Chapter 10
Extremal Theory

Section 10.0 Introduction

We now begin a study of one of the most elegant and deeply developed areasin all of
graph theory, extremal graph theory. We have often dealt with extremal questions. For
example, earlier we tried to determine the minimum number of edges e so that every
graph of order n with at least e edges contained a cycle. This was one of the first
problems we attempted when studying trees. Other extremal problems we have
investigated include ramsey theory, finding bounds on the cardinality of neighborhood
unions that ensured hamiltonian cycles and degree requirements that ensured hamiltonian
properties.

Extremal graph theory, in its most general form, concerns any problem which
attempts to determine the relation between graph invariants (such as order, size or
minimum degree) and a graph property (like being hamiltonian, containing a perfect
matching or containing a particular subgraph G1). Typicaly, given a graph property P,
an invariant i and a class of graphs H, one tries to determine the least value m such that
every graph G in H withi(G) > mhas property P.

We shall limit our investigation to that question generaly credited with starting
extremal theory and to the beginnings of the research that sprang from this question.
This study is rich in counting techniques and estimations. We shall use elementary
results about convex functions to obtain some bounds. All the necessary results on
convex functions are contained in the appendix or the exercises.

We shall limit our investigation to a particular type of extremal problem whose
initiation is generally credited to Turédn [19]. In this problem, we ask the following:
Given agraph G, determine the maximum number of edges, ex(n; G) in agraph of order
n that does not contain G as a subgraph. A graph E of order n with ex(n; G) edges and
not containing G as a subgraph is caled an extremal graph for this problem. The
complete solution of any such problem ordinarily requires two things. First, we must
produce an extremal graph on n vertices and ex(n; G) edges that does not contain any G.
Second, we must show that any graph on n vertices and with at least ex(n; G) + 1
edges must contain aG.

The investigation of this extremal problem will eventually lead us to the study of the
structure of extremal graphs. A rather beautiful theory has been developed that
essentially tells us that the exact structure of the forbidden graphs themselvesis not really
as important as their chromatic number.
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Section 10.1 Complete Subgraphs

We begin with Turén’s original problem: What is the maximum number of edges g in
agraph of order n that does not contain the complete graph K,? We begin by producing
the extremal graph for the Turan problem. This graph is easy to describe. For the
forbidden graph K, 1 (with chromatic number p + 1), we begin with the complete p-
partite graph Ky n, ... n, wheren = 3 n;. Itiseasy to show that among al such
graphs, the one with the maximum number of edges is that graph with partite sets as
nearly equal as possible. In fact, among al graphs on n vertices with chromatic number
p, it has the maximum number of edges. Thus, ifn = kp + r,0 <r <p,thenp - r of
the partite sets contain k vertices and the remaining r of the partite sets contain k + 1
vertices. We denote thisgraphas T, ,, and cal it the Turan graph. We further note that

E(Toy)0= (2 ) - kon —2p +1)

We are now ready to state Turan’s theorem.

Theorem 10.1.1  Among the graphs of order n which do not contain K, there exists
exactly one with the maximum number of edges, namely T, 1.

We will present (or at least sketch) two proofs to Turan’s theorem, showing two
common and useful techniques in extremal theory. The first technique is called
"chopping" and resembles Turdn’s original proof. The strategy is to chop off a "useful”
subgraph and work around this structure to complete the proof, carefully avoiding the
"chopped" graph. For convenience and to maintain a notation common in extremal
theory, we denote by G" a graph of order n.

Turén’s Chopping Proof. We proceed by induction on n, the order of the extremal
graph under construction. The anchor istrivial so assume the result holds for orders less
than n and suppose the extremal graph G" is Kp— free. Since G is extremal, it follows
that H = K,_; 0 G" and defineqq, g2, q3 asfollows:

(E(H)O = p;1 ),

1 =
g, = no. of edges between HandV-H<(n-p+ 1) (p - 2)
qsz = [E(V - H)U< [E(Th-p+1,p-1)0

(the bound in the third expression follows from the inductive assumption ).

Itisclear that (E(G")O= qq + g, + (3, and by summing the bounds givenonq,
g, and g3 we see that

(E(G")0s [E(Tphp-1)0]
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It remains to show that if equality holds, then G" = T,,_;. Clearly,
g, = (n - p + 1)(p - 2). This determines a partition of V(G") into p — 1 classes,
defined according to their p — 2 adjacenciesin H. These classes are clearly independent,
so G" isacomplete (p — 1) partite graph defined by these classes, that is, G = Tp -1.
O

The second proof technique, known as symmetrization, has become a powerful tool in
extremal theory. The process of symmetrization proceeds as follows. Given nonadjacent
vertices v and u, we delete all the edges incident to the vertex u and make u adjacent to
al vertices in N(v). The vertex u is then said to be symmetric to v. We can see that
under certain conditions symmetrization can be useful in extremal problems. First, it is
clear that no K, is formed during this process, since only the vertices of N(v) have new
adjacencies and u and v are not adjacent. Thus, if a K, now exists, it must have existed
prior to symmetrization. Second, if deg u < deg v, then we have increased the number
of edges in the graph without producing the forbidden K,,. We now sketch a second
proof of Turan’s theorem using symmetrization from Zykov [21].

