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Random graphs

Anne Bouillard

Introduction

Complex networks have received a lot of attention recently and led to the study of large
graphs and the fundamental properties of real networks. Empirically, those real networks
have four important properties:

e sparse: the degree of the vertices are very small compared with the size of the graph;

e scale-free: there are some vertices with high degree. For example, the distribution of
the degrees is a power-law (for some 7 > 1, the number of vertices with degree k is
proportional to k™ 7);

e small world: the length between most of the vertices is relatively small;

e transitivity/clustering: the neighbors of my neighbors are my neighbors.

Examples of such graphs are social relations, the Internet, citation networks of scientists,
telephony networks...

Figure 1: ”Real world” topologies. Left: the Internet topology in 1999; right: collaboration
graph of mathematicians in 2004.

To study such large graphs, random graphs plays an important role. Indeed, such graphs
are described by local rules (for one vertex, who are its neighbors?) and possess, for some
models, with high probability the properties describes above. As a consequence, it is believed
that studying random graphs will help to understand the structure of large graphs. The
simplest model of random graphs is the Erods-Rényi graphs that have been developed in the
late 1950s. In this model, every edge has the same probability p independently. Although this
model is simplistic and does not exhibit the scale-free, power-law and small-world properties,
they are worth being studied and are the starting point of the study of random graphs. Then,
other models have been developed to take into account the properties of large real networks:
preferential attachment, configuration models...
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The aim of this course is to give an introduction to random graphs. We will mainly focus
on Erdos-Rényi graphs, and exhibit interesting phenomena as the threshold functions and the
emergence of the giant component. Then, we will study some complement, like preferential
attachment and structures networks.

1 Notations and technical background

1.1 Probability theory

In this document, as we will only deal with non-negative integer random variables, the defi-
nitions and notations are defined for this particular context only.
Let X be a non-negative random variable.

e The expectation of X is E[X] =" iP(X = ¢). This quantity is potentially +oo.
e The variance of X is Var(X) = E[(X — E[X])2].

e The (moment) generating function of X is gx(s) = E[sX]. The generating function of
a random variable characterizes its distribution.

The expectation has the following properties:
o linearity: Ya,b € R, E[aX + bY]| = «E[X] 4 DE[Y]
e monotony: if X > Y, then E[X] > E[Y]
e if X and Y are independent, then E[XY] = E[X]E[Y]. As a consequence,Var(X +Y) =
Var(X) + Var(Y) and gx+v = gx9gy-
1.1.1 Useful distributions
Definition 1. Let X be a non-negative integer random variable.
o X is distributed according to a binomial law with parameters n and p if

n

Vk €N, P(X:k):(k

>p’“(1 -k
We write X ~ Bin(n,p).
o X is distributed according to a Poisson law with parameter A if

e \k

VkeN, P(X=k) ="

We write X ~ Poi()\).

By abuse of the notation, in the following, Bin(n,p) will sometimes be directly used as a
random variable with distribution Bin(n,p) independent from the rest of the model.

Theorem 1 (Limit of a binomial law). Let X,, be random variable such that X,, ~ Bin(n, p)
and np "N\, Then

-\ k
lim P(X, = k) =

n—oo k!
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1.1.2 Useful inequalities

Lemma 1 (Markov inequality). Let X be non-negative random variable with a finite expec-
tation and a > 0. Then
E[X]

P(X >a) <
a

Proof: Define the random variable Y = alx>,. Wehave Y < X (if X <a,Y =0< X andif X > a
then Y = a < X). Then, by monotony of the expectation,

EX]>EY)=dP(X > a).

O
Corollary 1. Let X be a non-negative integer variable. Then
P(X #0) < E[X].
Proof: P(X #0)=P(X > 1) < E[X]/1 = E[X]. O

Lemma 2 (Tchebychev inequality). Let X be a random variable with finite expectation and

variance. Then Var(X
P(X —E[z]| > a) < 3“;(2>

Proof: (X — E[X])? is a non-negative random variable with finite expectation E[(X — E[X])?] =
Var(X). Now,

E[(X - E[X))?Y] _ Var(X)'

P(X ~BIX]| 2 ) = P((X - FX]) 2 a?) < = .

O

Corollary 2 (Second moment method). Let X be a non-negative integer random variable.

Then
Var(X)

E[X]?

P(X =0) <

Proof: P(X =0) < P(X <0) <P(X <0orX > 2E[X]) < P(X - E[X] > E[X]
Var(X)/E[X]?.

I IA

Lemma 3 (Chernoff bounds). Let X ~ Bin(n,p), and p = E[X]. Then for 6 > 0,

82

P(X > pu(1+0) <e 5.

182

P(X < pu(l-6) <e .
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2 Erdos-Rényi graphs

Let n € N and p € [0,1]. The space G(n,p) is the space of undirected graphs with n
vertices and where each edge has probability p independently from the others. More precisely,
G(n,p) = (U, P(Qy), P), where

e ), is the set of non-directed graphs with n vertices {1,...,n}

o if for 1 <u < v <n E,, is the event “there is an edge between u and v”, (E,,) is a
family of mutually independent events and P(E, ,) = p.

There are at most N = (g) edges in a graph with n vertices and there are 2!V graphs in
G(n,p). In the following, Gy, , denotes a random element of G(n, p).

Example 1. In G(n,p),
o the complete graph has probability p ;

e the empty graph has probability (1 — p)V ;

o the probability that G, , has m edges is (%)pm(l —p)N-m,

Exercise 1 Erdés-Rényi model with n vertices and m egdes
Originally, random graphs have been defined as G(n,m), which is the set of graphs with n
vertices and m vertices exactly. Graphs in G(n, m) are uniformly distributed.

1. Show that a graph in G(n,m) can be constructed as follows: starting from a graph with n
vertices and no edge, choose one edge uniformly at random among the N possible edges.
Add a second edge chosen uniformly at random from the N — 1 remaining edges and
continue the same way until the graph has m edges.

2. Show that conditionally on having m edges, Gy, , has the same distribution as in G(n,m).
Our goal here is to study the behavior of some graph properties when the number of
vertices grows to infinity in two cases:
1. when p is fixed.
2. when p = p(n) varies with n.

In the latter case, we are interested in finding threshold functions. A threshold function
for the property A is a function g(n) such that

(i) if limy, 00 p(n)/g(n) = 0 (or p < g), then lim,, oo P(G,, 5n) has A) = 0.
(i) if limp o0 g(n)/p(n) = 0 (or p > g), then lim, o P(G) () has A) = 1.

