,ws, ..., wi}. Exactly one of w;, say ws, is the common neighbor of u
and v. The vertices u and ws have the unique common neighbor, say w;.
By Claim 1, w; and v are not adjacent, and neither w; nor ws is adjacent
to any vertex in {ws, ..., wy}. However, for ¢ > 2, v and w; have a common
neighbor, say z; & {wy,ws,...,wg}. By Claim 1 again, all z5,..., 2z are
distinct so d(v) > k = d(u) since N(v) D {ws, 22,...,25}. Furthermore
d(u) > d(v) by symmetry hence d(u) = d(v) = k.
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If £ = 2, then d(u) = d(v) = d(w1) = d(z2) = 2 and V(G) =
{u,v, w1, wa, 22}, with ws is adjacent to any other vertices, which is not
the case. Thus k£ > 3. To finish the proof of Claim 2, we need to show
that any pair of adjacent vertices have the same degree. It suffices to show
that d(w;) = d(wz) = k. Since w; and v are not adjacent with ¢ = 1,3, so
d(w;) = d(v) = k by what just proved. Also, wy and ws are not adjacent,
so d(ws) = d(ws) = k. This proves Claim 2.

Claim 3. The order n of G satisfies that n = k2 — k + 1.

Observing that in the sum -, cy(,) d(w;) = k2, each vertex z other
than v is counted exactly once since x and u have precisely one common
neighbor, and u is counted k times. This proves Claim 3.

To derive a contradiction needed, we consider the adjacency matrix
A = (d;;) of G. By Claim 1 and Claim 2, any row of A has exactly k 1's,
and any two rows have exactly one common coordinate, so
k1 -« 1 1
1 £ - 11
A% = ) ) =(k—1I+J,
11 - 1 k

where I is the identity matrix and J is the matrix of all 1’s. It is easy to
see J has the eigenvalues n (of multiplicity 1) and 0 (of multiplicity n —1).
This follows by that A2 has the eigenvalues k — 1 +n = k? (of multiplicity
1) and k — 1 (of multiplicity n — 1).

Since A is a real symmetric and hence diagonalizable into

A1
A2
An
where A1, ..., \, are eigenvalues of A. This implies that A? is diagonalizable
into
AP
A3
)\2
implying that A2 = k? and A\3 = ... = A2 = k — 1, in which the eigenvalues

may be relabeled. So Ay = £k, and \; = vk —1for i = 2,...,n. More
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precisely speaking, A\; = k as k is an eigenvalue of A since AL = kL with
L = (1,1,...,1)7. Let s and t be the numbers of eigenvalues of A equal
to vk —1 and —vk — 1, respectively. Then s +t = n — 1. Denote by
tr(A) = 3.1 | a;; for the trace of A, which is zero, then

)\1—|—/\2+---—|—)\n=t7‘(A):O.

Thus
k+svk—1—tvk—1=0,
which implies s # ¢t and vk — 1 = k/(t — s) is rational, so it is an integer.
Write h = vk — 1, then
h(t —s)=k=h*>+1.

So h divides h? + 1, hence h = 1 so k = 2, contradicting to Claim 2. This
completes the proof. O

Exercises

9.1 Using the constructions in the proofs of Theorem 9.4 and Theorem
9.7, respectively, give lower bounds of ex(n;Cy4) for infinite many n.

9.2 Give a lower bound and an upper bound for (K3 3, K1 ).

9.3 Prove 74 (K3.5) > (1/2 — o(1))(s — 1)k? for fixed s > 3.
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Chapter 10

Constructions from
Hypergraphs

10.1 Oddtowm-Theorem

To illustrate the methods, we introduce some algebraic constructions for
two-coloring Ramsey numbers r(m, n). We select these topics from a planned
book by Babai and Frankl: Linear Algebra Methods in Combinatorics with
Applications to Geometry and Computer Science, re-originated in Lecture
Notes by Gyarfas. These results on Ramsey numbers are much weaker than
that obtained from probabilistic methods. We still do so with two reasons.
The first reason is that these methods are developing gradually and they
are promising. The second is that some constructions may be good enough
but we cannot estimate their parameters currently. For example, the graph
G, of order n = ¢*>+q+1 constructed by Erdds and Rényi that contains no
Cy, which is discussed in last chapter, may have given a better lower bound
of r(Cy, K,,) than ¢(n/logn)3/? by probabilistic method, but we cannot
estimate its independence number a(G,) with a good upper bound. The
current best upper bound duo to Alon (1986) is a(G,) < c¢¢*/? ~ cn®/4
hence the constructive lower bound of 7(Cy, K,,) is Q(n/3) from G,. The
best lower bound of a(Gy) is (1 —o(1))glog ¢, which is perhaps much closer
to the truth.

Recall a hypergraph H on vertex set V # () is a pair (V, ), where the
edge set £ is a family of subsets of V. All hypergraphs are simple in this
book, that is to say, any pair of edges are distinct as subsets of V' (no
multiedges). We assume that e # ) for all e € £. Let V(") be the set of
all 7—subsets of V. If £ C V"), then the hypergraph is called r—uniform.

189
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Most of selected proofs use the following simple fact: if x1,zo,...,z,, are
linearly independent in a linear space, then m is at most the dimension of
the space.

In the following result, the vertex set consists of all residents in a town,
named Oddtown, and edge set consists of all clubs in the town. The citizens
form these clubs by some rules, from which the name of the town came.
These rules are a bit odd.

Theorem 10.1 (Oddtown-theorem) Assume a hypergraph H = (V,E)
has the following properties:

1. |e| is odd for all e € E;
2. leNn f| is even for alle, f € € with e # f.
Then |E] < |V].

Proof. Assume |[V|=nand € = {e1,ea,...,emn}. View e; as a 0—1 vector,
namely as a row vector with n components,

€ = (61‘1, €i2, €z'n),
where

0 — 1 if v € ey,

4 0 if Vj §Zei.

Then all these row vectors form an m x n matrix M, which is the incidence
matrix of H. Since all e; are elements of the linear space of n—component
vectors over the field F» = {0,1}, the inner product in the space for z =
(x1,22,...,25) and y = (Y1,Y2, - -, Yn) iS

Ty =2x1Y1 +TaY2 + -+ TplYn-

Then the two conditions can be nicely expressed by
o e — 1 if =7,
T 0 i i #£ g
Claim. ej,eo,...,e,, are linear independent.
The proof of the claim is simple. Assume

Ater + dees + -+ -+ e, =0,

where \; € F; for 1 <i < m. Multiplying both sides of the above equation
by e; yields A\; = 0 and the claim is proved.
Thus the conclusion m < n follows from the claim immediately. O
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Theorem 10.2 (Fisher Inequality,1940) Assume H = (V,€) is a hy-
pergraph for which there is a constant A > 0 such that any pair of distinct
edges e and f satisfy |eN f| = X. Then

€l < V.

Proof. Let |V| = n and £ = {ejy,ea,...,e,}. There are several cases to
consider.

Case 1. X = 0. It is trivial to see m < n.

Case 2. XA > 1 and there is an edge, say e, with |e;,| = A. Then e, C e;
and e;Ne; = e, for any ¢ # j. Set €} = e;\ ey, then &' = {e,€h,..., e, _1}
is an edge set and the hypergraph H' = (V'\ e,,,, £’) satisfies the condition
incase 1. Thus m —1<n— X thusm <n.

Case 3. A > 1 and any edge contains at least A + 1 vertices. As in the
proof of Oddtown-theorem, e; is viewed as a row vector of the incidence
matrix of H. But now we consider e; as an element of the linear space
of n—component vectors over R (real numbers). In this space, the inner
product will be

e e; :{ At ifi=j

A if i # 7,
where u; = |e;| — A > 1 is an integer.
Claim. eq,es,..., €., are linearly independent.

The proof is as follows. Assume
arer + agses + - -+ amenm =0,

where «; are real numbers. Taking the inner product of both sides by e;,
we have
Mar+ag+ -+ o) + o = 0.

Setting = 37", aj, thus A3 + ayp; = 0, which yields

A
Q; = _7ﬁ.
i

Summing the both sides of the above equation over 1 < i < m, we get

m

p=a(Y s

j=1 H

implying that S = 0 since otherwise the signs of both sides would be dif-
ferent. Therefore oy = ag = -+ = a,, = 0 and the claim is proved. Then
the desired inequality m < n follows from the claim immediately. O
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The following is a constructive lower bound of diagonal Ramsey num-
bers r9(n) due to Zs. Nagy (1972), which is much weaker that given by

probabilistic method as mentioned. In proof we shall write Kr(f) for com-
plete r—uniform hypergarph that has n vertices and all r—uniform edges.

Thus the number of edges of Ky(f) is (2) We write Kr(bz) for K,, as usual.

Corollary 10.1 Let n > 4 be an integer. Then ro(n) > ("gl)

Proof. Associate each vertex of complete graph K "5 with an edge of
3

Kfi)l. Color an edge xy of K(nfl) with red if the corresponding edges
3
(triples) of K, 7(13_)1 interest in one element, otherwise (they interest in zero or

two elements) color zy with blue. The Fisher inequality implies that there
is no red K, and the Oddtown-theorem implies that there is no blue K,
as required. O

In the next section, we shall try to obtain a super-polynomial lower
bound for r2(n).

10.2 Cross Intersecting Hypergraphs

In the proofs of theorems in last section, the linear spaces were spaces
of vectors. For some cases the linear spaces are spaces of functions. For
example, the set of functions 2 — F, where 2 is an arbitrary set and F
is a field, forms such a space. The dimension of the space is |2|. Another
example is that consisting of all homogeneous polynomials of degree k in n
variables over a field. The dimension of this space is ("*F~"). Specifically,
ifn=%k=3,
'ryz’ '/'KyQ) x227 $2y7 Z'QZ, xB? yz27 y2Z7 y37 Z3

form a basis, which consists of 10 polynomials of degree 3.

To check the linear independence in spaces of functions, we may need
the following propositions.

Proposition 10.1 (Diagonal Criterion) Forl1 <i<m,letf;: Q = F
be functions and let a; € Q be elements such that

#0 if i=
fi(aj){:() if i 5.

Then f1, fa, ..., fm are linearly independent.
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Proposition 10.2 (Triangular Criterion) For1 <i<m, let f; : Q —
F be functions and let a; € ) be elements such that

o #0 if i=3j
fi(“f){ =0 if i<j.
Then f1, fa, ..., fm are linearly independent.
An s—uniform hypergraph (V,€) and a t—uniform hypergarph (V,F)
are called cross-interesting if the numbers of their edges are same with

E={er,ea,....en} and F = {f1, fo,..., fm}, and they satisfy e; N f; =0
if and only if i = j.

Theorem 10.3 (Bollobéas, 1965) If a hypergraph (V,E) is s—uniform and
(V, F) is t—uniform, and they are cross-interesting, then

m < (8 + t)7
s
where m is the common value of the numbers of edges.

An s—uniform hypergraph (V,€) and a t—uniform hypergarph (V, F)
are called skew cross-interesting if the numbers of their edges are same with
E={ei,ea,....,em} and F = {f1, f2,..., fm}, and they satisfy e; N f; =0
fori=1,2...,m,and e, N f; #Dfor 1 <i<j<m.

The next result generalizes the Bollobas theorem, and the proof is due
to Lovész (1977).

Theorem 10.4 If (V,€) is s—uniform, and (V,F) is t—uniform, and they
are skew cross-interesting, then

m < (s + t)7
s
where m is the common value of the numbers of edges.

Proof. Associate each vertex v € V with a vector in R°t! as

Y (v) = (yo(v),91(v), -, ys(v)) € R

so that the set of vectors so obtained will be in general position, namely,
any s of them will be linearly independent.
Define a polynomial g; in s 4+ 1 variables xg,x1, -+, x5 as

9i(X) = Ilep (X -Y(v))
Myey, (xoyo(v) + z1y1(v) + - - - + 25ys(v)).



194 CHAPTER 10. CONSTRUCTIONS FROM HYPERGRAPHS

Then ¢;(X) is a homogeneous polynomial of degree t since |f;| = ¢ for
1=1,2,...,m, and ¢;(X) = 0 if and only if there is some v € f; such that
Y(v) L X.

The vectors corresponding to the vertices in e; generate a subspace of
dimension s since |ej| = s. Denote by A, for this space and let a; be a
nonzero vector orthogonal to this subspace. From the fact that the vectors
Y (v) are in the general position, the subspace A; contains Y (v) if and only
if v € e;. This means

[ #0 i =
gl(aﬂ){zo if i<,

from skew interesting condition, implying (by Triangular Criterion) that g;
are linearly independent. Therefore the number m of the functions g; is at
most the dimension of the space of homogenous polynomials of degree ¢ in
s + 1 variables, so

s+1+t—1 s+t s+t
m < = = ,
- t t S
completing the proof. O

For a set L of integers and integers r,t, we shall write
teL (modr)

ift=¢ (mod r) for some ¢ € L. The negation of this statement will be
written as t ¢ L (mod 7).

The following result is nonuniform modular version of a theorem of Ray-
Chaudhuri and Wilson (1969), which is due to Deza, Frankl and Singhi
(1983).

Theorem 10.5 Let p be a prime and let L be a set of integers. Assume
that (V,€) is a hypergraph with |V| =n and € = {e1, ea,...,em} satisfying

le;] €L (modp) for 1<i<m
lesNe;j] €L (modp) for 1<i#j<m.

Then
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Proof. The proof is due to Alon, Babai, Suzuki (1991). Define a polyno-
mial

F(z,y) =er(z-y—0)
in 2n variables: xz,y € F', which are n—component vectors with coordi-

nates from the p—element field F,, where x -y = > " | #;y; is the inner
product in F}}. Set f; 1 F' — F}, as

filz) = F(z,v)

for v; € Fg’, which is the incidence vector of e; (1 <4 < m). The condition
of the theorem ensures

fi(vj){ ig 1lff ;;j

These equations remains true if the domain of f; is restricted to Q =
{0,1}" € Fy. In Q, x? = x; for each variable thus every polynomial
fi + Q — F, is multilinear. This shows that the restricted fi, fa,..., fm
are linearly independent from the diagonal criterion. The degree of such
a polynomial is at most |L|. The dimension of the space consisting of all
multilinear polynomials is

n n n Iz n

+ + e + = .
(6) () == (1) -% )

which is an upper bound of m. O

Remark. If L = {0} and p = 2, the above theorem implies that the
number of clubs in Oddtown is at most 1 4 n, slightly weaker than that
from Oddtown-theorem.

Corollary 10.2 Let L be a set of integers and let (V,E) be a uniform
hypergraph with |V| =n and € = {e1, ea,...,em} such that

leiNe;l € L forall 1<i#j<m.

Then
IL|

me (o) () () =2 ()

Proof. Assume that the hypergraph if r—uniform. Select a prime p > k
and set L’ = L\ {k} if k € L and L’ = L otherwise. Then the Theorem
10.5 can be applied. O
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Let V(") be the set of all r—subsets of V. Then a hypergraph H = (V, &)
is r—uniform if and only if & C V() denoted by H C K in short,
where n = |V|. Note that complete (2p — 1)—uniform hypergraph Kﬁf:l)
has about 2%7~1 edges. The following result says that forbidding a single

interesting size, the number of edges must decrease significantly.

Corollary 10.3 (Omitted Intersection Theorem) Letp be a prime and

let H C Kgf:l) such that no two edges of H interest in exactly p — 1 ele-
ments. Then the number of edges of H is at most

4p —1
2( P ) < 1.7548%1,

p—1
Proof. Set L ={0,1,...,p—2}. The H satisfies the conditions of Theorem
10.5 giving

p—1
4p —1 4p —1 Ap—1
<§ <2 1.7548)°P

where the second inequality is an exercise and the last follows from Stirling
formula. O

We now have a constructive super-polynomial lower bound for diagonal
Ramsey number.

Let p be a prime and let n > 2p%. Define a complete graph of order
(p!il) whose vertex set is V(p2_1), where V' is an n—set. Color an edge ef

of the graph red if [eNf| # p—1 (mod p), wheree, f € V(®*=1) are subsets,
otherwise color it blue. Assume that K, is a monochromatic red clique.
Setting L = {0,1,...,p—2}, the Corollary 10.2 gives m < 2(1):). If K, is
a monochromatic blue clique. Setting L = {p—1,2p—1,...,p? —p—1}, the
nonuniform modular version of Ray-Chaudhuri and Wilson theorem gives

me (1)) e () =2, )

For case p = 3, this construction is exactly that in Corollary 10.1. Let
k=2(,")) +1, then (," ) > ckP*! for all large n, where c is a constant
depending only on p. This gives ro(k) > ckPT!. Basing on the above con-
struction, Frankl (1977) and Frankl-Wilson (1981) obtained the following
super-polynomial lower bound for ry(k).

Theorem 10.6 Let w(k) =logk/(4loglogk). For any € > 0, if k is suffi-
ciently large, then
ro(k) > k(9w
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Proof. Let us select p and n appropriately. Let n = p? and let p be the

largest prime such that (p_ 1) < k. So there are no monochromatic K.
For any € > 0 and large enough k, using the Prime Number Theorem and

3
elementary estimate of (pp_ 1), we have

(1—¢€)logk <p< (1+e)logk'

2loglogk 2loglogk
Easy calculation confirms that number of vertices of the complete graph
satisfies

3
p > k(lfe)w(k)
p’=1) "

as desired. |

Using Omitted Intersection Theorem, one can construct a graph G, for

)

a prime p by associating its vertices with edges of K gfi _11 , in which two

of vertices are adjacent if and only if the corresponding edges of K gfi _11)
intersect in exactly p—1 vertices. The above corollary gives an upper bound
for independence number of G, as

a(Gp) < 1.7548%P71,

then
4p—1
V(G (1) 1
X(Gp) > = > 1.139741,
(&) 270G, = (@)

We have seen the algebraic methods have much success for Turdn num-
bers and multi-color Ramsey number of bipartite graphs. In this section
we have seen that results on classic Ramsey numbers by algebraic methods
are much weaker that given by probabilistic methods. Also, the latter has
a much wider applications than the former. However, we introduce two
jokes given by Spencer (1987) to say that for many topics the probabilistic
method cannot provide the best results. The problem that he was joking is
serious. In order to have verisimilitude, we write the joked results as usual
but without indices.

The following results is due to Joker. In the proof he uses the basic
probabilistic method.

Theorem (Joker) Let S and T be nonempty sets. If |T| > (I‘g‘), then
there exists an injection f: S — T.
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Proof. Consider the probability space consisting of all maps from S to
T. Let A, signify the event f(z) = f(y). Then Pr(A,,) =1/|T| and

L ()
Pr(Ux,yESA:L’y) < Z T T |T| <1,

which implies that Pr(N, yesAz,) > 0 and the desired injection exists. O

Later Joker himself improved the above result by using the local lemma.
The new result is tight up to a constant factor.

Theorem (Joker) Let S and T be nonempty sets. If |T| > 2e|S|, then
there exists an injection f : S — T.

Proof. The same as that for Joke 1 but apply the local lemma. In the
dependence graph, the vertex A, is adjacent to A, with ¢/ € S\ {y}
and Ay, with 2’ € S\ {z}. Let d = 2(|S| — 1), then the independence
graph is d regular, in which the event A,, is mutually independent to all
non-neighbors. As p = 1/|T|, the condition ensures e(d + 1)p < 1, so
the symmetric form of the Local Lemma gives that Pr(ﬂ%yeszw) > 0,
implying the existence of the desired injection. O

10.3 Borsuk’s Conjecture %

The essential concept in Ramsey theory is that exceptions occur in small
size of the structures. Sometimes the size can be the dimension of the linear
space. This is the case we discuss in this section. These small size cases
may have bigger effect since they are more concrete, which is possible to
lead to an error. We have seen one such case in Chapter 6 that almost
all large (random) graphs disprove a conjecture. We shall seen another
example from geometry.

In 1933, Borsuk conjectured that every set of diameter one in real space
R? can be partitioned into d + 1 sets of smaller diameter.

The conjecture has been proved for d = 1,2,3 and also for all d if the
set is special, like centrally symmetric, having smooth surface.

Let f(d) be the minimum integer such that every set of diameter one in
R? can be partitioned into f(d) sets of smaller diameter. Borsuk’s conjec-
ture was f(d) < d+ 1. This conjecture fails badly for large d.

The following surprising result is due to Kahn and Kalai (1992), who
proved that f(d) > 1.2V, An upper bound as f(d) < (v/3/2 + 0(1))? was
obtained by Schramm (1988).
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Theorem 10.7
£(d) > 1.1397V%4 > 1.2V

Let p be a prime and d = (4p;1). The Kahn-Kalai hypergraph K(d) is

defined as follows. Let H, = K ﬁfi _11) be the complete (2p — 1)—uniform
hypergarph on 4p—1 vertices. Let each pair of distinct vertices z,y € V(H,)
associate with a vertex ag, of K(d). That is to say, the vertex set of
hypergraph K (d) is
{azy : z,y € V(H,)}
Notice that K(d) has d = (4p2_1) vertices since 4p — 1 vertices.
The edges of K(d) are associated with edges of H,, as follows. If e €

E(H) then the edge A. of K(d) is
Ac={agzy: vz €e,ye V(Hy) \ e}

That is to say, A, is defined by the pairs of V(H,,) “split by e”.
Notice that K(d) is a 2p(2p — 1)—uniform hypergraph and it has d =

(4’"2_1) vertices and (35:1) edges.

Let K(d) be the representation of K(d) in R? (row vectors of incidence
matrix). Since K(d) is a 2p(2p — 1)—uniform hypergraph, the distance of
the points representing A., and A, is

V202p(2p — 1) — [Ae, N A, ]

Therefore the maximum distance, that is the diameter of IC(d), is realized
between two points of C(d) if and only if

|Ae, N Ae,| = min{|Ac. N Ao | : e,e’ € E(Hp)} = p.

Claim. |A., N A.,| = p if and only if |e; Neg| =p — 1.
In fact, |Ae, N Ae,| is the number of pairs of V(H) split by both e; and
e2. It depends only on |e; Neg|. Assume |e; Nez| =r. Then

p=min{r(r — 1) + (2p — 1 —r)?}.

It is easy to check that this expression has minimum ar r = p — 1, which
proves the claim.

Using the claim, the partition of K(d) into sets of smaller diameter is
equivalent to partition the edges of H, into classes without intersection of
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size p — 1, and that is clearly at least x(G,), where G, is the graph defined
in last section. From the properties of G,,, we have

F(d) > x(Gp) > (1.1397)*~1 > (1.1397)V2? > (1.2)V4,

the third inequality follows from the fact that 4p—1 > /(4p — 1)(4p — 2) =
v2d, completing the proof. O

Exercises

10.1 Assume that H = (V, £) is a simple hypergraph such that each pair
of edges e, f € £ satisfies |[eN f| =0 or |eN f| = A edges, then |E| < |V].

