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Abstract

In many real-world networks, such as the Internet and social networks, power-law degree sequences
have been observed. This means that, when the graph is large, the proportion of vertices with
degree k is asymptotically proportional to k=7, for some 7 > 1. These networks are often small
worlds, which means that distances in these networks are small. We will study two random graph
models, the configuration model and the preferential attachment model, which will have power-law
degree sequences when the number of vertices tends to infinity. An overview is given of known
results about distances in these graph models. Also some new results will be presented, among
which a loglog lower bound on the diameter of preferential attachment graphs with 7 > 2.
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1 Introduction

There has been a lot of interest lately, in the topology of real-world networks, such as the Internet,
social networks and biological networks. Empirical studies show that these networks have some
remarkable similarities. The degree sequence of many of these networks obey a power-law. This
means that, when the graph is large, the proportion of vertices with degree k is asymptotically
proportional to k™7, for some 7 > 1. Networks with this property are also called scale-free in the
literature.

Power-laws have for example been observed in the topology of the Internet by Faloutsos,
Faloutsos and Faloutsos in [12]. They show that the out-degree of domains in the Internet obeys
a power-law with exponent 7 ~ 2.2 between the end of 1997 and 1998, although the network grew
45% in that time period.

An other property of these networks is that they seem to be small worlds, which means that
distances in these networks are small compared to the size of the network. A famous result in
this direction was from Milgram ([21]). He sent letters to random people in Nebraska and asked
them to get the letter to a friend in Boston, but they were only allowed to sent it to people they
know on first basis. Milgram discovered that the average number of steps necessary to get the
letter back to his friend was about 6. Hence the famous phrase “six degrees of separation”. Many
question marks can be placed about the interpretation of this experiment, but it created a huge
interest in this phenomenon. For an extensive review of properties of complex networks, see [23]
and the references therein.

Since these networks are often rather complex and large, various random graph models have
been proposed to study them. The classical Erdds-Rényi random graph ([10]), does not suffice,
because there power-law degree sequences can not be obtained. The two models that we study
are the configuration model and the preferential attachment model.

The configuration model was originally proposed by Newman et al. in [24]. In this model,
a fixed number of vertices all have an independent and identically distributed (i.i.d.) number of
half-edges attached to it. Here the distribution will be a power-law distribution. These half-edges
are then connected to each other uniformly at random to form a graph.

The preferential attachment model was introduced by Barabdasi and Albert in [3]. This model
is based on two principles: the network grows continuously and new vertices are more likely to
connect to a vertex that already has a large number of connections. This last phenomenon is
also called the rich-get-richer effect. This model does not only give rise to a graph with a power-
law degree sequence, but also explains why power-laws arise. See [2] for a popular account of
preferential attachment and its consequences.

This rest of this thesis is structured as follows. We will first formally introduce the configuration
model and the preferential attachment models we will study in Section 2. In Section 3, we will
show that these models indeed give rise to power-law degree sequence, while in Section 4 we will
give an overview of the known results on distances in these models. Sections 5 and further contain
new results, starting with a loglog lower bound on the diameter of preferential attachment graphs
with 7 € (2,3). A loglog upper bound also exists. In Section 6 we will show that late vertices
have small degrees, a result we need to prove this upper bound. In Section 7 we will generalize the
log /loglog upper and lower bound on diameters in preferential attachment models with 7 = 3,
to bounds on average distances. Finally, we will show in Section 8, that average distances in the
configuration model with 7 = 3 also have a log /loglog lower bound. Section 9 will contain some
concluding remarks and some ideas for future research.

2 Random graph models

In the next two sections, we will first introduce the random graph models we will study.