A threshold function can also be interpreted as follows: assign to each pair {u, v} a random
number p,, chosen uniformly on [0, 1]. For p € [0,1], the graph is made of the edges {u, v}
such that p,, < p. When p varies from 0 to 1, the graph Gy, grows. If g(n) > p, then
P(Gpp has A) = 0; and if g(n) < p, then P(G),, has A) = 1. Table 1 gives some examples
of threshold functions.

Let us first focus on the first case, when p is fixed.
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Figure 2: Example of Erdos-Rényi random graphs with 250 vertices and different probabilities.



MPRI-1-24 - Probabilistic Aspects of Computer Science Random graphs

property threshold function g(n)
contains a path of length & n=

is not planar %

contains an Hamiltonian path 1“7"

is connected thn

contains a clique of size k n_%

Table 1: Examples of threshold functions

2.1 Erdos-Rényi graphs and first order properties for a fixed p
We look at the closed form formulas generated by
F:u=VzF|3zF | FVF | FANF|-F |z=vy| I(z,y)
with the two axioms
Ve —I(z,x) and VaVy I(z,y) < I(y,x).

Example 2. The following properties are first-order:

e there exists a path of length 3: JxIyIzTw I(x,y) A I(y,2z) A I(z,w);

o there is no isolated vertex: Yx3y I(z,y);

o cvery triangle is included in a clique of size 4: VaVyVz (I(z,y) A I(y,2) N I(x,z) =
Jw (I(x,w) AN I(y,w) ANI(z,w).

The following properties are not first-order: G is connected, G is Hamiltonian, G is planar...

H Theorem 2. For every first-order statement A, lim,,_,oc P(G,p has A) € {0,1}.

Proof: Let A, s be the property Vzi,...,2,Vy1,...,ys distinct vertices, 3z distinct vertex such that
% is connected to every vertex z; and none of y;.

Fact 1. Vr,s, lim, oo P(Gpp has Ay s) = 1.

Let A(z,),(y,),- be the event “in Gy, ,, 2z is connected to the vertices z1,...,z, and not to
the vertices y;,...,ys”. We have

= p'(1-p)
(1=p"(1=p))"

n (1 —p" (1= p)*)"
1— nr—&-s(l _ pr(l _p)s)n

P(A), ).
P(Vz2A(,), ),

P(3(z:), (Y)Y A ), (4.2
P(G, has A, ;

~— ~— ~— ~—

ININ A

Hence lim,_,oc P(Gp p has A, 5) = 1.

To continue the proof, we need to use results from the completeness theory. We use the following
results:

e If a system has a model, then it has a denumerable model.
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Figure 3: z satisfies A, (.),2-
e a theory T is complete if for all B, T U B or T'U —B is inconsistent.

Let G and G’ two graphs that satisfy A, s for all s and r. Such graphs exist and can be constructed
by induction:

1. Gy is a graph with one vertex,

2. if G, is built, then, for every disjoint subset of the vertices of G,,, S1 and Ss, either there exists
a vertex in GG, that is adjacent to every vertex in S; and none in S5, or a new vertex satisfying
that property is added to the graph. At the end of that step, the new graph obtained is G, 11.

The limit of such graphs satisfies A, s for all s and . The graphs G, are finite for all n but obviously
the graph obtained as a limit is not finite. It is then countable and we can assume that G and G’ have
an infinite countable number of vertices.

Fact 2. G and G’ are isomorphic.

The set of vertices of G and G’ is N. We build an isomorphism by induction. Let f be this
isomorphism and initially set f(0) = 0. Suppose that f(0), f~1(0),...,f(i —1),f~1(i —1)
have been defined. We now define f(i) and f~1(i). Let

V={0,...,i—1,f10),....,f i —1)}

be the set of vertices where f is already defined. Set R = {j € V | {j,i} is an edge in G}
and S ={j € V| {j,i} is not an edge in G}. From our hypothesis, there exists a vertex k
in G’ such that k is adjacent (in G’) to every vertex in f(R) and none in f(S). Set f(i) =k
and f~1(k) =1i. As a consequence,

(i,7) is a edge in G < (f (i), f(j)) is an edge in G’,

and the two graphs are isomorphic.

Figure 4: Construction of an isomorphism between G and G'.
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Fact 3. The system composed of all the A, s is complete: for every first order statement B, either B
or =B is provable from the (A, ).

By contradiction: suppose that both B and —B are not provable. Then, the theories (4, s)+
B and (A, s) + —B are both consistent and there exist models G and G’ for both of them.
But, from the previous fact, G and G’ are isomorphic. Consequently, they cannot disagree
on B.

To conclude, let A be a first order statement and suppose that A is provable from the (A, ). As
proofs are finite, then A is provable from a finite set S of A, ;. Then,

P(=Ain Gnp) < Y P(oA4in Gpp) =30
(r,s)eS

Then lim,,_,oc P(Gy p has A) = 1. If A is not provable from the A, , then the same holds for —A and
lim,, oo P(Gy,p has A) = 0, which ends the proof. O
2.2 Phase transition in Erdos-Rényi graphs

2.2.1 A first (and simple) example

Theorem 3. If A ="having a clique of size 47, then the threshold function is g(n) =
n=2/3. More precisely,

e if p(n) < =23, then lim, oo P(G,,, satisfies A) = 0;

o if p(n) > n=%3, then lim,_,oo P(G,,, satisfies A) = 1.

Proof: The first assertion is proved using Markov inequality, and the second using the second moment
method.
Let C4,..., C(n) be an enumeration of the 4-vertex sets and define the random variables X; €
4

{0,1},ie{1,....,()}

X; =1« (C; is a clique of size 4.
Let X =3, X;.
e E[X] =Y E[X,] = (})p(n)® = (5gn" + o(n*))p(n)";

e E[X? =Y E[X;]+ > iz E[XiX;]. We need to consider several cases, depending of the number
of common vertices in C; and C;. The case disjunction is shown in 2.

|IC;NC| | E[X;X]] number
0o [0 a0
2| ) (Do)
3 p(n)° (1)4(n—4)

Table 2: 4-cliques: case disjunction for Var(X).

E[X?) = (ot +0(n*))p(n)°+(smg n+0(n®))p(n) 2+ sos 10 +0(n®))p(n) 1+ (o -+ o(n) p(n)°



MPRI-1-24 - Probabilistic Aspects of Computer Science Random graphs

and
Var[X] = (g + o(n*))p(n)® + (o(n)p(n)* + (5ogn®Ip(m)* + (o0 )p(n)”
Now,
e if p(n) = o(n=2/3), then by the Markov inequality,
P(X #0) < BIX] = (530" + o(n*))p(n)° = of1)

o if n72/3 = o(p(n)), n*p(n)® "= oo then by the second moment method,

= 0(n™"*p(n)™°) +o(1) + O(n~?p(n) ") + O(n"’p(n) %) = o(1).

