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Combinatorics and Graph
Theory



Chapter 1

Standard Methods of
Enumerative Combinatorics

Lecture 1 on 8.10.2018
1.1 Basics

1.1.1 Binomial Coefficient and Binomial Theorem

Definition 1 (Set of integers).
[n] = {1,2,...,n}

Definition 2 (Factorial). For any n € NU{0},

n—

nl=n-(n-1)-...-2-1 = H(n—i)

=0

ol :=1
Definition 3 (Falling factorial). For any n,k € NU{0} satisfying k < n,
k=1

(n) = n-(n—l)-...~(n—k—|—l):H(n—i) for0<k<n
i=0

(n)o =1

Definition 4 (Binomial coefficient). For any n,k € NU{0},

(n—k)Tk! 3]

n! _ n-(n—1)-....-(n—k+1) ifk<n
0 ifk>n
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Definition 5 (Multinomial coefficient). For any n,k;,kz,. ..k, € NU{0} satisfying
n=ki+ky+...+kn,

n . n!
kika, ... km) = kilka!...ky!

In the notation of Definition 5, the binomial coefficient is written as (k n"_ k).
Properties 1. For any n,k € NU{0} satisfying k <n,
n - n
k) \n—k
n\ (n—1 n n—1
k) \k—1 k
For any k,m,n € N, we have

(n+km> - L (Z) ' (kmz)

=0

Theorem 1 (Binomial theorem). For any n € N,

(1+x)" = i (Z);/‘

where x is a formal variable or x € C.
Theorem 2 (Multinomial theorem). For any n € N,
n n ki _k k
(bt = ) <k1,kz,...,km) R
where the sum is over all ky,ky, ... kyn € NU{0} satisfyingn=k; +ka+ ...+ kn

Applying the binomial theorem (Theorem 1) with x = 1 and x = —1 we have

n k n
0=1Y (-1
()
Example 1 (Subsets). The number of all subsets of [n] is equal to

£0)-»

i=0
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Example 2 (Subsets of odd sizes).
To calculate the number of subsets of [n] of odd sizes, we observe that

Mo = i (Z) +g(—1)k(’;>

i=0

2[(6)+G) -+ (o)

This implies that the number of subsets of [n] of even sizes is 2"~ !, and therefore the
number of subsets of [n] of odd sizes is equal to

2}’1 _2}’171 — 2}171

Definition 6 (Generalized binomial coefficient). For any o € C and k € N,

(Z) . a-(a—l)-.].{£~(a—k+1)

(1) Note that the denominator has k terms.
(2 If eisin Nand k > @, (§) = 0 as in Definition 4.

Example 3.

_ 2 G- Gk
> o k!
1-(1=2)-...-(1=2(k—1))
2k k!

Theorem 3 (Generalized binomial theorem). For any a € C and x € C with |x| < 1
(or x a formal variable),

k=0
Example 4.
oo 1
l—x%: 2) (—x)f
(1-) kzo(k)< )
e (=D 2k
- ,;)M 2k—1)(k) (="
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1.1.2 Landau- and Asymptotic Notations
(1) O(g(n)) == {f(n):

Je>0,Inp eNs.t. Vn>ng |f(n)] <c-|g(n)|}
= {f(n): limsup,,_,,, L (m)| <°<J}

lg(n)]

f(n) = 0(g(n))
”f(n) is big oh of g(n)”
” f (n) grows at most as fast as g (n)”
(2) Q(g(n) = {f(n)

:de>0,3np e Ns.t.Vn>ng |f(n)|>c-|gn)|}
{ n) 1iminfﬁw%>o}

fn) = Q(g(n))
” f(n) is big omega of g(n)”
" f (n) grows at least as fast as g (n)”’

(3) O(g(n)) :

0(g(n)NQ(g(n))

f(n) =©(g(n)
" f(n) is big theta of g(n)”
" f (n) grows as fast as g (n)”’

@) o(g(n)) :

{f () :¥e > 0,3n0 €Nst.¥n > no |f (n)] < |g(n)[}
= {7 im0}

f(n) =o(g(n) or f(n)<gn)
(n) is small oh of g(n)”

°f
" f (n) grows slower than g (n)”’

1im,,—se0 |f ()] — oo}

f(n) = o(g(n) or f(n)>gn)
"f(n) is small omega of g(n)”
" f (n) grows faster than g (n)”’
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(6)
Fo ~ gl e Jim D=
”f(n) is of order of g(n)”
” f (n) is asymptotically equal to g (n)”’
Example 5.

I+1=140(1) vs 1+H=1+0(l) vs =1+0(1)

1
Ty
1.1.3 Useful Inequalities and Asymptotic Estimates
Theorem 4 (GM-AM-RMS inequality). For any x1,x3,...,%, € RT,

1

(]ﬂlxz) < % xi < -y 2
i=1 i

=
—
=

1 ni3

In words, “the geometric mean is smaller than the arithmetic mean, which is smaller
than the root mean square”.

Theorem 5 (Stirlings formula). Foranyn € N,
n! = V2nn (E)” 1+L+0 1
T e 12n n?

= (1+0(1))V2mn (g)

Lemma 6 (Binomial coefficient approximation). For any n,k € N satisfying k < n,

@) < ()=

(”) _ 2H(%)n+0(logk)
k

where H is the Entropy function

H (x) := —xlogyx — (1 —x)log, (1 —x)
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Lecture 2 on 9.10.2018

1.2 Recursions

1.2.1 Recursions

Example 6. Let a sequence (an)neNU{O} of numbers be given by a recursion

aop =0
apy1 = 2a,+1, n>0

The sequence begins with 0,1,3,7,15,31,...
We add 1 on both sides of the latter equation to obtain

ani1+1 = 2(ap+1), n>0.

Then we have a, + 1 =2"(ag+ 1) = 2" and therefore the sequence is explicitly given
by

a, =2"—1, n>0.

Example 7. Let a sequence (Cln)neNu{O} of numbers be given by a recursion

a =0
aq =1
ny2 = ap+1t+ay, n=>0.

This sequence is called Fibonacci sequence and begins with 0,1,1,2,3,5,8,13,....
How can we derive the explicit form of the sequence?

1.2.2 Linear recurrences

Definition 7. (1) We say that a sequence (a,),enufoy Satisfies a k-th order recurrence
(or recursion) if a,, can be written as

an:f(anfl,anfbnwan—k)v n>k

for a function f : Ck — C.
(2) The sequence (a,),>o is said to be an order k linear recurrence with constant coef-
ficients c1,...,c, if it can be written as

ay =c1ay—1 +C2ap—2+ -+ Cray—g

where the ¢; are constants.
(3) The characteristic polynomial of an order k linear recurrence as in (2) is the poly-

nomial

q2) =2 —c1- V-~
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First-order linear recurrences

Theorem 7. A first-order linear recurrence with constant coefficients of the form

=0
o (1.1)
ap=Cp-ap1+dy, n>1,

with ¢; # 0 has an explicit solution,

n—1
ay =dy + Z diciy1Cit2 -+ Cp.
i=1
Proof. Divide both sides of the recurrence in (1.1) by ¢,,cp—1 -+ - c1:
an an—1 dy

= + .
CnCp—1-"-C1 Cn—1Cp—2--C1 CnCp—1---C1

Change of variables: let

a
by = ——"—.
CnCp—1-"C1
We get the difference relation
d
bp=0by 1+ 7n7
CnCp—1-""C1
that is,
d
bp—by—1 = .

CnCp—1-C1

Summing up the differences b,,, — b,,—1 form = 1,...,n (noting that by = 0), we get

Thus, for a,, (n > 1) we have

n d:

1
a, = CpCp—1---C1 - 27
i=1 CiCi—1--°C1

n—1

:dn+ Zdici+lci+2"'cn- O
i=1

Example 8. Returning to Example 6 we have

aop =0
ap+1 = 2an+17 ”ZO,
so taking c; =2,d; = 1 for all i in Theorem 7 we have
n—1 -1
i 2(1—=2""1
=1 P R
an =1+ ; +=15

=

= 142"-2,

mo i r(1—r")
because Y | r' = ==~ forany r # 1.
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Higher order linear recurrences with constant coefficients

Theorem 8. All solutions to the k-th order linear recurrence with constant coefficients
C1,€2,---,Ck
Ap=Cl 1 +C2-ap2+...+Cp-Ang, N2>k,

can be expressed as linear combinations of terms of the form

o, na, n*a,. . 0" o

where Q is a root of order m of the characteristic polynomial

q(z) = N -

Remark 1. If ¢(z) = (z— a)™ - p(z) for some polynomial p(z) where (z— &) 1 p(z),
i.e. o is a root of multiplicity m, then g(&t) = ¢'(a) = ... = ¢V (a) = 0.

Proof of Theorem 8. Let o be a simple root of g(z) (i.e. the multiplicity is 1) and
a, = o'*. We want to check that a,, is a solution to the recurrence, i.e.

= - CkOCnik

!
0=a"—cia" '~
:a”‘k-(a"—clak‘l—...—ck>
_ =k -0
=a""-q(a) =0.

Let a now be a root of multiplicity of m of g(z). Then, for0 <i<m—1,a, = o
is a solution to the recurrence because

!

O=a,—ci1-an_1—Cr-An_p—...— Ckln_r
=ndo"—ci(n—1)a" ' —cr3(n—2) " en—k)a
=o'k <niak—cl(n— ikt — . —cp(n—k) ’)

:anfk-((n—k)’-q( o)+ ((n—k) (n—k—1) ’)q’(oc
o (bo(n—k)' +bi(n—k—1) +by(n—k—2)") ¢" () +...)

:a"k-< Yy a-/‘-< Yy b.,-’g(n—k—é)’)q(’)( )) 0,

0<j<i 0<t<j

because of the previous remark; the b ¢ are constants.

Furthermore, a linear combination of &, n- &, ... ,n" ' a™ is also a solution to the
recurrence.
If ¢(z) has distinct roots ¢, ..., 0 with multiplicities my, ..., m; where m; + ...+

mg = k, then a linear combination of all these n/ - of for0< j<m—1,1<i<s,ie.

S

=Y (bio+bian+...+bimn™ ") of

is also a solution to the recurrence.
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We claim the opposite is also true. Let R be the set of solutions to the recurrence, the
elements of R are sequences in {a = (a,), | a, € R}. Then R is closed under addition
and scalar multiplication, and R # (. Therefore, R is a vector space.

We claim that R has dimension k. Consider a map f from R to R*:

ao

k a“
f:R—R" a—

A1

This is a linear map and also an isomorphism, because any solution to the recurrence
is uniquely determined by the £ initial values. So, R has dimension k.