10.2 Prove the dual of Fisher Inequality as follows. Assume that H =
(V, ) is a simple hypergraph such that each pair of vertices is contained in
exactly A edges, then |E] > |V].

10.3 Generalize Odd-town Theorem for “mod p town” or even “mod
p* town”.

10.4 Prove that the dimension of homogeneous polynomials of degree k

in n variables is ("ﬂ]z*l).

10.5 Prove the inequality Zf:_ol (47’;1) < 2(41)”:11), which has been used
in the proof of Omitted Intersection Theorem.
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Chapter 11

Ramsey Numbers and
Communication

11.1 Communication Channels

A communication channel consists of a finite input set X, an output set
Y. For each input = € X, there is a nonempty fan-shaped output S, C Y,
which is the set of outputs that may be received for the input = by the
receiver . In each use of the channel, a sender transmits an input x € X,
and receiver receives an arbitrary output y € S,. For distinct inputs u
and v, they can be received as the same output if and only if S, NS, # 0.
Suppose that the sender and receiver agree in advance on an input set
I C X. In order to avoid error, the outputs of any two distinct inputs in
I cannot intersect. In a noiseless channel, there is no intersect between
two outputs. Shannon (1956) first studied the amount that an information
channel can communicate without error. He formulated the problem to a
problem of graph theory.

Let X be the input set of a channel and let G be a graph with vertex set
X in which two distinct vertices are adjacent if and only if their outputs
intersect. The graph G is called the characteristic graph of the channel.
The characteristic graph of a completely noisy channel is K}; and that of
a noiseless channel is an empty graph (a graph with edge set empty).

In most situations, a channel is in repeated uses. When the channel is
used n times, the sender transmits a sequence z = (x1,...,x,), where x; €
X, and receiver receives a sequence y = (y1,...,Yn), where y; € S, C Y.
The repeated use of the channel can be viewed as a single use of a larger
channel. The large channel has an input set X™, the Cartesian product of

203
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X. For x = (x1,...,2,) € X", its output set is
Sx:SﬂJl X "'xsmn :{(ylv"'vyn): Yi GSIU]-SZS'H}

Denote by G as the characteristic graph of the large channel, then its vertex
set is X™. Two distinct vertices z = (x1,...,2,) and 2’ = (z},...,2})
can be received as the same output if and only if for each 1 < ¢ < n,
Sy, NSy # 0, when x; # 2. Thus x and 2’ are adjacent in G if and only if
for each 1 < i <mn, x; and z} are adjacent in G, when z; # z}. Hence the
edge set of G is defined.

We now define the nth AND product of graph G = (X, E), denoted by
A"G. Tts vertex set is X™, two vertices z, 2’ € X™ are adjacent in A"G if
and only if for each 1 < i < n, z; and } are adjacent in G, when z; # z};
namely, either z; and z} are adjacent in G, or x; = . (It is slightly more
convenient to give the definition if we admit any vertex in G is adjacent to
itself.) Clearly, if the characteristic graph of a channel is G, and when its
repeated use is viewed as a single use of a large channel, the characteristic
graph of the large channel is A"G.

When we consider to transmit the sequence x = (z1,...,2,) of length
n, where x; may come from different input X;, the characteristic graph of
the channel is the AND product of the graphs G; defined as follows. Let
G1,...,G, be graphs, and let Vi,...,V,, be their vertex sets, respectively.
Define their AND product G1 A --+ A G, as a graph with vertex set V; X

- X V,,, two distinct vertices = (x1,...,2,) and 2’ = (2f,...,2}) are
adjacent if and only if for each 1 < i < n, either x; and z} are adjacent in
G; or z; = x}. In the following proposition, the closed neighborhood of a
vertex v, denoted by N[v], consists of v and its neighbors, that is to say,
N[v] = {v} UN(v).

Proposition 11.1 Let G4,...,G, be graphs and G = Gy A---NG,. Then
for any vertex x = (z1,...,xy,) of G, its closed neighborhood Ng[z] satisfies

Ng [m] = NGi [ml] X X NG” [l‘n]

O

Note the above equality does not hold for neighborhoods in general. Let

G = K> U K7 on vertex set V = u,v,w with only one edge uv. Consider

G = A’G. Take vertex z = (u,w) of G, its neighborhood Ng () is singleton
{(v,w)}, but Ng(u) x Ng(w) = 0 since Ng(w) = 0.

Proposition 11.2 Let I; be an independent set of G;. Then Iy X ... x I,
is an independent set of G1 A -+ AN G,. Consequently,

Oé(Gl VANEERIVAN Gn) > CV(Gl) . ‘a(Gn)v



11.1. COMMUNICATION CHANNELS 205

and
a(A"TG) > a(A"G)a(A"G).

Proof. For two distinct vertices x = (z1,...,2,) and o’ = (2f,...,2),) of

rn
I x -+ x I, there is some 1 < i < n, z; # z;. Since I, is independent in
G, so x; and z, are non-adjacent in G;. So x and 2’ are non-adjacent in

Gi1 A+ NGy, hence I X --- x I, is an independent set. O

Let {f(n) : n > 1} be a series of positive real numbers. It is said to
be super-multiplicative if f(m 4+ n) > f(m)f(n). The following result is
elementary in calculus.

Lemma 11.1 Suppose that f(n) is positive and super-multiplicative. Then
the limit of f(n)'/™ exists as n — oo, and

lim f(n)/™ = sup f(n)*/™.

Proof. Set £ = sup,~; f(n)'/™. Then 0 < ¢ < 0o and lim,, oo f(n)Y/"™ < .
We shall show that lim,, . f(n)"/™ > ¢.

Case 1. { < oo. For any ¢ > 0, there is some N > 1 such that
F(NYN > ¢—¢. Forany n > N, let n = ¢, N +r, with 0 <7, < N. Thus

FE)Y™ > flgnN)M" f ()™ = FN)/ F ()
Since ¢, /n — 1/N and f(r,)"/™ — 1, we have

lim,, o f(n)"/" > f(N)"/N > € -
Thus lim,, . f(n)/™ > ¢ since ¢ > 0 is arbitrary.

Case 2. ¢ = oco. For any M > 0, there is N > 1 such that f(N)'/N >
M, we can similarly show that lim,, ___f(n)"/" > M, so lim, __f(n)"/"™ =
oo since M > 0 is arbitrary. O

From Proposition 11.2; we know that «(A™G) is super-multiplicative,
hence the limit
li}ln(a(/\”G))l/" = sup(a(A"G))Y/™
exists, which is denoted by O(G), called the Shannon capacity of G (or of
the corresponding channel). Then we have an easy lower bound for ©(G)
as follows.

Theorem 11.1 For any graph G, O(G) > a(G).
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O

The inequality can be strict. The first such graph is C5, which we will
encounter in the next section.

We now define OR product of graphs. Let Vi,...,V,, be vertex sets of
graphs Gy, ..., G,, respectively. The OR product of Gy,...,G,, denoted
by Gy V ---V G,, is defined a graph on vertex set V7 x --- x V,, in which
two distinct vertices © = (x1,...,2,) and ¢’ = (2],...,2},) are adjacent
if and only if for some 1 < i < n, z; # x}, and they are adjacent in G;.
For G, = --- = G,, = G, this OR product is denoted by V"G. By the
definition, we have

and hence

GiN-NG,=G1V---VG,.

Combining these with the fact that a(G) = wG), we obtain

a(GL A ANGp) =w(G1 V- VGy). (11.1)

11.2 Shannon Capacities of Cycles
This section is devoted to compute the Shannon capacities of cycles.
Lemma 11.2 The independence number of A2C5 is 5.

Proof. Setting the vertex set of C5 as {0,1,2, 3,4}, we arrange all vertices
of A2Cs in a matrix as follows.

(0,0 (0,1) (0,2) (0,3) (0,4)
(1,0)  (1,1) (L,2)* (1,3) (1,4
(2,00  (2,1) (2,2) (2,3) (2,4
(3,00 G (32 (33 (3,4
(4,0) (41 (42 43)" 44

It is easy to check that the set {(0,0), (1,2),2,4),(3,1), (4,3)}, each element
of which is marked by a star in above matrix, forms an independent set in
A2Cs5, so a(A2Cs) > 5. For each i = 0,1,2,3, 4, the consecutive two rows

(i,0) (i,1) (i,2) (i,3) (i,4)
(i+1,0) (i+1,1) (i+1,2) (i+1,3) (i+1,4),
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with i+1 (mod 4), contain only two non-adjacent vertices. Thus a(A2C5) <
5, proving the lemma. O

Corollary 11.1 ©(C5) > /5.

We know that there is graph G with the chromatic number x(G) is
considerably larger than its clique number w(G), see an exercise of Chapter
6. A graph G is called perfect if any induced subgraph H of G satisfies that
X(H) = w(H). Any even cycle is a perfect graph and any odd cycle with
length at lest 5 is not a perfect graph. Shannon (1956) proved that when
G is a perfect graph, then ©(G) = a(G). The equality may not hold in
general as ©(Cs) > /5. However, Lovasz (1979) proved that ©(Cs) = /5.
The knowledge on the Shannon capacity of imperfect graphs is very limited.

We adopt a simplier way from Proofs from THE BOOK by Aigner and
Ziegler to obtain the Shannon capacities of even cycles and a general upper
bound for odd cycles. We shall introduce the Lovész theta function later.

Call a real vector X = {z, : v € V} as a probability distribution or
simply a distribution on the set V if 2, > 0 and ) ., x, = 1. Denote by
T for the set of all cliques of G. For a fixed distribution X, we write

and A\(G) = infx A(X). Since the inf is achievable as A(X) is continuous
on the compact set consisting of all distributions, so

AMG) = min AMX) = min max Z Ty (11.2)
veT
where the min runs through all distributions X on vertex set V(G).
In order to get another expression for A(G), we need a basic result in
the Game Theory or Linear Programming, called Minimax Theorem.

Theorem 11.2 Let A = (a;;) be a real n x m matriz, and let X =
(1, 2m) and Y = (y1,...,yn) be probability distributions. Then

minmax Y AX7T = maxmin Y AX7,
X Y Yy X

where the min runs through all probability distributions X and the max does
through all such Y. Furthermore, there exist probability distributions X*
and Y™ such that

min Y*AXT = max YAX*T,
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The proof is based on Duality Theorem, which can be found in most of
textbooks on Game Theory or Linear Programming. We thus omit it.

Set T = {T1,T>,..., T} and V(G) = {v1,va,...,0mn}. For any clique
T; and any vertex v; of G, define

o 1 if v; € T,
%=1 0 otherwise.
We thus have an n x m real matrix A = (a;;). Let e; = (0,...,0,1,0,...,0)
be the vector of R™ of all zeros except for a one in the ith position. Then
e;AXT =3 o @y, s0 the expression (11.2) is
A(G) = min max e;AXT.
X 1<i<n
We now consider the left-hand side in the first equality in Minimax Theo-
rem, for a given distribution X, suppose in the ith position that the vertex
AXT has the maximum component, then
maxYVAXT =, AXT = max ¢;AXT.
Y 1<i<n
Denote by f; for the vector of R"™ of all zeros except for a one in the jth

position. So
minmax Y AX” = min max e;AX7,
X Y X 1<i<n

thus

min max g z, = min max ¢;AXT
X TeT X 1<i<n
v

= max min YAf»T:maxminE yr,
Y 1<j<m J Y vevT9
v

where in the last expression the sum is on T over 7, and the max runs
through all distributions Y ={yr: T €7} on 7.
We thus obtain the second expression for A(G) as

AG) :mgxgré‘r}ZyT. (11.3)
T>v

Let U C V(G) be an independent set of G with |U| = a(G) = a, and
define a distribution X (U) = {z, : v € V'} by

| 1o ifvel,
To = 0  otherwise.

Since each clique contains at most one vertex of U, so A(X(U)) = 1/« and
AG) < 1/a. We then have the following lemma.
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Lemma 11.3 For any graph G,

1
a(G) < NG

Lemma 11.4 For any graphs Gy and Gs,
)\(G1 A Gg) = /\(Gl)/\(Gg)

Proof. We now have two expressions for A\(G) as

AG) = n}%n ITI?%{ z Ty = max mm Z YT
veT
Let X and X’ be the distributions which achieve the minima, that is to

say,
AMX) =XGy) and A(X') = M\(G2).
We define a distribution Z on vertex set of G1 A G2 as z(y,) = x,x) for a
vertex (u,v) of GiAGo. The fact that Z = {2, : (u,v) € V(G1)xV(G2)}
is truly a probability distribution can be seen by > 2y = > @y ) 17, = 1.
Claim. A clique of G; A G2 is maximal if and only if it has the form
Ty x Ty with T; is a maximal clique of G; for i =1, 2.

The claim is easy. Note the “clique” in the statement cannot be replaced
by “independent set”. The dual form of the claim is “ an independent set
of G1 V G2 is maximal if and only if it has the form S; x Sy with S; is a
maximal independent set of G; for i =1, 2.

Using the above claim, we have

)\(G1 A\ Gg) S /\(Z) = Inax Z Z(u,v)
(u,v)eX x X’

A
= max X X
Xx X' “ Z v
weX  vex’

= AG)A(Ga).

On the other hand, denote still by T for clique of Gy A G2, and Y for
distribution on the set of cliques of G; A G2, then

NG A G —  max min E :
(G1 A Ga) Y () €V (G XV (Ga) | 4 v)yT
> =
> M2Z)=max D zuw

(u,w)eX x X’
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A

max X X

XXX/ Z “ Z v
weX — vex’

= AMG1)A(G2),

proving the lemma. O

Theorem 11.3 For any graph G, we have

1
a(G) <O(G) < T)

Proof. From Lemma 11.4, we see A\(A"G) = A"(G). This and Lemma 11.3
give
1 1

SAAG) T (@)

hence O(G) < ﬁ O

a(A"Q)

Lemma 11.5 Let k > 4 be an integer and let Cy, be a cycle of length k.
Then A(Cy) = 2, hence

O(Ck) < —.
Proof. Let Xy = (1/k,...,1/k) be the uniform distribution on the vertex
set. Since any clique T meets C} at most two vertices, so

On the other hand, 7 consists of all k vertices and all k£ edges. Defining
a distribution Yy by choosing a component as 1/k for an edge and 0 for a
vertex, and using the expression (11.3) for A(G), we similarly have A\(Cy) >
2/k, hence A\(Cy) = 2/k. O

Theorem 11.4 Let m > 2 be an integer. Then O(Cay) = m.

a

The above discuss is not sufficient to obtain the Shannon capacity of
odd cycles. The first one, O(C5), was obtained by Lovdsz with an ele-
gant solution. His main new idea was to represent the vertices VG) =
{v1,v2, ..., v} by real vectors of length one such that any two non-adjacent
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are orthogonal. Let us call such a representation an orthogonal representa-
tion of G. Note such a representation always exists: just take unit vectors

e1 =(1,0,...,0), e2=1(0,1,0...,0), ..., e = (0,0,...,1)
in R™.
Let T = {v(l), v@ . ,v(m)} be an orthogonal representation of G in
R?® with v corresponding to the vertex v;. Denote by
1
7=—@wW 4 0@ 4. 0™
m

We assume that any vector v(¥) has the same angle (# 7/2) with @, or
equivalently that the inner product

(v®,) = o7(G)

has the same value or # 0 for each i. We shall call the value o7 (G) the
constant of the representation 7.

Denote by |v| = y/(v,v) for the length of vector v. For a probability
distribution X = (x1,...,2,,) on vertex set V', set

w(X) = |m1v(1) + xzv(z) + ..+ xmv(m)|2
and

#(G) = inf p(X) = min (X).

Lemma 11.6 Let T = {vM @) ... v™} be an orthogonal representa-
tion of G. Then
or(G) = pr(G).

Proof. From the Cauchy-Schwarz inequality (a, b)? < |al?|b|?, we have
(210 + 200@ + 20 D)2 < p(X)?[0)?

However, the left-hand side is

(210D + 200@ + 42,0 B2 = (21 + ..+ 20)205(G) = 02,

which in fact holds for any distribution X. Let Xo = (1/m,...,1/m)

be the uniform distribution, for which [7]?> = o7(G), we have 0%(G) <

w(Xo)or(G), or 0T (G) < u(Xp). On the other hand, for the uniform
distribution X, we obtain

1

pr(G) < p(Xo) = |E(U(l) +o o) = = or(G),

so pr(G) = or(G). o
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Lemma 11.7 Let T = {vM 0@ ... v™} be an orthogonal representa-
tion of G. Then
1
a(GQ) < .
pr(G)

Proof. Let U be a independent set of G with |U| = a(G) = a. Define a
distribution X (U) on V(G) by

| Va ifz;eU,
Ti = 0  otherwise

Since (v, v(9)) = 0 for any pair of two non-adjacent vertices and (v, v(?) =
1, we have

2

IS @] N2 L
pr(G) < (X (U)) = ;W = ;% ==
proving the lemma. O
Lemma 11.8 Let T = {vM 0@ ... v™} be an orthogonal representa-
tion of G. Then .
a(G) < (@)

Let G; and G5 be graphs with orthogonal representations R and S in
R" and R?, respectively. We now do not distinguish the vertices and their
representations. For v = (u1,...,u,) € R and v = (v1,...,v5) € S, the
tensor product of u and v is defined as the vector

WOV = (ULVL, ..., UIVg, URVT 4« -« UVsy « + vy UpUTy « « + y UppVs )

of R™. Denote by Ro S for the set {uov:ue€ R,v € S}.

Lemma 11.9 Let u,x € R" and v,y € R® be vectors. Then

(uov,zoy) = (u,){v,y).

Proof. Directly from the definitions of tensor product and inner product.
O

Lemma 11.10 Let R and S be orthogonal representations of G1 and Ga,
respectively. Then Ro S is an orthogonal representation of G1 A Go with

Lros(G1 A Ga) = pr(G1)ps(Gz).
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Proof. In fact, for any u € R and v € S,
ool = (o, = Y Yook 1
i i j

If (u,v) and (x,y) are two non-adjacent vertices of G; A Ga, then either
u and x are non-adjacent in G; or v and y are non-adjacent in G, so
(u,z) =0 or (v,y) = 0. Then the inner product

(uowx,voy) = (u,z)(v,y) = 0.
a

Theorem 11.5 Suppose that T = {v(l), . ,U(’”)} is an orthonormal rep-
resentation of G with constant or(G), then

1
or(G)
Proof. Repeatedly using Lemma 11.10, we know that 7™ is an orthonor-

mal representation of A"G with constant pr» (A"G) = pr(G)™. Thus by
Lemma 11.8,

0(G) <

1 1
n < —

which yields {/a(A"G) < 1/or(G), hence the inequality as desired. O

An “umbrella” used by Lovész in the proof of the following theorem is
called “Lovasz umbrella”.

Theorem 11.6 ©(C5) = /5.

Proof. For the graph C5, Lovasz obtained an orthogonal representation T’
in R? by considering an “umbrella” with five ribs v1,...,vs of unit length.
Now open the umbrella (with tip at the origin) to the point where the angles
between alternate ribs are /2. Let h be the distance from the origin to
the plan determined by end-vertices of ribs, then a simple calculation show
that h? = % So @ = (0,0,h) = (0,0,1/+/5) hence

1
V5
which and Theorem 11.5 prove that ©(C5) < /5. The inverse inequality
has been obtained. a

O'T(C5) = <U(i),5> =h2=

In order to improve the obtained upper bound ©(Cy) < k/2 for odd k,
we are going to find the eigenvalues of the adjacency matrix of C}, first.
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Lemma 11.11 Let k =2m+ 1 > 3 be an integer. Then

2
AgzZCOS% (=0,1,...,k—1)

are all eigenvalues of the adjacency matriz of Cy, in which

m?x)\z =X =2 and m@in)% =Am = —QCOS%.

Proof. Let A = (a;;) be the adjacency matrix of Cj, then

o 10 --- 0 0 1
1 01 -0 0 O
0o o0 ---1 0 1
1 00 -0 1 O
in which each row contains two zeros. Let ¢ = ¢?™"/*. Note that 1,¢, - -, (5!

are all kth roots of unity. Denote by 3 for ¢¢ with 0 < ¢ < k — 1. We shall
show that X(© = (1,8,42,... , 35T is an eigenvector of A corresponding
to eigenvalue 3+ 371 = ¢ + (7%, In fact,

ﬁ-f—ﬂk_l
B24+1
AXO = | BF+8 | =@+ HxO.
14 ph2
Since X, XM X*=1) are independent (seen from the Vandermonde

matrix formed by them), so
20
Az=C€+4_Z=2COST7T (=0,1,...,k—1),

are all eigenvalues of A, which are decreasing from ¢ = 0 to m and the
increasing, proving the lemma. O

We need to recall some results in linear algebra:

Facts from Linear Algebra. If M = (m;;) is an m x m real sym-
metric matrix, then it has m real eigenvalues. Furthermore, if all such
eigenvalues are non-negative, then there are vectors v(Y, ... v(™) in R*
with s = rank(M) such that m;; = (v, v)).
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Let A = (a;j) be the matrix of graph G of order k with eigenvalues
AL> A > 2> A

Since YA, =Y dii =0, 80 A, < 0 (unless G has no edge). Let p = [A\x| =
— Mg, then the matrix

1
M=1+-A,
p
where [ is the identity matrix, has k eigenvalues

A A A
1+ >142>  >1428 0.
p p p

So we obtain a set of vectors T = {vM) ... v} in R® with s = rank(M)
such that

WD vy =my =1 and (@ 0Py =m,; = % (i # j).

If two vertices v; and v; are not adjacent, then a;; = 0, thus T' forms an
orthonormal representation of G. Now for an odd cycle Cy, we have

_ 1.
or(C) = <v(2),6>:%<v(’),v(1)—|—...—|—v(k)>
_ 1 1+2 :1+COS(7T/]€).
k D kcos(m/k)

So we obtain that for an odd k > 3,

1 kcos(n/k)

O = 510 ™ T+ cosln/h)

Theorem 11.7 Let k > 3 be an odd integer. Then

k cos(m/k)
eC,) < —— 1,
(Cr) = 1+ cos(n/k)
O
Note the equality holds for & = 3 in the above theorem with ©(C5) = 1,
and it does also for k = 5 with ©(C5) = /5 and cos(7/5) = (V5 + 1)/4.
Whether or not it holds for k > 7 is unknown.