2.1 Configuration model

In the configuration model an undirected random graph with n vertices is constructed as follows.
Let {D;}?_, be a sequence of i.i.d. random variables with distribution D. Let vertexi,i =1,...,n,
be a vertex with D, half-edges, also called stubs, attached to it, i.e. vertex i has degree D;. Let
L, = Z?:l D; be the total degree, which we will assume to be even in order to be able to construct
a graph. When L,, is odd we will increase the degree of D,, by 1. For n large, this will hardly
change the results and we will therefore ignore this effect.

Now connect one of the half-edges uniformly at random to one of the remaining L,, — 1 half-
edges. Repeat this procedure until all half-edges have been connected. We will denote the resulting
graph by CM,, ({D;}}_,).

Since we are interested in power-law random graphs, we will usually let D have a power-law
distribution. This construction, however, also works for other distributions of D.

Note that the above construction will not necessarily result in a simple graph. Both self-loops
and multiple edges may occur. Two ways to overcome this are to delete all loops and multiple
edges, this model is also called the erased configuration model, and to perform the configuration
model until it produces a simple graph, which is also called the repeated configuration model.

2.2 Preferential attachment models

In 1999 Barabési and Albert first introduced the preferential attachment model in [3] as follows:

... starting with a small number (my) of vertices, at every time step we add a new vertex
with m(< myp) edges that link the new vertex to m different vertices already present in
the system. To incorporate preferential attachment, we assume that the probability IT
that a new vertex will be connected to vertex ¢ depends on the connectivity k; of that
vertex, so that II(k;) = k;/ Ej k;. After ¢ time steps, the model leads to a random
network with ¢ + mg vertices and mt edges.

This definition, however, is rather imprecise. For instance, it is not clear how the process starts,
since at time ¢t = 0, the degrees of the first mg vertices are 0, so the connecting probabilities are
not properly defined. It also is not clear whether the m vertices should be added independently of
each other, or if the connectivity coefficients should be updated after each edge that was added.
In [5] Bollobés and Riordan gave a rigorous definition, starting with one vertex with m self-loops
and specifying that the degrees should be updated in the process of attaching the m edges. We
will study a generalization of this model, which we will call model (a), and two variants hereof;
models (b) and (c). These three models are defined below, as proposed by Van der Hofstad and
Hooghiemstra in [16]. In all these models a graph process {PA,, s(¢)} is defined for ¢ > 1 or ¢ > 2.
We will label the vertices of PA,, 5(t) as 1,...,¢. Let [t] = {1,...,t}. The integer parameter
m > 1 is the number of connections a new vertex that is added makes. At time ¢ the random
graphs have exactly ¢ vertices and mt edges. The parameter § > —m allows us to control the
exponent of the power-law, as will be shown in Section 3.2.

a) Start wit consisting of a single vertex with m selt-loops. For 1 < 7 < m, the en
S ith PAL™) (1 isting of a singl ith m self-1 For 1 < j < m, the end
points of each of the m edges of vertex ¢t 4+ 1 are chosen with the following probabilities:

Dl(t]71)+5
t(2m+0)+2(j—1)+1+56/m>

for i € [t],

P [jth edge of t +1 — i|PA£Z)5(t,j — 1)} =
’ Di(t,j—1)+1458/m
t(2m+0)+2(j—1)+1+j56/m>

fori=t+1.

(1)
Here, PAgZ?é(t,j) is the graph and D;(t,7) is the degree of vertex i after the j-th edge of
vertex ¢t + 1 has been added. This model with § = 0 is the same as the model defined in [5].

(b) For m > 2, start with PAS?&(I) consisting of a single vertex with m self-loops. For m =1 let



PASQ 5(1) undefined and let PAS;), 5(2) consist of vertices 1 and 2 joined by 2 edges.

Di(t,jfl)Jr(s
t(2m+0)+2(j—1)+(—1)6/m>

for i € [t],
-th . O] . _
P[j edge of t + 1 HZ}PAM(;(t,j 1)} =
’ D; (t.j=1)+(j=1)5/m

@m+0) 12G 1)1 (j—1)o/m" fori=1t+1.