Therefore, R is given (generated) by linear combinations of any k linearly indepen-
dent solutions to the recurrence. Now it suffices to show that the set of k solutions
{nj o | 1 <j<m;—1,1<i<s} tothe recurrence is linearly independent. But this is
true because these solutions have different orders of growth (in particular at oo). O

Example 9. Returning to Example 7 we consider the Fibonacci sequence

an =an-1+ap—2, n=2 (1.2)
ap = 0,(11 =1.
Its characteristic polynomial is
()= 2 - 1+/5 1-/5
q\z) =2 Z =1z ) Z ) 5
and the solution to the recurrence for ay, is
n n
an:rlc%;) +Q<L%§)
ap = O,al =1.
From the initial conditions, we get r| = % rn = fﬁ. The explicit solution to (1.2) is

145\ 1 (1-v5)
an—\@ 5 7 5 :

Example 10. Consider the second order linear recurrence
a, =5a,_1—6a,—2, n>2

with the initial conditions ag = 0,a; = 1.
The characteristic polynomial is

q(z) =72 —5z+6=(z—2)(z—3).
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The solution will be of the form
a, =r12" +r3".
Due to the initial conditions, ri = —1 and r, = 1 and the solution is
a, = —2"+3".

This can be solved in Maple as follows:

rsolve({a(n) = 5  a(n-1) - 6 » a(n-2), a(0) = 0, a(l) = 1},

In Mathematica:

RSolve([{a[n] == 5 » a[n-1] - 6 * a[n-2], a[0] == 0, al[l] == 1}, aln],

Exercise 1. Find initial conditions ag,a;,a; for which the growth rate of the solution
to the recurrence
an =2ay—1+ay——2ay-3, n>3

is (a) constant, (b) exponential, and (c) fluctuating in sign.

Higher order linear recurrences with non-constant coefficients

Example 11. Consider the recurrence

ayp =nay,_1+nn—Day,_p, n>2
ag = 07611 =1.

Divide by n! to receive
ap  dp—1 an—2

E_(nfl)!—‘_(an)!'

Change variables: let b, = St. Then we get the recurrence

by=by 1+by 2, n>2
bo=0,by = 1.

for the Fibonacci sequence. From Example 9 we have

b L (151 (1-v5Y
"TVs\ 2 NAWE
n n
n! 1+5 1-5
a, = — — .
Vs 2 2
Exercise 2. Solve the recurrence

{n(n Da,=n—Dap_1+ap—2, n>2

This yields

a0:O, a1:1.
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1.2.3 Non-linear recurrences

Example 12. Consider the second order non-linear recurrence

{an\/anl “dp-2, n>?2

ag = 1, a) = 2.
We use the logarithm function, since

log, xy = log, x+log, y.

Let b, = loga,. We get

b, = %(bnfl +bn72)» n>2
bo=0, by = 1.

This can be solved similar to the previous linear recurrences.
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Lecture 3 on 15.10.2018

1.3 Generating Functions

Let K denote a commutative ring, usually we take K = C.

1.3.1 Formal Power Series
Now let us return to Example 6.
Example 13. Let a sequence (a,,)neNU{o} of numbers be given by a recursion
=0
{ao (1.3)

ant1 = 2a,+1, n>0

and let 7 be a formal indeterminate variable.
Multiplying both sides of (1.3) by z**! and summing over n € NU {0}, we obtain

oo

Zan+lzn+l _ Z(zan+l) Zn+].
n=0 n=0

Ifit were true that Yoo (2a, +1) 2" = 22 ¥ a2 +2Y50 2", we would obtain

i ap?' = 2z i a7’ +z i 4
n=1 n=0 n=0

Defining A(z) :== Y r_yan " we have
Az) = 27A(z) +z Z 7' equiv. (1-22)A(z) =z Z 7"
n=0

because ag = 0. From this we we would further obtain

2 z > 9 z 1 1 1
A = — e =0y,
© = 1= n;,z 12z 1T-z  “1-22 “1-2
=2z Z(Zz)" -z Zz”
n=0 n=0

I
gk
~—
[\
&
=
|
(ng
A\l
=

3
I
-
3
I
-

|~
gk
—
[\
S
|
—_
~—
2,
=

3
Il
—_

I
ok
—~
[\
S
\
—_
~—
N

3
Il
o
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if the following were true:

_ v L2 _ N
(1-22)A(z) z";)z — A % n;)z (1.4)
oo e
< , ack 1.5
,;)(“Z) T—az ¢ (1)
Y (2a,+1) " <2 Y and'+2) 7" (1.6)
n=0 n=0 n=0

Summing up, we would have Y ,,_qa, 7" = Y,_(2" — 1) 2" and therefore a, =2" — 1
for every n € NU{0}, by comparing the coefficients, if (1.4)—(1.6) were true. When
are they true?

Definition 8 (Formal Power Series). Given a sequence (a,)nenuio} With a, € K and a
formal variable z, we call an infinite sum of the form

A(z) := ian =Y a
n=0

n>0

a formal power series. We call a, the coefficient of 7" in A(z) and use the notation
"] Az) == an.

The ring of formal power series is denoted by K[[z]] and endowed with the operations
of addition and product:

(ian z”) + (ibn z") = i(an+b,,) s (1.7)
n=0 n=0

n=0

(ia,, ) . (ib,, ) - (zb) ’ i)
n=0 n=0 n=0 \ k=0

We often skip - for the product of two formal power series. As a special case of (1.8)
we have, for any a € K,

a <an z"> =Y ab, 2" (1.9)
n=0 n=0

Given a formal power series A(z) = ¥.,>0a, 2" we also define the following alge-
braic operations:

e Differentiation: A’(z) := Y,;>1 na, 2" ' = ¥,0(n+ ani1 2"

an—1 Zn

o Integration: [§A(r)dr := Y5072 " =¥, 2

Definition 9. A formal power series B(z) := Y.,._ob, 2" is called a reciprocal of a
formal power series A(z) := Y a, 2" (and vice versa) if A(z)B(z) = B(z)A(z) = 1.
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Propostion 1. A formal power series A(z) := Yp_gan 2" has a reciprocal if and only
if ag is a unit (i.e. invertible)'. In that case, the reciprocal is unique and so we denote
the reciprocal of A(z) by ﬁ.

Proof. Exercise! O

In Example 13 we wished to have

(1-20A(z) =1 <= A(z)=

1

- ?
N

Y Qan+1) 2 £ 22 Y a2 +2 Y 2
n=0 n=0

n=0

From definition, equality (1 —2z)A(z) = 1 and Proposition 1, A(z) is the (unique)
reciprocal of 1 — 2z and vice versa, so

1
1-22)A(z) =1 < A
(1-22)A(2) (0= 15
For the second equality Zn 0% = 1Z we shall show that the reciprocal of the
formal power series A(z) := Y (2" is ( ) :=1—z and vice versa. Letting A(z) :=

Yo oan 28 with @, =1 for n > 0 and B(z) := Y by 2" with by = 1,b; = —1 and
b, = 0 for n > 2, we have

had n =]
A(z)B(z2) (L8 Z (Z akbnk> 7" = apby + Z (an—1b1 +anbo) 7" = 1.

n=0 \k=0 n=1

By Proposition 1, A(z) is the unique reciprocal of B(z) and so A(z) = ﬁz) = l%z, that

is, we have

in the ring K[[]].
Analogously one can show that for any a € K, the reciprocal of the formal power

series A(z) := Yo o(az)" is B(z) := 1 —az and vice versa. In other words, for any
ack,

)" = (1.10)
n=0 I —az

in the ring K[[z]].

If K is a field, ag is a unit if and only if ay # 0
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For the third equality Yy (2a, +1) 2" = 2z Yor_ganz" + 252", we use (1.7)

and (1.8) to have

Y Qa,+1) 2+ D
n=0

izan ZnJr] + i Zn
n=0 n=0

(1.8)

+1 (L€ 2z

Z an?t+7z i 7"
=0 n=0

Thatis, Yo7 o(2a, + 1) 277 =22 ¥ yand" +z Yoo 2" in the ring K[[2]].

Given a formal power series A(z) =

following properties:

Y.>0an 2" and a constant € K we have the

o A(Bz) =Y,s0aB" 2", so0["] A(Bz) = a,B" = B"a,=B" [2"] A(z) (scaling)
e (A(x)—a0)/z=Yp>1an "' =Y0ant1 2" (left shift)

o ZA(R) = Lm0 & = Lm1a,-1 2 (right shift)

e A(2)/(1—2) =A(2) Luz0 2" = Luz0 (Lo<k<na) 2" (partial sum)

Example 14. Let us study the recursion for the Fibonacci sequence

ao
ai

Aan+2

using the generating function A(z) :
sion by "2

+2
Z ap+2 b
n=0

= Z ap?’

=0
=1

= ap+1 +ap,

n>0,

=Y oan Z". Multiplying both sides of the recur-

and summing over n € NU{0}, we obtain

oo

Z (anJrl + an) Zn+2
n=0

z Zanz" + 22 Zanz”
n=1 n=0
ZA(z) + 22 A(2)

Z

n=2

— A(z)-
= (1-z-2)A(2)
= AR = l—zZ—z

5 =

B 1ﬁz (1—1ﬁ11 - 1—1ﬁ2z>

aty 1 [ & n v n

E ﬁ(nzowlz) nzowzz))
w (S el

L (z EER R )
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where B = l+—2‘/§ and By = 1%6 Therefore we have
1 ((1+v5\" (1-v5)"
ap = — — , n>0.
V5 2 2

1.3.2 Ordinary and Exponential Generating Functions

Throughout the lecture we take K = C.

Definition 10 (Generating Functions). The ordinary generating function (OGF) of a
sequence (ay),enuqoy is the formal power series

A(z) == Z a, 7"
n=0

The exponential generating function (EGF) of a sequence (a,),enujoy is the formal
power series

Definition 11 (Combinatorial Class, Counting Sequence, and Generating Function).

e A combinatorial class <7 is a finite or denumerable set on which a size function
is defined such that the size |¢| of an element « is a non-negative integer and the
number of elements of any given size is finite.

e An element of size 1 in a combinatorial class is an atom.

e Given a combinatorial class &/ we denote by o7, the set of elements in ./ of
size n for any n € NU{0}. (4, is also a combinatorial class.) Let a,, denote the
number of elements in .¢7,, which is often denoted by |.27,|.

e The counting sequence of a combinatorial class <7 is the sequence (an)nENU{O}
where a, = |97,

e The ordinary generating function of a combinatorial class <7 is the ordinary
generating function of the sequence (@n)nenuqoy With a, = |#7,|. Therefore we

have .
A(z) = Zan = Z o,

n=0 ocd
Notation: ["]A(z) := ay.
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e The exponential generating function of a combinatorial class </ is the exponen-
tial generating function of the sequence (ax)nenujoy With a, = |.27,|. Therefore
we have

Notation: ["]A(z) := %

nl*
We say the variable z marks the size in the generating function A(z).