We now introduce Lovasz theta function briefly.
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Let T = {v(l), e v(’”)} with v() € R" be an orthonormal representa-
tion of graph G of order m. Define

. 1
valr(G) = win W, 7

where ¢ runs over all unit vectors in R". The vector yielding the minimum
is called the handle of the representation. The name “handle” comes from
the proof for ©(C5) = v/5. The theta function is defined as

IG) = H%nval(G),
where T runs over all representations of G. Call a representation optimal
if it achieves the minimim value.
Lemma 11.12 ¢¥(Gy A G2) = 9(G1)9(G2).

Proof. Let R = {u™ ... ,u™} in R" and S = {v™ ..., 0™} in R* be
optimal orthonormal representations of G; and G, with handles ¢ and d,
respectively. Then R o S is an orthonormal representation of G; A G2 and
cod is a unit vector of R™®. Hence

1
<
YG1 NGy) < max (cod,u® ov()2

B 1 1
— T (e u®)2 (d, )2
= 9(G1)0(Go).

In fact, the equality holds in the above lemma.
Lemma 11.13 a(G) < ¥(G).

Proof. Let V(G) = {v1,...,vm} be the vertex set of G, and let R =
{v(l), . ,v(m)} be an optimal orthonormal representation of G in R" with
handle C. Suppose that {v1,...,v;r} be an independent set of G with
k = a(G). Then the vectors in S = {v("), ..., v*)} are pairwise orthogonal,
thus they can be extended to a base of R" by adding some unit vectors
w®, . wR) | So

k r—k
L= e =S e )2+ 3 (e wl)?
=1 =1
k

i)\2 k
;<C’U( )> zma

%
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where the last inequality holds as by definition ¢(G) > W for each i.
O
Theorem 11.8 O(G) < Y(G).
Proof. By above two lemmas,
a(A"G) < HA"G) < HG)",
which follows by the inequality as required immediately. O

Using linear algebra extensively, with a special case in a general upper
bound, Lovasz obtained that for odd k& > 3,

_ kcos(m/k)
(Ck) = 1+ cos(m/k)’

which ia an upper bound for ©(C}) as we have seen.

11.3 A Connection

The independence number of a graph product is important for the corre-
sponding communication channel. As the capacity of a channel is described
by the independence number of the graph, the following definition comes
naturally. For integers k1 > 2,...,k, > 2, define

p(kla"'akn)
= max{a(GiA---ANGp): a(G;) <k, i=1,...,n}.

From the equality (11.1), we have

Proposition 11.3 Let ky > 2,...,k, > 2 be integers. Then

p(k1, - kn)
= max{w(G1 V- --VGy): w(G) <kii=1,...,n}.
O
When k1 =--- =k, =k > 2,
p(k,- - k)

= max{a(G1 A ANGp): a(G) <k, i=1,...,n},
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where G1,--+,G,, are formally independent in the definition. However,
Erdés, McEliece, and Taylor (1971), and later Alon and Orlitsky (1995)
proved that Gi,...,G, can be taken to one graph G. That is to say,
p(k, -, k) = pn(k), where

pn(k) = max{a(A"G) : a(G) < k}.
Theorem 11.9 Let k > 2 be an integer. Then p,(k) = p(k,---, k). That
s to say,

max{a(A"G) : a(G) < k}
= max{a(GiA---ANGp): a(G;) <k,i=1,...,n}.
Namely,
max{w(V"G) : w(G) < k}
= max{w(G1V---VG,): w(G;) <k, i=1,...,n}.
Proof. We prove the second equality. Denote by p for p(k,-- -, k), that is,
p = plk,-- k)
= max{w(G1V---VGy): w(G;) <k, i=1,...,n}
Clearly p,, (k) < p. It suffices to show that there exists a graph with w(G) <
k such that w(V"G) > p. By definition, there are graphs Gy, -, G, with
w(G;) < k such that G1 V -+ V G, contains a clique
S = {(xl,laxl,Za'",xl,n)v(xQ,laxQ,Qw"axQ,n),
ey (l‘p,l, .Z‘p72, e ,xpm)}
with size |S| = p. Let G be the graph on the vertex set
V o= {1,2,...,p} x{L,2,...,n}
{ (1,1),(1,2),...,(1,n),(2,1),(2,2),...,(2,n),
'"a(pal)v(p72)a“'7(pvn) }

The size of V is np. Two distinct vertices (a,7) and (b,j) are adjacent if
and only if ¢ = j and z,,; and z,; are adjacent in G;. Now let W be a
clique of G with size /,

W= {(ahil)a (a237;2)a ceey (afvif)}'

Then iy = i3 = --- = iy, denoted by 4 for this common value, and vertices
Tay.is Tag,is- - - Lag,i form a clique in G;. Therefore |W| < w(G;) < k and
hence

w(G) < max {w(G,)} < k.

~ 1<i<n
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However, consider the following set T of V"™ of the vertex set of V"G,

T= {[(la 1)7 (1’2)a R (Ln)L T [(p’ l)a (0,2)7 ) (p7 n)]}

The size of T is p. Let

I1=1(1),(2),...,(,mn)] and J=][(41),0,2),...,n)

be two distinct vertices of T with ¢ # j. They correspond to two distinct
vertices

(xi’l,xi’27...,xi7n) and (.’L‘jﬁl,.%'j,g,...,itj’n)
of S, which is a clique of Gy V ---V G,,. Thus there is some m, 1 <m < n,

such that z; ,, and z; ,, are adjacent in G,,, hence (i,m) and (j,m) are
adjacent in G. Thus I and J are adjacent in V"G, and so T is a clique of

V@G, Tt follows by w(V*G) > |T| = p, completing the proof. O
More importantly, Erdés et al. obtained a relation of function p(k1, ..., ky)
and Ramsey number r(k1, ..., k,) as follows.

Theorem 11.10 Let k1 > 2,...,k, > 2 be integers. Then
p(kla”'akn):r(kl,'”;kn)_l'

Proof. Set p = p(k1,...,kn), and r = r(ky,...,k,) — 1. We first prove
that p > r. Recall the definition that r is the largest integer for which
there exists a coloring of edges of K, with colors {1,2,...,n} such that any
monochromatic clique in color ¢ has size less than k; for 1 <1i < n. Let

V={1,2-7r}

be the vertex set of this K, and let G; be the subgraph with vertex set
V whose edge set consists of all edges in color i. Then w(G;) < k;. By
considering the OR product graph G = G1 V --- V G,,, we have p > w(G).
On the other hand, G contains a set

S={(1,1,...,1),(2,2,...,2), -+, (r,r,...,7)}.

For any pair of vertices i and j of K, with 1 <1 # j <r, they are adjacent
in some Gy, so the vertices (i,4,...,4) and (j,4,...,7) of S are adjacent in
G. Thus S is a clique and hence p > w(G) > 7.

We then prove that r > p. From the definition, there are graphs
Gy,...,G, with w(G;) < k; such that G =Gy V --- V G, contains a clique
T of size p,

T= {(xb:r%,...,x,ll),(x%,x%,...,xi)7~-~,(x’f,x§,...,xﬁ)}.
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Define a coloring for the edges of K, on vertex set

U={1,2,...,p}

with colors {1,2,...,n} in following way. For an edge ab in this K ,, consider
two vertices in T’

(¢, 22,...,2%) and («8,25,...,22),
which are adjacent in G. There is some i so that z¢ # z¥ and z¢x? is an
edge of G;. We color the edge ab of K, with the such smallest color i, then
all edges of K, are colored.
We claim that there is no monochromatic clique of size k; in any fixed
color 4. In fact, if

ACU={1,2,...,p}
is a monochromatic clique in color i, consider
X ={af:ae€ A} CV(G)).

For any distinct 2¢ and z¥ of X, the edge ab of K, is colored i, so x%a? is
an edge of G;, thus X is a clique of G;. Therefore

Al = [X] < w(Gi) < ki,

yielding the fact that r > p and completing the proof. O

11.4 Upper Bounds for r,(3)

From last section, the study of p function is exactly that of multicolor
Ramsey function. The first nontrivial such function is r,(3). In case that
the number of colors is at least three, the only known exact value is r3(3) =
17 (Greenwood and Gleason, see Chapter 2). For n = 4, we have 51 <
r4(3) < 62, where the upper bound was established by Fettes, Kramer and
Radziszowski (2004) while the lower bound was obtained by Chung (1973).
In the following proofs, we shall write r,, for r,(3).

Lemma 11.14 Let n > 2 be an integer. Then
rn(3) —1<1+n(r,—1(3) — 1),

namely, r,(3) <2+ n(r,-1(3) — 1).
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Proof. Let N = r, — 1. There is an edge coloring of Ky with colors
{1,...,n} such that there is no monochromatic triangles. Denote by N;(v)
for the neighborhood of v in color i. Then any edge between the ver-
tices in N;(v) is colored by a color in {1,...,n} \ {i}. Since there is no
monochromatic triangle in the N;(v), whose edges are (n — 1) colored, so
d;(v) = |N;(v)| < rp—1 — 1. Therefore,

N-1l=r,—2= Zdi(v) <n(rp—1—1).
i=1

The desired upper bound follows. O

Corollary 11.2 Let k be a positive integer, and let ¢ = c(k) as
re(3) -1 1

Then m,(3) < enl+ 1 for n > k. In particular, r,(3) < enl+1 forn > 1.

Proof. Using Lemma 11.14 repeatedly,

rn—1 < 14n(rp—1—1)
< 14n[l4+m—1)(rp—2—1)]
< l4n+nn—-1)4+--4+nn-1)---(k+1)(ry — 1)
n[<1+1+...+ 1 +Tk_1)
n! " (n—1)! (k+1)! k! ’
and the desired upper bound follows. In particular, c = e for k = 1. o

By taking 74(3) < 62, then 7,(3) < ¢n! + 1, where ¢ = e —1/6 =
2.5516 - - - . Further improvement can be obtained by noting the following
fact.

Lemma 11.15 Let both n and p be even integers. If rn_1(3) < p, then
r(3) —1 <n(p—1).

In particular, when both n and r,_1(3) are even, then

ra(3) =1 < n(rp—1(3) — 1).
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Proof. If r,_1 < p — 1, the assertion follows from Lemma 11.14. So
we assume that r,_; = p, which is even. Set N = r, — 1, then N <
14+ n(rp—1 — 1) by Lemma 11.14. Suppose to the contrary, the assertion is
false, then N = 14+n(r,—1—1) is odd. There is an edge coloring of Ky with
colors {1,---,n} such that there is no monochromatic K3 in any color. For
a fixed color j, let E; be the set of edges in color j. Since )" d;(x) = 2|E}]
is even, where the sum is over IV vertices and NN is odd, so there exists a
vertex v with d;(v) is even. Since d;(v) < rp,—1 — 180 d;(v) < rpoq — 2.
From the fact that N —1 =" d;(v), thus

j=1
N-1<r,1—-24+n—-1)(rpn-1—1)=n(rp—1—1)—1,

yielding what as desired. O

Theorem 11.11 Let k > 2 be an even integer and r(3) < p for some odd
integer p. Then for any n >k,

p—1 1
ot > a] L
k<t<n, t odd

Proof.The idea of the proof is a combination of that in Wan (1997), and
Chung and Graham (1999). For fixed k and n > k, set

_p—1 1
Ap =+ > nk
k<t<n, t odd

Note that

1
(2m + 1)!
We shall prove that r, < n!A, 4+ 1 by induction on n > k. The assertion
holds clearly for n = k, and (k + 1)!Ax1 = 1+ (k+ 1)(p — 1), so the
assertion for n = k + 1 follows from Lemma 11.14. We now suppose that
n>k+2.

Let n =2m > k + 2 be an even integer. Thenn —1>k+1,andn —1
is odd. It is easy to verify that

Aoy = Ag—1 and  Agpqq = Aoy, +

1 1 1
(n =Dy = (n - 1)! <pk;! * (k+1)!+"'+(n—1)!>

is an odd integer. Assume r,_1 < (n — 1)!4,,_1 + 1, where the right-hand
side is even. From Lemma 11.15, we have

rn— 1 <n((2m — 1)1 As,,—1) = nlAg,, = nlA,.
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So r, < nlA, + 1. For rop41, from Lemma 11.14 and what just proved,
Tom+1 — 1 < 14 ©2m+1)(rom — 1)
< 14+ (@2m+1)((2m)!Asy)
= (2m+ ) Agmt1,
completing the proof. O

We are more concerned what is the limit r,(3)/n! as n — oo.
Proposition 11.4 As n — oo, the limit of r,(3)/n! exists.

Proof. Clearly, the limit of r,(3)/n! exists if and only if that of (r,(3) —
1)/n! does, and the limits are the same if they exist. Denote by ¢ for
liminf,, o (r, —1)/n!. For any € > 0, there are infinite many k such that
(rip —1)/k! < £+ €/2. Take such large k that (r, —1)/n! > ¢ —eforn >k
and that ), , 1/t! < ¢/2. From Corollary 11.2, we have

T, — 1 ry — 1 1
(—e< " <= +Zﬁ<€+6-
t>k

Thus lim, o0 (r, — 1)/n! = L. O

We conclude this section with following problem.

Problem 11.1 Prove or disprove that the limit of r,(3)/n! is zero as n —
0.

11.5 Schur Numbers and r,(3)

It is hard to find exact classical Ramsey numbers as stated. According to
the communication theory, asymptotic bounds are more important. This
is because the limit

lim (r,(3) — 1)Y™ = lim p,(3)/"

n—oo
represents the maximal amount of Shannon capacity over all triangle-free
(with clique number 2) graphs. We shall see that this limit exists.

Proposition 11.5 The function r,(3) — 1 is super-multiplicative. That is
to say, for any positive integers m and n,

Tm-&-n(?’) -1> (Tm(s) - 1)(7%(3) - 1)-

Therefore the limit of (1,(3) —1)Y/™ hence the limit of r,,(3)"/™ exist, which
both are equal to sup,, (r,(3) — 1)1/,
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Proof. Set N =r, —1and M = r,, — 1. Color the edges of Ky with
n colors and color edges of K, with other m colors so that there is no
monochromatic triangles in any color. Then, “blow-up” one with another
by replacing each vertex v of K with a colored Kp;, denoted by H, for
this Kps. For any distinct vertices u and v of Ky, if ' € V(H,), and
v € V(H,), color edge between u' and v" with the color as the edge uv
in Ky. We thus have a complete graph on NM vertices whose edges
are colored with n + m colors and there is no monochromatic triangles.
Therefore rpqp — 1> (1 — 1) (rn — 1). O

It seems to be very difficult to determine the exact value of the limit of
7,(3)1/™. From what we discussed in this chapter,

Pon(3) — 1 = pon(3) = max{a(A?"G) : a(G) < 3},

which is at least
a(/\2n05) > (Oé(/\205))n _ 5n’

So limr,(3)*/™ > v/5. However, by a lemma in Section 1 in this chapter,

lim (r,(3) — 1)1/” = sup(r,(3) — 1)1/”7

n—00 n>1

SO
lim r,(3)"" = lim (r,(3) — 1)/
> (ra(3) = DY =50Y* = 26591 - - -

Nevertheless, we shall do it better.

The lower bound for r,(3) is closely related to the Schur number s,,. A
set of integers is said to be sum-free if a,b € S implies a +b & S ( a and b
not necessarily distinct). A well known result of Schur (1916) sates that if
the integers {1,2,...,|nle|} are partitioned in any manner into n classes,
then at least one of the classes is not sum-free. Accordingly, we define Schur
number s, to be the largest positive integer such that {1,2,...,s,} can be
partitioned in some manner into n sum-free classes. No many exact values
of Schur numbers have been known. It is not hard to verify that s; = 1,
so = 4 and s3 = 13. With the aid of a computer, Baumert showed that
s4 = 44, reported in Abbott and Hanson (1972), and Exoo (1994) showed
that s5 > 160, who partitioned [1,160] into five sum-free sets. Since the
partition is symmetric in the sense that ¢ and 161 — ¢ always belong to the
same set, so only the integers from 1 to 80 are listed as follows.
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Set 1 | 451516 22 28 29 39 40 41 42 48 49 59

Set 2 | 2381419 2024 25 36 46 47 51 62 73

Set 3 | 791112131727 31 3233 353753 56 5761 79

Set 4 | 1610 18 21 23 26 30 34 38 43 45 50 54 65 74

Set 5 | 44 52 55 58 60 63 64 66 67 68 69 70 71 72 7576 77 78 80

Table A partition of [1,160] into five sum-free sets.

Generally, Schur number s,, offers a good lower bound for Ramsey num-
ber 7,(3) as follows.

Lemma 11.16 Let n be a positive integer. Then
rn(3) > s, + 2.

Proof. Set N = s,. Then {1,2,..., N} can be partitioned into n sum-
free sets A1, Ag, ..., A,. We now color the edges of K1 with vertex set
{1,2,...,N + 1} in the following way: color the edge uv with color i if
|u —v| € 4;. Since 1 < |u —v| < N for any distinct w and v, all edges
are colored. We then claim that there are no monochromatic triangles.
In fact, if for some 1 < u < v < w < N + 1, the edges uv and vw are
in color ¢, then |u —v| =v—u € A; and |[v —w| = w —v € A;, then
lu —wl =w—u=(w—v)+ (v—u) & A, since 4; is sum-free. So the
edge uw are not in color ¢. Therefore u, v, w do not form a monochromatic
triangle and the assertion holds. g

Corollary 11.3 r5(3) > 162.

Proof. The proof follows from the above lemma and the fact that s5 > 160
immediately. |

The following result is due to Abbott and Hanson (1972).
Theorem 11.12 Let m and n be any positive integers. Then
Sman = (28m + 1)sn + S
Proof. For b=0,1,...,s,, set
Ay ={b2sm +1)+clc=1,2,...,5,},
and for c =1,2,..., 5., set

A ={b(28y, +1)+c|b=0,1,...,5,}.
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Let
A=Upr Ay = Ui A

Partition Ag = {1,2,..., sy} into m sum-free classes Cy,Cy,...,Cy,, and
partition A into m classes Dy, Da, ..., D,, by placing A¢in D; if ¢ € C; We
claim that each of these classes is sum-free. Suppose to the contrary, D; is
not sum-free, there are some elements by M + ¢y, bo M + ¢35, bsM + c3 of D;
such that

(blM —|— Cl) + (b2M + 62) = b3M + C3,

where M = 2s,, + 1, and ¢y, ca, c3 are all in C;. We thus have
c1+c=cs (mod M).

However, 2 < c¢; +c¢ <25, < M,and 1 <c¢3 <s,, <M, soc|+cy=cs,
contradicting to the fact that C; is sum-free.
For b=1,2,...,s,, set

By = {b(2sy, +1) —clc=0,1,...,8n}.

Let

B = UleBb.
Partition {1,2,...,s,} into n sum-free classes Cy, 41, Crnt2, -+ s Crpgny and
partition B into n classes Dy,41, Dimt2, -y Dimtn by placing By, in Dy, 44

if b € Cp4i. We claim that each of these classes is sum-free. In fact, for
any elements by M — ¢y, boM — co, bsM — c3 of Dy, q 4, where M = 2s,,, + 1,
and by, by, b3 are of C,,y;, satisfying by + ba # b3 since C), 4 is sum-free. If
b1 +by > b3+ 1, since M —c; —cy > 1 we have

(blM — Cl) + (bQM — CQ) >bsM + 1> bsM — c3.
If b1 + bQ § b3 — 1, then
(blM — 01) + (bgM — Cg) < (b3 — 1)M < bsM — c3.
Therefore (by M — ¢1) + (boM — ¢3) # bsM — c3, which implies that D,,1;
is sum-free.
It is easy to verify that Ao, B1, A1, B, -+, As, is a partition of the set

AUB={1,2,...,(28m + 1)sp + sm}

in the natural order. The above set thus has been partitioned into m + n
sum-free classes, hence the proof is completed. O
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Corollary 11.4 Let m be a fized positive integer. Then we have
Sp > (28, +1)V™

for any integer n > m, where ¢ = ¢(m) > 0 is a constant.

Proof. Setting n = km + r with 1 < r < m, we have

Sy 2> (23m + 1)5(k—1)m+r + Sm
> (28, + 1)Fs, + (28m + 1)k_13m + o+ (28m + DS + Sm

s
> — T (25, + 1)™.
o+ 1/ 2m Y
Taking
¢ = min{s,/(28m + 1)T/m 1 <r <m},
the desired result follows. O

From above two results, we know that s,, is super-multiplicative and

l/n.

n

lim sY/™ > sup (28, + 1D)Y™ > sup s/™ = lim s

Hence

lim s/ = sup (25, + 1)V/™ > (255 +1)1/° > 3211/°,

n
n—o00 m>1

where s5 > 160 and 321/% = 3.17176 - - -. We thus have
Sp > c321”/5,

and
3215 <limr,(3)"/" < .

The following is a very old conjecture of Erdés .

Conjecture 11.1 (Erdd8s) Asn — oo, the limit 7,(3)"/™ is infinity.

11.6 A Related Bound

We now give an upper bound for 7, (C5). Recall a result in Chapter 3 that
if a graph G = (V, E) is Cap,41—1ree, then

(m=1)/m
1 1/(m—1
o6) 2 (2m — 1)2(m=1)/m (Z d(v)"/t )> :
veV
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In particular, if G is C5—free, then a(G) > /Nd/18, where N is the order
of G and d is its average degree.

Theorem 11.13 For some constant ¢ > 0,

rn(Cs) < eV187nl.

Proof. We write r,(C5) as r, in the proof. Set N = r, — 1. There
is a edge-coloring of of Ky with n colors containing no monochromatic
Cs. The edge set of K is partitioned into n classes Fy, Fo, - - -, E,, where
E; consists of all edges in color ¢. One of the classes, say E7, has the
maximum cardinality, so |E;| > %(1;[ ) Denote by G for the graph with the
same vertex set as the colored Ky and edge set E;. It is easy to verify that
the average degree d of G satisfies

N-1 r,-2
n  n

d>

Consider an independent set S of G with |S| = a(G), any edge of Ky
between two vertices in S is colored in color 2,3,...,n. So the subgraph
induced by S is an edge-colored complete graph in n — 1 colors, which con-
tains no monochromatic Cs. Thus |S| < r,—1 — 1. By the result mentioned
previously, we have

Ty — 2

Ppo1—1>/Nd/18 > \/(rp, — 1)(r,, — 2)/18n > N

implying
rn—1<1+V18n(rp—1 —1).