O

Exercise 2 Conditional expectation inequality

1. (Jensen inequality) Let X be a real random variable, I an interval aud ¢ : I — R a
convex function, such that P(X € I) = 1. Show that if X and ¢(X) are integrable, then

E[¢(X)] > ¢(E[X]).

Soit X = >, X;, o les X; sont des variables alatoires valeurs dans {0,1}. On veut
montrer que

N P(X;=1
P(X >0) > ; E(;’X:)l)
Soit Y =1/X si X #0 et Y = 0 sinon.
2. Show that P(X > 0) = E(XY).
3. Show that B(X,Y) > 5y x5
4. Conclure.
Exercise 3 Number of triangles in a graph

Consider a graph of G, with p =1/n. Let X be its number of triangles.

1. Show that P(X > 1) < 1/6.

2. Show that lim,, oo P(X > 1) > 1/7. Indication : Use the previous exercise

2.2.2 Isolated vertices and connectivity
For a vertex x, define the random variable

I(z) = 1 if z is isolated
)= 0 otherwise.

Set
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1. I =), I(x) the number of isolated vertices,
2. C = 1if and only if G,,;, is connected.

We first deal with isolated vertices, but the threshold function is the same: when there is no
isolated vertex, then with high probability, the graph will be connected.

Theorem 4. If pn —Inn — oo, then G, s connected with high probability and if
pn —Inn — oo, then the Gy, is disconnected with high probability.

Exercise 4
The aim of this exercise is to prove Theorem 4.

1. Show that if pn — Inn — 400 then lim, - P(I # 0) = 0.
We now assume that pn —Inn — —oc.

2. Compute Var(I) and show that Var(I) < E[I] + E[IQ]q.
3. Show that lim,,_,. P(I = 0) = 0.
4. Show that in this case lim, ., P(C =1) =0.

Now, let us deal with the connectivity above the threshold and compute the probability
that there is no isolated vertex, but the graph is disconnected: P(C' = 0,1 = 0). Let X}, be
the number of spanning tree of size k in the components of size k.

5. Show that P(C = 0,1 = 0) < Y72 E[X}).
6. Give an upper bound for E[X].

We now investigate the case where p = alnn/n with a > 1/2. This case will be sufficient
to study the case where pn — Inn — +oo.

7. Show that when k is fixed, E[X}] = o(1).

8. Using that k(n — k) > kn/2 and z — xe~%/? is decreasing for z > 2, show that E[X}] <
nl=k/% for n large enough.

n—oo

9. Conclude by showing that P(C' = 0,1 =0) — 0 when pn — Inn — +oo.

10
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3 Moment generating functions

Definition 2. Let X be a random variable on N'. Its (moment) generating functions is
o0
gx s+ E[s¥] = ZskP(X =k).
k=0

gx is C*® on | — 1,1[ We have gx(0) = P(X =0), gx(1) = 1, P(X =n) = gg?)(O)/n!,
E[X] = gx(1).

Proposition 1. Let X andY be two independent random variables, with respective generating
functions gx and gy. Then the generating function of X +Y is gx41y = gxgy.

Proof: For all s, gx4y(s) = E[sXTY] = E[s¥]E[sY]. O
Example 3. e X ~ Ber(p): gx(s) =1—p+ ps;

e X ~ Bin(n,p): gx(s) = (1 —p+ps)™;

o X ~Poi(N): gx(s) = gx(s) = oD,

Proposition 2. Let X and Y be two random variables, with respective generating functions
gx and gy. IfVs € ]0,9], gx(s) = gy (s), then X and Y have the same distribution.

Theorem 5. Let T be a non-negative integer random variable and (Z;);en be a sequence
if i.i.d r.v. independent of T. Set X = ZiT:o Z; and let gz, gr and gx be the respective
generating functions of Z1, T and X. Then

9x =9gr° 9z-

Proof:
oo
SzlJr"'JrZT — Z 1{T:n}SZ1+m+Zn7
n=0
SO
oo
E(sZ1t 2y = Z E[l{T:n}szl"'"""Z”] (linearity)

n=0

o
= Z E[1{7_nJE[s” T 7] (independence of T and Z;)
n=0

= Y P(T'=n)[gz(s)]" (independence of the Z;)
n=0

= Elgs(s)) = grl92(s).
O

Corollary 3 (Wald’s equality). Let T be a non-negative integer random variable and (Z;);eN
be a sequence if i.i.d r.v. independent of T. Let X = ZiT:o Z;. Let gz, gr and gx be the
respective generating functions of Z1, T and X. Then

Proof:

11
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3.1 Chernoff bounds

The idea of the Chernoff bounds is to apply Markov inequality to the generating function.

Theorem 6. e Vs> 1, P(X >a)<infe E(;X)
o Vs <1, P(X < a) < inf, 22

Proof: ¥s > 1, P(X > a) = P(sX > s%) < E(:ax)
vs<1,P(X§a):P(SXZSa)§¥QX) D
Some useful particular cases:

Theorem 7. Let X1, ..., X, ben independent r.v., X; ~ Ber(p;). Let X =" | X;
and set u = E[X]. Then
5

w
196> 0, P(X = (1+0)) < (5 )

2

2.5 €]0,1], P(X > (1 +6)pu) < e "% .

Proof: Let g; the generating function of X;. we have
gi(s) =1 —pi+pis=1+pi(s—1) <erl™H,

As a consequence

gx(s) = Hgi(S) < He’”(sfl) = et
i=1

i=1

But,Vs > 1, P(X > (14+d)u) < B < D Now take s = 1+ 0, we take

S+ > JO+on

65 "
P(X > (1+0)p) < <(1+5)1+5) .

To prove the other inequality, we just need to notice that

5
€ 5= (146)In(1+5 _s2
vé €]0,1], Tram ¢ (1+0)In{1+9) < =75

The following theorem is very similar:

Theorem 8. Let Xi,...,X, ben independent r.v., X; ~ Ber(p;). Let X =" | X; and set
w = E[X]. Then for all § €]0,1],
=5 \M

2
2. P(X < (1—08)u) < e r%¥.

12
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Proof: The proof is exactly the same with s < 1:

eu(s—l)
3(1*5),“'

P(X < (1- o)) < o) <

We choose s =1 —§ and 5 p
o
< (1 — < | — .
P < (-0 = (s

To prove the other inequality, we just need to notice that

e’ 5—(1—38)In(1—5 L
V5€]0,1[, m:ef(f)n(7)§677.