Two combinatorial classes are said to be combinatorially equivalent if their counting
sequences are identical.

Lecture 4 on 16.10.2018

Propostion 2. For the product of two exponential generating functions we have

(B3) (83) - B(EQ) )5

Proof. Exercise! U

Example 15 (Triangulations of Convex Polygon). Let .7 denote the class of all trian-
gulation of convex polygons, in which one edge of each convex polygon is distinguished.
The size of a triangulation in 7 is defined as the number of triangles it is composed of.
Then J is a combinatorial class. For n > 1 we let ,, denote the class of all triangula-
tion of convex polygons of size n and let t, := | T,|. Set to := 1. That is, I, is the set of
all triangulations of convex (n+2)-gons (i.e. with n triangles) with one distinguished
edge forn > 0.

The sequence (tn)nenuqo) begins with 1,1,2,5,14,42, ...

By deleting the triangle incident to the distinguished edge we obtain the recursion

n—1

th = Ztktnflfky n>1.
k=0

Let T(2) := Y oty 2" be the ordinary generating function of 7. Multiplying both
sides of t, = Zz;é tk th1_x by 7" and summing over n > 1 we have

L)
n=1 n=1

n—

1
( Z Ik tn—l—k) 4

k=0

n—1 .
( Y u tn—l—k) 4
k

=0
n

— T@)-1=z i (Ztktn—k> 7"

n=0 "k=0

< T(Z) —1

Il
IS

L

n

—

(19)

T(z)—1'= zT(2)>.
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Therefore, T (z) satisfies the quadratic equation
:T(2)?=TkE)+1 =0.
Now we consider T (z) as a function defined on €. Then the correct solution is

1—-v1-4z
T(z) = Ta

because the coefficients of T(z) are non-negative and so T(z) is increasing along the
positive real-axis. Now we use the generalized binomial theorem 3 to get

1 1
V1—dz = (1-4z) k;()(k)( 4z) 1+1§1(k)( 4z)
and plug this in the above equation to get

Vi E 1/l _
T(z) = 1271% = Zzl(f{)(—%)’%’” = ,g;(k

k>1

1)(_4)k+lzk

+ oI

1/2
k+1

T )
T(z) = 27 4T (2% + 1) < k+1 >Zk

Then use Example 3 to replace ( ) and get

1<2(k+1)> 1,

k+1 )2k+1°

k>0 2

k>1
1 (2

Remli)

Shk+1

(last equality easy to check).

From this, we get forn > 1:

tn=[2"]T(2) = nj-l (2:)

The number # (2;') is known as the Catalan number.

Using Stirling’s formula

nl = <1+0(’11>> V2mn- (g)

we can derive the asymptotic number of triangulations of size n (i.e. of a convex n+2-

gon)
b= — (2”> ! (2n)!(1+0(1))\/1%4"n_3/2.

:n—i—l n) n+1 n'n!
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1.4 Symbolic method

1.4.1 Unlabelled combinatorial objects

For a given combinatorial class <7, denote by .7, the set of elements of size n in 7,
and let a,, = |.%%,|. We say the OGF

AR =Y a' =) Zll

n>0 acd

enumerates 7.

Basic constructions and OGF’s

(1) & is the neutral class that consists of a single element of size 0.
The OGF of & is 1.

(2) Z is the atomic class that consists of a single element of size 1.
The OGF of % is z.

(3) The combinatorial sum (disjoint union) </ + % of two combinatorial classes .&7
and B with o/ N % = 0 is the set of objects consisting of two disjoint copies
of o7 and 2, in which the size of an element & € o7 + % is defined as || if
o € o7 and |o|  if o € A (i.e. the size of an element in @ € o7 + 4 is inherited
from its size in its class of origin). In order to formalise 2/ + % we introduce
red marker to 7 and blue marker to . The combinatorial sum </ + % is a
well-defined combinatorial class. Its OGF satisfies

) DT Y ]

oacAd+AB acd acR

(4) The Cartesian product o7 x 98 of two combinatorial classes 7 and 4 is defined
as

o x B={(a,B) | @ pecBY

in which the size of a pair (a, f3) is defined as |¢t| 4 |f]. The Cartesian product
o/ x 2 is a well-defined combinatorial class. Its OGF is

Bl — Z A8l — Z el Z Bl =A(z)-B(2).

(a,B)eet xAB (a,B)edd x B ocd pe#

For any n > 1, we define &/" = " Vo = X% o recursively.

(5) The sequence SEQ(.«?) of a combinatorial class o7 with <% = 0 that consists of
sequences of elements from .o/ is the infinite sum

E+ A+ ++d3+ ...
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(6)

Note that the condition 2% = 0 (equiv. ag = 0) guarantees the finiteness condition
for sizes, and therefore the sequence construction SEQ(.#/) is a well-defined
combinatorial class. Its OGF is

14+A(2)+A(R)*+AR)>P +...=

1-A(z)’
where the latter equality is because [t°]A(z) = 0.

The multiset construction MSET(%7) of a combinatorial class &/ with 2% = 0 is
the collection of all finite multisets (i.e. repetition allowed) of elements from <7,
more precisely, we define

MSdey:SEQ@ﬂ/%,
where Z is the equivalence class of sequences defined by

(al,...,an) ~R (ﬁh...,ﬁn)

iff there is a permutation o of [n] such that for all 1 <i <n, B; = &y;).
We determine its generating sequence.

Case ¢ finite

For a finite set 27, we let a1, 0, ... be a canonical listing of the elements of .<7.
Then any multiset can be sorted in such a way that it can be viewed as formed
by a sequence of repeated elements of ¢, followed by a sequence of repeated
elements of op, and so on. It follows that

MSET(«/) = [] SEQ(a)
ocd

(a finite product). Therefore, the OGF of ¢ = MSET(/) is

c@:HIZM:H(JﬁYﬂ

acd n>1

Consider the formal power series

n _1\n—1
exp(z):= Y =, In(z) = ) %(z— 1"

7‘7
n>0 "t n>1

Note that exp(In(z)) = z, In(z") = n-In(z) and In (1%1) =Y &
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(7

Applying the exp-In transformation to C(z) we have

=exp (A(z)—l—A(zz)—i-A(j)—l—...).

Infinite class &7 The case of infinite class <7 follows by a limit argument.

The power set construction PSET (/) of a combinatorial class <7 with o = 0
is the collection of all finite subsets of .27 (without repetition).

For a finite set &7, we have

PSET() = [] (€ +{a}),

acd

because distributing the products in all possible ways forms all possible combi-
nations of elements of 7 (i.e. the sets of elements from 2/ without repetition).
So, the OGF of ¥’ = PSET(%/) is

)= L 0+2) = T[0 42

acd n>1
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(8) A further construction is the substitution. Let % and € be combinatorial classes.
Then the substitution of € into Z (or the composition of 2 and € ), denoted by
B o€ or B[E] is defined as

PBoC = ,@[‘5] = Z B X SEQk((g)
k>0

PB|€] means “substitute elements of € for atoms of A"

Lecture 4 on 10.10.2017

Applications

Example 16. A binary tree is a combinatorial structure that is recursively defined such
that

e it is either a single external node o, or

e it consists of an internal node (the root ®) and two binary trees attached to the
root (left tree /Ny and right tree )\, ),

[ ]
AN
JAVERRVAN

Let B denote the class of all binary trees, in which the size of a binary tree is
defined as the number of internal nodes. Then % is a combinatorial class. Forn > 0
we let BB, denote the class of all binary trees of size n and let b, := |%B,|. (Note that if
a binary tree has n internal nodes, then it has n+ 1 external nodes. Thus b, counts the
number of binary trees with n internal nodes and n+ 1 external nodes.)

The sequence (by),enufoy begins with 1,1,2,5,14,42, ... Let B(z) := Y. _ by 7" be
the ordinary generating function of the combinatorial class 5. We have by = 1, since

[ ]
the only (binary) tree is o and forn > 1, / \ .
JAVERRWAN

Thus its OGF satisfies
B(z) = 1+2zB(2)*.

The solution for the quadratic equation

is
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Since b, > 0, B(z) increases along the real axis and therefore it increases. Thus the
correct solution of B(z) is
1—+1—4z
B(z) = ———.
2z
As in Example 15 we get forn > 1:

an[Zn]B(Z):—%[ZnJrl] 1—4z= Jlrl(Zn).

n n

Theorem 9 (Number of binary trees). The number b, of binary trees with n internal
nodes (equiv. n+ 1 external nodes) is given by the so-called Catalan number

1 (2n
b, = .
"on+1 < n )
Remark 2. Using Stirling’s formula
1 n\n
nl = <1 40 ()) V2mn. (7) :
n e

we can derive the asymptotic number of binary trees

N 1 271 - L”*3/2
bn_n+1<n>_(1+0(1))\/ﬁ4n .

Example 17. Let us return to triangulations of convex polygons we saw in Example 15.
Let F,, be the set of all triangulations of convex (n+ 2)-gons (n triangles) with one
edge distinguished. Using the basic constructions described above we have

T=W%H=Y % JA=6 H=2,

n>0 n>0

where J contains only one edge and 9 one triangle. By removing one edge of the
convex (n+2)-gon, we end up with two separate convex triangulations (sharing one
node), so

T =6+ TXEXT
T(z) = 142T°(2),

among whose two solutions we choose

1—+v1—-4z
T(z) = —F—:
2z
because the coefficients of T (z) are non-negative.
As in Example 15,
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This suggests a bijection between binary trees and triangulations, where each in-
ternal node corresponds to one triangle. Alternatively, the root node of a binary tree B
corresponds to the distinguished edge of a triangulation T, and each internal node of
B to a diagonal edge of T, and each external node to the external edges of T except the
distinguished edge of T.

Example 18. Let .7 be the set of binary strings with no two consecutive 0 bits; for
example, 0,0,1,01,10,11,010,011,....

S =E+{0}+{1} x S +{01} x 7.
From (3) and (4) in Section 1.4.1 we get
S(z) = 142z+25(z) +2°S(z)
and thus

I+z
S(z) = —— .
Exercise 3. Let S(z) be as above.
e Find the closed solution form of s, = |.%|.

e Find a recurrence of s, that leads to S(z).

1.4.2 Labelled combinatorial objects

A labelled combinatorial class <7 is a combinatorial class, where each atom carries an
integer label in such a way that the labels of atoms occurring in an object are distinct,
and the collection of the labels of atoms occurring in an object of size # is the complete
integer interval [n].