Repeatedly using the above recursive upper bound, we have

rn—1 < 14++V18n(r,—1—1)
< 14+ vV18n++/18%n(n — 1)(rp—2 — 1)
< 14+V18n+ - +/18In(n—1)---2(r; — 1)

1 1 rp—1
V18! + +o4 2 :
V18mnl /18" 1(n — 1)! V18

where 71 = 5. Clearly, the sum in the last parenthesis has a finite limit.

Hence there exists some constant ¢ > 0 such that the required upper bound
holds. O

We conclude this chapter with two problems.
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Problem 11.2 Letm be a positive integer. Prove or disprove that r,(Cam41) =
o((n))t/™).

Problem 11.3 Letm be a positive integer. Prove or disprove that rn(C’gm+1)l/” —
00 as n — oo.

A conjecture of Erdds and Graham that r,(Capm3)/mn(C3) — 0 can be
generalized as follows

Problem 11.4 Prove or disprove that r,(Cam+3)/Tn(Coms1) — 0 as n —
0.

Exercises

11.1 Prove a(A*C7) > 17. (T. Bohman and R. Holzman, A nontrivial
lower bound on the Shannon capacities of the complements of odd cycles,
IEEE Trans. Inform. Theory, 49 (2003), 721-722.

11.2 Prove s3 = 13.

11.3 Give a constructive proof for s; > 3sp_1 + 1 with k£ > 2 by par-
titioning {1,2,...,3s5—1 + 1} into three classes, each of which consists of
consecutive integers.
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Chapter 12

AP and Regularity
Lemma

12.1 Van der Waerden’s Numbers

Many results in early Ramsey theory are concerning integers. One of
them is on Schur numbers, discussed in the last chapter. And another is
van der Waerden’s theorem (1927) on existence of an arithmetic progression
(AP) in partition of integers as follows, in which the length of a sequence is
the number of its terms.

Theorem 12.1 (Van der Waerden) Letk andt be positive integers. Then
if w is a sufficiently large integer, no matter how we partition [w] = {1,2,---,w}
into k classes, one of the classes must contain an arithmetic progression of
length t.

As usual, partition of [w] is called a coloring of [w]. Define wy(t) as
the smallest integer w so that the mentioned property holds, and write
w(t) = wa(t). It is trivial to see that w (1) = 1, wg(2) = k+1 and w4 (¢) = ¢.
However, for general k and ¢, the functions w(3) and ws () are not trivial
at all. It is only known that w(2) = 3, w(3) =9, w(4) = 35, w(5) = 178. In
fact, very little is known about the growth of the functions w(t) and wy(t).
The current best upper bound for w(t), which was obtained by Shelah in

2

1988, is a tower function as 22 | where the height of the tower is w(t —1).

Rather than proving van der Waerden’s theorem directly, we shall intro-
duce a remarkable extension of the theorem by Hales and Jewett in 1963,
which leads to the proof of Shelah.

231
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The cube C}' is the set of sequences of length n formed from ¢ symbols.
The symbols are ordered, usually as [t] = {1,2,...,t} if no specified, or in
example as {4, B,C,...,Z} with t = 26. The symbol in the ith position
of an element is called its ith coordinate. The elements are called points
often.

Some points of of C3s: Py : AAAAB, P,: AXYCN, P;: PPPPP.
The third coordinate of P, is Y.

The points of C}' can be viewed as the points of the n—dimensional
discrete cube with ¢ sides. For example, the points of C? with symbols
1,2,3,4 can be arranged in a matrix.

11112 |13 | 14
211 22]23]24
3113233 |34
41 | 42| 43 | 44

A set of t points L = {Py, Pa,..., P;} in CJ is called a line if there is
a non-empty set I of indices such that for any 7 € I, the ith coordinate of
any point P; € L is just jth symbol, and for i ¢ I, the ith coordinates of all
points of L are the same. The ith coordinates for ¢ € I are called moving
coordinates, and those for i ¢ I are called constant coordinates.

Let us look two lines Ly and Ly in C3g as follows.

L, L
P XAQAB AAAAA
P,: XBQBB BABAA
P;: XCQCB CACAA

Py XYQYB  YAYAA
Py XZQZB — ZAZAA

In line L1, the first, third, and fifth coordinates are constant coordinates;
the second and fourth are moving coordinates.

In C2, there are totally 9 lines, namely, each row and each column,
and one diagonal line 11,22,33,44. The last line does not have constant
coordinates.

Clearly, every line has ¢ points, and there are

n—1

o= Y tJ=Z(7;>tj=(t+1)n_tn

0AICn] JCIn],J#[n] =0

lines in C*. For example, the cube C? contains 2¢ + 1 lines: ¢ horizontal
lines, t vertical lines, and one diagonal line.
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The following is a result of Hales and Jewett in 1963.

Theorem 12.2 For any positive integers k and t, there exists N such
that if the points of C are colored in k colors in any fashion, there is
a monochromatic line.

The Hales-Jewett function HJ(k,t) is defined the minimal value of N
that will satisfy the above theorem. To see that the function makes sense,
one needs to make sure that N + 1 will do the theorem. This is clear
if we consider the subset of CtN +1 consisting of those points whose last
coordinates are N + 1, and none of other coordinates are N + 1. More
importantly, we need to show that there is at least one such an N that is
finite.

The theorem of van der Waerden follows Theorem 12.2 immediately.

Proof of Theorem 12.1. For given k and ¢, let M be an integer
such that any coloring of C with k colors contains a monochromatic line,
where the set of symbols of C is {0,1,...,¢t—1}. Then each point can be
viewed as a representation of a nonnegative integer in base ¢. The largest
such integer is t — 1, denoted by N. This representation establishes a
bijection from CM to {0,1,..., N}. A key observation is that a line in CM
is exactly an arithmetic progression of length ¢. Now for any coloring of
{1,2,..., N + 1} with k colors, yielding a natural coloring for {0,1,..., N}
hence a coloring of CM with k colors. From Theorem 12.2, we have a
monochromatic line in C hence a monochromatic arithmetic progression
of length t. O

The above proof in fact gives an upper bound for wy(¥).
Theorem 12.3 For any positive integers k and t, wi(t) < HJ(k,t).

The remaining part of this section is Shelah’s proof of Theorem 12.2.
However, in order to make the proof clearer, we shall give some examples
and details to explain the concepts in the context.

A line L in C}" is called a Shelah line if for some ¢, j with 1 <4 < j < n,
the following holds:

1. Coordinates 1,---,i — 1 are all equal to ¢ — 1 (constant);
2. Coordinates i, - -, j are moving;
3. Coordinates j + 1,---,n are all equal to ¢ (constant).

Namely, a line is a Shelah line if the positions of moving coordinates are
consecutive, and all coordinates are t — 1 and ¢ before and after moving
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coordinates, respectively. In the above definition, if ¢ = 1, the first condition
disappears, and if j = n the third condition disappears. A point is called
Shelah point if it is on some Shelah line.

Let us look some Shelah lines in Cy as follows.

Ly L, Ls
YAAZZ AAZZZ AAAAA
YBBZZ BBZZZ BBBBB
YCCZZ cCczzz cceccoco
YYYZZ YYZZZ YYYYY
YZZZZ ZZ277 L2277

i=2j=3 i=1j=2 i=1j=5

The points YYQZZ, YCCCZ, HHHHZ, SSS5SS are Shelah points, but
YFGZZ, AAYYY are not.

The following result is clear from the fact that a Shelah line is uniquely
determined by ¢ and j in the definition.

Lemma 12.1 The cube C}' contains (";1) Shelah lines and at most ("gl)t
Shelah points.

Assume n = nqy +ng + - - - + ng, then
Cpr=C x O x - x Cs.
Let L; be a Shelah line of C}"” for j =1,2,...,s. We call
Ly xLyx---xLg

as a Shelah s—space of C}*. It contains t° points of C}'.
For example, if n; = 5,ny = 6, then

{(YaaZZ |YYBBZZ),

where « and 3 are letters in alphabet and the vertical line is added for clarity
of conjunction, forms a Shelah 2-space in C3d. It contains 262 points. If
n1 = 3, ng =4, ng = 4, then
{(YaZ |YBBZ |22}
forms a Shelah 3-space in C3¢. It contains 263 points.
We now define a canonical isomorphism ¢ between a Shelah s-space of
C{' and C} as follows.

Gi Lix Lyx - x Ly —Cf, o) =araz-a,
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where o is the common value of the moving coordinate in L;. Using the
previous examples,

o(YaaZZ YYBBZZ) = aBeCh
o(YaZYBBZWZZ) = afyeCy.

It is easy to see that the map ¢ is really a bijection.

During the rest of the proof, x is used as a coloring function, thus x(P)
is the color of the point P € C}*. A coloring x of the points of C}* is called
flip-top coloring if P = pipa---pn, Q = qi1q2---qn € C', for which there
exists I C [n] such that p; =t —1, ¢; =t for ¢ € I, and p; = ¢; for j € I,
then x(P) = x(Q), where ¢t — 1 and ¢ are last two elements of the set of
symbols. For example, a flip-top coloring x of C5; satisfies

X(BAZZO) = x(BAYYO)
Y(ZEZAK) = x(YEYAK)
Y(YYYYY) = x(ZZZZZ).

Let x be a coloring of the points of L1 X Ly X --- X L, and let ¢ be the
canonical isomorphism from Lj x Lg X - -+ X L, to Cf. Define a coloring x’
of the points of C} as for P € C7,

X'(P) = x(¢7'(P)),

which is called the derived coloring of x. The coloring y is called flip-top
on the Shelah s-space if ¥’ is flip-top on C}.

For example, if x is a flip-top coloring of the Shelah 2-space in the form
of {(YaaZZ |YYBBBZ}, then

x(YQQZZ|YYYYYZ) = x(YQQZZ|YYZZZZ)

since / is flip-top on C%; thus X' (QY) = ¥/ (QZ).

If s =1, the above definition gives flip-top coloring of a Shelah line. In
this case ¢ maps a Shelah line L in C}* onto C}, and the derived coloring
on C} must be flip-top. However, a flip-top coloring of C} simply says that
the color of t — 1 equals to the color of t. This gives the following remark.

Remark The points of a Shelah line L = {Py, Py, -+, P} in C}* are
colored flip-top if and only if the “last two points” P;_; and P; have the
same color.

Lemma 12.2 (Shelah Cube Lemma) Let positive integers k, s, t be fized.
Then there exist ny,na, ...,ns with the following property: If the points of
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Cp = C ™2t gre colored in an arbitrary way with k colors, then this
coloring is a flip-top coloring on a suitable Shelah s-space L1 X Lo X -+ X Ly,
where L; is a Shelah line in C{7. In fact, the numbers n; can be explicitly

given by ny =kt and njiq = kA for 1 <i < s, where

A; = |:H1<j<i <nj2+ 1)] L

Proof. We shall prove the lemma by induction on s. For s = 1, take
n1 =n = k. We have to show that in an arbitrary k—coloring of C¥ there
is a flip-top colored Shelah-line. Consider the following points in CF:

P: t—1 t—1 -+ t—1 t—1 t—1
Py: o t—1 t—1 -+ t—1 t—1 t
Py: t—1 t—1 -+ t—1 ¢ t
Pe: t—1 t -t t t
Peyr: et t t

Each of these k£ + 1 points consists of a block of ¢t — 1 followed by a block of
t. Two of them, say P; and P; with i < j, are colored with the same color
in our k—coloring. And P; and P; are the last two points of the following
Shelah line determined by themselves:

Qr: t—1 - t—1| 1 ... 1 |t - t
Qo: t—1 - t—1| 2 ... 2 |t - t
Qio: t—1 oo t—1|t=2 ... t—=21]t - t
P t—1 - t—1|t—1 ... t—11|¢t - ¢
Pi: t—1 - t—1| t ... t |t -t

By the previous remark, the above line is exactly what we want: a flip-top
colored Shelah line.

For s = 2, let ny = k* and ny = k4 with A; = ("12“)15. Let x be a
k—coloring of the points of

Cr =t = O ox O3

Write points of C}' as XY with X € C"* and Y € C}*. We shall define
new colorings x;1 and x2 on C;"* and C}?, respectively.

Let us define y2 on C}? first. Denote by m for number of Shelah points
in C{"* and label these Shelah points as X1, Xo, -+, X;,. For any Y € C}'?,
we assign a vector for its color as
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Clearly two point Y, Y’ € C{** have the same color if and only if x(XY) =
X(XY") for all Shelah points X of C}'*.
Since m < A; = ("12"’1)t as mentioned, and each of coordinate of x2(Y)

is one of k colors, so coloring ys uses at most k™ < k4' = ny colors.
Referring to the case s = 1, coloring - is flip-top on a suitable Shelah line
L, in C}2.

The Shelah line Ly contains ¢ points, say Ly = {¥1,Ya2,---,Y;}. We
then define coloring x; on any point X of C{"* as a vector

x1(X) = (x(XY1), x(XY2), - -, x(XYY)).

Thus two points X, X’ € C{"' have the same color in y; if and only if
X(XY3) = x(X'Yp) for all Y € Lo.

Clearly y; uses at most k = n; colors. Again, referring the case s = 1,
the coloring x; is flip-top on a suitable Shelah line L; in C}'*.

Next we verify that y is flip-top on L1 X Ls: the derived coloring %’ of
X is a flip-top coloring on C?. That is to say, we need to verify

X(at—1) = x'(at),
X((t=1)p) = X8
X((t=1(t-1) = X(tt)

for any symbols o and 3. We verify the first equality, and omit the similar
proofs for the two others. By relabelling the Shelah points of C}'*, we may
assume that L1 = {X;, X, -+, X;}. Note that points of L; X Lo have form
X,Yp with

Xo=t—1-t—la-at-t, Yg=t—1-t—103---Bt---t.

Since x5 is flip-top on Lo, we have x2(Yi—1) = x2(Y%), implying x(PY;_1) =
X(PY%) for any Shelah point P in C}'* from the definition of x2. In partic-
ular, we have x(X,Y:—1) = x(XoY:), which yields x'(a (t — 1)) = X' («a t).
The proof for general s > 3 is similar with the case s = 2, we thus omit
it. O

Lemma 12.3 (Induction Lemma) Assume that s = HJ(k,t —1) is de-
fined, namely, in any k—coloring of C}_, there is a monochromatic line.
Then under any flip-top k—coloring of C}, there is a monochromatic line.

Proof. Consider a flip-top k—coloring x on C}. Since C}_; is a subset of
C} and thus x is a k—coloring on C}_;, from the definition of s, there is a
monochromatic line L in C}_;, say L = {P, Py,---,P,_1} in color 1, then
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the following line

P a o« 1 1 8 - color 1
P a o« 2 2 8 - color 1
Py: a -+ aflt—1 - t—=11]08 --- color 1
P : a o« t t 8 -+ new point,

is a monochromatic line, where P; is a new point, and « and  are constant
coordinates. The point P; is colored in 1 since x is flip-top on C7. a

Proof of Theorem 12.2. Now it is easy to see the existence of
HJ(k,t). We use the induction on ¢ for fixed k.

Basis. 1t is a trivial fact that H.J(k,1) =1 for any k.

Inductive Step. Assume that s = HJ(k,t — 1) exists, that is s =
HJ(k,t — 1) < co. Define n which satisfies the cube lemma for the given
k,t and s.

Claim. In any k—coloring of C}*, where n is defined above, there is a
monochromatic line.

Proof of claim. Let x be a k—coloring of C}*, the cube lemma shows
that x is flip-top on a suitable Shelah s-space L x Ly X --- X Ls;. By
definition, the derived coloring x’ is flip-top on C7. By the definition of
s = HJ(k,t — 1), the induction lemma can be applied to x’, there is a
monochromatic line L in Cf. The ¢~ !(L) is monochromatic line of O}
under coloring . a

Remark. Define a sequence of functions N — N as fi(n) = 2n and

fma1(n) = fm o fmo - fm(1).
—_

n

Some small values of f,,(n) are listed in following table.

fmn) [ n=1|n=2|n=3 n=4 n

fi(n) 2 4 6 8 2n

f2(n) 2 2° 23 21 2"

Ao | 2 | 2 | | =T
A | 2 | 2 [ 2 [ 2 ae |2 ae-y
f5(n) 2 22 | @) | fi(fa(4)

Table Some values of fp,(n)
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The function f3(n) is called a “tower”, whose height is n. The function
fa(n) grows much faster, which is called a wowzer, wow! Note that f4(n)
is a tower of height fy(n — 1). For example f;(4) is a tower of height
fa(3) = 65536. The value of fs(fs(4) — 1) is the height of the tower of
f5(4). The Ackerman function A(n) is defined as diagonal value f,(n).

Shelah’s proof gives “wowzer” bound on HJ(2,t) because it iterates
the cube lemma, which gives a “tower” bound by iterating the exponential
functions. In fact HJ(k,t) < fa(c(k+t)) for some constant c. Even so, this
proof for the van der Waerden theorem still reduces the original bound of
van der Waerden greatly, who used double induction on k and ¢, even for
w(t) = wy(t). The original upper bound was a Ackerman function.

An open problem of Graham (1995) was asking if the Cube Lemma can
be improved to give an exponential bound instead of tower.

To generalized van der Waerden theorem in the 1930s, Erdds and Turan
conjectured that that each set of positive integers with positive upper den-
sity contains arbitrarily long arithmetic progressions, that is to say, if if a
set A of positive integers satisfies lim,,_,oo|A N [n]|/n > 0, then A contains
arbitrarily long arithmetic progression. The conjecture in case £ = 3 was
proved by Roth in 1953. The full conjecture was proved by Szemerédi in
1975 with a deep and complicated combinatorial argument. In this proof he
used a result called the Regularity Lemma in bipartite version, and then he
gave the general version in 1976. The lemma has now become a totally new
tool in extremal graph theory. Sometimes the Regularity Lemma is called
Uniformity Lemma, see e.g. Modern Graph Theory by Bollobds (1998).
For its many applications, we refer the readers to the survey of Komlés and
Simonovits (1996). We shall discuss this lemma in the next section.

12.2 Regularity Lemma

Let G be a graph and let X and Y be nonempty disjoint subsets of V(G).
Denote by e(X,Y) for the number of edges between X and Y. The ratio

e(X,Y)
dX,Y) =220
XY
is called the density of (X,Y). It is the probability that any pair (x,y)
selected randomly from X x Y is an edge. Clearly 0 < d(X,Y) < 1. It is
easy to see
de(X,Y)+da(X,Y) =1,

where G is the complement of G.
The density d(X,Y’) behaves in a fair continuous fashion.
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Lemma 12.4 Suppose X andY are disjoint subsets of V(G), and X' C X
andY' CY with | X'| > (1 —0)|X]| and |Y'| > (1 = 0)|Y|. Then

(X', Y") —d(X,Y)| <20 and |d*(X',Y') —d*(X,Y)| < 46.
Proof. Note that

0 e(X,Y) —e(X"Y)

<
; e(X\XY)+e(X,Y\Y') <26 X]|Y],
so d(X,Y) —d(X',Y') < 25. Replace G by G, we have
d(X") Y —d(X,Y)=da(X,Y) —da(X',Y') < 26.
Another inequality follows the above and the fact d(X,Y) < 1. |

Let € > 0 be a real number. Then a pair (X,Y) is called e—regular if
for any X' C X and Y/ C Y with |X'| > ¢|X]| and |Y'| > €|Y],

d(X,Y) — d(X',Y")| < .

A partition Cyp, Cy, - -+, Ck of V(G) is said to be equitable with exceptional
set Cyp if |C1] = |Ca| = - -+ = |Ck|. An equitable partition with exceptional
class Cy is said to be e—regular if |Cy| < en, where n = |V, and all but at
most ek? pairs (C;, C;) with 1 <i < j < k are e—regular.

Theorem 12.4 (Szemerédi’s Regularity Lemma) For any real € > 0
and any integer m > 1, there exists M = M(e,m) > m such that every
graph G on m > m vertices has an e—reqular partition Cy,C1, -, Cy with
exceptional set Cy satisfying m < k < M.

For any M > m, the theorem for m < n < M is trivial since a partition
with each class being a singleton is zero-regular. The crucial point for the
regularity lemma is that the number of classes in partition is bounded for
any graph. We will follow the original proof of Szemerédi (1976), and that
reformulated in Modern Graph Theory by Bollobéds (1998). A proof with
slight change can be found in Graph Theory (2nd ed.) by Diestel (1997).
The readers are encouraged to skip the proofs.

We will need the defect form of Cauchy-Schwarz inequality.

Lemma 12.5 Let d; be reals and s >t > 1 be integers. If

lsd—ltd )
g;i_¥;i+’
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then

2 2
IR I t52 I t52
_ d2 > — i > i —.
sZ’(de> +s—t<szd> +S
i=1 i=1 1
Proof. From the Cauchy-Schwarz inequality

S S S 2
Zﬁ2@>@y@)
=1 =1 =1

by taking b; = 1, we have >;_, d? > sD?, where D, = 137 | d;. Hence

i=1"
s t s
S = Yate Y
=1 =1 i=t+1
J ’
> tD? - —_— ;
> tD} + (s t)<st,z dz>
i=t+1
D, —tD;\?
S —

= S D2+ 7t(Dé _Dt)Q
s s—t ’

as claimed. O

Given an equitable partition P = {Cy, C1,. .., Ck} with exceptional set
Cy, define .
aP)=15 D, d(C.Cy).
1<i<j<k
It is easy to see that 0 < q(P) < 1/2 since d(C;, C;) < 1.

The function ¢(P) is a cornerstone in the proof of the regularity lemma.
We will show that if P is not e—regular, there is a partition P’ with the new
exceptional class a bit larger than the old one, but q(P’) > ¢(P) + €°/2.
Do this again if P’ is not e—regular yet. The number of iterations is thus
at most 1/€5 to guarantee occurrence of an e—regular partition. Without

loss of generality, we assume that 0 < e < 1/2 since if € > 1/2, one can take
M(e,m) = M(1/2,m).

Lemma 12.6 Let G be a graph of order n with an equitable partition P =
{Co, C1, -+, Cr} with exceptional class Cy. Suppose

G| = =|Ch| =c > 2" and 28 >8/é,
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and suppose P is not e—regular, then there is an equitable partition P’ =
{C§,C1, ..., Cy} with exceptional class Cy, O Co and £ = k(4% — 2k=1),
which satisfies

(1) |Cgl < [Co| +n/2%,

(2) a(P') > q(P) +¢€ /2.