3.2 Galton-Watson branching process

The Galton-Watson branching process was initially introduced to study the extinction of
family names in the Victorian England. The construction is the following;:

e Xy =1 (the root, level 0)

e X, is the number of nodes at level n (or at the n-th generation)

We denote by Zi(n) the number of children of the i-th node of the n-th generation, and (Zz(n))m
are 1.i.d. with the same law as Z.
We have

Xn
Xpp1= Y. 2.
=1

The simplest way to study this process is to use the moment generating functions. Set
g(s) = E[s?] the generating function of Z, and ¢,, = E[s*"] that of X,,.
Lemma 4. ¢p41 = gZ(¢n)'
Proof: From the Wald equality, we have ¢,+1 = ¢, 0 gz. Then,
n+1

Gnt1 =00 gz o 0gy = Poogy

But P(Xp=1) =1, 50 ¢o(s) = s and ¢ 11 = gyt O

Let po = P(3n € N, X,, = 0) = P(Upen{X, = 0}) the extinction probability of the
process. As {X,, =0} C {X,+1 = 0}, we have p, = lim,,_, P(X,, =0).

Lemma 5. p. = gz(pe).

Proof:  We know that ¢,41(0) = g7(6,(0)). But ¢,41(0) = P(X,41 = 0) and 6,,(0) = P(X,, = 0).
Then, by continuity (gz is continuous in 0), p. = gz (pe)- O

Theorem 9 (fixed point). Consider the equation p = g(p) where g is the generating function
of a random variable X .

13
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1. g is non-decreasing and convez on [0,1]. Moreover, if P(X = 0) < 1, then g is strictly
increasing, and if P(X < 1) < 1, then g is strictly conver.

2. If P(X <1) <1, and if E[X] < 1, then the equation x = g(z) has a unique solution in
[0,1], z = 1. If E[X] > 1, then the equation x = g(z) has two solutions, in [0,1], z =1
and € [0, 1].

Proof:

L. gz(s) = >_cnP(Z = n)s™ is non-decreasing and strictly increasing if P(Z = 0) < 1. g, (s) =
> en P(Z = n+1)s™ is non-decreasing and strictly increasing if P(Z < 1) < 1, so gz is convex
and strictly convex if P(Z <1) < 1.

2. x =1 is trivially a solution. Now, we use the convexity of gz. If E[X] < 1, then ¢.(1) < 1 and,
as the function is convex, Vo < 1, g% (x) <1 and gz(z) > =.

If E[X] > 1, on an interval [1 — €,1[, gz(z) < z. But gz(0) > 0, so there exists /3 such that
B=y9z(8).

O

S

gz(1) > 1 gz(1) < 1

Theorem 10. Let p. be the extinction probability of the Galton-Watson process.
1. If P(Z>1) >0 and E[Z] <1 then p. = 1;

2. If P(Z >1)=0 and E[Z] =1, then p. = 0;

3. IfE[Z] > 1, then p. = 5 < 1.

Proof:  Let x,, = P(X,, = 0). We know that zy = 0, so § — zp > 0. Now, if x,, < 8, then as gz is
non-decreasing, z,11 = gz(xn) < gz(8) = 5. So pe < f and finally p. = 5. O

Exercise 5 Total population
Let Z be the total population of the branching process whose probability of extinction is 1,
given by Z2=75%", Zi(n). Let gz be its generating function.

Show that gz(s) = sgz(9z(s)).

14
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Poisson branching process
Theorem 11. If Z ~ Poi(c), then

1. either ¢ <1, and P(T < 00) = 1.
2. orc>1, and P(T = o0) is the unique positive solution of the equation z = eclz—1)

Proof: For a variable that has a Poisson distribution, E[Z] = ¢. So if ¢ > 1, the extinction probability
is 1. If ¢ > 1, gz(s) = ecs=1), O

An alternative presentation of Galton-Watson branching processes Let Z bear.v.
on the non-negative integers with mean E[z] = c.

e At time t = 0, the tree is only made of the root, which is numbered 1.

e At time 1, Z7 children of the root are added to the tree, where Z7 ~ Z, and are numbered
2,..., 721+ 1.

e More generally, at time ¢, the node ¢ is selected and Z; children are added to node ¢,
numbered from 2 + Zf;i Z;tol+ Zf;% Z; + Zy, where Z; ~ Z and Z; is independent
from Z7,...,Z;_1. If at time ¢ there is no node numbered ¢, then the process stops. At
time ¢, the nodes 1,...,t — 1 are the dead nodes and the other are the living nodes.

Let Y; be the number of living nodes at time ¢, then Yy = 1 and fort > 0,Y; = Y; 1+ 2;—1.
The process stops when Y; = 0, but the variable Y; can be defined even after the process stops.

o If for all £ <0, Y; > 0, then the process does not stop and we set T' = oo

e if there exists ¢t > 0 such that Y; = 0, then T is the least integer such that Y; = 0. The
process stops at time 71" and T is the size of the process.

Exercise 6 Branching process conditionned on extinction
The history of a process is given by the sequence H = {Z,Z;,...,Zr} of the number of
children in a one-by-one exploration: for all t < T, Y; > 0 and Y7 = 0.

1. Consider z1, ...,z a finite history. Express P(H = (z1,...,x})) in function of the distri-
bution of Z.

In the remaining, Z has a Poisson distribution with parameter A > 1. As a consequence,
its extinction probability is peys < 1. Let ¢(s) = e57L.
Define p = Apegt-

2. Show that p is the only solution of @ =2 and s < 1.

S

3. Show that conditioned on extinction, the distribution of the histories coincides with the
distribution of the histories under a Poisson offspring distribution with parameter p.

15
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Exercise 7 Branching processes in continuous time
Consider the following process:

e at time 0, Zp = 1 (the root of the process). By convention, this node is born at time 0.

e when a node i is born, its lifetime has a exponential distribution with parameter u: if it
is born at time ¢, it dies at time ¢+ U;, with U; exponentially distributed with parameter

.

e a live node i can give birth to children. Children are generated according to an expo-
nentially distribution with parameter A: if a node is born at time ¢, its first child (if it is

not dead before) is generated at time ¢ + Vi(l), the second child at time t + Vi(l) + Vi(z),

and so on where V;(j ) is exponentially distributed with parameter \.

e all the lifetimes (U;) and birth interval (Vi(j )) for a mutually independent family of
random variables.