Sketch of Zykov's Proof. We assume the anchor and inductive steps have been
performed and consider the extremal graph G" which is K,-free. Let v have maximum
degree in G" and symmetrize all of V — N(v) tov. Let S; denote these vertices along
with v. Clearly, S; is an independent set of vertices. Further, since v had maximum
degree, our new graph has at least as many edges as G". Now, repeat this process on
< G" -5, >, forming the set S,. Continue the procedure, forming the sets
S3,..., Sy. Aswe noted earlier, since G" was K -free, this new graph formed by
symmetrization is also K,-free. (Thatis, d < p — 1 ). Thus, any K,-free graph can be
transformed into a d-partite (d < p — 1) graph. Further, to maximize the number of
edges in such a graph, standard convexity arguments (as noted before) imply that the
graphisactualy Tp p-1. O

The following is immediate from Turan’s Theorem, but was originally proven by Mantel
in 1906 [13]. We provide an independent proof of this result because the technique is
different and very interesting.

2
Corollary 10.1.1  If G" isK 5-free, then CE(G")0< ”T.

Proof: Suppose G is as described and number the vertices of G from 1 to n. Assign
n

vertex i aweight of w; = Osuchthat > w; = 1. Our goal isto maximize
i=1
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S= z Wi W;j
ij 0 E(G)
(where the sum is taken over all edgesin G). Suppose vertices u and v are not adjacent in
G. Let the neighbors of u have total weight x and let the neighbors of v have total weight
y, where we assume without loss of generality that x > .

Since
(Wu + S)X + (Wv - 5)y 2 WX + WYy

we do not decrease the value of Sif we shift some weight from the vertex v to the vertex
u. It follows that S is maximal if all the weight is concentrated on some complete

subgraph of G, in fact, on one edge. But then S < % (applying standard convexity). On
the other hand, teking all w; = n~!, we see that S> n"2[E0 But then these two
inequalities imply that CEC< “T. 0

We now state an extension of Turan’'s theorem from Erdds [5] which can be used to
provide yet another proof of Turan’s theorem.

Theorem 10.1.2 Let G" be a Kpy-free graph with degree sequence
dy 2dy 2 -+ 2d,. Thenthereexistsa(p — 1) chromatic graph H" which is K -
freewithdegreess; 2 s, = --- = syandsuchthats; > d; for everyi.

We continue our investigation of complete subgraphs with a theorem from Dirac [4]
that shows that we actually get more than a K|, once we have more than the extremal
number of edges. To this end, we say that a graph H is saturated (in particular, we say a
graph H is G-saturated) if H does not contain G and if the addition of any edge to H
resultsin a graph that does contain G. Thisideais similar to the technique we have often
used in assuming maximal counterexamples. For example, the proof of Ore’'s theorem
(Theorem 5.1.1) used this approach.

Theorem 10.1.3 If n>r + 1, then every (n, ex(n, K,) + 1)—graph G contains a
Kr+1 - e

Proof. We proceed by induction on n, the order of G. For n = r + 1, it is clear that
having one more than the extremal number of edges forces G = K, ;1 — €, and so we
have the anchor step.

Now, we assume the result holds on all such graphs of order less than n and consider
an (n, ex(n; K;) + 1) graph G. Let x have minimum degree 8(G). Then it is easily
seen that 8(G) < &(Tp,), and so [E(G - x)O= ex(n - 1; K;) + 1. Hence, by
induction we seethat G — x containsK, ,; — e, and the result holds. O
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For completeness, we now state the following corollary to Turan’'s theorem.

Corollary 10.1.2 (Zarankiewicz [20]) If G" isK,-free, then

1 r— 2
M < - = .
o(G") = (1 r—1)n r_1n

With considerable effort, one can improve upon the above corollary; however, we
shall simply state this improvement.

Theorem 10.1.4 ([1]). If X (G") = r and G" isK,-free, then
(3r =7

3(G") < G "

We continue our investigation of complete subgraphs by counting triangles. Turan’'s
theorem tells us when we can be sure one triangle exists, but our goal is to establish
bounds on the number of triangles that exist in general. In first attacking this problem,
we will find it useful to change the setting and sum the number of triangles that must be
contained in agraph and its complement. Let k, (G) equal the number of K, 's contained
in the graph G. Independent work of several people, including Goodman [11], Moon and
Moser [14] and Lovész [12] al lead to the following result.

Theorem 10.1.5 Givenan (n, q)—graph G with (n, T) complement G,

n . deg v
(@) +ka(® = (3) - -2a+ 5 ( 5

n n n-1- d@ Vi
=(3)-(n-2)q+_zl( 2 )
|1 =
n ,degv
Proof. Consider the degree sequence of G. Thereare 3 ( 2 ) pairs of adjacent
Sy
n n -1 - deg v I
edges of G and ¥ ( ) ) pairs of adjacent edges in G. The sum of
i=1

these two numbers can be counted in another way as well. Each of the trianglesin G and
G contains three pairs of adjacent edges, and each of the remaining

L=(3) - ks(©) - ks(®)

triples of vertices contains exactly one such pair. Hence,
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z (degv' ) + z (" degv' ) = 3ks(G) + 3ky(T) + L.