Given a labelled combinatorial class 7, we consider the EGF

a 1
AlR)=) — "= —ls
Lo L

Basic constructions and EGFs
(1) Neutral class &. The EGF of & is 1.
(2) Atomic class Z. The EGF of % is z.

(3) Disjoint union <7 + % of two labelled combinatorial classes .«# and 8. The EGF
of @ + B is A(z) + B(2).
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“

&)

(6)

(M

Lecture 5 on 22.10.2018

Labelled product o7 * % of two labelled combinatorial classes .27 and % is de-
fined as
o x B = Z oxf.
ocd feR

Given @ € &7, 3 € A, let a3 denote the set of all pairs (a’, ') where the atoms
of (o, B') get distinct labels from [1n] where n = |a| + ||, such that the labelling
‘al‘;“ﬁ ‘) possibilities for
such labelling (choose which labels go to the first substructure, then the previous
relative order determines which label belongs to which element). In other words,

if6 =o' «%B,C(z) =A(z) B(z).

preserves the relative order of labels of ¢, 3. There are (

Labelled sequence SEQ(<7) of a (labelled) combinatorial class </ with o = 0
is defined as

SEQ(o) =6+ + o v el +...= Y SEQ(),
k>0

where SEQi (/) = & *---*x < is the labelled product of k copies of «/. The
EGF of SEQ(&) is

1+A@R) +AR)P+AR’ +... =

1-A(z)

Set SET(.«7) of a (labelled) combinatorial class <7 with <% = 0 is defined as
SET() := SEQ(</) / %,

where Z is an equivalence relation such that (¢, ..., 0,) ~g (B, ..., B,) if there

exists a permutation ¢ of [n] such that for each 1 <i <n, ff; = ¢t(;). The EGF

of SET(&) is

A(R)? A~2)?
7

14+A(z) + +...=exp(A(2)).

Cylces Cyc(«) of a (labelled) combinatorial class <7 with 2% = @ is defined as
Cyc(o) i= SEQ(@?’)/&”,

where .7 is the equivalence relation such that (¢,...,0,) ~% (Bi,...,Bs) if
there exists a cyclic permutation o of [n] such that for each 1 <i <n, B = Q).
The EGF of CYC(«) is

AR)? Az’
1+A(Z)+%+%+...:log

1-A(z)’
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Recall that a tree is a connected graph without cycles.

Example 19 (Plane trees, ordered trees). Plane trees are trees embedded in the plane,
so that subtrees attached to each vertex are ordered, say from left to right. There is
a root vertex, implicitly defined; to a root vertex, subtrees are attached in a specified
order.

ﬂ__ﬁ( ordered

So,
P = Z xSEQ(L).

The generating function is then

This yields a quadratic equation P(z)> — P(z) +z = 0. As previously, since P(z) in-
creases along the real axis, the correct solution is

P =10 =2 p(o),
where B(2) is the OGF of binary trees.

Let p,, be the number of plane trees on n vertices, and b, the number of binary
trees on n+ 1 external nodes, so pny1 = b,. P(z) = zB(z) suggests that there is a
combinatorial bijection between plane trees on n+ 1 vertices and binary trees on n+ 1
external nodes.

Exercise 4. Find such a bijection between plane trees and binary trees.

Example 20 (2-regular graphs). Let % be the set of all 2-regular labelled graphs,
i.e. each vertex has exactly 2 neighbours. Note that connected 2-regular graphs are
undirected cycles of length > 3.

Z = SET(connected 2-regular graphs) = SET(UCYC>3(Z)),

where UCYC is the undirected cyclic construction. Then, the generating function is

e—z/Z—z2/4
R(z) = exp(UCYC>3(z)) = BV

I3\l

since the generating function for UCYC>3(Z) is 4 <log(1%z) —z— %)

How can we derive [z"]R(z)?
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1.5 Analytic Methods

1.5.1 Analytic functions

Definition 12. Let Q C C be a region (i.e. open and connected). A function f: C — C
is called complex differentiable or holomorphic at zo € Q, if

i L= 1(0)
20 Z—20

exists. It is called holomorphic in Q if f is holomorphic for every point in Q.

Definition 13. Let Q C C be a region. A function f : C — C is called analytic at
z0 € Qif 3 € > 0 such that Vz € Be(z0), f(z) is representable by a convergent power
series expansion around zg

f(z)=Y culz—20)", forsomec, e C.

n>0
It is called analytic in Q if f is analytic for every point in Q.

Theorem 10. Let Q C C be a region. A function f : C — C is holomorphic in Q iff it
is analytic in Q.

Definition 14. Let Q C C be a region and f : C — C be holomorphic at zgp € Q. Set
F9(z0) := f(z0). Then the power series

/! (71)
£0) = fla0) + ) e —20) + L (g4 =y L)

2!

is called the Taylor series expansion of f(z) around zp.

Exercise 5. Find the maximum regions, in which the functions z > €, 7 — ]%z, 7
(142z)™ (for fixed m € N) are analytic. Check that their Taylor series expansions around

the origin are given by

K I_ZZZZH7 (1+Z)m:2(,:>z”.

n>0 n>0
Exercise 6. Find the Taylor series expansions of

1 1 1 1 1

, sinz, cosz, z-€, Ingz, In In

1—4z l—z 1-20 VT—-z 1-z

around the origin and find the maximum regions where these power series converge.

Exercise 7. Prove
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Exercise 8. Prove | |
Z H,7' = In
S0 11—z 1—z

where H, =Y, % is the n-th harmonic number.

Exercise 9. Find OGF for each of the following sequences:

{2n+1}n20a {n2n+1}n207 {an}nzla {n3}n22-

1.5.2 Cauchy’s coefficient formula

Theorem 11 (Cauchy’s coefficient formula, 1st version). Let Q C C be a region, f be
analytic in Q and y be a simple loop in Q. Then

Af:&

Theorem 12 (Cauchy’s coefficient formula, 2nd version). Let Q C C be a region and
S be analytic in Q. Let zo € Q and y be a simple loop in Q encircling zy exactly once.
Then

Flzo) = - [ LD g,

S 2@iJyz—20
In general, forn > 0

") _ 1 f(2)
P Tm/y(z_z())wrl <
1.5.3 Lagrange Inversion Theorem

Theorem 13 (Langrange Inversion, Ist version). Let ¢ (u) = Y=o @ttt be a power
series in C[u]] with ¢o # 0. Then the equation

A=2z¢(A)

admits a unique solution in C|[z]] and the coefficients of this solution

A(Z) = Z apz"
n>0
are given by ap = 0 and, forn > 1,
an = o)
n

Furthermore, for any holomorphic function H,
|
[ﬂHM&D:;WlHHWWWV%
In particular, for k > 1,

(A () =~ [ (w)".
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Theorem 14 (Langrange Inversion, 2nd version). Let the generating function

A(z) =Y a."
n>0
satisfy the functional equation
z2=Vy(A(2)),

where y(0) = 0 but ¥ (0) # O (i.e. W is the compositional inverse of A).
If

Application of Lagrange Inversion to Binary Trees

Let 2 denote the class of all binary trees, in which the size of a binary tree is defined
as the total number of all vertices (internal nodes and leaves alike). For n > 1 we let
P, denote the class of all binary trees of size n and let by, = \@n| and set by = 0.

Let B(z) be the ordinary generating function of the combinatorial class %. Then

B(z) = z + zB(z)? (1.11)
Let B = B(z) and ¢ (u) := 1 +u®. Then (1.11) can be rewritten as
B =z¢(B) (1.12)

Note that ¢ (u) = 1 +u* = Y7, ¢ uX is a formal power series in the ring C[[u]] with
¢o =1 # 0. Therefore by Lagrange Inversion Theorem, the equation (1.12) admits a
unique solution B(z) := Y, b, 7" in the ring C[[z]] where the coefficients are given by

by =

<
3

|
<
—~

<
=
3

W ()

(£ ()

if nis even
(u4) if n is odd.
2

=
T

—— S= S|=3I|~=
- O

S|
=
|

In other words, we have, for any n € N,

i L (mt1y_ 1 (o
2 o1 n T n+1\n)
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Remark 3. Recall that b, was defined in Theorem 9 as the number of binary trees of
size n, in which the size of a binary tree is defined as the number of internal nodes. If
a binary tree has n internal nodes, then it has n + 1 external nodes and therefore 2n + 1
vertices in total. Thus we have 52n+] =b,.

Application of Lagrange Inversion to Labelled Trees

Definition 15. o A labelled tree (also called Cayley tree) is a tree whose vertices
are distinctly labelled by numbers in N: The vertices of a Cayley tree on n ver-
tices are labelled by distinct numbers from [n].

e A rooted labelled tree on n vertices is a labelled tree on n vertices, in which one
vertex is distinguished by a mark from the other vertices.

Let € denote the class of all labelled trees, in which the size of a tree is defined as
the number of vertices, and let 4, denote the set set of all Cayley tree on n vertices.
Then % is a (labelled) combinatorial class, and %, is also a (labelled) class — it is a
subclass of €. Forn > 1 we let ¢, := |%,| and set co = 0. Let C(2) := Y. ¢n % be the
exponential generating function of the combinatorial class 4. The sequence (c;),>0
begins with 0,1,1,3,16,125...

1 1 2 | 2 1 2 1 2
) e o e e . M e o
. . .
3 3 3
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
e @ O & @ ° o 9 o 9 o 9 o * e o
e ® & & 9 -9 o ¢ o9 o9 o
5 i 3 1 )} 4 3 i 3 i 3 i 3 1 3 1
1 2 1 2 1 2 2 1 2 1 2 1 2 1 2
e -2 & 9 o o 9 e 9 o 9 o o o »
L 2 * L ] [ ] L 2 2 J L L ] L J L J L J L ] L 2 s L J L J
5 1 3 ] } 1 3 i ) 3 4 3 4 3 i

Theorem 15 (Cayley’s formula (Cayley 1889)).

cn = n"2, n>2.

)

Proof. Let 7 denote the (labelled combinatorial) class of all rooted labelled trees (i.e.
the set of all Cayley trees in %, in which one vertex is distinguished by a mark from
the other vertices) and let .7, denote the class of all rooted labelled tree on n vertices.
For n > 1 we let 1, := |7, and set 1) = 0. Because there are n ways to choose a root
vertex of a labelled tree on n vertices, the number of Cayley trees on n vertices is equal
tot, =ncy.

Let T(z) :==Y o otn f,—", be the exponential generating function of the combinatorial
labelled class 7.
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ﬂ_ﬁ( not ordered

A A A -
T =% «SET(T).