Proofx. Separate all pairs (¢,5), 1 <i < j <k, of indices into S and T,
corresponding with that the pair (C;, C;) is e—regular or not, respectively.
For (i,7) € S, set C;; = Cj; = 0, and for (i,j) € T, set C;; € C; and
Cji - Cj with ‘Cij| > €c, |Cji‘ > €c, and

‘d(C”,CJZ) — d(CZ,CJM > €.

Note that the pair (Cj;,C};) are not “very close” to (C;,C;) by Lemma
12.4.

For a fixed i, 1 < ¢ < k, consider the equivalence relation = on C; as
for z,y € C;, x = y means = € C;; if and only if y € C; for any j # i. The
equivalence classes are atoms of algebra induced by Cj;, j # ¢. Note that
C; has at most 2¥~1 atoms.

Set d = |¢/4%|, then

d>2"1 and 4fd<c<4F(d+1).

Cut each atom in C; into pairwise disjoint d—subsets. Denote by z for the
maximal number of these d—subsets that one can take. Then

2d + 28" 1(d — 1) > ¢ > 4%d,

yielding z > 4% — 2F=1 Set H = 4F — 2F~1 We shall take ezactly H
such subsets and add the remainder to the “rubbish bin” to get a new
exceptional set C{. Label all these d—subsets as D;1, D;o, ..., D;g. Set
C(/) =CpoU [Ule (Cl \ UthlDih)] Then |Cé| < ‘Oo| + k:(c — Hd) Since

c

Hd > (4% — 2’“_1)(4? —1)>c

c i c
_2k+1_4 Zc_ﬁ

as ¢ > 2%+ we have |C})| < |Co| + ke/2F < |Co| +n/2%. Rename Dy, as
C%, 1 <j <{ where { =kH. Set P' = {C},C1,...,Cy}. All that remains
is to show ¢(P’) > q(P) + €°/2.

Fori,7 =1,2,...,k, set

a = UhH:1Dih and 07” = U{Dih D C Cl]}

Set partition P = {C{, C1, ..., Cr} with exceptional class C.
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Claim 1 ¢(P) > q(P) — €°/4.
Proof of Claim 1 For any pair (C;, C;),

N\ C- _ k _ 5
|CTC\¥|CZ| _c CHd _ (Zk—é_dli 1)Hd B 2% . % (12,1
By Lemma 12.4,
AT~ diC, Ol < (122)
Consequently
(LT (G )| < 5.

Hence d*(C;, C;) > d*(C;, C;)—€® /2, which implies that ¢(P) > ¢(P)—e’ /4
as claimed.

To illustrate what can be obtained in the proof, we shall use A C~ B
to represent for “A is contained in B and close to B”, and A C< B for “A
is contained in B but not close to B” . For a pair (i,j) € T, we have
(Cij, Cji) C= (Cy5,Cji)  CK (Ci,Cy)

(Cij, Cjia) c< (G, G)) c= (Cy, Cy).

So if (i,j) € T, it is expected |d(C;;,Cj;) — d(Cy, C;)| is almost as large as
|d(Cij,Cji) — d(Cy,Cy)| > e.

Claim 2 If (i,j) € T, then |d(C;;,Cj;) — d(C;, Cj)| > 12e.

Proof of Claim 2 Since C; = Cy; U (C; \ Cy;), and subsets D;j, in C; can
be classified into two types: these are contains in C};, which form Ci \ Cij,
and these out of C;;. so C;; \ Ci; C C; \ C;. Then from (12.1),

ICysl = |G| |Ciyl T 8
which and Lemma 12.4 give

4

‘ e}

|d(Ci5, Cji) — d(Cij, Cja)| < (12.4)

i

The definition of C;;, the bounds (12.2) and (12.4
e < 1/2 yield

with the fact that 0 <

j i Cj)l
> |d(Cyj,Cyi) — d(Cy, Cy)| — d(Ciy, Cjs) — d(Ciz, Ci)|

Y
m
[
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as claimed. O

Let us return to the partition P’ in which each class is a d—subset Djj,
except class C). It is easy to see that for any pair (C;, C;),

— 1
d(Ci, Cj) = T2 > d(Diu, Djy)
1<u,v<H
since |C;| = |C;| = Hd. Set
. 1
A(i,j) = i7e] Z d*(Dju, Djy).
1<u,v<H
Then from Cauchy-Schwarz inequality, for any pair (C;, C;), we have
A(i, §) = d*(Ci, Cy).

If (i,j) € T, we have some gain. Let R be the set of indices (u,v) such that
D, € Cij and Djv S Cji. Then

1
d(Cij, Cji) = 7| > d(Diu, Djy).
(

u,v)ER

So for (i,j) € T, from Lemma 12.5 and Claim 2,

- S ({pe——
A(Z,j) Z dQ(Ci, CJ) + .|H'72| (d(cl, CJ) - d(Cij, Cﬂ)

2
5=~ =  |R| [ 15e
> d (Ci,cj)"'ﬁ (16 .
Set H;j is the number of D;, € CTJ Then by (12.3)

Hijd = |Cy| —|Ciy \ Cij| = |Cy5] = |Ci \ Ci
(e =€ /8)|Ci] = (1 —27)e|Cyl.

Y

Since |R| = HijHj; and |C]|Cy| > (Hd)?, so if (i,5) € T, H > ((1 -
277)e)?, thus

AGd) = BT+ (-2 ()

AV
%
Q
Q
=
i
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Note £ = kH, we have
Yo Bz Y AGL)),
1<z<y<t 1<z<]<k

where in the inequality the summands of form d?(D;,, D;,) are ignored.
Then from what just obtained,

1 .. ..
oP) = 5| Do A+ Y AGI)
(i,4)€S (i,9)eT
1 2 A A 27 3 4
> 5| 2 PG+ > (LT + e
(i,5)€S (i,5)€T
o ST

Since P is not e—regular, so |T'| > ek?. From this fact and Claim 1, we
have 5 ) s
€ 36k €

completing the proof. O

Proof of Theorem 12.4 We shall use Lemma 12.6 repeatedly by
showing that at most t = |e~°] iterations will yield a required parti-
tion. Let ko be an integer such that kg > m and 27% < ¢°/8, and define
ki+1 = kz(4k1 — Qkiil). Set M; = ki23ki+2 and M = M.

Let G be a graph order n > m. We may assume that n > M since other-
wise the partition with each class being a singleton with empty exceptional

set will do. Let Py = {Céo), C§O)7 ey C,(Cg)} be an equitable partition with
IC0 = = [C0| = [n/ko). So |C§”| < ko < My/(2%0+2) < (e/2)n. It
Py is e—regular, we are at home. Otherwise, let P, = {C’él), C’El), cee C,(ci)}

guaranteed by Lemma 12.6. Then |C’él)\ < |C’éo)| + n/2k < en and
q(P1) > q(P) + €°/2. Continue the procedure, if P; is not e—regular yet,

so we obtain P,. Suppose we obtain P; with exceptional class C’éj ), then

CEPI <1 +nzR w270 ) < en,

and ¢(P;) > q(Po) +je 5. Thus j <t since q(P;) < 1/2, completing the
proof. a
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The size of the exceptional class may be larger than that of normal ones.
To see this, suppose m is much larger than 1/e¢, then the size of normal
classes is around n/k, which is much less than en. One of reformulations of
regularity lemma is as follows.

Theorem 12.5 For any real € > 0 and any integer m > 1, there exists
M = M(e,;m) > m such that every graph G on m > m wvertices has a
partition Cy,Cyq,---,Cy with |Cy| < |Co| < -+ < |Ck| < |Ch] + 1, and
m <k < M, in which all but at most ek?® pairs (C;,C;), 1 <i < j <k, are
e—regular.

Proof For given ¢ > 0 and m > 1, there is M > m and an equitable and
%—regular partition P = {Cy, C1,...,Cy} guaranteed by Theorem 12.4
with 1 < k < M. Since |Cy| < %n, thus | (1 — €2/4)n/k] < |C;| < n/k.
Partition Cy into k classes By, Ba, ..., B, such that |B;| = [|Cy|/k] or
|Bi| = [|Col/k]. Set C; = C; U B;. Then the sizes of any C; and C; differ
at most by one. We then prove that if a pair (C;, C;) is §7regular, then
(C},C}) is e—regular. So all but at most %k’z < €k? pairs in the partition
P ={C},C},...,C}} are e—regular.

In the remaining proof, we suppose that n is large enough, since other-
wise we take sufficiently large M7 > M, and let n > M;. For n < My, we
simply partition V(@) into singletons.

First at all, we see |C/| = |n/k] or |C]| = [n/k]. Let (C;,C;), 1 <
i < j <kbean éfregular pair. Suppose X! C C} with | X!| > €|C}|. Set

. . 2
Xl o, Bl [en/am] e

X5 X eln/k] 3
Hence by Lemma 12.4,
2
(X!, X)) — d(Xi, X;)| < §€ (12.5)
The sizes of C; and C are close,
. _ 2 2
Gl S A=/ nfk <
[e4 [n/k] 2
thus
|d(C;, C;) — d(C}, C))| < €2 (12.6)

Also, since that (C;, Cj) is %—regular and

X XX ()
€ >

il T IxIc] T3

e
3)°7 1

)
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we have

N

(X, X;) — d(Ci, Cy)| < <. (12.7)

Consequently, by inequalities (12.5), (12.6) and (12.7),

|d(X;, X5) — d(C}, C)
< (X5, XG) — d(XG, X5)| + (X5, X;5) — d(Ci, Cj)|
+d(Ci, C;) — d(C, C5))
< 2 + e+ i <e
- 3 4
So the pair (C], C7) is e—regular. O

Similar proof yields another formulation of the regularity lemma.

Theorem 12.6 For any real € > 0 and any integer m > 1, there exists
M = M(e,;m) > m such that every graph G on n > m vertices has a
partition Cy,Cq,---,Cy with |Co| < k—1, |Cy] = |Cs| = -+ = |Ck|, and
m <k < M, in which all but at most ek?* pairs (C;,C;), 1 <i < j <k, are
e—reqular.

The bound on M (e, m) given in Regularity Lemmas is enormous, unless
2

m is much larger than 1/¢, it is about 22 | where the height of the tower
may be up to 1/¢® since the iterations in proof. This seems to be very bad.
However, a celebrated result of Gowers (1997) proved that M (e, 2) grows
at least as a such tower of height about 1/ €!'/16. His argument is powerful.

Exercises
12.1 Try to show w(3) = 9.

12.2 Try to sketch the proof of Theorem 12.6. In particular, define the
function ¢(P) for a partition P.
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Chapter 13

Ramsey Linearity

13.1 Ramsey Linear Families

We now discuss Ramsey linearity. A family G of graphs is said to be
Ramsey linear if there exists a constant ¢ = ¢(G) > 0 such that r(G) <
c|[V(G)] for any G in G, where r(G) = r(G, G).

For dense graph G on n vertices, r(G) tends to grow exponentially in n.
For example, the extreme case of G = K, has r(K,,) lying roughly between
27/2 and 4" as discussed in previous Chapters. However, for relatively
sparse graphs, r(G) grows much more modestly. A particular class which
has been investigated from this perspective is the class of graphs G having
n vertices and maximum degree at most A, where A is fixed. This section
contains a well known application of the regularity lemma of Chvatal, Rodl,
Szemerédi, and Trotter that the family of graphs with bounded maximum
degrees is Ramsey linear. Their result does not cover the subdivided graphs,
which will be discussed in the next section.

In last section of the chapter, we return to Ramsey goodness, which is
a topic in Chapter 1. All results on Ramsey goodness can be viewed as
the generalizations of Chvdtal result that r(T,,, K,,) = (n—1)(m —1)+1,
proved in Chapter 1.

Usually, the regularity lemma is applied for large, dense graphs, which
is exactly the case in Ramsey graphs with fixed number of colors. We shall
denote the maximum degree of a graph G by A(G).

A simple lemma that is needed in the proof for the major result is as
follows.

Lemma 13.1 Let (A, B) be an e—pair of density d € (0,1], and Y C B
with |Y| > €|B|. Then there exists a subset A’ C A with |A’| > (1 —€)|A]|,

249
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each vertex in A’ is adjacent to at lease (d — €)|Y'| vertices in'Y.

Proof. Let X be the set of vertices with fewer than (d — €)|Y| neighbors
inY. Then e(X,Y) < (d — €)|X||Y], so d(X,Y) < d — €. Since (A, B) is
e—regular, this implies that | X| < €| A|. O

Theorem 13.1 For any integer A > 1, there exists a constant ¢ = ¢(A) >
0 such that if G is a graph on n vertices with A(G) < A, then r(G) < cn.

Proof. Let A > 1 be a fixed integer. Let m be an integer and ¢ =
1/(6m) such that m > r(A+1,A+ 1) and

(1—Ae)(1/2—€)?m>1 hence (1—Ae)(1/2—¢€)" >

Let M = M(e,2m) > 2m be the integer determined by e and 2m in the
regularity lemma. Finally, let ¢ = mM that is constant determined com-
pletely by A. We shall show that if G is a graph of order n with A(G) < A,
then 7(G) < cn.

Consider an edge coloring in two colors, red and blue, of complete graph
K, on vertex set V. Let H be the graph spanned by red edges on V. Then
the graph spanned by blue edges is H, the complement of H.

Since H has cn > 2m vertices, from Regularity Lemma, there is a
partition {C1,Cs, -+, Cx} of V with ||C;| —|C}|| <1, and 2m < k < M, in
which all but at most ek? pairs (Cy, C;), 1 <i < j <k, are e—regular. Let
H, be the graph on vertex set {1,2,...,k}, in which (4, 7) is an edge if and
only if (C;, C;) are e—regular. Then the number of edges of H; is at least

k —1k2
- EkQ Z o Y Z tﬂ’L(k)'
2 m 2

By Turdn’s theorem in Chapter 8, ex(k; Ky,) = tm—1(k) <t (k), so Hy
contains a complete graph Ha on m vertices. Color an edge (i, 7) of Hy green
if d(C;,C;) > 1/2, or white if d(C;, C;) < 1/2. Since m > r(A+1, A+1), so
H, contains a monochromatic complete graph Hz on A+1 vertices, without
loss of generality, suppose that Hj is green for otherwise we consider the
graph H. By relabelling the sets in the partition if necessary, we assume
that the vertex set of Hs is {1,2,...,A 4+ 1}. Thus we assume that for all
pairs (C;, C;) with 1 <1 < j < A+1, are e—regular, and dg(C;, C;) > 1/2.

Note that if Y; C C; with |Y;| > (1—A€)(1/2—€)?|Cy|, then |Y;| > €| O],
which is the preparation for using Lemma 13.1, and

Yil = (1 -29(1/2- T =,
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which will give us enough space to turn around. Assume that V(G) =
{u1,ug,...,un}t. We shall show that the red graph H contains G as a sub-
graph constructively. We will choose vy, vs, ..., v, from the sets Cq,...,Cat1.
Since the coloring number of G is at most A+1, so V(G) can be partitioned
into A+1 coloring classes, this defines amap o: {1,...,n} — {1,...,A+1},
where o (i) is the index of the color of vertex u;. Our aim is to define an
embedding u; — v; € Cy(;), such that v;v; will be an edge of H whenever
u;u; is an edge of G.

Our plan is to choose the vertices vy, ..., v, inductively. Throughout
the induction, we shall have a target set Y; C Cy(;) assigned to each i.
Initially, Y; is the entire Cy(;). As the embedding proceeds, Y; will get
smaller and smaller. Some vertices will be deleted in procedure. But any
Cy (i) will really have some vertices deleted at most A times. To make this
approach work, we have to ensure Y; do not get too small.

Let us begin the initial step. Set

Ylo = Cg(l), YQO = Co’(2)7 B Yw? = CU(“)'

Note that Y% and on are not necessarily distinct sets.

We then begin the the first step by considering u;, which will be selected
from Y, and its neighbors, u,, . . . ,ug, say. Suppose that the degree of u;
is d. By using Lemma 13.1 repeatedly, we know that there exists a subset
Y €YY with [V > (1 — de)|Y| > n, such that each vertex in Y{' has to
least (1/2*6)|Y}0| neighbors in on, where j = «, ..., 3. Choose an arbitrary
vertex v from Y!. For j = ..., 3, define le be the neighborhood of vy
in on. For j > 2,57 # «,..., (3, define le = on, that is, no vertices are
deleted from such Y]—O. In this step, v; has been chosen and it completely
adjacent to le in H whenever u; and u; are adjacent in G.

In a general step, we consider w; and its neighbors. We will choose
u; from Yii_l. Suppose that u; has d; neighbors in {uj,...,u;—1}, and
dy neighbors, ua,...,ug, say, in {u;41,...,un}. Then d; +dy < A, and
V7Y > (1/2 — €)% |Y?|. That is to say, the current set Y;'' are ob-
tained from Y by deleting some vertices d; times before this step. By
using Lemma 13.1 repeatedly again, we have a subset Y; C Yii_1 with
Y| > (1—dge)[Y; ™| so that each vertex in Y} has at least (1/2— €)Y
neighborhood in infl, where j = «, ..., 3. Since

Yil> Q= om Y > (1—oh(1/2— de)lYy)
> (1-A(1/2— ()]
> n,
we can choose a vertex v; from Yii, which is distinct from vy, ..., v;_1 those

have been chosen before this step, and some may be from Y. For j =
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a,...,[3, define YjZ to be the neighborhood of v; in infl. For j >i+1,5#
Q,...,[3, define in = Yj"*l, that is, no vertices are deleted from such infl.
Note that v; is adjacent to any v;, where j < ¢ and u; is adjacent to u;,
and v; is completely connected with each set in, in which a neighbor of v;
will be selected after this step.

It is easy to check that the condition for using Lemma 13.1 can be
satisfied since (1 — Ae€)(1/2 — €)™ > e. We thus finished the general step
hence the proof. |

The result just proved can be generalized to multi-color Ramsey num-
bers as follows.

Theorem 13.2 For any fized positive integers s and A, there exists a con-
stant ¢ = ¢(s,A) > 0 such that rs(G) < cn for any graph G of order n with
A(G) < A.

The proof uses the following form of Regularity Lemma. In fact, a
special case, in which the edges of a complete graph is colored in several
colors, is needed for above theorem.

Theorem 13.3 (Many-Color Regularity Lemma) For any real € > 0
and any positive integers m and s, there exists M = M(e,m,s) > m such
that if the edges of a graph G on m > m wvertices are colored in s col-
ors, all monochromatic graphs have a same partition Cy, Cy, - -+, Cy that is
e—regular with exceptional set Cy satisfying m < k < M.

Proof. Using the original proof, but modify the definition of ¢(P) by
summing the indices over each color: for a partition of V(G) into P =
{Cy,C1,- -, Cy} with exceptional set Cy, let

WPy =53 Y B0,

=11<i<j<k
where d¢(C;, C;) is the edge density in the /—th color. O

A problem needed to consider is that the huge constant obtained in
Theorem 13.1 by using regularity lemma. Some improvements on the con-
stant have been down by Eaton (1998); and further by Graham, Rédl, and
Ruciniski (2000), in which they showed that the constant can be bounded
above by 264008 8)*: Kostochka and Rédl (2001) gave some smaller constant
for some special bipartite graphs, and they (2004) gave a very reasonable
constant.
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Let d be a positive integer. A graph G is called d—degenerate if any
subgraph of G has minimum degree at most d. The following conjecture is
made by Burr and Erdés (1973).

Conjecture 13.1 The family of d—degenerate graphs is Ramsey linear.

There are two prominent families included in the above conjecture: the
family of planar graphs and that of subdivisions, whose maximum degrees
are not bounded. A graph G is called a subdivision of H if it is obtained by
replacing each edge of H by a path; and G is called an essential subdivision
of H if the length of each subdividing path is two. An essential subdivision
of Kj has k + (g) vertices and 2(’;) edges, and it is 2—degenerate with the
maximum degree k.

Chen and Schelp (1993) made a generalization of Theorem 13.1. In
particular, they showed that the family of planar graphs is Ramsey linear.
In the next section, we will see that how Alon proved that the family of
essential subdivided graphs is Ramsey linear with an appropriate constant.

13.2 Subdivided Graphs

The following result is due to N. Alon (1994), whose original constant
was 12. The improved constant 6 is due to Li, Rousseau, and Soltés (1997).
Note that if G is an essential subdivided graph, then all vertices on G of
degree at least three are independent.

Theorem 13.4 If G is a graph of order n > 3 in which all vertices of
degree at least three are independent, then r(G) < 6n — 12.

Corollary 13.1 The family of essential graphs is Ramsey linear.
We need two lemmas for the proof.

Lemma 13.2 Let G be a graph without isolated vertices. Then
T(K?n G) S 3Qa

where q is the number of edges of G.
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Proof. For ¢ = 1, the assertion is trivial. It is easy to see that if
T(Kg,Gl) S ’/‘(K3,G2), then

’I"(Kg,Gl U GQ) < T(K3,G1) + ’I"(Kg,GQ),

so we may assume that G is connected and ¢ > 2.

Suppose to the contrary, there is a graph G on n vertices and ¢ edges,
where ¢ is minimal such that r(K3,G) > 3¢. Let us write N = 3¢. From
the definition, there is a red-blue edge coloring of Ky on vertex set V
such that there is neither red K3 nor blue G. Denote by R and B for the
subgraphs on V' with edge sets consisting of all red edges or all blue edges,
respectively. Note that for any vertex u € V, degp(u) < n — 1 since R is
triangle-free thus the subgraph induced by Ng(u) is completely blue.

Let § = 6(G) > 1 be the minimum degree of G, and let G’ be the
subgraph of G by deleting a vertex v of degree . By the minimality of ¢,
we have r(K3,G') < 3(¢ — ¢) < 3¢ thus B contains G’ as a subgraph. Let
X C V be the subset of vertices not belonging to V(G’) in B. Since B
contains no G and degq(v) = § > 1, so each vertex u € X is adjacent to
at least one vertex in Ng(v) in R. However, each vertex in Ng(v) can be
adjacent to at most n—1 vertices of X in R, so |X| = N—(n—1) < d(n—1),
implying N < (6+1)(n—1), which with the fact that én < 2gandn—1<g¢q
yields

which is a contradiction. O

The above lemma has been improved as (K3, G) < 2¢+ 1 by Sidorenko
(1993), and Goddard and Kleitman (1994), which was conjectured by Harary.
Another lemma for the proof of main result is as follows.

Lemma 13.3 Let m > 1 and n > 2 be integers. Then
r(Kp,mKs) =n+2m — 2.

Proof. The graph K,,_a+Ko,,_1 does not contain K,, and its complement,
K,_2UKo,,_1 does not contain m independent edges. Hence r(Kp,mKsy) >
n+2m — 2.