Solving for our desired sum yields,

degv,) n- 1degv,

ka(G) + ks(B) = —[z( + z (

)- (3
But note that
% (n-l-deg Vi) _ % (n-1-deg v;)(n-2-deg v;)

i=1 2 2
n [ _ d : 0
n-1 €J Vi
= O _ _ . O
ElD 2 (n - 2)deg v; + ( 2 ) 0

Now, substituting and rearranging terms completes the result. O

Corollary 10.1.3 ThegraphsG" and G " contain atotal of at least
n(n - 1)(n - 5)

triangles.
54 g

Theorem 10.1.6 An(n, q) —graph containsatleast% (4q - n?) triangles.

Proof. Suppose that uv [0 E. Then there are at least deg u + deg v — n vertices
adjacent to both u and v. Thus, we see that

ks(G) 2 L 5 (degu + degv - n).
3 uvE
But since each deg u term appears deg u timesin this sum, we have that
ks (G) = L S deg? u - ng.
3 ubv
So by the Cauchy inequality (see the appendix),

1 ] (Zq)Z ] q 2
ka(G) = = - nq = _ 4q - n4l. O
3( ) 3 0 n 0 3n [ ]

The next result is due to Rademacher (see [9]) and extends Mantel’s Theorem.

2
Theorem 10.1.7 For every even n, a graph on n vertices with nT + 1 edges contains
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at least % triangles. Furthermore, thisresult is best possible.

The graph Ky n2 + € shows that Rademacher’s Theorem is best possible. Our
next result was originally conjectured by Nordhaus and Stewart [15]. The result is due to
Bollobas [2].

2 2
Theorem 10.1.8 If Gisagraph on n vertices and nT < [E(G)0< nT edges then

G contains at |east %(4EE(G)D - n?) triangles.

Comparing these theorems over the range of Eossible values for q we see that

Rademacher’s Theorem is most acurate for q = nT + 1 edges,; the bounds of Moon
2
and Moser and of Bollobas are equal when g = %; finally, Moon and Moser's

n
Theorem yields the exact number of triangleswhenq = ( 2).

We compl ete this section with aresult due to Erdds [8]. We begin with a sequence of
lemmas.

Lemma 10.1.1 Every (n, ex(n — 1, K3) + 2)-graph G which contains an odd
cycle, contains atriangle.

Proof. Let G be as described and let C: uq, Uy, ..., U+ be the vertices of a
shortest odd cycle in G. We can assume that 3 <2k+ 1<n Now
< Uq, Up,..., Ug+1 > can have no other edges, for otherwise a shorter odd cycle
would be formed. Let vq, V,,..., Vh-2c-1 be the other vertices of G. Any v;
(1<i<n-2k-1) can be adjacent to at most two u; (1<j <2k + 1), for
otherwise an odd cycle shorter than C would be formed. Finally, Tura n’s Theorem
implies< vq,..., Vh-ok-1 >canhaveat mostex(n — 2k — 1, K3) edges. Thus, the
number of edgesin G is at most

2k + 1 +2(n—-2k - 1) +ex(n -2k - 1, K3) <ex(n - 1, Kg) + 1,

contradicting our assumptions. O

Lemma 10.1.2 There exists a constant ¢, > 0 such that every (n, ex(n, K3) + 1)
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graph G contains at least[1c, n [triangles having acommon edge (u, V).

Proof. Let T ={ (uj, Vvj,wj) d1l<i<r} be a maxima system of digoint
triangles in G. Thus, in G — T the remaining n — 3r vertices contain no triangles and
therefore have at most ex(n — 3r, K3) edges.

Denote by G(i) the graph obtained from G by deleting the firsti — 1 triangles of T.
Further, let degju;, degjv; and degjw; bethedegreesof u;, vi andw; in G(i).

We now show that for somei (1 <i <r) wemust have
degju; + degjv; + degiw; > n(1 + 9c,) - 3i, 1)
for if thisfailed to hold for any i, then the number of edgesin G would be at most
r
> [n(1+9cy) —3i] +ex(n - 3r, Kg) <ex(n, Kj)
i=1

by a ssmple calculation for sufficiently small c,. But this contradicts the fact G contains
at least ex(n, K3) + ledges. Thus, (1) holdsfor say i = ig. Then asimple calculation
shows that there are at least 3c,n [Cvertices of G(ig) which are adjacent to more than
one of the vertices u; , v , W . Therefore, there are at leastlic,n [vertices adjacent to

the same pair, which completes our proof. O

Lemma 10.1.3 Let d > O be a fixed number. Consider any (n, q)-graph G with
g > ex(n, K3) - %(1 - 0), n > ng(d), which contains atriangle. Then G contains
an edge (u, v) and r =[OcznO+ 1 (c3 = c3(d)) verticesw; (i =1,2,...,r)s0
that all thetriangles(u, v, w;) (i = 1, 2,..., r)areinG.
Proof. By assumption, G containsatriangle (u, v, w). Assume first that

degu + degv + degw > n(1 + 9c3) + 9. 2
Then the result follows from Lemma 2.

If (2) fals to hold, then G —u - v — w has n - 3 vertices and at least
g - n(1 + 9c3) — 9edges. Butifcz < % thenforn > ng,

g - n(l+9cs) - 9> ex(n, Kg) — %(1 ~3) - n(l+9c3) -9
> eX(n - 3, K3)

But then by Lemma 10.1.2, G — u — v — w contains the desired configuration of
triangles, which completes the proof. O
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We are finally ready to present our goal, atheorem due to Erdos [8].

Theorem 10.1.9 There exists a constant ¢; > 0 such tr;at for n sufficiently large and
t < cyn/2, if agraph G on n vertices contains at IeastDnT [0+ t edges, then G contains

at least ﬂ]% (triangles.