We recall that for X an exponentially distributed random variable with parameter A
satisfies: Vi > 0, P(X > t) < e ¢,

1. Show that the exponential distribution is memory-less: if X is exponentially distributed
with parameter A, Vi, u > 0,

P(X>t+u| X >t)=P(X >u).

Let X; and X5 be two independent exponentially distributed random variables with respective
parameters A and p.

2. Show that min(X;, X2) is also exponentially distributed. What is its parameter?
3. What is the probability that min(X;, Xo) = X;7

We are back to the branching process.
4. What is the law of the number of children for each node?

5. What is the probability of extinction of this process?

16
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3.3 Emergence of cycles

Galton-Watson branching processes are used to study random graphs, specially when the
average degree is small: in that case, with high probability, the graph structure is a forest,
and then, locally, the connected components of the graph can be compared with branching
processes. To illustrate this fact, let us focus on the emergence threshold of cycles in a
Erdos-Rényi graph.

Let us denote by C' the number of cycles in an Erdos-Rényi graph with n vertices. For
k > 3. The number of potential cycles of length k£ in a random graph with n vertices is
W (take k ordered vertices, divide by k for the starting point and 2 for the
orientation). Then,

“nn—1)---(n— k
k=3
)k
< Z(;]? <> (np)*
k>3 k>3
o (w)?*
— 1—np

As a consequence,
o if p=o(1/n), P(C > 0) < Bl "2% anq

o if p=c¢/n with ¢ < 1, E[C] is bounded by 10—_30, which does not depend on n. Then the
number of cycles is bounded.

4 The emergence of the giant component

The most spectacular result, when dealing with phase transitions in Erdés-Rényi graphs
concerns the study of the size of the largest component, and we can exhibit several behaviors
very precisely, but we will only study the coarse behavior, when p = ¢/n, where c is a constant.

In this paragraph, for a vertex u, we denote by C(u) the connected component to which
u belongs, and C is the largest connected component, Cy the second largest component.

17
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Theorem 12. Depending on c, the following cases can occur:

(i) (sub-critical regime) If ¢ < 1, then there exists a depending on ¢ such that

lim P(|C;| <alnn)=1.

n—oo

(ii) (critical regime) If c = 1, then there is a constant k > 0 such that for all a > 0,
lim P(|C1| > an®/?) < =
n—o00 a

(iii) (super-critical regime) If ¢ > 1, let pe be the unique positive solution of x =

e=0=2)  There exists a constant ' depending of ¢ such that for all § > 0,
: |Cl, 1 / _
lim P(] (1 —=pe)| <0 and |Cy] <a'lnn) =1.
n— 00 n

4.1 Analysis of one connected component and branching processes

The key tool to study connected components is the branching process. Indeed, if one studies
the size of the connected component C(u) containing vertex w, then, one can mimic the
behavior of the BFS (breadth-first-search) algorithm.

Vertices can be live (queued vertices), neutral or dead (popped vertices).

e Initially (at time ¢ = 0), every vertex is neutral except u, who is live.

e At each time t, we take one live vertex w in the queue, pop it and queue all its neighbors
that are still neutral. Then those vertices become live and w becomes dead.

e The procedure ends when the queue is empty, and the dead vertices correspond to C(u).

Let us denote by L(t), N(t) and D(t) respectively the number of live, neutral and dead
nodes at time ¢. Let Z(t) be the number of vertices added in the queue at time ¢t and 7" be
the first time when there is no live vertex.

We have L(0) = 1, D(0) = 0 and N(0) = n—1; moreover, we have the following recursion:

L(t)=L(t—1)— 1+ Z(t), N(t) = N(t — 1) — Z(t) and D(t) = ¢.

In other words, N(t) = n —t — L(t) and Z(t) is found by checking the adjacency between
one vertex and N (t) vertices, that is

Z(t) ~ Bin(N(t —1),p) = Bin(n — t + 1 — L(t — 1), p).

Comparison of the graph process with the binomial process A binomial process is
when Z ~ Bin(n,p). Here, contrary to the graph process, n does not change with the size of
the branching.

We denote by Tﬁfz’} the size of the binomial branching process with parameters n and p,
and 7597, the graph process for a vertex in G(n, p).

We have the following results:

18
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Lemma 6. For any k € N,

P(T)", > k) <P(TY, > k) <P(TY™ , > k) < P(T)7 > k).
Proof: The last inequality is obvious as Bin(n,p) > Bin(n — 1, p). O
4.2 The sub-critical regime

Let p = ¢/n with ¢ < 1.

bi
P(TJ, >u) < P(Ty)>u)
< P(Bin(nu,p) >u—1)
) u(l—c)—1
< P(Bin(nu,p) > uc(l + ———)
uc
_ﬁ(u(lfc)71)2
< e 3 uc Chernoff bound
20-¢) _u(l-e)?
S e 3¢ e 3¢

Set u = alnn, then

2(1—¢) _ (1—c)?

P(TY, > alnn) <e 3 n 3

Now, if we choose a = (1%700)2, then we have P(|C(u)| > alnn) < 52 n=1/3 and

2(1—c)

P(Cy > alnn) < ZP(!C(UH >alnn) <e 3= n /3"ZF0.

4.3 The super-critical regime: ¢ > 1

Let k= =d'lnn and k+ = n?/3.

There are small and giant components only
Lemma 7. For each vertex v, with high probability,
o cither the branching process from v ends before k™~ steps (i.e. |C(v)| < k™);

o orVk, k= <k <k", there are at least @ live vertices (Ly(k) > (0_21)]6).

We call a bad node a node that does not satisfy one of those two properties.

Proof: Let v be a vertex. Either the branching process from v ends in less that £~ steps, or in more
that k= steps. Vertex v can only be a bad node in the second case, and it is a bad node if there exists
k €]k™,kT] such that L,(k) < @ This means that the number of visited nodes at step k is less

than k + 7(6721)’6 = 7(021%.
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Let B(v, k) be the event “v is a bad node at step k” (there are less than @ visited nodes).

k
P(B(’U,k)) S P(Z Bm(n — (C+ 1)k’ E) S (C+ ]‘)k _ 1)

2 'n 5
< P(Bu(kn - U o) DRy,
c + ¢ c
< Pwmwmei¥ﬁﬁ%J§(zU%

We now use a Chernoff bound : E[Bin(k(n — %)7 )] = ck(1 — %) and we choose § such
that (1 — §)ck(1 — (ELED) — (et Dk,

2n
. (c+1) now ., (c+1) c—1
0=1 c(2—(c+ 1)kt /n) o 2c 2
So,
(c—1)?

and more precisely, after computations,

P(B(v,k)) < exp(—( (c gcl)z +O(n~3)k)

As a consequence, the probability that v is a bad node is bounded by
kT )
P(UZ:;C_B(U, k) < Z e~ (5= +0( Nk
k=k~
< 2B rom o)k

(c=1)2 —~1/3 (e=1)2 —~1/3
< p2/Bo~ (5= +0(n /3))a’ Inn — p2/3,~ea/+0(n / ).