Its EGF
T(z) = z exp(T(z)). (1.13)

So T'(z) is implicitly defined.
Let T =T(z) and ¢ (u) := exp(u) = Y=o ‘;{—If Then (1.13) can be rewritten as

T = z¢9(T) (1.14)

Note that ¢ (u) := exp(u) = Yoo ¢ u* is a formal power series in the ring C[[u]] with
@0 = 1 # 0. Therefore by Lagrange Inversion Theorem, the equation (1.14) admits a
unique solution in the ring C[[u]] whose coefficients are given by T'(z) = Y otn 7",
where

ty
n!

In other words, for any n € N,
t = nnfl
= .
Therefore, we have
ch=—=n

O

Remark 4. There are several interesting proofs for this in “Proofs from the Book” by
M. Aigner and G. M. Ziegler. We shall see one proof in Section 2.2.2 (Chapter 2).

Lecture 6 on 23.10.2018

1.5.4 Singularities

Definition 16. Let f be an analytic function in a region Q and zp be a point on the
boundary of Q.

We say f is analytically continuable at zy if there is an analytic function g defined
in a region Q' containing zg such that g(z) = f(z) in QN Q.
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Example 21. f(z) = 1%2 is analytic for |z| < 1, and is analytically continuable except
forzo=1.

Definition 17. A function f is said to be singular at zo € Q or zg is called a singularity
of f if f is not analytically continuable at zg.

Theorem 16 (Boundary singularities). Let f be analytic at the origin and let R be the
finite radius of convergence of a power series expansion of f at the origin. Then f has
necessarily a singularity on the boundary of the disc of convergence.

Definition 18. If f is analytic at the origin with radius R of convergence, then a domi-
nant singularity is a singularity on the circle around 0 with radius R > 0.

Theorem 17 (Pringsheim’s Theorem). Ler f be analytic at the origin and f(z) =
Yu>0fuZ" be its convergent power series expansion at the origin with the radius of
convergence R > 0. If f,, > 0,Yn > 0, then the point z = R is a singularity of f; in this
case, 7 = R is a dominant singularity of f.

The singularity z = R of Theorem 17 is often called the dominant singularity of f.

Remark 5. The radius R of convergence of },,>¢ f,2" is

1
R=————,
limsup,,_,. |fa]"
so we have
fn = Rine(n)a
where

S

limsup |0 (n)|" = 1.

n—yoo

1.5.5 Meromorphic functions

Definition 19. A function f(z) is meromorphic at zo if Vz in a neighbourhood B (zo)
of zg with z # zg, it can be represented as

h(z)
f(z)=—=,
@ 8(2)
where /1(z) and g(z) are analytic at zo and g(z) # 0. In this case f(z) admits an expan-

sion of the form

f@) =Y filz—=z)"

n>—M

for z € Be(z0), for some M € Z. If f_p #0, M > 1, we say f(z) has a pole of order M
at zo. In this case, we have

@) =fmz—20)"+0((z—20)™"")

= f-m(=20)M (1 _ZZO> _M+0 ((1 _ZZO) —M+1> |
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Remark 6. Scaling rule: If f(z) analytic around O and singular at zo, then g(z) =
f(z0z) is singular at 1. If zp > 0 is a dominant singularity of f(z), then f(z) admits a
convergent series expansion (around 0):

f@) =Y ", |zl <z.

n>0

Therefore, g(z) admits a convergent series expansion

g(z) = Z g’lzn’ |Z| <1, 8n = fnzg-
n>0

1.5.6 Newton’s generalised binomial theorem

For any o € C,

(1 —2)® = (—a) 2 (n+a—1> 2 oo,

Theorem 18. Let oo € C\ Z<y.

ot o2

where the I'-function is defined as

o) = / e 1% s,
0

Properties of the Gamma function

r (;) = /Owe*tf% dr = /7.
{F(l‘+ 1) =1tT(z)
(1) =1.

Forne N,
In+1)=nl'(n)=...=n!.

1.5.7 Transfer theorem

Transfer theorems allow to extract the asymptotic order of coefficients of error terms
in singular expansions. For details see chapter VI in [2].

Definition 20. Given two numbers R,¢ withR > 1 and 0 < ¢ < %, then the set
A=AR,¢)={z| |zl <Rz#1,larg(z—1)| > ¢}

is called A-domain at 1.
A function f is called A-analytic at 1 if it is analytic at some A-domain at 1.
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A,

Theorem 19 (Transfer theorem). Let a € C\ Z<o and assume that f(z) is A-analytic
at 1.

I £(&) = 0((1—2)), then

)£ (2) = O(n*1).
I 1) = 0((1 —2)%), then

[2"]f(z) =0 (n*7").
Therefore, if f(z) = (1—2)~%+0((1—2)~%), then

17(e) = F(al) (10 (2)) ot

Example 22 (2-regular graphs). Consider the EGF of 2-regular graphs,
¢ = SET(UCYC>3%).

1 1 2 2
G = — (1 _— ) —7— — = 24,
@=on(3 (e () -+-5)) = =

\/% is analytic in C\ [1,e0). G(z) is in particular A-analytic at 1.
To derive the singular expansion of G (an expansion of the singularity of G) near

Then

1, we use the Taylor expansion ofe_%_% at 1.

h(z) = 67%*% =h(1)+1(1)(z—1)+ w1 (z—1)*+...

3 : 1
:e%+ef%(1—z)+ze%(z—l)2+...

The singular expansion of G(z) near 1 is

:e*%(l_z)*%JrO((l—z)%). (z—1)
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Using the transfer theorem, we get

1

[z"]G(z)zeZF”(;) (1+0<i>)+0(n3) :;% <1+0(’11>).

The first term corresponds to h(1), the second is from the theorem.

1.5.8 Multiple singularities

Theorem 20. Let f(z) be analytic in |z| < p. Suppose that f has a finite number of
singularities on the circle |z| = p, at points p; = p - €!% for j=1,...,m. Assume there
exists a A-domain Ay at 1 such that f(z) is analytic in the region

m
D= (1 pjAo,
j=1

where p;Ag is the dilation (rotation) of the A-domain Ay for each p;.

Let

S={(1-2)%| a e C\Z}.

Assume there exist m functions g1(z),...,8m(z), each a linear combination of the func-
tions in S, and there exists a function h(z) = (1 — z)~ % such that

f(Z)=g,'<;j>+0<h<;j)> asz— pjinD.
[Z"1f(z) = ,; ([Z"]gj <pz]) +0 ([z”]h (pi)))

= f‘, p;""gj(z) +0 (Pj”n“‘)’l) :

Then

Remark 7.
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Remark 8 (Recipe for singularity analysis).

e Find the grammar that determines the combinatorial class and the corresponding
generating function

Locate the singularities

Check the A-analyticity of the generating function

Do the singular expansion at each singularity separately

Extract and sum the asymptotics using the Transfer Theorem and basic scaling.
Example 23. Let & be the class of permutations with cycles of odd length. Then
P =SET(),
A () = CYCoual Z).
For the generating functions, this means

k

Z z 1 1+z
kodd ¥ 2 -z
1 1 1
P(z) =) =exp = log R te
2 C1- 11—z

The dominating singularities of this function are {£1}. Let Ay be a A-domain at 1.
P(z) is analytic in the region D = Ag N (—1)Ag since v/ 1 — z is analytic in C\ [1,0)
and /14 z is analytic in C\ (—oo, —1].
Singular expansions, with g(z) = \/1+z and writing P*(z) for P(z) as z— +1 in
D, P~(z) for P(z) as z— —1 in D:

= +... (asz—+1in D)
1—z2 VvVi—z
2
_ V2,3 lferO((lfz)%)
-z
1 .
P_(z):—\/1+z+0((1+z)%). (asz— —1in D)
V2
Extract asymptotics
1 3
22 | 272 5
IPG) = oyt e 40 (n7F)
r(3) r(=3)
27% 3 5
+— 2+0(n 2)
r'(3)

where (1) = /7, T(—3) = —2y/T.
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Lecture 7 on 29.10.2018

Suggested reading for Chapter 2: [1] and [4].

2.1 Matchings, Eulerian Tours, and Hamiltonian Cy-
cles

2.1.1 Basic Terminologies

Notation 1 (Subsets). Given a set X and k € N, we denote by ()]f) the set of all k-
element subsets of X.

Definition 21 (Graphs). A graph is a pair (V,E) where E C (‘2/)

The elements of V are called vertices (or nodes, points) and the elements of E are called
edges. Two vertices v,w are called adjacent or neighbours if {v,w} € E. A vertex v is
said to be incident with an edge e € E if v € e. We call v an end (vertex) of e. Edges
are called adjacent if they have a common end vertex.

Note that all graphs considered will be simple (by the above definition) and finite
(finitely many vertices, thus finitely many edges).

If G is a graph, we will write V(G) to denote the set of vertices of G and E(G) to
denote the set of edges of G.

Definition 22 (Walk, Paths, Cycles, Distance). Let G = (V,E) be a graph.
(1) A walk in G is an alternating sequence
W= voeovieiva ... Vie—1€x—-1Vk

of vertices and edges of G such that e; = {v;, vy} for each 0 <i < k—1. Itis
said to be closed if vo = vi. The length of W is k, i.e. the number of its edges.

(2) A walk voegvieiva...vi_1ex_1vr in G is called a path if vy, vy, ..., v, are all dis-
tinct. We write P = vovivy...vi_1V; and call it a vo—vy path.

(3) Acyclein Gisaclosed walk C =vgegvieivy...vi_jex_1vi such that vy, vy,...,vg_|
are distinct.

(4) The distance of two vertices v,w in G is the length of a shortest v-w path in G.

Definition 23 (Subgraphs, induced subgraphs, spanning subgraphs). Given two graphs
G=(V,E) and G’ = (V' E'), we set

GUG = (VUV',EUE")
GNG = (VNV ENE").

(1) If GNG = 0, then we say that G and G’ are disjoint.
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(2) If VCc V' and E C E', then G is a subgraph of G'. We write G C G'.
(3) If G € G and G’ # G, then G’ is a proper subgraph of G. We write G’ C G.

(4) If G C G and G’ contains all edges {v,w} € E with v,w € V', then G’ is called
an induced subgraph of G. We write G' = G[V'].

(5) If G C GandV =V’ then G is called a spanning subgraph of G.

Definition 24 (Components, connectedness). Let G = (V,E) be a graph.

(1) Giscalled connected if G contains a v—w path between any two vertices v,w € V.
(2) A maximal connected subgraph of G is called a component of G.

(3) Fork € N, G is called k-connected if |V| > k and G[V \ X] is connected for every
set X CV with |X| < k.

Definition 25 (Degrees). Let G = (V,E) be a graph.

(1) ForveV,
dv) = |{weV : {vw}€E}|

is called the degree of the vertex v. A vertex of degree 0 is called isolated.