Proof. Suppose Gisasaboveandt < cq % We first assume that after the omission of

any r =[lcqn/2c3 Cedges, the graph still contains a triangle. (Note: c3 = c3(0), for
c
0= % in the last lemma.) For sufficiently small cq, % < %; thus it will be
3

permissible to apply Lemma 10.1.3 during the omission of these edges.
By Lemma 10.1.3 (or Lemma 10.1.2) there exists an edge e; contained in

Ocgn O+ 1 triangles of G. Again by Lemma 10.1.3inH; = G - e, there exists an
edge e, contained in at least [lcyn [+ 1 triangles of H,. Suppose we have already

chosen the edges e;, ..., e, each of which is contained in at least Oczn O+ 1
triangles. By our earlier assumption H, = G — e; — -+ — e, contains at least one
triangle. But then by Lemma 10.1.3 thereisan edge e, +1 in H, which is contained in at
least(Ocyn O+ 1 triangles of H,. These triangles incident on the edges ey, ..., €r+1
are clearly distinct, thus G contains at least
n? n
(r +1) {Ocgn O+ 1} > 017 > t?
triangles, which completes the proof in this case.
Therefore, we may assume that thereares < r < % edgeseq, €5,..., €5 SO that
thegraphH = G - e; — e, — -+ — €4 contains no triangles and we may assume s

isthe smallest integer with this property. By thefactthats < r < % H has

ex(n, K3) +t - s> ex(n, Kg) - % >ex(n-1,Kg) +1

edges. Thus, by Lemma 1, H must contain only even cycles.

By Theorem 10.1.1, s> t. Suppose s = t. Then H has ex(n, K3) edges and by
Theorem 10.1.1, H = T, ,. Clearly, the addition of any edge creates at least D%D

distinct triangles. A simple argument shows that the addition of every further edge
introduces at IeastD% (riangles and that these triangles are distinct. Thus, G contains at

least ﬂ]% [triangles and our result is shown in this case as well.
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Finally assumes =t + w, 0 <w < % (since s < n/4). We aso assumen is

even, say n = 2m. Now since H contains only even cycles, it is a subgraph of a bipartite
graph B whose verticesaresay 01, ..., Op-y ad B, ..., Bm+y (SNce H has more

than ex(2m, K3) — ;edges, wehaveO < u < (m/2)”%).

Clearly, every one of the edgese;, ..., esjointwo of thea’s or two of the 3’'s, for
otherwise for some e;, thegraph G —e; — -+ —e€j-1 — €+1 — -+ — eswould
still have only even cycles and hence no triangles, which contradicts the minimum
property of s.

By our assumption, H is a subgraph of B. Assume H is obtained from B by the
omission of x edges. Then we clearly have

s=x+u?+t (or w=x+ u?),

and G is obtained from H by adding s edges e1,..., es which are al of the form
(aj,, aj,) or (Bi,, Bi,)- Let e =(Bi,, Bi,) and let us estimate the number of
triangles (Bi,, Bi,, aj) in B. Clearly, at most x of the edges (Bi,, a;), (Bi,, a;) ae
not in B; thusB + e; containsat least m — u — Xtriangles (if e; connectstwo a’s, then
B + e; contains a least m + u — x triangles). For different e;’s these triangles are
clearly different; thusG = H + e; + --- + egcontainsat least

(M-u-x)s=(m=-u-=-x)(x+u?+t)=tm=t(n/2)

triangles. The above follows by simple computation froms = u? + x + t < m/2. The

above equation completes the proof inthen = 2mcase. For n = 2m + 1 the proof is
almost identical and hence we omit it here. This completes our proof. O

This result has been improved by Lovasz and Simonovits (see [3]) who showed that
the theorem holdsforc; = 1.

Section 10.2 Cyclesin Graphs

We now modify the forbidden subgraph in question and consider extremal results
involving cycles of various sizes. Our first result is somewhat less specific than those we
have seen thus far. Our concern is in finding a pair of vertex digoint cycles of
unspecified order. We define s(n) to be the minimum number of edges so that every
graph on n vertices contains two vertex digoint cycles. The following result of Pésa [16]
was presented in Chapter 5. We restate it here for completeness.

Theorem 10.21 Forn=6, s(n) = 3n — 5.
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Despite finding s(n) precisely, we find the previous result somewhat unsatisfying in
that we do not have any information about the size of the cycles that must exist. We now
turn to aline of investigation for cycles similar to the one taken for complete graphs. We
begin with a bound on the size that will ensure that a graph contains a 4-cycle. Our
strategy will be to count pairs of vertices that are dominated by a common vertex.
Allowing only one such neighbor will prevent 4-cycles.

a4-cycle.