With o' = %, this probability is less than n~%/3 and the probability that there exists a bad node

is then less than n=1/3. O
As a consequence, the probability that there exists a bad node in the graph tends to 0
with the size of the graph.
We call a small vertex a vertex satisfying the first property and a large vertex a vertex
satisfying the second.

There is at most one giant component Suppose that u and v are two large vertices. Let
U(u) and U(v) be the sets of live vertices after k™ steps of the branching processes from u and

from v. We know that U(u) NU(v) = 0. Moreover, |U(u)| > % and |U(v)| > %

P(C(u) # C(v)) < P(thereis no arc between U(u) and U(v))
< (1-p)lT@HUE)I

(c—1)kT )2

u—m( ’

<
((cfl)k+>2
-p 2 x —px
< o (- p)F < e
c— 2C

Consequently, P(there are several giant components) = o(1).
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There is one giant component, of size (1—p.)n To prove this result, we first compute
the number of small vertices, and use the convergence of the binomial branching process to a
Poisson branching process.

Let N the number of small vertices.

Let T~ be the size of a Galton-Watson branching process with offspring law Bin(n —
k~,c/n), TT be the size of a Galton-Watson branching process with offspring law Bin(n, ¢/n),
and T'= |C(u)|. We have

PITt<k ) <P(T<k)<PT <k).
But, when k is fixed, P(T~ < k=) "=% P(TF” < k). The same holds for T+: P(T+ <
k™) "= P(TF” < k). Now, when k grows to oo, P(T?” < k) "= p.. Then

E[Ns] = (pe + o(1))n.

This is not enough to finish the proof: we need to prove that P(|Ns—E[N;]| > JE[N;]) < e.
We will use the Tchebychev inequality.

Let S, the random variable that is equal to 1 if u is a small vertex and to 0 otherwise.
We have Ny =), S, and

E[N] = ) E[S)+ ) E[S.S,)]
u uFv
= E[NJ+> P(S,=1)) P(Syu=1]5,=1).
v u#v

But for each v,
> PG, =1S,=1) = Y O PSu=1]S% =1+ > P(S,=15=1)
uFv u#v,ueC(v) ugC(v)

< k7 4 (pe +o(1))n = (pe + o(1))n.

Then

Var(N;) E[N] + n2(Pe + 0(1))2 - E[NS]z

E[N;] + O(E[NS]z)

VANVA

And

P(|N, — E[NJ]| > 0E[N,]) € i = =5

Var(N;) 1 1
= 02E[Ng?2 42

4.4 Application: epidemic models

Random graphs can be seen as a model for epidemic processes. Consider the Reed-Frost
model: consider a population of n individuals.

e At time 0, a single individual is infected.

e when an individual is infected, it is infectious during one time step, and after, it is
removed (dead or immunized...).
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e While infectious, it can infect every other healthy individual with probability p, and
independently of the other infections.

More formally, let Z,(t) € {S, I, R} be the state (susceptible, infected, removed) of vertex
u at time ¢, and Z(t) = (Z,(t), the global state at time ¢. We denote by S(z), I(z) and R(z)
the number of susceptible, infected, removes vertices in state z.

The process can be modeled by a Markov chain:

P(2(t+1) = | 2(0) = 2) = (1) ) (L= PO = (1= p) O

if ze{I,R} = zl=Rand z; =5 = 2, € {S,I}.

This model can also be studied using Erdos-Rényi graphs: if u is originally infected, then
the size of the epidemic is the size of the connected component C(u) in G(n,p). If p < 1/n,
then a small part of the individual will be infected. If p > 1/n, then with probability pe,
a small part of the population will be infected, and with probability p., a large part of the
population will be infected.

5 Sequence of the degrees

The average degree in Gy, ) is d = p(n — 1). In this paragraph, we show that the distribution
of the degrees is, with high probability, distributed around this average.
Using the Chernoff bounds for vertex i, where d; is the degree of vertex i, we have
- ~ de?
P(ldi —d| >ed) < 2e 5.
4lnn

< 2e 73 =on~ 43

P(mjalx|di —d| > ed) < 2073,

This behavior is not representative of many examples of graphs. For example, we would
like the distributions of the degrees to follow a power law, that is, the number of vertices of
degree i is roughly proportional to i~# for some 8 > 2.

6 Small world graphs

Exercise 8 Routing in small-world graphs

In 1967, The sociologist Stanley Milgram published the results of one of its experiments.
He asked several people to transmit an envelope to another person, only knowing the following
information about the recipient: his profession, name and address. The envelope had to be
transmitted only by relationship relations and could not be sent directly. Most of the envelopes
reached their destination, and in most of the cases, the number of intermediates between the
sender and the recipient was at most 6. This is what is called the small world phenomenon.
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In Erdos-Rényi graphs, we say that the small world appears when the diameter of the graph
is logarithmic in the number of vertices.

Here, we are interested in the routing in some kind of graphs with a small diameter (which
we assume in this exercise), and particularly in the Kleinberg model. The vertices of the graph
are on a grid {1,...,m} x {1,...,m}. Two vertices are adjacent if |u,v| = 1 (where [.| is
the L; distance. We add to this grid one (directed) shortcuts by vertex. A vertex u has a
shortcut toward v with probability [u —v|™%/ >, ., |u — w[™*.

Consider the following greedy routing: at each step, go to the neighbor that is the nearest
from the destination. Fix a source u and a destination v. Set u(t) the vertex that is reached
after t steps. We denote T4(u,v) the number of steps to reach v from u with this algorithm.

The case where o = 2 is very interesting: the greedy routing is efficient. We say that u(t)
is in phase j step t if 27 < |u(t) — v| < 29+,

1. What is the probability that u(¢+ 1) belongs to a better phase than w(t) ? Show that this
probability is greater than 1/72(1 + log(2m)).

2. Deduce that E(Ty,(u,v)) = O(log(n)?).
We now suppose that a # 2 and we show that the greedy routing is not efficient anymore.

3. Show that when o < 2, E(Tg4(u,v)) = Q(mZ_TQ) One can consider the last shortcut taken
by a routing of length ¢ and the distance of this shortcut to v.