On the other hand, let G be a graph of order n + 2m — 2 that does
not contain K,. We shall prove that G contain m independent edges by
induction on m. This is clear if m = 1. For general m > 2, by deleting a
pair of non-adjacent vertices u and v, which form an edge in G, we have
a graph H of order n + 2(m — 1) — 2, which does not contain no K,,. By
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induction hypothesis, the complement of H contains m — 1 independent
edges, which with the edge uv give m independent edges of G. O

Recall that r(K3,,) < 4n — 2 and the equality holds for infinitely many
n, proved in Chapter 8.

Proof of Theorem 13.4. With the fact 7(K3) = 6, we may assume
that n > 4. We also assume that G is not a subgraph of Kj ,,_o by the
upper bound just mentioned. Let V = {vy,va,...,v,} be the vertex set of
G, without lose of generality, let

I={vy,va,...,0} CV

be a maximal independent set containing all vertices of degree at least three,
where m < m. Since I is maximal, each vertex in V \ I has at least one
neighbor in I. Thus each component C' of G — I is a single vertex or an
edge. If C is a single vertex, it has either one or two neighbors in I; and if
C is an edge, then each of its end-vertices has exactly one neighbor in I.

We now define a new graph H with vertex set V(H) = {1,2,...,m},
and {¢,j} is an edge of H if v; and v; are commonly in the neighborhood
of some component of G — I. Since there are less n components of G — I,
thus |E(H)| < n. Consider a red-blue edge coloring of complete graph
of order 6n — 12 on vertex set U = {uy,us,...,usn—12}. Denote by R
and B for the subgraph with vertex set U and edge set consisting of all
red edges or all blue edges, respectively. By symmetry, we may assume
that at least half of the vertices in U have red degrees at least 3n — 6.
Therefore there is a subset U; C U, say U; = {ui,usg,...,Usn—g}, such
that |Ng(u;)] > 3n —6 for 1 <i < 3n — 6. We then define a yellow graph
Y on vertex set U; with u; and u; are connected by a yellow edge if and
only if |[Ng(u;) N Ng(u;)| > n — 3.

We claim that the independent number of the graph Y is at most two.
In fact, if uy,us and uz are independent in Y, then

3
|U Ng(u;)|
3

3
> INk(u)| = Y INa(ui) 0 Na(u)|+ ] () Na(u))]
=1

1<i<j<3 i=1
3(3n—6) —3(n—4) > 6n — 12,

Y

a contradiction. Then by the fact from Lemma 13.2, we know that Y
contains H as a subgraph including all isolated vertices since Y has enough
vertices.
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Therefore, by the definitions of H and Y, we obtain a subset
I = (0. ..} C Uh

with [Ng(vj)| > 3n — 6 for 1 <i < m, and |Ng(v;) N Ng(v})| > n — 3 if
both v; and v; are commonly in the neighborhood of some component of
G -1

We shall seek to embed G into red graph R such that v; — v} for
1 < i < m. Suppose that we have constructed the appropriate embedding
of some components of G — I. We now wish to extend this embedding to
one more component C.

Case 1. C' = {v} is a single vertex.

Subcase 1.1. v has two neighbors v; and v; in I with 1 < ¢ < j <
m. Since we have chosen at most n — 3 vertices previously that are not
all in Ng(vi) N Ng(vj) as G € Ks 52, there is at least one vertex in
Nr(v;) N Ng(v;) left that can be chosen for v.

Subcase 1.2. v has only one neighbor v} in I. Simply take any vertex
that has not been chosen in Ng(v}).

Case 2. C'is an edge e.

Subcase 2.1. Two end-vertices of e have a common neighbor v; in I with
1 <7 < m. We can choose any red edge in NR(vg) for e. If no such red
edge available, then Ng(v]) induces a complete blue graph of order at least
3n — 6 > n. We thus have a blue graph G.

Subcase 2.2. Each end-vertex of e has a (different) neighbor v; and v; in
I with 1 <7< j <m. We seek a red path of length three with end-vertices
v; and v}, and one internal vertex in Ng(v;) and one in Ng(v}), which have
not been chosen previously. Suppose that no such path exists, then any
edge between Ng(v;) and Ng(v}) is blue unless one of its end vertices has
been chosen previously. We shall construct a blue G in another way. Let
W be the set of vertices chosen so far in the embedding of G into red graph
R, then |[W| <n —4. And let

X = (Nr(vj) N Ng(v))) \ W,
Y = Ng(v)\ (WU Ng(v))),
Z = Ng(vj)\W.

We may assume that |X| < n — 1 since otherwise we have a complete
blue graph induced by X of order at least n hence a blue G. Since Y =
Nr(v)\(WUX) and [WUX| < 2n—5,s0 |Y| > 3n—6—(2n—5) = n—1. Also
|Z| > 3n—6—(n—4) = 2n—2. By Lemma 13.3, r(K,, (n—1)K3) = 2n—4,
we assume that there is a blue matching M of size n—1 in Z. Take a subset
J CY with |J| =|I| = m < n. Then all edges between J and M are blue.
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We can use J and M to construct a blue G with J corresponding to I. This
completes the proof. O

The similar proof yields the following result.

Theorem 13.5 Let d be a positive integer. Let F be a family of graphs
G that contain an independent set I such that each component of G — I
contains at most d vertices and has at most two neighbors in I. Then F is
a Ramsey family.

13.3 Ramsey Goodness

Recall Chvavtal result in Chapter 2
(T, Kpn)=(m—1)(n—1)+1,

where T,,, is a tree on m vertices.

Burr (1981) generalized Chvétal’s result in the following way. Denote
by s(G) for the minimum number of vertices in a color class among all
proper vertex colorings of G with x(G) colors and call s(G) the chromatic
surplus. For example, s(K,) =1, s(C2y,) = m and s(Copmy1) = 1.

Theorem 13.6 Let G be graph with x(G) = k and let H be a connected
graph of order n > s(G), then

r(G,H) > (k—1)(n—1)+ s(G),
where s(G) is the chromatic surplus of G.

Proof. Let s = s(G) and N = (k—1)(n—1)4+s—1. Color the edges of K
red and blue such that the blue graph is isomorph to (k —1)K,,_1 U K,_1,
so it contains no H. The chromatic number of the red graph is k, and
the smallest vertex color class has size s — 1, so it contains no G. Thus

r(G,H) > N + 1 as desired. O

In view of the general lower bound in Theorem 13.6, we describe the
connected graph H of order n > s(G) as G— good if

(G, H) = (x(G) = D(n —1) + s(G).

A Kj—good graph is also called a k—good graph. It was conjectured by
Burr and Erdés that for a fixed k, any large sparse graph is k—good. So
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any tree is k—good, but the edge density of a tree is less than 1. We shall
prove F,, is 3—good, where F;, = K; + nK> is an n—fan, or a friendship
graph, see Chapter 9. Let us have a lemma first.

Lemma 13.4 For any integer n > 1,
r(Ks3,nKz) = 2n+ 1.

Proof. The graph Kj o,_1 gives 7(K3,nK3) > 2n + 1. For the inverse
inequality, we use induction on n. Since r(K3, K2) = 3, so we suppose that
r(Ks3,nKs) <2n+ 1. Let N = 2n + 3. For any coloring of edges of Ky in
red and blue. Assume that there is no red K3, then there is at least one
blue edge uv, say. Deleting vertices v and v, we have a two colored Ky _a,
in which there is no red K3. Since N — 2 = 2n + 1, by induction, we get a
blue nK5, hence a blue (n + 1) K> together with the blue edge uv. O

The following result is due to Li and Rousseau (1996).
Theorem 13.7 Let n > 2 be an integer, then F,, is 3—good, that is
r(Ks, F,) =4n+ 1.

Proof. Theorem 13.6 again yields r(K3, F,,) > 4n + 1. We then verify
the inverse inequality. For an arbitrary two-coloring of edges of Kyy41,
let R and B be the subgraph induced by all red edges and all blue edges,
respectively. Suppose that R contains no K3 and B contains no F;,. For
any vertex u, the absence of K3 implies that Ng(u) induces a complete
graph in B, and thus |[Ng(u)| < 2n. Also, by Lemma 13.4, the absence of
a blue F,, implies |Np(u)| < 2n. It follows that both graphs R and B are
regular of degree 2n.

Suppose that u and v are adjacent in R. Then Ng(u) and Ng(v) are
disjoint sets, each inducing a complete graph in B of order 2n, and Ng(u)N
Np(v) has a single vertex, which we denote by w. If w were adjacent
to one or more vertices of Nr(u) or to one or more vertices of Ng(v),
there would yield a blue F,,. It follows that the degree of w in B, already
determined to be 2n, is 2, hence n = 1, a contradiction. This proves that
r(Ks, F,) <4n+ 1. O

We have seen that any tree T is k—good and F,, = K7 +nK> is 3—good
if n > 2. We shall discuss Ramsey goodness more in this section. Bondy
and Erdds (1973) proved that a long cycle (hence a long path) is C,,, good
and K, (t)—good. Particularly, they obtained

2n—1 G =Comt1, n>(m~+1)2m +1);
r(G,Cp) =< n+m-—1 G = Copm, n > 4m?> —m + 2;
(m—=1)n-1)+1 G=K,, n>m?—2.
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Burr (1981) generalized the above results from C,, to a graph H that
contains a long suspended path. A path of H is called suspended if the
degree of each internal vertex is two.

Lemma 13.5 Let G be a graph of order m. Let H be a connected graph of
order n that contains a suspended path of length £. Let G1 be a graph from
G by deleting an independent set of t vertices, and let Hy be a graph from
H by shortening the suspended path by 1. If £ > (m —2)(m —1t) +t + 1,
then

r(G,H) < max{r(G, Hy), r(G1,H) +n — 1}.

Proof. For m = 1 or m = 2, the assertion holds trivially. So we assume
that m > 3. Write the right-hand side of the above by N. Consider a
red-blue edge coloring of K. We shall prove that there is either a red G
or a blue H. Since N > r(G, Hy), we are done unless there is a blue H;.
Delete n — 1 vertices of this blue Hj, there are at least r(G1, H) vertices
left, so we may assume that there are a red G;. Thus we obtain a blue H;
and a red Gy. Let X and Y be their disjoint vertex sets with |X|=n —1
and |Y| = m — t, respectively.
The blue H; has a suspended path with ¢ vertices, say

X' ={z1,22,..., 24} C X

in order. Write X" = {x1,x2,...,2¢-1} C X'. For any y € Y, consider all
£—1 edges between y and X”. We assume that no two consecutive edges yx;
and yx; 41 are both blue, since otherwise we have a blue H. Furthermore,
suppose that m — 1 of these edges are blue, say yx;,,yZi,, ..., yZi,_, are
blue. Consider any edge Ti ;4145415 if this edge is blue, we have a blue H
with the new suspended path

xo-. .- -Tijyxikxik_l .. 'l'ij+1$ik+1 NN /R

If all edges @, y1%;,+1 are red, then x; 11, %iy11,..., %, ,+1 and y will
form a red K,, hence a red G. Consequently, we may assume that any
y € Y is connected with X" in at most m — 2 blue edges. Therefore there
are at most (m — 2)(m — t) blue edges between Y and X”. Hence at least

—1—(m—-2)(m—1t)>1

vertices in X’ are connected with each vertex of Y in red completely. These
vertices and Y yields a red G, completing the proof. O
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Theorem 13.8 Let G be any graph and let H be a connected graph of order
p. Choose an edge of H and form a sequence of graphs H,, by putting n—p
extra vertices to that edge. If n is sufficiently large, then H, is G—good.

Proof. Set k = x(G), s = s(G) and m = |V(G)|. We shall use the
induction on k to show that r(G,H) = (k — 1)(n — 1) + s for sufficiently
large n. The assertion is trivial for k = 1 since 7(K, H,,) = s if n > 2, so
we assume that &k > 2 and the assertion holds for kK — 1. Note that H,, has
a suspended path of length n — p 4+ 1, which would yield graph H,_1 by
shortening the suspended path by 1. Let H,, and H,_; play the roles of
H and H; in Lemma 13.5. Consider a vertex coloring of G with k colors
such that there is a color class with s vertices. Let ¢ > s be the number
of vertices in some other color class and let G; be the graph from G by
deleting those t vertices. Applying Lemma 13.5, we have

r(G, Hyp) < max{r(G,H,_1), r(G1,H,) +n—1}.

By the induction hypothesis, 7(G1, Hy,) = (k —2)(n — 1) + s when n > ny
for some ng > p. Consequently, for n > ng,

(G, Hy) < max{r(G, Hy—1), (k —1)(n — 1) + s}.
Using Lemma 13.5 repeatedly, we have
r(G,Hp—1) < max{r(G,H,_2), (k —1)(n — 1) + s},
and

r(G, Hy) max{r(G, H,—2), (k —1)(n — 1) + s}

<
< max{r(G, Hy,), (k—1)(n— 1) + s}

for all n > ng. Hence if (k —1)(n—1) 4+ s > r(G, Hy, ), then
r(G,Hp) = (k—1)(n—1) +s,

completing the proof. |

Recall that a graph H is called a subdivision of F' if it is obtained by
replacing each edge of F' by a path. We shall say that H is homeomorphic
to F' if they have isomorphic subdivisions.

Theorem 13.9 Let G be a graph and let H be a connected graph. Let H,
be a graph of order n which is homeomorphic to H. Then if n is large
enough, then H, is G—good.
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Proof. Let k = x(G), s = s(G), m = |V(G)| and p = |V(H)|. We shall
proceed the proof by induction on k as that in the proof of Theorem 13.8.
The assertion is trivial for kK = 1, so we assume that k£ > 2 and the assertion
holds for k — 1. If H has q edges, then H, has a suspended path of length
at least (n — p)/q + 1. Let H,_1 be formed from H,, by shortening the
suspended path by 1 and let G; be a graph as defined in the proof of
Theorem 13.8. Therefore, if (n —p)/q+1> (m —2)(m —t) +t+ 1, then
Lemma 13.5 gives that

r(G, H,) <max{r(G, H,—1), 7(G1, H,) + n — 1}.

Applying the induction hypothesis on r(Gy, Hy,), we know that there is
some ng > p, such that for all n > ny,

r(G, Hy,) < max{r(G,H,_1), (k —1)(n — 1) + s}.
The proof concludes as before. o

Let G be a fixed graph. We may wonder whether or not a enough
sparse large connected graph is G—good. The answer for general graph G
is negative such as G = C}y.

Recall graph G constructed by Erdés, Rényi, Sés and Brown in Chapter
9. The order of G, is ¢ +q+1. G, contains no Cy as a subgraph. From the
fact that each vertex has a degree q or ¢ + 1, we know that the maximum
degree of G, is ¢®. Hence for n = ¢ + 1,

r(Ce, K1) >n+vn—1+1.

Parsons in fact proved that the equality holds as we have seen in Chapter
9. The above lower bound means that r(Cy, K1,,) # n + 2 for n = ¢® + 1.

Proposition 13.1 The star K1, is not C4—good for n = ¢* + 1.

Theorem 13.10 Let G be a graph without isolated vertex and let H be a
connected graph. If H is not G—good, then it is not (K1 + G)—good.

Proof. Set k = x(G), s = s(G) and n = |V(H)|. Since H is not G—good,
sor(G,H) > (k—1)(n—1)+s+1, there is a graph F of order (k—1)(n—1)+s
such that F' contains no G and its complement contains no H. It is easy
to see that K,_; + F contains no K; + G and its complement contains no
H, thus r(Ky +G,H) > k(n — 1)+ s+ 1so H is not (K1 + G)—good. O

Denote by W,,, = K7 + C,,, which is called a wheel. We have seen that
a large star is not Cy—good, so we know that for a fixed & > 1, any large
star is not (Kj + C4)—good. In particular, a large star is not Wy—good.
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However, we can find some star-like graphs are G—good for any G. Be-
fore giving a result, we define the upper chromatic surplus 3(G) as maximum
number of vertices in a color class among all proper vertex coloring of G
using x (@) colors. Clearly, 5(G) > s(G). Also, a pendant edge of a graph
H is an edge that has an end vertex of degree one.

Theorem 13.11 Let G be any graph without isolates and let H be a con-
nected graph of order p > §(G). For anyU C V(H) with |U| = 5(G), let H,,
denote the class of graphs obtained from H by adding n — p pendent edges
joining with vertices in U. If n is sufficiently large, then H,, is G—good for
some H, € H,.

Proof. Let k = x(G) and s = s(G). We shall prove that for some H,, € H,,,
r(G,Hp) < (k—1)(n—1)+s

if n is sufficiently large. For k = 1, G = K; and the assertion is trivial.
Here we admit that the only vertex in K; is not an isolate. Suppose that
k > 2 and the assertion holds for £ — 1. Consider a vertex coloring of G in
k colors with color classes C1,Cs, ..., Cy satisfying

s=|C1| < |Col < ... < |Ch| < 5(G).

Denote by G’ for the graph from G by deleting Cy. Then x(G') = k — 1
and s(G’) = s. By the induction hypothesis, there exists N > 0 such that
if n > N we can find some specific H' € H,, that is G'—good, namely

r(G' H)=(k—2)(n—1)+s.

Take N7 > N such that (kK —1)(Ny — 1)+ s > (G, H). For n > Nj set
g = (k—1)(n—1)+ s and let (R, B) be an edge-coloring of K, in red
and blue. We want to show that either G C (R) or H" C (B) for some
H" € H,.

Suppose to the contrary, that (R) contains no G and (B) contains no
any member of H,,. Since ¢ > r(G, H), we have H C (B). We thus assume
that there is some m with p < m < n such that (B) contains some member
of H,, but no member of H,,+1. Then there is a partition X UY of vertex
set K, with |X| =m and

Y|=¢g—m>((k—-2)(n—1)+s=r(G' H)

such that (X)p (the blue graph induced by X) contains some member
of H,, and all edges zy with z € U C V(H) C X and y € Y are red.
Since (Y)p contains no H', so (Y)gr contains G’. Finally from the fact
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|U| = 3(G) > |Cy|, we obtain a red G. This contradiction completes the
proof. O

We have seen that any tree is k—good for any k, and a long path is
G—good for any fixed G. Negatively, all large star is not Cy—good. So
we do not expect that a large sparse graph is G—good for a non-complete
graph G. But we may believe that r(G, K7 ,,) achieves the maximum value
among all (G, T,), where T,, is a tree of n edges.

However, for fixed k and d, if H is d—degenerate, then r(Ky, H) grows
linearly on the order of H.

Theorem 13.12 Let k and d be fized positive integers. There exists a
constant ¢ = ¢(k,d) > 0 such that for any d—degenerate graph H of order
n?

r(Kg, H) <cn.

proof. For k = 1, the assertion is trivial. Noting the fact that r(Ky, H) =
n, we recursively define a sequence of constants {¢;} by setting co = 1 and
¢ = dcg—1 + 1 for k > 3. We shall prove that r(Ky, H) < ¢xn. Suppose
to the contrary that there is a red-blue coloring of edges of K, where
N = ¢gn, that contains neither a red K nor a blue G. Moreover, suppose
k > 3 is the smallest integer with this property. If the colored Ky has a
vertex v incident with at least c¢x_1n red edges, since r(Ky_1, H) < cx_1n
with the choice of k, then we obtain a blue H or a red Kj;_; extendable to
a red K} by the addition of v. Both cases violate our assumption. Thus
each vertex is incident with at most ci_1n — 1 red edges.

Now we shall show that any d vertices have at least m common blue
neighbors. To see this, fixed d vertices and remove them and their red
neighbors. Since each vertex is incident with at most cy_1n—1 red edges, we
delete at most dcy_1n vertices. The remaining set, which is the intersection
of blue neighborhoods of fixed vertices, contains at least cxn — dcy_1n =n
vertices.

Since H is d—degenerate, we may set V(H) = {v1,va,...,v,} with the
property that any vertex v; has at most d neighbors in {vy,...,v;—1}. Let
H,, be the subgraph of H induced by {v1,...,vm,}. Since the colored Ky
contains neither red K} nor blue H, we may assume that m is the largest
integer such that a blue H,, exists with 1 < m < n — 1. However, v,41
has at most d neighbors in {v1,..., v}, we can easily obtain a blue H,, 1
since any d vertices have at least n common blue neighbors, and fewer than
n of them have been used. This is a contradiction. O

Let us conclude this section with a conjecture of Burr and Erdés (1983).
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Conjecture 13.2 If k and d are fixed, then all sufficiently large connected
graphs with average degree of any subgraph no more than d are k—good.

Exercises

13.1 Let a, b, k be positive integers and let Gy, - - - , G, be graphs of order
n. If in each G; the number of vertices with degrees greater than a is at most
b, then there exists a constant ¢ = ¢(a, b, k) such that r(Gy,---,Gk) < cn.

13.2 Complete the proof of Theorem 13.5.
13.3 Prove that B,, is 3—good for n > 2.
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Chapter 14

Size Ramsey Numbers
and Other Variants

14.1 Size Ramsey Numbers of K, and P,

Ramsey’s theorem has inspired many striking and difficult problems.
There are a lot of variations. We discuss some of them in this chapter. We
shall begin with reviewing the definition of Ramsey numbers in a variant
way.

For graphs G, G and Ga, let

G — (Gl,Gg)

signify that in any coloring of E(G) in red and blue, there is either monochro-
matic red Gy or a monochromatic blue G5. With this notation, we know
that the Ramsey number r(G1,Gs) is the smallest N such that Ky —
(Gl, Gg) Clearly,

r(G1,G2) = min{N: Ky — (G1,G2)}
min{|V(G)| : G — (G1,G2)},

in which the second equality holds since G — (G1,G2) implies Ky —
(G1,G2) with N = |[V(G)|. As the number of edges in a graph G, denoted
by e(G), is often call the size of the graph, Erdés, Faudree, Rousseau and
Schelp (1978) introduced an idea of measuring minimality with respect to
size rather than order of the graphs with G — (G1,G2). The size Ramsey
number #(G1,G2) is defined as

7(G1,G2) = min{e(G) : G — (G1,G2)}.

267
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Directly from the definition, we know that the upper bound #(G1,G2) < ¢
is equivalent to the existence of a graph G of size ¢ such that G — (G, Gs);
and the lower bound 7#(G1, G2) > ¢ is equivalent to that for any graph G of
size ¢, there is a coloring of F(G) in red and blue, such that there is neither
red G nor blue G3. Here the existence arguments appear in the proofs for
upper bound of #(G1, G2), which is different from that for Ramsey number
r(G1,G3). Needless to say, an edge coloring in two colors is equivalent to
a partition of edge set into two subsets.