Proof. Suppose G" contains no 4-cycle. Our strategy will be to count pairs of vertices
that are dominated by another vertex and in doing so, to create an upper bound on the
number of edgesin G".

deg z
For afixed z O V, there are ( 2 ) pairs of vertices dominated by z. On the other
hand, each pair x, y is counted at most once, since if it were counted twice, a 4-cycle

would have to exist. Hence,
deg z n
ng ( 2 ) = (2 )

Now, by Jensen’s Inequality (see the appendix),

(3) 5, ("3 )2n(* ) - 2 om
zoVv

Thus,

and hence,

qS((4n31—63n2) )y+%

Thus, the result follows. We note that we often say that the extremal value for C4 is
O(n®?); that is, g is bounded by afunction that is on the order of O(n%?). o

In attempting to produce a sharp extremal example for the previous result, we come
across our first difficulty. However, with the use of projective planes, we can produce a
meaningful example. A finite projective plane is a specia type of block design. That is,
it isafamily of v points and b subsets of these points such that each subset contains k of
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the points and each pair of points occur together in exactly A of the subsets. For finite
projective planes, a more geometric view is taken and the parameters carry special
restrictions. First of al, k =n + 1 and A = 1. The sets are caled lines, and the
following four properties (defining properties of block designs) hold.

1. Anylineisincident withn + 1 points.

2. Any pointisincident withn + 1 lines.

3. Any pair of points are joined by exactly oneline.
4. Any pair of linesintersect in exactly one point.

We can model projective planes as bipartite graphs as follows. Define the point-line
incidence graph G of a projective plane of order p, where p is a prime as follows: The
vertices of G correspond to the points and lines of the projective plane. A lineis joined
to each of the points that lie on the line. Thus, the point-lineincidence graphisann + 1
regular bipartite graph of order 2x = 2(n? + n + 1). Further, it can be shown (in the
exercises) that this graph has no cycle smaller than a 6-cycle. In fact, it represents the
(n + 1)-regular graphs of smallest order having this property. Further,

______ OV(G)D
Sty

For n = 2, the projective plane can be modeled as shown in Figure 10.2.1. Can you
construct the point-line incidence graph for the projective plane of order 2?

We can find a natural setting in which the above examples do provide a set of
extremal graphs. Suppose we consider a variation on the usual extremal question in
which we consider only bipartite graphs rather than general graphs. It is natural to forbid
only other bipartite graphs and, in particular, complete bipartite graphs. With this in
mind, we define ex( n, m; Kg; ) to be the maximum number of edges in a bipartite
graph with partite sets of orders n > s and m >t that does not contain a Kg (. In
particular, then, we first investigate forbidden C4s; that is, we seek the extremal value
ex(n, n; Kz o).

Figure10.2.1. A model of the projective plane of order p = 2.
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infinitely often.

Proof. Letq = 1(1 + V4 n - 3) and note that
2

(0 = n)g = n?(n - 1).

Now, suppose there is a bipartite graph G,, , of size greater than q that does not contain
aKy ,. Denote by d;, d, ,..., d, the degrees of the vertices in the first partite set
Vl- Then,

n
Z di = [E(Gpn)U=e>q

and
n n di _1 n 1 N
()22 (2)=3 797320
Z%ez e>q(q2;n):(”)

Thus, we reach a contradiction and the bound now follows.

The previous example of the point-line incidence graph of the projective plane shows
that equality holds infinitely often . O

We now consider the more general bipartite extremal problem. The following lemma
will be useful in our computations. This approach follows Bollobas [3].

Lemma 10.2.1 Letm, n, s, t, r, kbeintegerswith2 <s<m, 2<t<n, k=0,
O<sr <mand G ,of sizemx = km + r and with no K (; then

m()sm-0 () e (T ) ss-n ()

Proof. LetT O Vo withl U= tandsay Tislinkedtov [J V¢ if T O N(v). Then the

deg v
number of t-sets linked to v is ( i ) Since by assumption G, , contains no K ,
eacht-setinV, islinked to at most s — 1 vertices of V1. Hence,
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d
()= s (%) ze-0(])

w

Snce Y degv=mx=km+r, 0<r <m and since f(w) = ( t ) IS convex,
vV,

the inequality follows. O

Theorem 10.24 Fort < s,

ex(m mKsy) <(s-D¥m-t+1)ym Y+ (t-1)m

Proof. Let Gy, , be an extremal bipartite graph with ex(m, n; Kg¢) = mx edges
whichisKg-free. Asx < n, thelemmaimpliesthat

(x-(t-1)<(s-1(n-(t-1)m?
Thus,

Xx-(t-1)<s(s-1)Y"(n-t+1) m¥,
or

mx<(s-DY(-t+1)m Y+ (@t-1)m o

Corollary 10.2.1 If t = 2 and c is a constant such that ¢ > (t — 1)Y! (t, ¢ fixed),
then for n sufficiently large,

ex(n, n; Kyy) < cn?7 1t

We can use the bound in Theorem 10.2.4 to obtain a bound in general graphs.

Theorem 10.25 Let G bean (n, g)-graph that does not containaKg;, 2 <'s, 2 < t.
Then

qs %‘ ex(n, n; Kgyt)

Proof. We construct a bipartite graph B from G as follows. Let V, and V, be copies of
V(G). For every edge xy in G, insert the edge from x4 O V4 toy, O V5 (hence, two
edges are placed into B). Then B has 2q edges and does not contain a K ; and, hence,
the result follows. O
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Section 10.3 On the Structure of Extremal Graphs

In this section we begin an investigation of the structure of extremal graphs. After
determining the extremal values of various forbidden graphs, it is natural to try to gain
further information about the extremal graphs themselves. It is not surprising that a great
deal can be said and that this information opens still other avenues of investigation. It
should be noted that there is a fundamental difference between extremal problems in
which one of the forbidden graphs is bipartite (called a degenerate extremal problem),
and one where none of the graphs is bipartite. The reasons for this will become more
apparent as we progress. For now, simply note that in the degenerate case
ex(n, H) = o(n?), whilein the nondegenerate case,

0pl2 O
ex(n,H) 2 O0__ 0
04 0

The foundation for this section is primarily the work of Erdds and Stone [10]. Our
goal isto show that for a class of graphs H, the extremal number ex(n; H) depends only
loosely on the graphs in H. That is, the exact structure of the forbidden subgraphs is not
the critical issue, but rather the dominant feature is the minimum chromatic number of a
graph in the class H. In what follows we use the notation K )t to mean the complete
s-partite graph with t vertices in each partite set. We begin with two beautiful results
from Erdos and Stone [10].