4. Show that when a > 2, the routing algorithm from w to v terminates in average with
E(Tug(u,v)) = Q(|u — v|7) steps, where v = (o — 2)/(a — 1). One can first compute the
probability to have a shortcut of length less than d and bound the probability to have a
routing on at most ¢t steps between two vertices at distance td + 1.

Exercise 9 Graphs with large girth and chromatic number
Random graphs can also be used to show the existence of some graph satisfying some property.
For example, given k and ¢, one wishes to show that there exists a graph with girth at least k
and chromatic number at least £. We recall that the girth g(G) of a graph G is the smallest
length of a cycle in and the chromatic number x(G) the smallest number k& such that the
graph is k-colorable.

Set € < % and p = n¢~! and consider a random graph Grnp in G(n,p).

1. What is the expectation of X, the number of cycles of length at most £ in G, ;, 7
2. Show that there exists n such that P(X > n/2) < 1/2.

We now bound the size of an independent set. Let o(G) be the size of the largest independent
set of G.

3. If in a graph G there is no independent set of size larger than a > 2, what is a lower bound
on the chromatic number?

4. Let a > 2. Give an upper bound of P(a(G), ) > a). Show that with a = (31;1”}, it is
possible to choose n such that P(a(Gp) > a) < 1/2.
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5. Deduce that there exists a graph G with a(G) < a and at most n/2 cycles of length at
most £.

6. Construct a graph G* from G (by removing some vertices) such that a(G) < a and
g(G*) > ¢. Conclude.
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7 Other models of random graphs

7.1 The configuration model

In this model, the sequence of the degrees is fixed so one can choose any distribution for the
degrees.

7.1.1 Probability space

Let n € Nand d = (di,...,d,) € N" be a sequence of integers with an even sum (} ;" ; d; =
2m). Then G*(n,d) is a probability space on the configurations obtained by pairing the 2m
elements. This corresponds to the fact that each vertex has d; semi-edges that are numbered
from 1 to d;.

A configuration is a pairing of the semi-edges leads to a multigraph (with self-loops) by
forgetting the numbering of the semi-edges.

e G(n,d) is the space of the simple graphs obtained from the configurations, with a
uniform distribution.

e G*(n,d) is the space of multigraphs when the configurations are uniformly distributed.

Exercise 10

What are the configurations and possible multigraphs for n = 3 and d = (2,2,2)? Is it
possible to construct a simple graph?

We now explain how to generate a simple graph according to the uniform distribution,
and that asymptotically, there exists a simple graph for a given degree sequence.

7.1.2 Construction

Let us first construct a graph in G*(n,d) with Algorithm 1, that we will denote G*(n,d).

Algorithm 1: Construction of a graph in G*(n,d).

begin
k < 0 while k < m do
Choose uniformly at random a semi-edge in the 2m — 2k remaining edges;
Choose uniformly at random a semi-edge in the 2m — 2k — 1 remaining edges;
Form an edge with those two semi-edges;

k+k+1
end

end

Then simple graphs in G(n,d), denoted G(n,d), can be constructed with Algorithm 2.

We have to check that this algorithm is correct, that is that it generates a graph uniformly
at random and that it will terminate in finite time, that is, that there exists indeed a positive
proportion of simple graphs from the configuration.

Let us first focus on the correction. Let G* be a multigraph obtained from a configuration.
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Algorithm 2: Construction of a graph in G(n,d).

begin
repeat
Generate a graph in G*(n,d);
until this graph is simple ;
end

Number of configurations: all the semi-edges have different names, so, according to the
procedure of construction of a configuration, the number of configurations is

2m><(2m—1)X(2m—2)><(2'm—3)>< ><2><1>< 1 (2m)!

2 2 2 T oml o 2mpml
where the m! is for the number of orders to choose the edges.

Number of configurations leading to G* Let us denote by m;; the number of multiple

edges between vertices i and j (the edge is simple if m;; = 1) and m;;/2 the number of
self-loops around i. The number of configuration leading to G* is then
- di! (M5!

ZHI (TT)—y magh)2mii/?”

Indeed, consider for each vertex the number of possibilities to join m;; times with j, for
each of the d;! orders of the semi-edges of 7. If j # 4, then there are m;;! different possibilities.
If j = 4, we count the possibilities for the self-loops. There are m;; — 1 possibilities for the first
semi-edge, then m;; — 3 for the second edge (the first semi-edge semi-edge is chosen arbitrarily

for each pair) and so on. Finally, there are (m;; — 1) x (mj; —3) x --- x 1= 7”‘(’277:1)’1/2, hence
i )|

the result.
Therefore,

m!2m T, (di! (mé“)')
(2m)! TTiy (TT =y i gt)2me/2
We can check this result on the previous example.
If G* is a simple graph, the formula becomes (m;; = 0 and m;; = 1 for j # i)
2m)! 7
and this probability is the same for every simple graph.
To conclude, if G is a simple graph, the probability that the second algorithm outputs G

P(G*(n,d) = G*) =

P(G*(n,d) = G* simple) =

is

P(G(n,d) =G)

P(G*(n,d) = G | Gis simple)
mi2m I d;! 1
(2m)! P(G is simple in G*(n,d))’
So the distribution is the uniform distribution.
We now focus on the second problem by counting the number of self-loops and cycles of
length 2. To keep the computation quite simple, we consider the case of regular graphs. The
results holds under more general assumptions.
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7.1.3 Number of small cycles

We assume that d = (r,r,7,...,7). Then m = 3.

Given a multigraph G, define Z;(G) the number of cycles of length k in G. Then
e Z1(G) is the number of self-loops of G;

e 7Z5(Q) is the number of parallel pairs in G.

The graph is simple if Z1(G) = Z2(G) = 0.

Fix k edges in a multigraph that form a simple graph and more precisely fix k correspond-
ing numbered edges in the configuration space. Let W be a random configuration.

The probability that W contain those edges is

B (rn/2)12r/2 " (rn — 2k)!
PE= """ () (rn/2 — k)12rm/2-F"

Let aj be the number of potential cycles of length k. Then E(Zy) = axpx. Each cycle can

be described in 2k manners, starting point plus direction, and for each vertex in the cycle,
n

there are r(r — 1) possible choices for the semi-edges. Then 2kay = (nf!k)![r(r —1)*.

Now, as k is fixed, we have pp ~ 2’“% = (rn)7* ans a; ~ Q—Zrk(r — 1)k Asa
2
consequence,
— 1)k
BlZ(G (n. )] ~ U

2k
Let ) = 2(z —1)--- (z — k + 1) and denote by C}, the set of cycles of length k.