(2)
Again, PAEZ)#;(t,j) is the graph and D;(t,j) is the degree of vertex i after the j-th edge of
vertex t + 1 has been added. The advantage of this model is that the graph PAS;), s(t)isa

connected random graph, while this is not necessarily the case in model (a). This is because
the first edge that is added of a vertex ¢ creates a self-loop with probability 0 in model (b).

(c) Let PAETCL? s(1) undefined and start with PAETCL? 5(2), with the vertices 1 and 2 joined together by
2m edges. For 1 < j < m, the end points of each of the m edges of vertex t + 1 are chosen,
conditionally on PAgZ? (1), independently, with

D;(t)+ 9
P |;™ edge of t + 1 — i’PAE,CJ(;(f)} = t(2£n)++6)7

Here, D;(t) is the degree of vertex i after vertex ¢ and all its m edges have been added. This
()

m,d

for i € [t]. (3)

model will also result in a connected random graph PA
not have any self-loops.

(t) and the resulting graph will

Often, models (a) and (b) are defined for m = 1 as above and the model for m > 1 is then
derived by identifying, for ¢ € [t], vertices (i — 1)m + 1,...,im of PAy 5 (mt) to be vertex ¢ in
PA,, 5(t), where ¢’ = 6/m. This will result in the same models as above. For model (c) this
method is also possible, but then (3) has to be replaced with

1pale) (] — Dilm[t/m]) + ¢
Ple+1—alPAl 0] = Tm e ey
because the degrees are only updated after each m-th vertex that was added. We often use the
explicit formulas (1-3), because it is easier to give bounds on the connecting probabilities.
In the literature many other preferential attachment models have been studied. For example,
other functions of the degree can be taken to replace the numerators of (1-3). For an overview,
see for example [4] and the references therein.

for i € [m|t/m]], (4)

3 Power-laws

Before we investigate distances in the random graph models described in Sections 2.1 and 2.2, we
will first show that these models result in power-law random graphs.

3.1 Configuration model

Define p}}, for k =1,2,..., by
n 1 -
pi= D H{Di =k} (5)
i=1

By the strong law of large numbers, we have that
pr L5 PID = k], (6)

so that the degree distribution of CM,, ({D;}!_,) converges almost surely to the distribution of
D. Thus, when D satisfies a power-law, so will the degree distribution.

In [7], Britton et al. study the degree distribution of the erased and the repeated configuration
model. They show that, in the erased configuration model, the degree distribution converges to
the distribution of D when D has finite mean. When D has a finite second moment, they show
that this also holds for the repeated configuration model.



3.2 Preferential attachment models

Most papers about preferential attachment models study the degree sequence, and show that
power-laws arise. Denote the number of vertices with degree k at time ¢ as

t

Ni(t) =Y I{D;(t) = k}, (7)

i=1

and define pg(t) = Ny (t)/t.

Most of these papers prove that N (t) is concentrated around its mean by a martingale ar-
gument from Bollobés et al. ([6]). Then it is shown that the expected degree sequence obeys a
power-law. We will give a heuristic here that can be found in [9] for a more general version of
model (c).

Note that the expected number of vertices with degree k at time t satisfies

B[Nk ()[PAm,5(t = 1)] = Ny.(t = 1) + E[Np(t) = Ni(t = 1)[PA, 5(t = 1)]. (8)

When t gets large, it becomes unlikely that two or more edges from vertex ¢ will attach to the
same vertex, so let us assume that this does not happen. Then Ny (t) — Ni(t — 1) can only be
unequal to zero if one of the following events happens:

e When one of the m edges of vertex t attaches to a vertex with degree k — 1, the number
of vertices with degree k increases by one. The probability that a fixed egde attaches to a
vertex with degree k — 1 can be derived from (3). Thus, the expected number of times this
happens is, conditionally on PA,, s(t — 1),

(k—1+8)Npr(t— 1)
t(2m + 9) ’