(2) The number
6(G) := min| {d(v) : veV}|

is called minimum degree of G, the number
A(G) := max|{d(v) : veV}|
is called maximum degree of G, and the number
= L Y aw)
\4

veV

d(G)

is called average degree of G.

(3) If all the vertices have the same degree d, then G is called d-regular.

A 3-regular graph is also called cubic.
Remark 9. Clearly we have

VId(G) =} d(v) =2|E|

veV

5(G) < d(G) < AG)

Definition 26 (Graph isomorphism). We say that two graphs G = (V,E) and G’ =
(V' E") are isomorphic and write G ~ G, if there is a bijection ¢ : V — V' with

wleE & {o(),0(w)}cE YvweV.
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Definition 27 (Graph property). A class of graphs that is closed under isomorphism is
called a graph property.

An example of a graph property is the class of graphs containing a triangle. A graph
property only depends on the abstract structure, not on a representation of a graph (like
a drawing).

Example 24.

G G’ G” G”
(1) Determine whether G', G”,G"" are induced subgraphs of G or not

(2) Determine whether G, G”,G"" are spanning subgraphs of G or not

2.1.2 Matchings

Definition 28 (Independent set, matchings, vertex-cover). Let G = (V,E) be a graph.

(1) A set of vertices or a set of edges of G is called independent if no two of its
elements are adjacent. An independent set is also called a stable set.

(2) A set M of independent edges in G is called a matching of G. In other words, a
matching is a set of pairwise non-adjacent edges.

A vertex is called matched (or saturated) if it is an endpoint of an edge in the
matching.

(3) A d-regular spanning subgraph of G is called a d-factor of G.
A 1-factor (indeed, its edge set) is called a perfect matching.

(4) A set U CV is called a vertex cover of G if every edge of G is incident with a
vertex in U.

(5) A maximal matching is a matching which is maximal with respect to inclusion
(of edges). A maximum matching is a matching that contains the largest possible
number of edges.

Note that every maximum matching is maximal but not every maximal matching
is a maximum matching. As an example take the diagonal edge in the graph G’ of
Example 24. This gives a maximal matching but choosing the two horizontal edges
gives a matching with two edges, a maximum matching in this case.
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Notation 2 (Complete graph). By K,,, we denote the complete graph on n vertices, i.e.
|V (Ky)| = n and E(K,) = (Y5).

Definition 29 (Independence number, clique number). Let G = (V,E) be a graph.

(1) The independence number of G, denoted by, a (G), is the number of vertices in
a maximum independent set (of vertices) in G.

(2) The clique number of G, denoted by @ (G), is the number of vertices in a maxi-
mum clique (=complete graph) in G.

Example 25. In Example 24, o (G) =?? and o (G) =??.
Remark 10 (Perfect matching). Let H C G be a subgraph of G = (V,E).
H C G is a 1-factor

<= E(H) is a perfect matching of G
<= Every vertex in G is incident to exactly one edge of H

Definition 30 (Bipartite graph). A graph G = (V,E) is called bipartite if V admits a
partition into two sets, V = AUB, such that every edge e € E has its ends in different
classes.

Lemma 21. A graph G = (V,E) is bipartite if and only if it contains no odd cycle
Proof. Exercise! O

Notation 3 (Complete bipartite graph). By K, we denote the complete bipartite graph
with V(Ks;) =AUB, |A| =, |B| =1, and E(K;) = {{a,b}: a € A,b € B}.

Problem 1 (Maximum bipartite matching).

Input: A bipartite graph G = (AUB,E)
Output: A matching in G with as many edges as possible

Definition 31 (Alternating paths, augmenting paths). Let G = (AUB,E) be a bipartite
graph and M be an arbitrary matching in G.

(1) A path which begins with an unmatched vertex and contains alternatingly edges
from E \ M and from M is called an alternating path (with respect to M).

(2) An alternating path that ends also at an unmatched vertex is called an augmenting
path.

Remark 11. An augmenting path P can be used to turn M into a larger matching
MAE(P) := (M\E(P)) U (E(P)\M)

It has one edge more than M and it covers all the vertices covered by M, plus the ends
of P.
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Example 26.
Let G = (AUB,E) be a bipartite graph given below.

a by aj by

ag by as b

as as

2 bs a b3

as by a5 by
A B A B

o M ={{ay,by},{as,b3},{as,by}} is a matching

o P=ay {ax,b1} by {b1,as} as {as,bs} by is an augmenting path (with respect to
M)

e MAE(P)={{a1,b2},{as,b3},{az,b1},{as,bs}} is also a matching

Exercise 1. Let M be a matching in a bipartite graph G = (AUB,E).

o Show that if M contains fewer edges than some other matching in G (i.e. M is
suboptimal), then G contains an augmenting path with respect to M.

e Describe an algorithm that finds as efficiently as possible a matching of maxi-
mum cardinality.

Theorem 22 (Konig 1931). Let G = (AUB,E) be a bipartite graph.

The number of edges in a maximum matching in G equals the number of vertices in a
minimum vertex cover of G.

Proof. Exercise! O

Theorem 23 (Hall 1935). Let G = (AUB,E) be a bipartite graph.
G contains a matching that saturates all vertices in A if and only if
IN(S)| = |S], VSCA
where N (S) = {v € B: {u,v} € E for some u € S} is the neighborhood of S in B.

Proof. Exercise! O
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2.1.3 Eulerian Tours and Hamiltorian Cycles

Definition 32 (Eulerian tour). A closed walk in a graph is called Eulerian tour if it
traverses (= visits) every edge of the graph exactly once. A graph is called Eulerian if
it contains an Eulerian tour.

Theorem 24 (Euler 1736). A connected graph is Eulerian if and only if every vertex
has even degree.

Proof. Exercise! O

Definition 33 (Hamiltonian cycle). A Hamiltonian cycle in a graph G is a closed walk
that contains every vertex in G exactly once.

If |V (G)| > 3, any such a walk forms a cycle. Therefore, such a walk is called a
Hamiltonian cycle.

Problem 2.
When does a graph contain a Hamiltonian cycle?

Theorem 25 (Dirac 1952). Every graph G = (V,E) with |V| > 3 and minimum degree
0 (G) > 5 contains a Hamiltonian cycle.

Proof. Exercise! (cf. Ore’s theorem) O

Definition 34 (Graph power).

Given a graph G = (V,E) and d € N, we denote by G (e.g. G? is called the
square of G) the graph with vertex set V in which two vertices are adjacent if they have
distance at most d in G.

Theorem 26 (Fleischner 1974). If G is a 2-connected graph, then G* has a Hamilto-
nian cycle.

Remark 12. Problem 2 is still studied in the contemporary research.

Lecture 8 on 30.10.2018

2.2 Planar Graphs and Trees

2.2.1 Planar and Plane Graphs

Definition 35 (Subdivision, topological minor, minor). Let G= (V,E) and G’ = (V',E’)
be graphs.
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(1) G is a subdivision of G if G’ is obtained from G by inserting new vertices on
some or all of its edges (i.e. we replace some of the edges of G by paths of
positive (larger) length).

(2) Gis a topological minor of G’ if G’ contains a subdivision of G as a subgraph.

ARV AN

G subdivision of G G’

(3) G is a minor of G’ if there is amap @ : B C V' — V such that
o for every vertex v € V, its pre-image ¢! (v) is non-empty and connected'
in G’ and
e for every edge {u,w} € E there is an edge in G’ between ¢! (v) and
-1
¢ (w).

In other words, for every v € V, there is a non-empty subset U, of V' such that
these sets are vertices of pairwise disjoint and connected subgraphs in G’, and
for each edge {v,w} € E, there is an edge in G’ between U, and U,,.

BCV
Gle'(v)] ¥ )

G=(\V,E)

Definition 36 (Planar graph).

(1) A graph is called planar if it can be embedded/drawn in the plane without cross-
ing edges.

(2) A planar graph with a given planar embedding is called plane graph.

(3) A face of a plane graph G is a component of R?\ G. In particular, there is always
precisely one unbounded face, the “outside face”.

More precisely, the graph [G(¢~'(v))] induced by the pre-image is connected in G'.
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Example 1. K5 and K3 3 are not planar and neither are topological minors of them.

Theorem 27 (Kuratowski 1930, Wagner 1937).

o A graph G is planar if and only if G contains neither Ks nor K3 3 as a topological
minor.

e A graph G is planar if and only if G contains neither Ks nor K3 3 as a minor.

Theorem 28 (Euler characteristics). In a connected plane graph G = (V,E), the num-
ber of faces equals |E| — |V |+ 2.

Proof. Induction O

Remark 13 (Number of faces). Note that the number of faces is independent of the
plane embedding.

Corollary 29.

e A plane graph with n > 3 vertices hast at most 3n — 6 edges.

e FEvery plane triangulation with n > 3 vertices (i.e. every face is bounded by a
triangle) has exactly 3n — 6 edges.

Proof. Exercise!
Use double counting argument (each face contains (at most) 3 edges, on the other hand
each edge contains exactly 2 faces) and then use Euler characteristics. O

2.2.2 Trees

Definition 37 (Forest, tree, leaf).

(1) An acyclic graph (a graph without cycles) is called a forest.
(2) A connected forest is called a tree.

(3) The vertices of degree one in a forest are called leaves.

Remark 14. A graph is acyclic if and only if it does not contain a K3 as a minor.

Lemma 30. Every tree with at least two vertices (or equivalently at least one edge)
contains at least two leaves.

Proof. Exercise! O

Lemma 31 (Tree growing lemma). Ler G = (V,E) be a graph and d(v) =1 for some
v € V. Then G is a tree if and only if G|V \ {v}] is a tree.

Proof. Exercise! O
Lemma 32. Let G = (V,E) be a graph. Then the following statements are equivalent.

1. Gisatree;
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2. G is minimally connected, that is, G is connected, but G' = (V,E\ {e}) is dis-
connected for every edge e € E;

3. G is maximally acyclic, that is, G contains no cycle, but G' = (V,E U{v,w})
does for any two non-adjacent vertices v,w € V;

4. Gis connected and |E| = |V| — 1.
Proof. Exercise! U

Theorem 33 (Cayley’s formula). Let n > 2 be an integer and let T (K,) denote the
number of all spanning trees of the complete graph K,,. Then T (K,)) = n" 2.

For an illustration see the pictures for Theorem 15 in Section 1.5.

Proof (Priifer Code). Let 9, be the set of all spanning trees of K, labelled with [n]
and let

S = {(51,82,.-s5p-2) 1 1 <5 <n} = [n]"72
be the set of all strings of length n — 2 over the alphabet [n]. The strategy is to find a
bijection
f : % — yn72
T f(T) = s=(51,5,--,51-2)
This is known as the Priifer code. 1t is defined successively as follows: We start
with a labelled tree 7o = T and construct a sequence of trees of (nested) subtrees

To,Ti,...,T,_» from which we obtain the numbers s;,s7,...,5, 2.
Suppose the tree 7;—1 has already been constructed fori > 1. We

o take the smallest (labelled) leaf in 7;_; and remove it from 7;_; together with the
edge incident to it;
e call the resulting graph T;;

e define the i-th term s; of the sequence s as the label of the (unique) neighbour of
the leaf that is removed from 7;_.