EzP(G(nd)] = Y Y P(cand ¢ are cycles in G*(n,d))
c€Cy 'eCr\{c}

- Z P(c is a cycle in G*(n,d))

ceCly
Z P(c is a cycle in G*(n,d) | ¢ is a cycle in G*(n,d))
eC\{c}
= arpk| Z P(c is a cycle in G*(n,d) | cis a cycle in G*(n, d))
e, Netl
+ Z P(c is a cycle in G*(n,d) | cis a cycle in G*(n,d))]
oo Ne=0

The first term of the sum is negligible before the second term when k is fixed. The second
term is equivalent to agpy (it is asymptotically distributed as E[Zy(G*(n — k,d)]). As a

consequence, E[Z,?)] e A2
Using the same kind of argument, we can show that V¢ € N and (k;) € N,

E[Z5)(G*(n -k, d) 28 (G (n = &y d) - - Z8(GF(n— &y d)) "2 AR B2 ke
Lemma 8. IfV/ € N, V(k;) € N, and ¥(j;) € N,
E(Z;, () *) 25" (n) - 25 (m)] = AN -\

then Z; "= Poi(N\;) in distribution, and (Z;); is mutually independent.
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Proof:  We only give the sketch of the proof. First, let X ~ Poi(A). Its generating function is
gx(s) = =1 and

g M) =EX(X 1) (X —k+1)] = AFA0-D = )k,

For any variable Z;(n), we have forall k € N, E[Z(k) (n)] "=3° X\;. So, as the generating function

?
characterizes the distribution, Z;(n) "= X in distribution.
Let X; ~ Poi(A;) be mutually independent random variables.

To deduce the mutual independence, it suffices to observe that

E(Z{")(n) 24" (n) - 2™ (n)] =3 BIX{IEIXS™)] - B = BIXT X X,

We can now prove the following theorem:

Theorem 13. Let G be a random multigraph of the configuration model with degree sequence
r“—1

d=(r,...,r). Then asymptotically, P(G is simple) = e~ 1

Proof:  Asymptotically, Z; ~ Poi(A;) = Poi(25%) and Z; ~ Poi(Az) = Poi(%). Then

r2—1

P(Z1=0,Z=0)=P(Z1 =0)P(Zy =0) =e M2 =" "7

O
Theorem 14. Any property that holds a.a.s in G*(n,d) holds asymptotically in G(n,d).
Proof: Let P be a property.
P(G(n,d) does not satisfy P) = P(G*(n,d) does not satisfy P|G*(n,d) is simple)
_ P(G*(n,d) does not satisfy P and is simple)
B P(G*(n,d) is simple)
_ P(G*(n,d) does not satisfy P 0
B P(G*(n,d) is simple)
O

The reverse is not true. For example it does not hold for the property “not containing a
loop”.
7.1.4 Erased configuration model

A simple graph can be obtained from a multigraph by erasing all the self-loops and merging
the multi-edges. The degree of vertex i then becomes

DZ(er) = dl — 282' — My,

where s; is the number of self-loops around ¢ and m; the number of multi-edges merged for 3.
Let

o pp == Yoy 1¢4,—1y be the proportion of vertices of degree k in the initial graph and

n

° pl(gn) = % >l (D) _1y the proportion of vertices of degree k in the erased graph.
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) =3 0.

Theorem 15. For alle >0, P(3 72 [Pk —p,(:T)| >€

Proof: 3732 [pk — pl(cer)| < %ZZ’;O D et Lga,=k} — 1{D7§e">:k}|' But,

1{D§f"‘>:k} —La=ry = 1{D§”):k,di>k} - 1{di<r,D§”‘>:k}

= 1{8L+mL>O}(1{DEE7>:k} - 1{dL:T})

So |1{D§e7*):k} — l{di:r}‘ < 1{Si+mi>o}(1{D§ET):k} + 1{di:r}) and

oo or 1 c© n
Z [Pk _p’(“ )| < n ZZ Liai=k} — 1{Df”>:k}|
k=0 k=0 i=1 ‘
1 — >
< E Z l{si—i-mi>0} Z(I{Dgc”:k} + 1{d¢=7-})
i=1 k=0
2 n
< E;(Si—i_mi)'
Then
P Ik —pi =€) < PRY sitmizen)
k=0 i=1
< ZE[Z)] +4E[Z)]
B en
2A1 +4X2 n—oo
< M TAA o
en

7.2 Preferential attachment graphs

Preferential attachment graphs are class of graphs with a power law distribution of the degrees.
A random variable X has a power law distribution with parameter 8 if

P(X=i)=Ci"

where C' is a normalizing constant.

7.2.1 Construction of the graph

Initially, set G(0) = (V(0), E(0)) be a graph with vertices V' (0) and edges F(0). At time ¢,
we have V(t) = V(0) + ¢ and E(t) = E(0) +t.
At time t + 1, add vertex u(t 4+ 1) and attach it as follows:

e With probability «, choose a vertex uniformly at random among V' (t);

e With probability 1 — «, choose a vertex v with probability QdftE((vt))’ where di(v) is the
degree of vertex v at time t.

Join u(t + 1) with the chosen vertex.
1. What kind of graph is obtained?

2. How the model could be modify to create cycles?
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7.2.2 Evolution of the number of vertices with a given degree

Let F; be the sigma-field containing all the information about the ¢ first steps of the con-
struction.
Let X;(t) be the number of vertices with degree i at time t¢.

3. Compute the probabilities P(X;(t + 1) = X;(t) + a | F¢), for a € {—1,0,1}. Distinguish
two cases: 1 =1 and 7 > 1.

2 C4 O‘+1_Ta(i_1)

Define ¢; as ¢; = 374 and i Trarls; for i > 1.
ci 13—« 1

Then, one admits (and can check) that ¢; ~ Ci~7 with g = 3=2.
Fix € > 0 and set A; = E[X;] — ¢;t.

5. Show that Ay(t+1) = Ay (t) —c1 + 1 — aSedl — (1 - a) B, then that

N(@#)
o} 11—«
At +1)=A1(0)(1 — —— — o(t™h).
6. Finally show that E[X(¢)] — 1t = o(t).
7. Using a similar argument, show that
« (1—a)i

At +1) = A;)(1 — Y+ O(A_1(1)/t) + O™ ).

N(t)  2E(t)
8. Finally show that E[X;(t)] — ¢;it = o(t°).

X;(t) t—
In fact, we can show a much more stronger result: % % ¢; almost surely.
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