(9)

e When one of the m edges of vertex t attaches to a vertex with degree k, the number of
vertices with degree k decreases by one. The expected number of times this happens is,
conditionally on PA,, s(t — 1),

(k+0)Ny(t — 1)

t(2m+46) (10)
e When k£ = m the number of vertices with degree k increases by one.
We thus have that
E[Ng (t)[PAm,5(t —1)]
~ Np(t— 1) er(k —140)Npa(t—1) m(k + 0)Ni(t —1) (k= m), (1)

t(2m + 90) t(2m + 9)

where there is an approximation sign because we ignore the possibility that two or more edges
from vertex ¢ attach to the same vertex. Taking expectations on both sides gives

WE[Nk_l(t - 1) - %E[Nk(t — D+ Rk =m}, (12)

E[Nk(t)] ~ E[Nk(t —1)] +
with § =2+ 2.

When we assume that pg(t) converges to some limit py as t — oo, we have that E[N(¢)] —
E[N(t — 1)] — py, so also that +E[Nk(t)] — pr. We thus have the following recursion

k—14+9 k+9
Pr = %pkfl - %pk—kl{k =m}, kE>m. (13)



By iteration we get that, for k£ > m,

k—m .
6 k—j+6 'k+d) T'(m+d5+06)
= = . 14
Pk k+5+9j1;[1k—j+5+6‘ T m o) T+ 143+ 0) (14)
By Stirling’s formula, I'(k + a) /T'(k) ~ k%, so
P ~ k@D = =B+, (15)

for some ¢ > 0. Thus, px obeys a power law with exponent 7 = 3 + %. By choosing § > —m,
we can get any power law with exponent 7 > 2.

4 Distances and diameters

In the sequel, we will denote the event that a vertex i is an element of the vertex set of a graph
G by i € G. The distance between vertices ¢ and j in the graph G will be denoted by distg(4, 7).
We will define the diameter of a graph G as

diam(G) = max {diste(%, 7)|dista (7, j) < oo}, (16)
2,J€

i.e., the largest distance between two connected vertices. A sequence of events {A;} is said to hold
with high probability (whp), when P[A;] — 1 as t — oo.

4.1 Configuration model

Distances in the configuration model have been studied by Van der Hofstad et al. in a series
of papers [17], [18] and [11]. In these papers they study the distance or hopcount H,, between
vertices 1 and 2 in CM,, ({D;}?,), where D satisfies

P[D > x| = ' " L(x), x=1,2,..., (17)
for 7 > 3,7 € (2,3) and 7 € [1,2] respectively and where L(x) is a slowly varying function, i.e.,
limg, oo LL((%) =1 for all ¢ > 0. Note that the distance between two vertices chosen uniformly at

random, has the same distribution as H,,, because all vertices are exchangeable. If two vertices
are not connected, then the distance between them is defined as oo.

In [17] the configuration model is studied with a degree distribution satisfying
P[D > z] < ca'™7, r=1,2,..., (18)

where c is a positive constant and 7 > 3. This covers all cases where P[D > z| = 277 L(z), for
v > 3 and L(x) a slowly varying function, because of Potter’s theorem ([13], Lemma 2, p. 277)
which states that, for x — oo, 27° < L(z) < ¢ for all ¢ > 0. The main result of [17] is the
following.

Theorem 1. Let D be a random variable satisfying (18). Let v = % and suppose v > 1.

Then, conditionally on H, < co, whp,

logn logn

(1—-¢)

<H,<(l+4¢)

(19)

log v logv’

for all e > 0.