Theorem 10.3.1 Lete > Oandk, t = 1 begiven. Then, for n sufficiently large, every
graph of order nand withd > (1 - % + g)ncontans K (i +1(t)-

Proof. (By induction on k). For k = 1, the statement claims that & = €n and, hence, G
has at least %nz edges. That G contains a Ky follows from Corollary 10.2.1 and
Theorem 10.2.5.

Now let k> 2 and s = [ % t O If nis sufficiently large, then by our induction

assumption, we can find a Ky 5) in G. Let Y = V(G) — Ky and let X be those
vertices of Y that are adjacent to at |east t vertices in each of the partite sets of the K y(s)-
Then the number of missing edges betweenY — Xand Ky (s) isat least

O¥O-XDO(s-t)=2(vrd-XDO(1 -¢)s
=(n-ks-IXD (1 -¢)s.
Also, the number of edges missing from any vertex in Ky is a most (% - g)n.
Thus, the number of edges missing from the verticesin K s) is at most
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ks(% —ge)n=(1-ke)s.

Thus, the preceding two inequalities imply that
(n—-ks-IXDO(1-¢)s<(1-keg)s,
e(k - 1)
(1-¢)
Sincek = 2and e > 0, we seethat [X [grows large asn grows large. Then, if

and solving we see that [X (1> n — ks.

Sk
xo> () @-1

we can select t vertices that will form the final partite set we desire. O

2
Theorem 10.3.2 Let G be a graph of order n with at least (1 — % + €) nT edges.
Then for n sufficiently large, G contains aK k +1)(t)-

Proof. Remove avertex of degreelessthan (1 - % + %) V(G) 0Of any exist. Now,

in the graph that remains, repeat this process and continue to repest this process as often
as possible. Suppose that at some point in this process we are unable to continue; that is,

suppose we are left with a graph H in which al vertices have degree at least

(1- % + %) V(H) O Let DV(H)O= N; then if N is sufficiently large, the result

will follow from our last theorem. Then, all that remainsis for us to show that N cannot
be "too small." That is, we wish to show that N is bounded below by a function that
grows as n grows.

In the construction of H, the number of edges we removed is at most
no 1 €, _ n+1 N+1 1 €
Zl(l_r+§)‘((2)_(2 ))(1_?4'7)

j = N+1
((2)-(2))(1-%+§)+(n—m.

IN

N
The graph H has at most ( 2 ) edges, and, thus,
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(1—%+s)(2)s 0E(G) O

sa-2e50(5) -GN
N
=N+ ().

Thus,

e (" 1 3 N
_2_(2)S(_I?__2_) (2)+(n—N).
Hence, we seethat N grows large if n grows large.

Finally, to see that the process of removing vertices of small degree must stop,

suppose that it does not stop and examine the sum on the number of edg&e removed (as

we did above). In this case we would have at most (1 - % + %)nT edgesin G, a

contradiction. Hence, the process must stop and the result is proved . O

The next, somewhat surprising result has been the goal of our work in this section. It
tells us that the forbidden subgraph’s structure is only somewhat responsible for the
extremal number. That is, the exact structure of the graph is not as important as the
chromatic number. The significance of the next result has lead to the following
definition: Given afamily of graphs F, the subchromatic number is defined to be

WF) =mn{ x(G) :GUOF} -1

The following result of Erdds and Simonovits [9] is an easy consequence of the Erdos
- Stone Theorems.

Theorem 10.3.3 If Fisafamily of graphswith QY (F) = p, then

1 n
ex(n, F) = (1 - F)(Z ) + o(n?).

Proof. Since each G O F is not p-colorable, we see that G is not a subgraph of T, .
Hence,

ex(n, F) 2 [E(Tp,p) 0= (1 - %)% + O(n).

On the other hand, there is some Gy O F with X(Gg) = p + 1 and say
V(Gg) U= m. Now the Erdds - Stone Theorem (10.3.2) asserts that
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n
ex(n, Kps1ym) = (1 - %) (,)+om2.

Since Gq isasubgraph of K, +1)(m), we have that

n
ex(n, F) < ex(n, K(psaym) < (1 - % +o) (5, )0

The following is an immediate corollary.

Corollary 10.3.1

ex(n; G) _ 1 3 1
e B (6

The structure of extremal graphs is fairly stable, in the sense that graphs that are
nearly extremal (that is, do not contain the forbidden graph or graphs but have nearly as
many edges as the extremal graphs) have a structure that is close to that of extremal
graphs. That is, we need not make a great many changes in the edge set of a nearly
extremal graph to obtain an extremal graph. Thisideais expressed in our next result, the
combined efforts of Erdds [6], [7] and Simonovits [18].