Doing this successively fori =1,2,...,n—2 we obtain the sequence s = (51,52, ...,5,-2)-

Example 2. Let Ty = T be the following three with 8 vertices:
2

5 (smallest of the leaves of Ty: 2)

T s1 =5, neighbour of 2
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2
3
smallest leaf of Ty: 6
8
1 5 4 7
. 6 s = 1, neighbour of 3
2
3
8 smallest leaf of T3: 7
1 5 4 7
T; 6 s3 = 1, neighbour of 6
2
3
8 smallest leaf of Ty: 4
1 5 4 7
T, 6 d s4 = 4, neighbour of 7
2
3
8 smallest leaf of T5: 5
o—& 9o
1 5 4 -
Ts 6 ss =5, neighbour of 4
2
3
Se—o
1 5 4 -
Ts ©6 s¢ = 1, neighbour of 5

s=(5,1,1,4,5,1).

Conversely, we shall show how to construct the original tree T = f~! (s) from the
sequence s = (s1,...,8,—2) (that arose from some T € .},).

Let s = (s1,...,5,_2) € [n]"~2 be given and suppose that s = f(T). For each i =
1,...,n—2, denote by [; the leaf of T;_; that was removed in order to obtain 7;. Then
the edge removed in that step was ¢; := {l;,s;}. Finally, denote by e,_; the (unique)
edge of T;,_».

Recall that a vertex v occurs as an entry of s if a leaf adjacent to v is removed at
some step of the “removal” process. Because the graph 7,_; at the end of the process
does not contain any vertices of degree at least two, all vertices that have degree at least
two in T appear in s. Vice versa, leafs of 7" will not appear in s. Thus, the leafs of T
are precisely the vertices in [n] \ {s1,...,5,—2}. Therefore, we have

Iy =min ([7]\ {s1,52,-..,80—2})
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Analogously, for each i = 2,...,n — 2, the leafs of 7;_; are precisely the vertices in
)\ {siyit1s-ySu—2,01,-..,0i—1}, because I;,...,l;_; have already been removed in
earlier steps, while s;,...,s,_2 have degree at least two in 7;_. Therefore,

l,' = min([n]\{si,siﬂ,...7sn,27117...,li,1}).

This way, we can determine the leafs /;,...,[,_5 that are deleted during the “removal”
process. In terms of edges, this means that e¢; = {l;,s;} fori=1,...,n—2, and ¢,_;
is the edge between the two vertices in [n] \ {/1,...,l,—2}. Thus, given the sequence s,

the tree T with s = f(T') can be uniquely determined. In other words, the function f is
injective.

Lecture 9 on 5.11.2018

To complete the proof, we need to prove that f is surjective. To prove this, observe that
we can define a graph G from any sequence s € [n]"~2, even if we do not know whether
s = f(T) for some tree T. We aim to show that G is a tree and that the Priifer code
“encoding” applied to G yields the original sequence s. Surjectivity of f then follows
directly from these two properties.

Let E; = {ej,eit1,...,en—1} for 1 <i<n—1and where fori <n—1, e¢; = {l;,s;},
Il; = min([n] \ {si,Si+1,---,01,..-,i—1} and where e,_; is the edge between the two
vertices in [n] \ {I1,...,l,—2}. Then let G; = ([n],E;). To show that G is a tree, observe
first that G,_ is a tree (consisting of two vertices and the edge e,_) plus isolated
vertices. Note that none of the edges e;;1,...,e,—1 can be incident to /; and therefore
l; is a leaf of G;. By Lemma 31, it follows inductively fori=n—1,n—2,...,1 that G;
is a tree plus isolated vertices. In particular, G; = G is a tree.

To show that the encoding applied to G yields the original sequence s, it suffices to
verify that /; is the smallest leaf of G; for 1 <i < n—2. Observe that by the definition
of I; = min ([n] \ {si,Si+1,--,Sn—2,01,...,Li—1}), a smaller leaf of G; can only occur
among [y,...,l;_1 or s;,Siy1,...,5,—2. Because l1,l,...,[;_ are isolated vertices in G;,
the first case does not occur. So consider s; for some i < k <n—2. In Gy, s is a
neighbour of /; and has another neighbour, so it is not a leaf of G;. Because G, C G;,
sk is not a leaf of G;. Therefore, none of s;,s;11,...,5,—2 is a leaf of G;. O

Example (Example 2 cont.). s = (s1,s2,...,5) = (5,1,1,4,5,1). We show how to get
a tree from this. (Try the same on an arbitrary word, say in .%5 to illustrate the surjec-
tivity of f)

=2

S _5/ Iy = min of [8]\{1,4,5}
Stepl ! = min{1,3,6,7,8}

= 2
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lh=3
€2 Ib = min of [n]\{s2,...,5, 01}
€3 S9 = 1 — 1
Step 2 % min{3,6,7,8}
L D ot (s
3 = mn of |n 83,...,86,L1,0(2
Step 3 — min{6,7,8)
= 6
4 .
es ly=17 Iy = min of [n]\{s4,...,56,01,1,13}
Step4 &—1 o = min{7,8}
= 7
Step 5
S4 = 4 = l5
Step 6
Step 7
Is = min of [n]\ {ss,56,01,02,13,1a}
= min{4,8}
= 4
l6 = min of [I’l]\{s6,ll,...715}
= min{5,8} =5

e7 = edge between the two vertices [n]\ {/1,...ls} = {1,8}
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Suggested reading for Chapter 3: [3] and [4].

3.1 Basics

Lemma 34 (Union bound).

For a finite or countable set of events Aj,A», ...,

P {UA,} <Y PA].

In words, the probability that at least one of the events A1, A», ... happens is no greater
than the sume of the probabilities of individual events”.

Proof. Exercise!
e For the finite case induction on n

e For the countable case o-subadditivity of (probabilistic) measure

O
Lemma 35 (Markov’s inequality).
For any non-negative random variable X and any constant ¢ > 0,
E
PX >t < %
Proof. Exercise! O

Remark 15 (First moment method). For a non-negative integral random variable X
and ¢t = 1, Markov’s inequality implies that

P[X #0] = P[X > 1] < E[x].

In particular, if E[X] — 0, then P[X # 0] — 0. Therefore it is useful to prove the non-
existence of certain events.

Remark 16 (Variant of Markov’s inequality).

Markov’s inequality in terms of deviation from the expectation:

P[X > E[X]] <

~ | —

Definition 38 (Variance and covariance). The variance of a random variable X is de-

fined as
Var(X] :=E [(X - E[X])*] = E[x?] - E[X]*.

The covariance of two random variables X, Y is defined as

Cov[X,Y]:=E[(X — E[X])- (¥ — E[Y])] = E[XY] - E[X]E[Y].
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Lemma 36 (Chebyshev’s inequality). For any random variable X and any constant
t>0,

Var[X]

PIX —EfX]| > 1] <

Proof. Apply Markov’s inequality! O

Remark 17 (Second moment method). Let X be a random variable with E[X] > 0.
Then Chebyshev’s inequality implies
Var[X]  E[X?]

PIX =0 < P[IX —EX]| 2 EX]] < prm = g — 1

Therefore, if Var[X] = o(E[X]?), equivalently E[X?] = (1 +0(1))E[X]?, then P[X = 0] —
0, in other words, P[X > 0] — 1. Therefore it is useful to prove the existence of certain
events.

Remark 18 (Application of Chebyshev’s inequality). Lemma 36 implies that for any
>0,

Var[X]

e2E[X]?

PIX —E[X]| > eE[X]] <
Thus, if Var[X] = o(E[X]?), then P[|X — E[X]| > €E[X]] — 0, equivalently, if Var[X] =
o(E[X]?), then P[|X —E[X]| < eE[X]] — 1.
Let X = X; + X, +... be a sum of indicator random variables!. Then
Var[X] = E [(x E[X ] E[x%] -
B[(LX) Z E[YX]E[Y,X]
Z (E [X ] —E[Xi] ) +Zi;£j [XiX;] - E[X]E[X]])
= Zi Var [X;] +Zi¢j Cov [X;, X;]
Since the X;’s are indicator variables, we have E [Xl-z] = E[X;], and therefore

Var[X] = E [X?} ~E[X ~12 <E[X?] =E[X]
Y Var(x] <Y EX]=E[) X =E[X]

and
Cov[X;,X;] = EX;X;] - EX;|E[X;] < E[X;X]].
Note that if X; and X; are independent, then

Cov [X;, X;] = E[X;X;] — EX;|E[X;] = E[X]E[X;] — E[X;|E[X;] = 0.

I A random variable associated with the occurence of an event; X4 has value 1 if A occurs and 0 other-
wise.
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Hence,

Var[X] =) Var[X;]+) . _;Cov[X;, X;] <E[X EXX;]. 3.1)

} + Zi;éj, X;,X; dependent

Remark 19 (Sum of indicator random variables). Let X = X; + X, + ... be a sum of
indicator random variables with E[X] > 0. Lemma 36 and (3.1) imply that

Var[X]
E[x]?

EX] + Yz, EXiX]]

PX =0] < B

<

and Remark 18 and (3.1) imply that

Var[X] E[X} + Zi;éj Xi X dependentE[Xin]

P[|X —E[X]| > €E[X]] < 7 S e2E[X]2

~ e2E[X]
Therefore, if E[X] — coand ¥, X X; dependent E[XiXj] = o(E[X ]?), then
PX>1]—1 and P[|IX—-E[X]| <€E[X]]—1.

(Cf. Remark 18).

Definition 39 (Erd6s—Rényi random graph). Let p € [0, 1] be a constant independent
of norlet p= p(n) €[0,1] be a function in n.

The binomial random graph G (n, p), also known as the Erdés—Rényi random graph,
is a graph with vertex set [n] := {1,2,...,n}, in which each pair of vertices is joined by
an edge with probability p, independently of each other. Equivalently, given p € [0, 1],
let Q be the set of all graphs with vertex set [1] and define, for each G € Q,

P[G] = pE@)(1 - p)B)-IE@)
where E (G) is the edge set of G.

Example 3 (Expected number of edges in G (n, p)).