Lemma 14.1 For any graphs Gy and Go,
H(Gh, Gy) < (”G; G2)>.

Proof. Set r = r(G1,G2). Then K, — (G1,G3), so

PGy, Ga) < e(K,) = (;)

a

The following result is due to Chvatal, reported in Erdds, Faudree,
Rousseau and Schelp (1978), which indicates that the problem is not new
if both G; and G5 are complete graphs.

Theorem 14.1 For positive integers m and n, let r = r(K,,, K,,), then

(K, Kp) = (;)

Furthermore, if G is a connected graph with e(G) < (;) such that G —
(K, Ky), then G = K.

Proof. Let us begin with an observation. Let the edge set of a graph G
be colored in red and blue and let v and v be two non-adjacent vertices
of G. Consider the induced edge colorings of graphs G — u and G — v.
If there is neither a monochromatic K,, in G — u nor a monochromatic
K, in G — v, then the same is true in G. The reason is simple. Any
assumed monochromatic complete graph in G cannot contain both u and v,
since these two vertices are not adjacent. Hence, any such monochromatic
complete graph would appear in the induced coloring of either G — u or
G —w.

Set R = (;) Let G = (V, E) be a connected graph of size ¢ with ¢ < R.
We shall prove the following claim first.



14.1. SIZE RAMSEY NUMBERS OF Ky AND Py 269

Claim. If G # K,, then G 4 (K, K,,).

We use induction on order p of G. The claim is certainly true for
p < r = r(Ky,,K,), since K, / (K, K,) induces a coloring of G for
G 4 (K, K,). So we assume that p > r. Since ¢ < R and G # K,., we
know that G is not a complete graph. Let u and v be two non-adjacent
vertices of G and set

W =V \{u,v}, H=G — {u,v}.

If there exist red-blue edge colorings of G —u and G — v, respectively, which
agree on H, such that there is neither red K, nor blue K,, then, by the
observation made before, G 4 (K,,, K,,). The proof is then to establish
such an edge coloring.

Let X = Ng(u) U Ng(v). Denote by H' for the graph obtained from H
by adding a new vertex x and joining x and each vertex in X. That is to
say, the vertices u and v are contracted to a new vertex x in G. Note that
the order of H' is p — 1 and its size is at most q.

For the reasons which follow, we may assume H' # K,, where r =
r(Km, K,). In fact, if H' = K, then H = K,_; and X = W. It is clear
N(u) N N(v) = 0 since ¢ < R. By taking w € W with dist(u,w) = 2 so
w € N(v), we may simply consider G —u and G — w at the beginning since
u and w are not adjacent and N(u) N N(w) # (. Hence, we can apply
the induction hypothesis on H’. The existence of the desired edge coloring
which agree on H is manifest. Clearly, the deletion of edges so that H’
returns to G — v and G — v spoils nothing so the desired edge coloring of
G has been constructed. This proves the claim.

Now let ¢ < R. For any graph G of size g, if G is complete, then its order
is less than r, so G 4 (K, K,,). If G is not complete, the claim shows that
G 4 (K, K,). Thus #(K,,, K,,) > g, in particular #(K,,, K,) > R — 1,
which and Lemma 14.1 yield the desired assertion. O

The following theorem says that #(K71 ., K1 ) is very close to 7(K1 m, K1)
Theorem 14.2 For any positive integers m and n,
f(K17m,K17n> =m+n—1.

Proof. Since in any edge coloring of Ki, ;,,4n—1 in red and blue, there is
either a red Ky ., or a blue K ,, s0 (K1, m, K1,,) <m+n —1. In what
follows, we suppose m < n. Let G be a graph of size g < m+n —2. It is
clear that G has at most one vertex v with deg(v) > n. If this is the case,
then every other vertex wu satisfies deg(u) < m — 1. We may color all edges
of G — v red. Then at most m — 1 edges incident with v have been colored.
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We shall other edges incident with v in such a way that there is neither red
K,y nor blue K ,,. If every vertex has degree at most n— 1, we may color
all edges of G in blue. We thus reach a conclusion that G 4 (K1, K1 »n).
Since G is arbitrary so #(K1, m, K1,n) > m+n— 1. O

As usual, we write 7(G) for #(G,G). The above theorem gives that
7(K1,,) = 2n — 1. However, it is difficult to find the exact values of #(P,).
With an impressive proof, Beck (1983) showed that #(P,) < cn for some
constant ¢ > 0. In the proof he used transforms defined by Pésa (1976), who
needed them for finding an upper threshold function of form p = clogn/n
for random graph G € G(n,p) being Hamiltonian.

Let G be a graph and let Py = zgx; - - - x,, be a maximal length path in
G beginning at zo. Denote by

X =V(PRy) ={zo,x1,...,Tn}

for the vertex set of Py. Let P be a path on vertex set X beginning at g
and let P(k) is the vertex which is at distance k from z on the path P.
If for some k < n — 2, P(k) is adjacent to P(n) in G, then the path P’
obtained from P by adding the edge P(k)P(n) and deleting P(k)P(k + 1)
will be called a simple transform of P. Clearly if P’ is a transform of P then
P is a transform of P/, and P, has exactly d(x,)—1 simple transforms. The
result of doing a finite sequence of simple transforms is called a transform.
Denote by F for the family of all transforms of Py. Note that V(P) =
and the length of P is n for any P € F.
We now partition V(G) into Red, Write and Blue sets as follows.

R {P(n)e X : Pe F}.
W {zp € X\ R:2x_1 € R, or z141 € R}.
B = V(G)\(RUW).

Note that R # 0 as z, € R. If zgz,, € E(G), then z; € R and hence
xg € W since ¢ € R, and in this case if x5 € R then x5 € W. If 1 ¢ R,
then z¢ € B. Certainly V(G)\ X C B. Let us call an edge between R and
B as an R — B edge.

Lemma 14.2 (Pésa) There are no R — B edges in G.

Proof. Clearly, there is no edge between V(G)\ X and R by the maximality
of length of Fy. Suppose that z; € BN X is adjacent to x5 € R. Since
zp € R, there is a transform P in which P(n) = X;. If z; = P(4),
then P(i + 1) € R. [Just consider the simple transform of P obtained
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by adding P(i)P(n) = xjz; and deleting P(i)P(i + 1).] It follows that
P(i+1) & {z;_1,2;41}. Otherwise, z; = P(i) € W. In other words, either
Z;j_1Tj or T;T;41 is deleted in the sequence of simple transforms which lead
from Py to P. However, by considering the first point at which an edge of
Py is deleted in a simple transform, we see that one of its vertices must be
in R and the other one must be in R U W. This contradicts the fact that
x; € B and completes the proof. O

In the following corollary, N(S) = UyesN(2) is the union of neighbor-
hoods of vertices in S.
We write P, for a path on n vertices.

Lemma 14.3 Suppose that each S C V(G) with |S| < n satisfies
[SUN(S)| > 3|9|.
Then G contains Ps,,.

Proof. In this proof, X, R, W and B have the same meaning as in the
preceding lemma. Note that N(R) C X by the maximality of length of Py,
and thus RUW C X. Furthermore, N(R)\ R = W and |W| < 2|R| -1
since each vertex in R can possibly account for two vertices in W except
for x,, which can account at most one (namely, x,_1). Hence

[RUN(R)| = |R| + [W| < 3|R| — 1.

In view of the above hypothesis, we must conclude that |R| > n. Choose
S C R with |S| = n. Since there are no edges between R and B,

SUN(S) C X,

which yields
| X| > |SUN(S)| > 3|S] = 3n.

The desired result follows immediately. O

In the proof of above lemma, we did not use Lemma 14.2 strictly. What
we needed was just the fact that there are no edges between S C R and
V(G) \ X, which can be seen easily from the maximality of length of Py.
Of cause the fact is a spacial case of Lemma 14.2.

We shall introduce some notation before proving Beck’s result. The
number of G and the subgraph induced by X in G will be denoted by e(G)
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and eg(X), respectively. The average degree of G will be denoted by d(G).
Let eg(X) be the number of edges of G which are incident with vertices in
X. Note that the edges with both end-vertices in X can be counted exactly
once, S0,
ea(X) =) deg(z) — ea(X).
reX

Write ce(X)
_ eq
da(X) = X[

Thus dg(X) is the average degree of vertices in X if X is an independent
set. Note that for X = V(G) it is 3d(G) and for X = {z} this quantity is
deg(z).

Lemma 14.4 Let G be an arbitrary graph. Then G contains a subgraph
H such such for every non-empty X C V(H),

du(X) > =d(G).

1
2
Proof. Let H be a minimal vertex-induced subgraph of G on vertex set Y’
which satisfies

d(H) > d(G).
This implies e(H) > d(G)|Y'|/2. We shall show that H satisfies the asser-
tion.
~ Suppose to the contrary, there is some non-empty set X C 'Y such that
dy(X) < d(G)/2 . Then eg(X) < d(G)|X|/2 and Y \ X # @. Thus the
subgraph H’ induced by Y \ X satisfies

e(H') = e(H)—en(X)

1 1 1
> FAG)Y] - Sd(G)X]| = Sd(G)]Y \ X].

It follows that d(H’) > d(G). Since this violates the minimality condition,
we have proved that H has the desired property. O

We will say that G has Property Q, if for every X CY C V(G) with
|X| < nand |Y] < 3|X|— 1 satisfies

T (X) < 1d(G),

where (Y') is the subgraph induced by Y. Roughly speaking, graph G has
property @, means that a bigger proportion of neighbors of X are outside
of Y. We have seen this sort of property in random graphs as described in
a theorem in Chapter 6.
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Lemma 14.5 If G has property Q.,,, then every subgraph of G with at least

2e(G) edges contains Psy,.

Proof. Let G’ be a subgraph of G with e(G’) > 1e(G). Then d(G') >
%d(G) and, according Lemma 14.4, there exists a subgraph H of G’ such
that for every non-empty X C V(H),

dp(X) > 5d(G') = —d(G).

N |
o

We claim that H satisfies the condition of Lemma 14.3, so H (hence G')
contains Ps,. If not, then for some X C V(H) with |X| <n,

X U Ng ()] < 31X] - 1.

Setting Y = X U Ny (X), we have |Y] < 3|X| —1 and

diy)(X) = du(X) >

> (@) 2 (),

1
4
which contradicts the fact that G has property Q.. O
Theorem 14.3 (Beck) For all large n,

7#(P,) < 708n.

Specifically, for all large n there exists a graph G with e(G) < 708n such
that every subgraph G' of G with e(G') > Le(G) contains P,.

Proof. We shall prove that 7(Ps,,) < 2123n for large n so
F(Pp) < #(Psm) < 2123m < 708n

where m = [n/3]. In view of Lemma 14.5, it suffices for us to prove that
whenever n is large, there exists a graph with at most 2123n edges which has
property Q. Set N = [58.8n] and consider a random graph G, in G(N, p)
with p = 72.1/N. The number of edges in G = G, has binomial distribution
B ((1;[ ), p). Tt follows from Chernoff’s inequalities in Chapter 4 that almost
every graph G = G,, satisfies d(G) > 72 and e(G) < 36.1N < 2123n. Let

F (failure) be the following event:
F :d(G) > 72 and G fails to satisfies @Q,.

We shall show Pr(F) — 0 as n — oo.
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If G € F then there exists X C V(G) with |X| < n and Y O X with
Y| < 3|X| — 1 such that

diyy(X) > =d(G) > 18,

N

yielding

£ (X) > 18]
If | X| = k, then éy)(X) is a random variable with binomial distribution
B(M,p), where M < (%) + k(2k — 1) < 5k?/2. Note that the expected
value of €.y (X) is Mp that satisfies

o

72.1 k
— | < 20— < 3.
5 ) ( 5 > < 180.25 | X] < 3.07|],

Mpé(

where k/N < n/N. It follows that the event é;yy(X) > 18|X]| is very
unlikely. Recall a result in Chapter 4, if T is a random variable with
binomial distribution B(M,p) and k > Mp, then

Mpe g
7 .

Pr(T > k) < (

Now we have

Mpe 18k< 5(72.1)e k 18k< 27.25k\ '*F
18k 36 N N '

Thus we bound the probability of F' by

Pr(F) < zn: <]Z> <N2; k) (27;5147)1%

k=1

n k 2k 18k
. Z(M) (Ne) (27.25k>

2\ ) \2 N

n [ k 157k
- 25 ]
k=1
where ¢ = ¢3(27.25)'8 /4. Tt is clear that the terms in the sum with k& < v/ N
contribute o(1) since for these terms the expression in the square braces
is O(1/N'/2). In the range VN < k < n it suffices to check that the
expression in the square braces remains less than 1 — e for some ¢ > 0. It

follows that Pr(F') — 0 as n — oo. Thus almost every random graph Gy, is
a graph with at most 2123n edges which has property Q. O
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14.2 Size Ramsey Number of K, ,

Friedman and Pippenger (1987) generalized Beck’s linear bound of #(FP,)
for proving that there is some constant ¢ > 0 such that #(7,,) < c¢n for any
tree T, on n vertices. Beck (1990) even asked if there is some constant ¢ =
¢(A) > 0 such that #(G) < ¢n for any graph with n vertices and maximum
degree at most A. Haxell, Kohayahawa and Luczak (1995) proved that
7#(Cp) < en. Rodl and Szemerédi (2000) answered the question of Beck
negatively for even A = 3. However, #(K,, ) has a linear upper bound if
m is fixed.

Theorem 14.4 For any fixed positive integer m, if n is sufficiently large,
then

1
2—m2mn <F(Kmpn) < 4m?2™n.
e

Let us have a lemma first.

Lemma 14.6 Suppose that G is a subgraph of Kpr n with e(G) > Np and
M
m m

The proof of the above lemma is similar to the proof of Theorem 8.4.
The key for the proof is so called “double counting argument”. Without
loss generality, we assume that G is a spanning subgraph of G that contains
no Ky, n. Let dq,da,...,dN be the degree sequence of vertices in one part
X of N vertices of G. For any vertex v € X, an m—set in neighborhood of
v is covered by at most n — 1 vertices in X. So

é(i’;) < (n—1)<j‘nf>.

The left hand side is at least N ( b ) by the convexity of the function (;i)

since (> dy) /N = e(G)/N > p, which leads to a contradiction.

then G contains Ky, ».

Proof of Theorem 14.4. The assertion is obvious for m = 1 by
Theorem 14.2, so we assume m > 2. For the upper bound, let us consider a
complete bipartite graph K, 5 on bipartition (A4, B) and an edge partition
(E1, E2). We may assume that |Ey| > M N/2. Hence, by setting p = M/2
in Lemma 14.6, the subgraph induced by E; contains K,, ,, if

X (") > -y ().
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This will certainly be the case if we set N = {(%)n/ (Mn{Q)J . It follows that

for all M > 2m,
F(Km,n) < MN < Chn,

where
o= MG gy, =DM —2)- (M~ (m—1)]
(M72) (M —2)(M —4)---[M —2(m—1)]

By taking M = [m?/2], we have C' < 4m?2™ for m < 8. For m > 9,

_ 2(m —1)]"""
C < mP2" 14+ —
=" [ i (m2)2}
2(m —1)?
2 -2 2
< m 2m exp ((2)2) < 4m 2m7

2
where we use the facts that 1 4+ z < e* and the minimum value of 2((;?:21))2

attains at m = 9, so the desired upper bound follows.

The proof of the lower bound employs the probabilistic method. Sup-
pose that G = (V, F) is a graph in which every edge coloring in two colors
produces a monochromatic K,, ,,. Let

Vi ={v eV :deg(v) > k}.

Then |Vi| < 2|E|/k. If G contains K,, , on bipartition (A, B) as a sub-
graph, then, clearly, A C V,, and B C V,,. Hence, setting M = |V,]
and N = |V,,,|, it must be true that every two-coloring of edges of Ky n
produces a monochromatic K, ,. However, in a random edge coloring of
Ky, v in red and blue in which

1
Prle is red] = Prle is blue] = 3
the probability that there is a monochromatic K, , is at most
M\ (N m n
() (MY (N 1
2mn - m n 2mmn
(M (N )"
m 2mp )
Now suppose that e(G) < m2™ in/e. Then M = |V,| < m2™/e and

N = |V,,| < n2™/e so that eN/(2™n) < 1 — ¢ for some ¢ > 0. It follows
that if n is sufficiently large, then the probability there is a monochromatic
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K is less than one. Hence, for any graph G if e(G) < m2™ 'n/e, then
G # (K n), which follows by the desired lower bound follows. O

It is natural to believe that 7#(K,, ) = (2+ o(1))™, which is exactly the
case. The following result is due to Erdés and Rousseau (1993).

Theorem 14.5 For all large integer n,

1 3
%nQZ" < F(Kpn) < 5n32".

Proof. The proof for the upper bound is similar with that in Theorem
14.4 as if M and N satisfy

V()= oo ()

then Ky n — Ky, n. In particular, if we set N = [n?/2] and M = 3n2",
then the above holds for all n > 6 and we have the upper bound as desired.
The proof of the lower bound depends on the following counting result.

Lemma 14.7 A graph with q edges contains at most
2eq 2¢2g\"
n n?

Proof. Let G = (V, E) be a graph with ¢ edges and let

=[5 ()]

Without loss generality, we assume that G contains no isolated vertices. To
distinguish the magnitude of the degrees of vertices, we set

copies of Ky, ».

d_1 =1, dp =ne/" (k=0,1,...,m), dpmy1 = 00,

and set
X ={z €V :dy <deg(x) < diy1}

for k= —-1,0,...,m. Then X_1, Xy,...,X,, form a partition of V. Let
Wi =UlL X = {z €V :deg(x) > dy}.

Let us say that a subgraph K, , in G on vertex set U C V is of type
k if k is the smallest index j for which X; N U # (0. Equivalently K, ,
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is of type k if and only if each v € U satisfies dy, < degq(v) < di, where
deg(v) is the degree of v in G not that in K, ,,. Denote by M, for the
number of type k copies of K, ,, in G. Note there is no K, ,, of type —1 and
M =", My is the total number of copies of K, , in G. In a type k copy
of K, , every vertex belongs to W}, and at least one vertex belongs to Xj.
Thus one side of the K, ,, is an n—element subset of the neighborhood of
a vertex in X and the other side is an n—element subset of W},. It follows

that
d
M, < Xk|( k+1> (|Wk|>
n n

Using the facts that (ZZ) < (eN/n)™ and |Wy| < 2q/dj, we find that for
k=0,1,....m—1,

ed " 2eq\" 2¢2¢\"
i (2 (22 o (22

Since dy,, > v/2q so | Xm| < v/2q, and each vertex of a type m subgraph
must belong to X,,, thus we have

2 2 n
n n
If | X,,| = 0 then M, = 0. Hence we can write

2e2q\"
My, < e X (?) ,
n

which coincides with the upper bound of My, with 0 < k < m—1. Therefore
we obtain

2¢2q\" 2eq\ [2e%q\"
- e|WO<n2) = n n? ’

completing the proof. O

Proof for the lower bound in Theorem 14.5. Now let G be an
arbitrary graph with ¢ edges with ¢ < n?2"/30. Consider a random red-
blue edge coloring of G in which each edge is red with probability 1/2 and
colorings of distinct edges are independent. In view of the lemma, we find
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that the probability P that such a random coloring yields a monochromatic
K, n satisfies
n
P < 2 (Qeq> (Qezq) 9’
n n

2en [4e2q\" 2 2e2\"
< —|—] 27" < - 0
= 15<n2> ”(15) -

as n — oo. Thus G 4 (K, ), and the desired lower bound follows. ]

14.3 Induced Ramsey Theorem x

In the definition of Ramsey number r(K,), we ask what the smallest N
such that in any red-blue edge coloring of Ky, there is either a red K, or
a blue K,,. Here the clique K, is an induced subgraph. Let us change the
problem for a general graph H and ask what for a graph G such that in
any red-blue edge coloring of G, there is a monochromatic induced H. This
slightly modification changes the problem dramatically. A big question is
whether or not such graph G exists for an arbitrary given graph H. We
call such a graph G a Ramsey graph for H. This should be different from
a definition in Chapter 1, where a graph G was called as a Ramsey graph
for a Ramsey number r(H) if the order of G is r(H) — 1 and neither G nor
G contains H as a subgraph. The subgraph is not necessarily induced.

The following existence theorem was proved by Deuber. Independent
proofs were due to Erdés, Hajnal and Pésa, and to Rodl. We adopt one of
them from the book by Diestel.

Theorem 14.6 FEvery graph has a Ramsey graph.

The remainder of the section is the proof for this theorem, which begins
with its version on bipartite graphs.

We shall write a bipartite graph B as triples (V3, Vo, E), where V; and
V5 are bipartition of B and F is the its edge set. Given another bipartite
graph B = (V1, Vs, E), if B is isomorphic to an induced subgraph of B,
in which V; corresponds V; for i = 1,2, then there is an injective map
¢: Vi UVy — V3 UV, so that ¢(V;) CV; for i = 1,2, and ¢(v1)¢(v2) € E
if and only vyvs € E. We will call such a map ¢ as an embedding of B in
B, denoted by ¢ : B — B.

As before, let X*) denote the family of all k—subsets of X. Define a
bipartite graph (X,X(k),Ek), in which the edge set Fj contains all edges
of the form Y with Y € X*) and z € Y.
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Lemma 14.8 FEvery bipartite graph B = (V1,Va, E) can be embedded in a
bipartite graph of the form B = (X, X®) E}).

Proof. Let B be a bipartite graph with vertex classes Vi = {a1,a9,...,a,}
and V5 = {b1,ba,...,by}. Denote by X for a set of 2n + m vertices as

X:{-Tla--'7x’n7y1a"'7ynaz17"-;zm}-

Let B = (X, X(™*D E,,1). We shall show that there is an embedding ¢
of B in B.

Set ¢(a;) = x; for i = 1,...,n first. Then for any j = 1,...,m, a
member Y € X+ will be chosen as ¢(b;), which is denoted by Y;. We
in fact construct Y; as follows. Since ¢(b;) = Yj, then the neighbors of b;
in B should be mapped into Y}, that is to say,

¢(N(bs)) € Y.

In order to distinguish different Y}, we put z; into Y; as a label. So far we
have chosen
|o(N(b;))| +1=d(bj) +1<n+1

elements for Y;. If the inequality is strict, we then simply fill Y; with
elements from {yi,...,y,} until ¥; has n + 1 elements.