Theorem 10.3.5 (The First Stability Theorem) Let F be a family of forbidden graphs
with subchromatic number p. For every € > 0, there existsa & > O and an n. such
that if G" is F-freeandif, for n > ng,

[(E(GM)O> ex(n; F) - dn?,
then G" can be obtained from T, , by changing at most en? edges.

The name "first stability theorem" clearly implies that there are others.
Unfortunately, these results are beyond the scope of this text, but the interested reader is
advised to see [17] and [3]. Our next theorem can be proven using the first stability
theorem (10.3.5) and is due to the combined work of Erdds and Simonovits [6], [7] and
[18].

For our next result we need the following idea. Consider a partition of the vertex set
of G" assay S; ,..., Sp and the p-partite graph Kg s, corresponding to this
partition of V(G"), wheres; = 00S; [0 An edge v is called an extra edge if it is not in
Ks, S but isin G" (similarly, an edge is missing if it isin K, s but not in

..........
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G"). For agiven p, the partitionS; , ..., S, isoptimal if the number of missing edges
isminimum. Finaly, for agiven vertex v, let b(v) denote the number of extra edges at v.

Theorem 10.3.6 (The Asymptotic Structure Theorem) Let F be a family of forbidden
subgraphs with W(F) = p. If S" is any extremal graph for F, then it can be obtained
from T,, , by deleting and adding at most o(n?) edges. Furthermore, if F is a finite
family, then

5(s") _ ., 1
— = 1 7 + 0(1).

Sketch of Proof. The first part of the theorem follows from Theorems 10.3.3 and the
First Stability Theorem.

For the second part, consider an optimal partition Ry, Ry , ..., Ry of V(S") and
assume R, has minimum order. Then, OR; U< % and by the First Stability Theorem
S b(v) = o(n?).
vOR;
If r denotes the maximum order of a graph in F, take r vertices v; ,..., v, with
r

> b(v;) minimum. Clearly for somec > 0, OR; > cn. Thus,
i=1

r

r
> b(vi) < > b(v) = o(n).
i=1 | R1b 7R,
Now apply symmetrization in a slightly modified form. For an arbitrary vertex v in
S", delete all incident edges and join v to all vertices adjacent to each of v; , ..., v,.

The resulting graph S° contains no member of F. Further, DE(S") O< OE(S) O
Hence,

r r r
dgv=0n N(vi) 0200 R O- 5 b(vj) 2n - 2 - o(n)
i=1 j=2 -1 p

and the result follows. O

We next present an easy but useful result on the behavior of ex(n; F).

ex(n; F)
(5)

m
Proof. For a fixed extremal graph H™, take all ( n ) subgraphs of order n, say

Theorem 10.3.7 For every family F, isdecreasingasn — .
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o m-2
Gi,..., Gi. Eachedgeof HMisin ( n_2 )oftheGisand,thus,

(r:__zz)DE(H”‘)Ds S OE(G;)0Oc< (T)DE(H”)D
t

i <
But thisimplies that
OE(H™) O < OE(H") O

(3) ()

O

We finish our study of the structure of extremal graphs by trying to determine when
the Turan graph is the extremal graph for a family of graphs F. We will see that T, , is
fundamental to extremal graphs.

To prove the next result, we use the technique of progressive induction. Essentialy,
the technique is as follows. For a given problem you are able to prove the inductive step
under the assumptions of the inductive hypothesis. However, you are unable to prove the
anchor step. (This could be because the anchor step is not true for small values.) It also
appears that the proof of the anchor step is as difficult as a direct proof of the result.
Thus, to establish the result, we define a function, say D, used to measure the "distance
between our knowledge and the conjecture.” We then attempt to show that the value of
this measure must approach zero. We now use progressive induction to establish our
next result. Once again this result is due to Simonovits [18].

Theorem 10.3.4 A family F has T, , as an extremal graph (for n sufficiently large) if,
andonly if, some G [0 F hasanedgeesuchthatp = x(G - e) = W(F). Furthermore,
if Th,p isextremal for F for infinitely many values of n, then it is the only extremal graph
(again, provided n is sufficiently large).

Proof. One direction is easy, for if x(G — e€) = p + 1for every graph G O F and for
every edge e of G, then the addition of one edge to T, , cannot produce a graph that
contains one of the forbidden graphs of F. If it did, that graph would necessarily have
chromatic number p after the deletion of some edge. Thus, T, , is not extrema for the
family F.

For the other direction, we assume that x(G) = p + 1 but that x(G — e) = p.
Further suppose that { E"} is a sequence of extremal graphs for the family F. Since T, ,
contains none of the forbidden subgraphs, [(E(E")0=> [E(Th,p)ld We now define our
measure of the "distance between our knowledge and the conjecture." Let

D(n) = (E(E™)0- [E(Tp,p)0
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In order to accomplish our goal we shall prove the following statement.
(*) For n > ng, either T, , is the only extrema graph or there is an
n' < n suchthat D(n') > D(n) and " - © as n - .

The implications of statement (*) are that for n > ng, T, , isthe only extremal graph
for the family F. In fact, for n < ng, D(n) is bounded by some constant c. Using (*),
then, D(n) < cfor every n.

If we define N; such that if n > N;, thenn’ > N;_; andif Ng = ng, itisthen easy
to show by induction on i that for n > N;, either D(n) = 0 or D(n) < ¢ — i. Hence,
forny = Ng+q (sinceD(n) = 0) Ty, istheonly extremal graph.