Let G = G(n,p). Let X be the number of edges in G. This can be written as the
sum of indicator random variables

X = |E(G)‘ = ZX{u,v}v

where

X = {1 if {u,v} €E(G),

0 otherwise.
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Using the linearity of expectation we obtain

0 ifp= -2
E[X](”)H ifp=o(n).
2 o ifp=w(n?).
By Markov’s inequality (cf. Remark 15), if p < n~2, then
PX#0=PX>1]<E[X]—0.

Therefore,

3.2 Ramsey Number and First Moment Method

Definition 40 (Ramsey number). The Ramsey number R (k, ) is defined as the smallest
integer n such that any graph G on n vertices contains either a clique of order k or an
independent set of order /, i.e.

R(k,l) := min{n € N : ¥V G onn vertices @ (G) > kV o (G) > l}.

Equivalently, R (k,1) is the smallest integer n such that in any two-coloring of the edges
of the complete graph K,, by red and blue, there exists either a red K} or a blue K;.

Remark 20 (Ramsey number).

(0) R(k,1)=R(L,k)=1
(1) R(k,l)=R(l,k)
(2) R(k,2)=R(2,k)=k
(3) R(k,))<R(k—1,1)+R(k,I—1)
@ rwn< (07
Proof. Exercise! O

Example. R(3,3) = 6: one can show that R(3,3) < 6 (exercise). To see that R(3,3) >
5, consider the colouring of Ks where all the outer edges are of one colour, all the
crossing edges of the inner star of the other colour:
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Theorem 37 (ErdGs—Szekeres 1935).

k—1
R(kK) < (10 (1) =

Proof. Using Remark 20 (4) and applying Stirling’s formula we have

R(k,k) < <2k2) _ (2%-2)!

(14—0(2(](1,1))) 4m(k—1) (@)2(1{4)
1

((I-I-O(kf)) 27T(k_1) (%)k—1>2

1
22(k-1)
= (1+o(1))7n(k_ 3
4k—1
=(1+o(1)) ﬁ
O
Lecture 9 on 6.11.2017
Theorem 38 (ErdGs 1947).
R(k.k) > (1+0(1))$\f2k

Proof. We shall apply the first moment method.
Consider a random graph G = G (n, %) For each subset S C [n] of size k,

Q) k
P[S forms a clique] = () =270,
So, using the union bound (Lemma 34) we have
Plw (G) > k] = P[G contains a clique of size k|

=P [U se () [S forms a clique]]

< Z se() P[S forms a clique]
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Similarly, for each subset S C [n] of size k,

1 (IZC) k
IP[S is an independent set] = (1 - 2) = 2*(2)7

and thus we have
Plo(G) > k=P |:US€([',Z]) [S is an independent set]}

<Y se() P[S is an independent set]

Summing up, we have

P0(G) > kv a(G) > k] < P[0 (G) > + Pl (G) > K] < (”)2‘<

k
(’;)zl—@ <1,

Plo(G) > kVa(G) >k <1.

Therefore, if

then

In other words,
Plo(G) <kNo(G)<kl=1-Plow(G) >kVa(G) >k >0.
This means that there exists a graph G on n vertices with
0(G) <kNo(G) <k.
This implies
R (k,k) > n.

Using the binomial coefficient approximation

n en\k
< -
(1)=(5)
we deduce that

k - N
n zlf(é)g(ﬂ) .2.2*@:<@.2%.2J71) (. 22%
k k k P

which will be smaller than 1 if

eV2 1 _l_k\@k L k k
n<<kﬁk.2> == ﬁlz\asfﬁw_(“ro“))“/jﬁ.

k
2

).

57
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3.3 Independence Number and Deletion Method
Theorem 39 (Weak Turdn Theorem). For any graph G with vertex set [n] and average
degree d(G) > 1,

n

o(G) > 3G)”

Proof. We shall apply the so-called Deletion Method.
Let S C [n] be a random set defined by

1

Pves] = 4G)’

the events v € S being mutually independent. Observe that d(G) is necessary for this
to be a probability.

Let X =S| and Y be the number of edges in the induced subgraph G[S]. For each
{u,v} € E(G), let

1 if {u,v} €S,
Y{u,v} - {

0 otherwise.

Obviously we have

Y=Y Yuy
{uv}€E(G)

and using the linearity of expectation we have

— _ 1 2_ nd(G) . n
e {uyv}gmaww’vﬂ B (d(G)> " 24(G? ~ 2d(G)’

where the penultimate equality follows from d(G) := 1 Yiemd(v) = #G)‘ On the
other hand, we have

n

EIX] =[S = 7757

By the linearity of expectation we have

n n n

ElX -Y]=E[X]-E[Y] = d(G) 2d(G)  2d(G)’

3.2)

This implies that there exists a set Sy C [n], for which the number of vertices in the
induced subgraph G[Sp] minus the number of edges in G[Sy] satisfies

v

V(GIS) ~ E@IS)| = 55755
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for otherwise (i.e. if for all S C [n], [V (GIS]) — E(G]S]) < n/2d(G))

EX-Y]<

24(G)’

which contradicts (3.2).
Now select one vertex from each edge of G[Sy] and delete it from Sy. This results

in a set S* which contains at least % vertices and no edges, in other words, S* is an
. . n S " .
independent set of size at least 2 which implies that @(G) > 234G 3 desired. O

3.4 Subgraphs and Second Moment Method

Definition 41 (Monotone family).

Let I" be the set of all 2-element subsets of [#] and 2T be the set of all subsets of T".
A family .Z C 2T (i.e. a family of subsets of I') is called increasing if

ACBCI'NAe# = BeZF.

It is called decreasing if the family of complements in I" is increasing (or, eqivalently,
if 21"\ .7 is increasing). It is called monotone if it is increasing or decreasing.

Remark 21 (Monotone property). We identify a property of subsets of I with the
corresponding family of all subsets having that property.

In case of graph properties, a property is increasing (resp. decreasing) if adding
(resp. deleting) edges does not violate the property.

Example 4 (Monotone properties). (1) Being connected (increasing property)
(2) Containing a triangle (increasing property)
(3) Having an isolated vertex (decreasing property)

(4) Being planar (decreasing property)
Theorem 40 (Increasing property). For any increasing property % C 2V and 0 < p; <
<l
PIE(G(n,p1)) € #] < P[E(G(n,p2)) € 7].
Proof. Define pg € [0,1] by
pi+(1=p1)po=p>.
Then

G(I’l,po) U G(napl) = G(i’l,pQ)
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("two-round exposure”). Because .% is increasing, we have
E(G(n,p1)eZF = E(G(npo)UG(np))eF
and therefore
PIE(G(n,p1)) € F] < P[E(G(n,po) UG (n,p1)) € F] = P[E(G(n,p2)) € F].
O
Exercise 2. Is it true that for any decreasing property F C 2V and 0 < p; < p < 1,

PIE(G(n,p1)) € F] = PIE(G(n,p2)) € F]?

Definition 42 (Threshold).

For an increasing property .% C 21, a sequence (f (n)),>1 is called a threshold if

0 ifp=o(f(n).

P[E(G(n,p)) € ] {1 ifp=w(f(n).

For decreasing families, thresholds are defined analogously with the cases p = o(f(n))
and p = o(f(n)) exchanged. Note that if f(n) is a threshold, then every function g(n)
with g(n) = O(f(n)) is also a threshold.

Theorem 41 (Bollobds-Thomason 1987). Every monotone property has a threshold.

Theorem 42 (Triangle threshold).

nﬁw{o ifp=o0(y)

P[G (n, p) contains a triangle] — X
Loifp=0(3).

1

In other words, f (n) = -, is a threshold for the property of containing a triangle.

Proof. Let X denote the number of triangles contained in G (n, p). Define indicator
variables

=

_J 1 if S forms a triangle,
0 otherwise.

Then
X= ZSE([g])XS
and

EX]= Z E[Xs] = Z IP[S forms a triangle] = <Z>p3 =0 (n3p3) .
se@® s
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For the first statement of the theorem, we apply Markov’s inequality (the first mo-
ment method) to obtain

1
P[G (n, p) contains a triangle] = P[X > 1] < E[X] =0, ifp<k-—.
n
In order to prove the second part we observe that
1
EX] =0 (n’p?) =, ifp>-.
n

But does it imply what we want? Not necessarily! We shall use the second moment
method to prove

1
PIX=0] =0, ifp> .

Assume that p > % (p fixed). Then E[X] — e and by Chebyshev’s inequality, more
precisely Remark 19, we have

Var[X] < E[X] +ZS7£T e([g]) Xg, X1 dependentIE [XSXT]

FX=0IS g = E[X’

Thus it suffices to show

_ 2
ZS#T G([g]) X, XT dependentIE [XSXT] o O(E[X} )

Let S and T be two distinct 3-element subsets of [n]. Then they may share exactly two
vertices or at most one vertex. In the latter case, S and T can not share any edge in
common in G(n, p), and so Xg and X7 are independent. So we consider only pairs of

S#T ¢ ([g']) that share two vertices. If S and T form triangles, then SUT forms a
graph with two triangles sharing one edge in common (as in the following picture).

In this case we have
E [X_gXT] = ps.
Summing up we have

— 4.5 6,6\ __ 2
ZS#T E([g]) Xg. X7 dependentE[XSXT] - @(I’l p ) < @(I’l p )7E[X] )

as desired. O

Remark 22 (Subgraph threshold). Given a fixed graph H with |V (H)|=vj and |E (H)| =
err, what is the threshold for the property that G (n, p) contains a subgraph isomorphic
to H (a copy of H)?
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To answer this question we let X denote the number of copies of H. Then

\’H

0 ifp=o(n ),
E[X]=®((n>pe”>=®(nv‘“pe”)—> ( H)
v 0o ifp:a)(n erz).

Is it true that

) vy
0 1fp:0<n H |,
YH

Flx=>0= 1 ifp:a)(niﬁ).

This is indeed not true in general. To see this let us consider the kite graph H and
the diamond graph D defined as follows.

<P <D

H D
Let Xy denote the number of kite graphs contained in G (n, p) and Xp denote the
number of diamond graphs contained in G (n, p). Then we have

PXp > 1] <E[Xp] :O(n4p5) —0 ifp:o(n_%)7

).

~o

PXy > 1] g]E[XH]:o(n6p7) 0 ifp:o(n*

On one hand we have

YH

n ‘" =n

~o

4 _'D
3 — e
5=n D,

<Ln

but on the other hand we P [Xy > 1] <P[Xp > 1], because D is a subgraph of H.
What’s wrong here?

Definition 43 (Maximum density). Let

(974 / .
my = max H' CH with vy >0
vy!

Theorem 43 (Bollobas 1981).
For any graph H with ey, vy > 0,
L
0 ifpzo(n ”‘H),

1

P[G (n, p) contains a copy of H| — T
1 ifp=ow (n mH)

Proof. Follow the lines of the proof of Theorem 42. U
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