Also the fluctuations of H,, around iggﬁ are determined. To prove this theorem, the neighbor-

hood of vertices 1 and 2 is investigated. We start from vertex 1 which has D; stubs. Next, look
at the vertices that connect to these stubs, which will be the vertices at distance 1. Free stubs
are those stubs that do not connect to previously studied vertices. Continue in the same fashion.
Let Z,il) be the number of free stubs of vertices at distance & from vertex 1. Do the same with

vertex 2. As long as Z,gi) is small compared to n, the probability that a new vertex with degree
7+ 1 connects to such a free stub is approximately equal to the fraction of stubs that belong to a
vertex with degree j + 1. This equals:

LLZ(J'H)H{D =j+1}. (20)
" =1

Let u = E[D]. Then, by the strong law of large numbers,

Ln a.s. nf {D =3 1} as. .
— S and 2 1 j 1 —P[D=j+1], (21)
n n
so that (20) converges almost surely to
. PDi=j5+1

say. Z,(f),i = 1,2, thus behave like branching processes with offspring distribution D in the

first generation and {g;}72,, in all further generations. The condition v > 1 makes sure that
this branching process is supercritical. The process {Z ,(:) /uvF~1} is a martingale with uniformly

bounded expectation, and thus the martingale convergence theorem tells us that there exist random
variables W) and W®) | such that

1%

P LEww i=1,2. (23)

It can be shown that the free stubs of vertices at distance k — 1 from vertex 1 are likely to
connect to the free stubs of vertices at distance [ — 1 from vertex 2 if Z ,(Cl)ZlQ) is of order n. Since
Z,il) and ZI(Q) both grow at the same rate, both should be of order y/n, so take k =1 = %logy n.

Thus, the distance between vertices 1 and 2 is approximately k+! = log, n. The random variables
W™ and W can be used to describe the fluctuations of H,, around log, n.

In [18] it is shown that the above methodology can also be applied for 7 € (2, 3). The only
difficulty is, that the corresponding branching process has an infinite mean offspring distribution.
Under some extra conditions, Davies shows in [8] that there exist random variables Y1) and Y (%)
such that _

(r=2)"10g (2" +1) 5 v0, =12, (24)

These conditions hold, if there exist v € [0,1) and C > 0 such that

g~ TH1=Clloga)™! <PD >z < x_T'H'FC(lng)%I, for large x. (25)
Because of this double exponential behavior, the following theorem can be proven.
Theorem 2. Let D be a random variable satisfying (25) for T € (2,3). Then, conditionally on

H, < oo, whp,
2loglogn

| log(r —2)|

2loglogn

(1—¢) < Ha < (L€)oo (26)

for all e > 0.



Interestingly, for 7 > 2 the diameter of CM,, ({D;};_,) is of order log n, when P[D = 1]+P[D; =
2] > 0 and P[D = 1] < 1, as is shown in [19]. This is because, whp, there are long chains of
vertices with degree 2 in this case. When P[D = 1]+ P[D; = 2] = 0, these long chains do not exist
and the diameter will be of order loglogn for 7 € (2, 3).

For 7 € (1,2) the corresponding branching process does not exist, because the degrees have
an infinite mean. In this case, there is a finite number of vertices which have a giant degree, which
together form a complete graph. All other vertices connect whp to at least one of these vertices
with giant degree. So, the average hopcount H, is 2 if the two vertices are connected to the
same vertex with a giant degree and 3 otherwise. Based on this heuristic, the following theorem
is proven in [11].

Theorem 3. Let D be a random variable satisfying P[D > z] = x'=7L(z) for 7 € (1,2). Then,

lim P[H, =2 =1— lim P[H, =2] =pp € (0,1), (27)

n—oo n—oo
where pp only depends on the distribution of D.

In [11], also the boundary cases 7 = 1 and 7 = 2 have been studied. For 7 = 1 the hopcount
H,, turns out to be 2 whp. For 7 = 2 the distribution of H,, depends on the slowly varying
function L(x). An example has been given where H,, behaves the same as in Theorem 1 and an
example is given where the average distance behaves as in Theorem 2.