To prove (*), we choose an arbitrary sequence of extremal graphs {E"} and applying
Theorem 10.3.2 and the fact that

[(E(E")0=2 [E(Thp)0
we know that T , O E". Similarly, we know that T o O Tp .

Let S=E" - Totpand T =Tpp = Ty p. Also, denote by es the number of
edges from T , to Sand ey the number of edges between T , and T. It is easily seen
thater = (n — pt)(p — 1)t.

Since E" is extremal, Tpt,p is an induced subgraph of E" and each vertex of Sis
adjacent to at most (p — 1)tverticesof Ty ,. Therefore,

(E(EM0= [E(Tpp)0+ e + [E(S)0

< [E(Tpr,p) U+ (n = pt)(p — 1) t + [E(SU
Using the above we see that
D(n - pt) - D(n)

[(E(9)0 - CE(MO - [[E(EM)O - [E(Thp)d

[CE(Thp)D- CE(MO - [(E(EM)D- E(9T
2 et — €g

> 0.

The only thing left for us to do is to check that if D(n) = D(n — pt), then
E" = T, p. Clearly, each vertex of Sisjoined to exactly p — 1 classes of Ty ,. We
partition the vertices of E" into p sets Ay , ..., Ap by placing in A; all vertices of E"
that are not adjacent to vertices in the jth partite set of Ty ,. The vertices of A; are
clearly independent; otherwise, some H O F must be in E". Thus, E" must be a p-
colorable graph. Recall that it has at least as many edges as T, ,. Therefore, we have
that E" = T, ,, and the proof is complete. O
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Exercises

1. Complete the arithmetic on q; + g, + Qg3 in the proof of Theorem 10.1.1 that
establishesthebound on OE( G" ) I

2. Prove Theorem 10.1.2.

3. Provide a graph theoretic proof of the fact that the maximum number of edgesin a
complete d-partite graph of order n (d < p — 1) actualy occurs in the graph
Th, p-1 (see Zykov’s proof).

4. Prove Mantel’s Theorem directly, without using Turan’s theorem or proof. (Hint:
Use a counting argument initially similar to that of Theorem 10.1.5).

5. Verify Corollary 10.1.2.
6. If Gisak-regular graph of order nthen

k3(G) + ks(@) = (5 ) - DK L

7. Prove Corollary 10.1.3.

8. Let G beagraph of order nand let N\, denote the number of K, sin G. Prove that

Nic+1 1 (K2 N “n)
N ke -1 Ni+1 .

k
9. Let G be a graph on mk vertices and more than (2)m2 edges. Prove that G
containsaKy ;1.

10. (Stronger version of Theorem 10.3.2) Let k> 2 be an integer and let
0 <e<¥%(r—-1). Then there exists a d = d(g,r) > 0 such that if n is
sufficiently large and

2
q>{5_2+s}_r12_

then every graph of order n and size g contains a Ky witht > dlog n [J Hint:
use induction, Theorem 10.2.4 withs=2 and
k-2 k-3

g = | =T " k—2} = {2(k-1)(k-2)}"1 > 0.

11. IfEE(G)D—(l—_)_thenNk ( ) ( ) (ksr + 1,1 red).

12. A strongly connected tournament on n vertices contains at |east ( ) ) cycles.
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13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

n
A tournament of order n contains at least one and at most n!/2 2 hamiltonian paths.

Every tournament T of order n contains a transitive tournament of order at least |
log, n] + 1.

If T isastrong tournament, then the number of transitive subtournaments of order k
(k = 3) isat most
n n-2
( k ) B ( k-2

Suppose G isa(p, q) graph with at most q = [E(T, p)Lbut Gisnot T, ,. Then
G contains a subgraph H of order r + pand size

(r;p)—p+1.

That is, there are less than p edges missing from H.

Show that if Gisagraph of order p with

5G) 2 oL 2P, g
o (-1 g

then G contains akK,.

Supposethat G hasorder p = r + landsizeq = ex(p; K,) + 1.

(8) Show that G containstwo copies of K, withr — 1 verticesin common.
(b) Show that for every k, r < k < p, G hasasubgraph with k vertices and at least
ex(k, K;-1) + 1edges.

U,2 O
Show that every graph of order p = 5 and size q = DpT 0+ 2 contains two
U

U
triangles with exactly one vertex in common.

Let0O < a < a+ &< 1 Thenevery graph G of order n > 2a/¢ and size at least
Y% (a + €)n? contains a subgraph H with OV(H)O= h > (%)n and minimum
degree at least ah.

Letr>2,1<t<qgandN=n-(r —1)g=1. LetG beagraph of order n
that contains a K, -1)(q), but dol& not contain a K. Then G has a most
1_

e=((r-1)g+t)N + 2gN r edges of the form xy, where x O K(; - 1)(q)
andy O G = K -1)(a)

Let F = Ky, wherer > 2andt > 1. Then the maximal size of a graph of order
nwithout F is
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By (r = 2) 2
F) =% {——X +0(1 :
ex(n; F) = % {{r—y * o(D)}n
23. LetFyq, Fy,..., Fj be non-empty graphs. Denote by r the minimum of the
chromatic numbers of the F;. Then the maximal size of a graph of order n not
containing any of the F; is
. _ (r-2) 2
ex(n; Fp,..., Fj) = 7%{ IGEEY) + 0o(1) }n“.
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