Note that ¢(V1) = {z1,...,z,} and ¢(Va) = {Y1,...,Y,,}, and x; is
a neighbor of Y; in B if and only if a; is a neighbor of b; in B. The

other neighbors of Y; are out of {x1,...,7,}. Thus B is isomorphic to the
subgraph induced by {z1,...,z,} and {Y1,...,Y},} in B, so the map ¢ is
an embedding of B in B as desired. O

The next lemma is the bipartite case of Theorem 14.6, which says that
every bipartite graph has a bipartite Ramsey graph.

Lemma 14.9 Let B be bipartite graph. Then there exists a bipartite graph
B such that for any two-coloring of edges of B there is an embedding ¢ :
B — B in which all edges of $(B) are monochromatic.

Proof. It is easy to see that if ¢; ia an embedding of By in By and ¢5 is
an embedding of By in Bs, then ¢2¢; is an embedding of By in Bs. Thus
by Lemma 14.8 we may assume that B = (X, X®) Ey). Let n = |X|,
{=2k—1and s = Q(f;). Let X be a set whose cardinality is an s—color
Ramsey number for {—uniform hypergraph as

1X| =rOkn+k—1).

We shall show the assertion in the lemma with B = (X, X, Ey).
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Let us fix a coloring on E, with colors « and 8. Among ¢ = 2k —1 edges
incident to a vertex Y € X in B, at least k of them are monochromatic.
Define Z C Y with |Z| = k so that all edges Y for € Z are in the same
color. The color and the set Z are called as the color and the set associated
with Y, respectively.

Assign a linear order to X as

X = {%1,%2,73,...}.

For every Y € X with Y = {Z;,,...,%;,}, denote by oy for the order-
preserving map with oy (Z;;) = j, then oy (Z) € [(]*).

We now color X with s = 2(£) elements of the set [(]*) x {a, 3} as
colors. For a given Y € X color Y with the pair (o (Z),v), where Z
and vy € {a, 3} are the set and the color associated with Y, respectively.
By the definition of Ramsey number for uniform hypergraph, we know that
there is W C X with [W| = kn + k — 1 such that all elements of W) are
monochromatic. Thus there exists S € [é](k) and a color ~, say «, such that
all Y € W are colored (S, ). That is to say, all Y € W satisfy that
oy (Z) = S and they are all associated with the same color a.

We now construct the desired embedding ¢ of B in B.

The elements of W have an order preserved from that in X. Without
loss of generality, we assume that W contains the first kn + k — 1 elements
of X,

W={z:i=12.. . kn+k—1}

Set
X ={x1,x2,...,2,},

and define ¢(z;) = Z;,. Denote by w; for Z;, so ¢(X) = {w1,...,w,} and
there are exactly k — 1 elements of W between w; and w; 1 in the order.

We then define ¢ on X*). Given Y € X*) we shall choose ¢(Y) =
Y € X* so that the neighbors of Y among the vertices in ¢(X) are precisely
the images of the neighbors of Y in B, i.e. the vertices ¢(x) with x € Y,
and so that all these edges incident to Y in B are colored a. To find such
Y, we first construct its subset Z as {¢(x) : € Y}, which are k vertices
of type w;. Then extend Z by ¢ — k further vertices u € W \ #(X) to a set
Y € W® | in such a way that oy (Z) = S. This is possible since there are
k —1 = ¢ — k other vertices of W between w; and w;y;. Then

YNo(X)=2={px) : zeY},

so Y has the right neighbors in ¢(X), and all the edges between Y and
these neighbors are colored a. The images Y of different vertices Y are
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distinct since their intersections with ¢(X) differ, so ¢ is an injective map
on X®) Hence, the map ¢ is indeed an embedding of B in B satisfied the
desired condition. O

Proof of Theorem 14.6. The idea of the proof is to reduce the
general case of the theorem to the bipartite case, where Lemma 14.9 can be
employed. Let H be a given graph of order s and let n = r(s,s). Then in
any edge coloring of K, in two colors, there is a monochromatic K hence
a monochromatic copy of H. Denote by K for this K,. Note that the
monochromatic subgraph H in K may be not an induced subgraph in that
color.

We will construct a graph Gy. Let ¢ = (2) Arrange the vertices of K
in a column, and replace every vertex by a row of £ vertices. In each of the
£ columns, choose an s—set so that any pair of such sets contain vertices
coming from different rows. Let us furnish each column in the chosen s—set
with the edges of a copy of H. The graph G consists of ¢ disjoint copies
of H and (n — s)¢ isolated vertices.

We define Gy formally as follows. Assume that V(K) = {1,...,n} and
choose copies Hy, ..., Hy of H in K with pairwise distinct (not necessarily
disjoint) vertex sets. We then define

V(Go) = {(i,5):i=1,....,n;5=1,...,¢}
E(Go) = Uiy {(i,5)(@,4):ii’ € E(H;)},

where the end vertices of each edge (i,7)(¢’,j) are in the same column.
Applying Lemma 14.9 iteratively to all the pairs of rows of Gy, we
construct a large graph G such that for every edge coloring of G there is an
induced copy of G in G that is monochromatic on all the bipartite subgraph
induced by its pairs of rows. By contracting its rows the projection of this
Go C G to {1,...,n}, we define an edge coloring of K. Thus one of
the H; C K will be monochromatic. But this H; occurs with the same
coloring in the jth column of Gy, and it is an induced subgraph of Gg
hence an induced subgraph of G. We omit the formal definition of desired
embedding map described the above procedure. O

14.4 Bipartite Ramsey Numbers

It is likely that there are some similar behaviors between Ramsey num-
bers of complete graphs and that of complete bipartite graphs, such as
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(K, Ky) and 7(Kpp—1,m-1, Kn.n), and r(K,,) and (K, ). The similar-
ity even appears in other variant called bipartite Ramsey number, which is
defined to be the smallest integer N such that in any red-blue edge-coloring
of Ky n, there is a monochromatic red K, ,, or a monochromatic blue K ;.
Let us denote the defined N as br(K, n, Ks), and write

b(m, ’I’L) = br(Km,nv Km,n)7

and

b(m,n) = br (Kom,m, Knon)-
Note that b(n,n) = b(n,n).
The following result is due to A. Thomason (1982), in which the special
cases with m = 2 and m = 3 are due to Beineke and Schwenk (1976), and
Irving (1978), respectively.

Theorem 14.7 For any integers n > m > 1,
b(m,n) <2™(n—1)+ 1.

The result will follow the following lemma immediately. Let K, n be
a complete bipartite graph, whose first vertex class is X and the second is
Y. In the following lemma, K, , is a complete bipartite graph on vertex
classes PUQ with P C X, |[P|=m, and Q C Y, |Q| = n. It is important
to note here that a K, , is distinguish from a K, ,,. In other word, we
consider the orders of the vertex classes of the bipartite graphs.

Lemma 14.10 Let N = 2™(n — 1) with 1 < m < n. Suppose that the
edges of Ky, n are colored with red and blue such that there is neither a red
Kpn nor a blue Ky, . Then each vertex of Ky n is incident with ezactly
N/2 red edges and N/2 blue edges (unless m = n = 2). Furthermore, any
two-coloring of edges of Kn n+1 yields a red Ky, 5, or a blue K, .

Proof. Observe that the second part of the lemma follows from the first.
Suppose that the edges of Ky y41 are colored without a red K,,, or a
blue K, ;. Choose x € X and yi1,y2 € Y such that zy; is red and zy, is
blue. Then Ky ny1 — yi, ¢ = 1,2, has an edge coloring without red K,
or blue K, ,, so z is incident with exactly N/2 red edges in each. This is
impossible since z is incident with more red edges in Ky n4+1 — y2 than
that in KN,N+1 —Y1.

The proof for the first part is by induction on m. Let Ky n be a
complete bipartite graph on X UY with |X| =|Y| = N = 2"(n — 1) that
contains neither a red K, , nor a blue K, »,,. If m =1, then N =2(n—1)
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and Ky, n has at most N(n—1) red edges and at most N(n—1) blue edges.

So
N2 = "dp(z)+ ) dy(y) <2N(n—1) = N?,
reX yey

hence the equalities hold throughout, implying that d,.(z) = dp(y) =n — 1
forany z € X and y €Y.

Let m > 2 be fixed. Suppose that the theorem holds for smaller values
of m. Let t = N/2 = 2™~(n — 1). Suppose that there is vertex zo € X
with d,(zg) > t.

Case 1 There is a vertex yo € Y with dy(yo) > t. We assume that
the edge xoyo is red, say. Consider the subgraph induced by N, (x¢) and
Ny (yo)subsetminus{xo}. This is a complete bipartite graph. Its vertex
class in X has at least ¢ vertices and that in Y has at least t+1 = 2™~ (n—
1) + 1 vertices. We thus have a complete bipartite graph K;11,;. From
the induction hypothesis, we have either a red K,,_1, or a blue K, ,,,_1.
Together with the vertex zq or yo, we get a red Ky, ,, or a blue K,, ,,,. This
is impossible. The situation is same if we assume that the edge zgyq is blue.

Case 2 Each vertex y € Y satisfies that dp(y) < t. We shall show that for
1<s<m-—1,ared red K4 gm-s(n_1)41 yields a red Ky qom—s—1(n—1)41-
The existence of such a red K gm—s(,—1)41 for s = 1 is just the condition
dr(x0) >t as given. Suppose that there is a red K, om—s(;,—1)41 On vertex
classes P and Q with PC X, |P|=5,QCY,|Q=2""*n—-1)+1=
2\ + 1, where A = 2m~571(n — 1). Then the number of red edges between
X\ P and Q is at least |Q|(N/2—s) since each y € Y satisfies d,.(y) > N/2.

Subcase 2.1 Each x € X \ P satisfies |N,.(z) N Q| < XA =2m"5"Y(n —1).
We have

X\ PIA > [QI(N/2 — s),

which gives
(N =)A= 2A+1)(N/2—3).

We thus have
s(A+1) > N/2 =251\

which is impossible unless s =1 and m =n = 2.

Subcase 2.2 Some x € X \ P satisfies [N,.(x) N Q| > 2™~ 1(n - 1)+ 1.
Thus N, (z) N Q and P U {z} induce a red K, 1 gm—s-1(,_1)41 as desired.
We hence obtain a red K,, , with s =m — 1.

Therefore in any edge-coloring of K,y that contains neither a red K, ,
nor a blue K, ,,, there is no vertex = with d,.(z) > N/2. So each vertex
x € X satisfies d.(x) < N/2. Similarly each y € Y satisfies d,.(y) < N/2.
The same argument will yield that each vertex v satisfies dy(v) < N/2, so
the desired statement follows immediately. O
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For fixed m and large n, the asymptotic formula of b(m, n) is 2"n, which
is also that of (K, ).

Theorem 14.8 For fixed m, as n — oo,
b(m,n) ~ 2™n.

Proof. The upper bound follows from Theorem 14.7. The proof for the
desired lower bound b(m,n) > (1 —o(1))2™n is similar to that for r(K,, )
in Chapter 5, so we omit it. |

However, it is difficult to obtain an asymptotic formula of b(m,n). The
situation is similar to that for r(m,n) that we have encountered. The
following result is due to Y. Caro and C. Rousseau (2001).

Theorem 14.9 Let integer m > 2 be fived. Then there are positive con-
stant A and B such that

A
<logn

Proof. The upper bound is based on well-known results for the Zarankiewicz
numbers z(N, M; s, t) that is defined in Chapter 4. Denote by z(N;s) for
2(N, N;s,s), then we have

(m+1)/2 _ n m
) <b(m,n) <B ( ) .

logn

1/s
2(N;s) < (Sj_vl> N(N —s+1)+ (s —1)N.

To prove b(m,n) < N it suffices to show that z(N;m) + z(N;n) < N2.
Take € > 0 and N = ¢(n/logn)™, where ¢ = (1 +¢€)/(m — 1)™~1. Then

z2(N;m) < m—1\"7™ 1_m—l +m—1
N2 N N N

. 1/m m
_ <m 1> logn 10 <(logn) >
c n n

To bound z(N;n)/N?, we first have
(n — 1)1/n _ ((n - 1)(logn)m)1/n o (m — 1)10gn+0 <loglogn> .

N cn™ n n

z(N;n) n—1\"" n—1 n—1
< 1- +

N2 N N N

_ (m—1)logn Lo <loglogn>'
n

Hence
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Adding the above bounds, we obtain
2(N;m) + z(N;n)
N2

(1 1 (m—l)logn+0 loglogn
B (1+¢)l/m n n ’

so (z(N;m) + 2(N;n))/N? < 1 for all large n as required.

To prove the lower bound, we use the Lovasz local lemma in the manner
as we used for the lower bound of r(m,n) in Chapter 6. Consider a random
edge-coloring of Ky n in red and blue, in which each edge is colored red
with probability p, independently. For each set S of 2m vertices, m from
each vertex class of the K . Let Rg denote the event that .S induces a
monochromatic red K, ,,,. Similarly, for each set T" consisting of n vertices
from each vertex class, let By denote the event that T induces a monochro-
matic blue K, ,,. For each of the (2)2 of S, write Pr(R) for the common
value Pr(Rg) = p™ . In the same way, Pr(B) = Pr(By) = (1 — p)* for
each of (?{)2 possible B = Bp events. Let S be fixed and let Dgrr denote
the number of events Rg: such that Rg and Rg: are dependent, that is the
red bipartite graphs induced by S and S’ share at least one edge. Similarly,
let Dgrp denote the number of events Br such that Rg and Bt are depen-
dent. In the same way, for fixed T, we define the dependence numbers Dpgr
and Dpp. By the Local Lemma, the probability that a random coloring
has neither a red K,, ,, nor a blue K, , is positive if there exist positive
numbers z and y such that 2 Pr(R) < 1 and y Pr(B) < 1 and

logx > xDgrPr(R)+yDgrpPr(B)
logy > xDprPr(R)+ yDppPr(B).

With positive constants ¢y, ca, c3, ¢4 to be chosen, set

p= ClN72/(m+1)’ n = 02]\]2/(’”77‘1’1)7
x = cs, y = exp(ca N "D (log NY™).
To prove that there are choices of the constants c¢i,...,cs, we note the

following bounds

2
Drr < m2< N ) < N2(m=1)
m—1
N 2
DBR S n2( ) < n2N2(m71)
m—1
2 2n
Dgrp,Dpp < <N> < <€N> )
n n
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Similar computation as in Chapter 6 justifies the lower bound statement

with
Ao 1—c¢ <m1>(m+1)/27

ml/(m=1) m?2

where € > 0 is arbitrary. O

Theorem 14.10 For all large n,

D) _
92"/2 < b(n,n) =b(n,n) <2"(n—1)+1.

(1—o(1))
Proof. The upper bound follows from Theorem 14.7. The lower bound
can be proved by the symmetric form of Local Lemma in the same manner
as that for the lower bound of r(n,n) in Chapter 6, we thus omit it. (See
Hattingh and Henning (1998)). O

Problem 14.1 Determine the limit b(n,n)Y"™ as n — oo if it exists, and
determine the order of b(m,n) for fized m.

We believe the above problem is easier that the same problem for r(n,n)
and r(m,n).

14.5 Ramsey Numbers on Parameters

We have seen that it is usually difficult to estimate the value of r(G, H),
particularly that of r(m,n). Many researchers made some generalization
on Ramsey numbers. For example, Benedict, Chartand, and Lick (1977)
defined u(f;m, H) to be the least integer N such that any graph G of N |
either f(G) > m or G contains H as a subgraph.

Let f1 and f5 be graph parameters and let m and n be integers. Define
the Ramsey number r(f; > m; fo > n) as the least integer N such that
for any graph G of order N either f1(G) > m or fo(G) > n. We call
r(fi > m, fo > n) as the Ramsey number on f; and fo, or the mized
Ramsey number if f; and fo are different. Thus r(m,n) = r(w > m,w >
n) = r(a > m,a > n), where w(G) is the clique number of G, and a(G)
is the independence number of G. For simplicity, if fi(G) is the number
of subgraphs H in G, we write r(H;...) for (fg > 1;...). Thus r(fg >
1; fr > 1) can be written as r(H; F).

The most natural question is that for which pair f; and f,, the de-
fined Ramsey number r(f; > m; fo > n) exists. The answer is not always
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positive. For example, r(x > 2,a > 2) does not exist since the empty
graph N,, = K, satisfies that x(N,) = 1 and a(N,,) = 1. However, for
many pairs of parameters, the existence of the Ramsey number on these
parameters can be easily verified.

Theorem 14.11 Let f1 and fo be graph parameters. Then for any positive
integers m and n, v(f1 > m; fo > n) exists if and only if

lim < mil‘l (fl(G)+f2(G))> = o0. (14.1)

k=00 \ |V (G)|=k

Proof. Suppose that for any positive integers m and n, r(f1 > m; fa > n)
exists. Then for any integer M > 0, K(M) = r(f1 > M; fo > M) exists.
So for any graph G of order k > K (M), either fi(G) > M or fo(G) > M.
Therefore

W{gi)lllzk(fl(G) + f2(G) > M +1

for k > K (M), so (14.1) holds.
Conversely, suppose (14.1) holds. Then for any positive integers m and
n, there exists K = K(m,n) such that if k > K,

lv{gi)r‘l:k(fl(G) + f2(G)) Z2m+n.

So for any graph G of order k > K, f1(G)+f2(G) > m+n, hence f1(G) > m
or fo(G) > n. Minimizing such K shows the existence of r(f>m; fo > n).
O

As an example, we shall verify an easy formula.
Theorem 14.12 Let m and n be positive integers. Then
FxZmox = n) = (m—1)n—1)+1,

where x signifies the chromatic number of a graph.

Proof. The assertion is obviously true if one of m and n is one. Assume
that m,n > 2. Let G be a graph consisting of disjoint n—1 copies of K,,_1.

Then x(G) =m — 1 and x(G) = n — 1, yielding that
Oz mox 2 n) 2 (m—1)(n—1)+1.

On the other hand, if G is a graph of order N = (m — 1)(n — 1) 4+ 1, then
by the fact that x(G)a(G) > N we have

N H(m—1)(n—1)+1 .-

m—1
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Therefore x(G) > w(G) = a(G) > n, proving
x> mx > m) < (m—1)n—1)+1.
O

Let G’ be a graph obtained by deleting a vertex from G. Similarly as
that for proving
r(F,H)<r(F',H)+r(F,H), (14.2)

we have the following bound.

Theorem 14.13 For a fized graph F, define fr(G) be the number of sub-
graphs isomorphic to F with different vertex sets in graph G. Then for any
graphs F' and H of orders at least two and any positive integers m and n,

r(fr >m, fu >n) <r(fpr >m, fu >n)+r(fr >m, fur >n).

By setting m = n = 1, the above theorem becomes (14.2).

Let F; is a family of graphs for i = 1,2. Define the class Ramsey number
r(Fy, F2) as the minimum integer N such that any edge coloring of Ky in
red and blue contains some red Fy; € F; or some blue Fy € F5. The class
Ramsey number is associated to Ramsey number on parameters if so is
Fi. Let us call a graph as (p,q) graph if it has p vertices and ¢ edges.
Denote by F(n,s) for the family of connected graphs with n vertices and
s edges for n — 1 < s < (g) We then get a definition of r(n,s;m,t)
as r(F(n,s), F(m,t)). General results on class Ramsey numbers are very
difficult since it covers the classic Ramsey numbers r(m,n).

14.6 Different Coloring Types

In traditional definitions of graph Ramsey numbers, we asked the minimum
number N such that in some edge coloring of K contains some monochro-
matic graphs. If we change the coloring types either in K or in subgraphs
that are contained, we may have some other definitions of Ramsey numbers.
We introduce some of them without details of discussion.

Local k—coloring
Let G be a graph and let k£ > 0 be an integer. A subset S C V(G) is said
to be a k—independent set if the subgraph induced by S has a maximum
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degree at most k. Correspondingly, an edge-coloring of G in any number
of colors is called a local k—coloring if each vertex of G is adjacent to at
most k distinct colors.

There are two ways to define Ramsey numbers with k—independence.
One way is to ask what is the minimum integer IV such that any local edge
k—coloring of Ky contains a monochromatic G. See, foe example, Gyarfas,
Lehel, Nesettil, Rodl, Schelp, and Tuza (1987), and Caro and Tuza (1993).
Other way is to ask what is the minimum integer N such that any edge
coloring of K in m colors contains a local k—colored G.

Zero-sum coloring
Most recent combinatorial research on zero-sum problems is related to
a result of Erd6s, Ginzburg and Ziv (1961) as follows.

Theorem 14.14 Let m > k > 2 be integers such that klm. Then for any
sequence of integers {ai,az, ..., amik—1}, there exists a subset I of indices
of {1,2,...,m+k — 1} such that |I| =m and }_,.;a; =0 (mod k).

Let Zj be the additive group modulo k. A Zj—coloring of edges of
graph G is a function f : E(G) — Z;. We say that G is zero-sum, relative
to f,if X .cpe fle) =0 (mod k).

The zero-sum Ramsey number is to ask the minimum integer N such
that any Zj—coloring of edges of K contains a zero sum G. For this topic,
see a survey by Caro (1996).

Anti-Ramsey coloring

We call an edge coloring of G to be anti- Ramsey if each pair of edges have
distinct colors. Weakening this condition, an edge coloring of G is called a
(p, q)—coloring if every subset of p vertices spans at least ¢ colors. Erdés
(1981) asked what is the minimum number f(n,p,q) of colors such that
there exist a (p, q)—coloring of K,,. To avoid the trivial cases, we assume
that 2 < ¢ < (3). Clearly f(n,p, (5)) = (3). Observe that (p,2)—coloring
are equivalent to coloring without monochromatic K. As an example, the
result r3(3) = 17 can be expressed in terms of f as f(16,3,2) = 3, and
f(17,3,2) = 4. For more information, see Erdés and Gyérfas (1997).

We have to be careful to ask the anti-Ramsey subgraphs. Some re-
searchers ask what is the minimum N such that any edge coloring of K
contains a monochromatic G; or an anti-Ramsey G5. For most pairs of
(G1,G2), these numbers do not exist.

Regular coloring
A graph G is called regular by k if A(G) — 6(G) < k. Recall many
Ramsey graph we met are regular or regular by 1. We believe that the
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minimum integer N such that any regular coloring by 1 contains K, or
independent set of order n is very close to r(m,n).

Exercises

14.1 Prove the lower bounds in Theorem 14.8 and in Theorem 14.10,
respectively.

14.2 Find upper bound and lower bound for r(x > n,x > n). (Refer
Bollobas’ result on chromatic numbers of random graphs in Chapter 6 for
the lower bound.)
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