For the boundary case 7 = 3 results are, to the best of our knowledge, not known. In Section 8,
we will show that H,, is whp bounded from below by (1 — ¢)logn/loglogn, for all € > 0. This
behavior is as expected, because of the known result on the preferential attachment model with
7 = 3 as is formulated in Theorem 5 below.

4.2 Preferential attachment models

For m = 1, where the graphs are trees, distances have been studied in various papers. See for
example [25], where Pittel studies models (b) and (c), which are equivalent for m = 1, for 6 =0
and 6 = co. He shows that in these models the height of the tree, h; say, satisfies:

h
1ogtt L e, t — o0, (28)

where c); is a constant depending on the model and its parameters. This holds for a wide variety
of preferential attachment models. For an overview, see [4] and the references therein.

This result can also be shown to hold for all § > —1. Moreover, this immediately gives a logt
upper bound on the diameter for m > 2, since this model can be constructed from the case m =1
by grouping certain vertices, which can only decrease the distances between them.

For m > 2 and 6 > 0, so for 7 > 3, there also exists a logt lower bound on the diameter as
was shown by Van der Hofstad and Hooghiemstra in [16]. We thus have the following theorem.

Theorem 4. Fizm > 1 and § > 0. Then there exist constants c1,co > 0 such that, whp,
c1logt < diam(PA,, s(t)) < c2logt. (29)

Their proof is an extension of an earlier proof by Bollobéds and Riordan given in [5], where they
prove the following for the case where 7 = 3.

Theorem 5. Fizm > 2 and § = 0. Then, whp,

logt logt

(1—¢)

< diam(PAmo(t) < (1
o gy < diam(PAuo(t) < (1+2)

loglogt’

for some constant C > 0 and any constant € > 0.

10



These proofs investigate the distance between vertices ¢ — 1 and ¢ and prove that this is, whp,
at least equal to the lower bounds given. See also Section 7, where we will extend the result of
Theorem 5 to average distances. Van der Hofstad and Hooghiemstra also did this with Theorem 4
for 6 > 0 in [16].

In [16] also the diameter is studied when m > 2 and —m < 6 < 0, so for 7 € (2,3). The
diameter in this case is shown to be at most of order loglogt as is stated in the following theorem.

1
3—17

Theorem 6. Fix m > 2 and 6 € (—m,0). Then, for every o >

4loglogt 4o loglogt

diam(PAp, 5(t)) < C + (31)

|log(T — 2)] logm
for some constant C.

Note that ¢ > 1. This theorem is proven for time 2¢ rather than time ¢, which will not make
any difference for the result. The proof consists of several parts. First, it is shown that distances
in PA,, 5(2t) between vertices with a large degree at time ¢ is small, and then it is shown that all
other vertices are within a small distance of one of these vertices. The set of vertices with large
degree is called the core and is defined as follows. Let o > ﬁ, then

Core; = {i € [t]|D;(t) > (logt)?}. (32)

The vertices in Core; are split up into sets N, ..., N*)_ for some k, such that the degrees
of the vertices in set ') are larger than the degrees of the vertices in set N') whenever i < j.

When o
_ oglogt
St (39)

this can be done in such a way that the maximum distance between any two vertices in N is

at most C. Further, for every vertex v € N'U) there exists a vertex in [2¢]/[t] that is connected

to both the vertex v and some vertex in NU=1). This shows that the distance between any two

vertices in Core; is at most

4loglogt

| log(T —2)|’
Next, the neighborhood of vertices i € [t] is studied. That is, starting from vertex i, connect

its m > 2 edges. Then, successively, connect the m edges from each of the at most m vertices that

i has connected to and have not yet been explored. Continue in the same fashion. The arising

process, where all vertices up to distance k from vertex ¢ have been explored, will be called the

C+4k<C+ (34)

k-exploration tree, ’];(k), of vertex i. We will call the event where an edge connects to a vertex
that already was in the tree a collision.

Let C" = o/logm and k = C’'loglogt—2. Then, the probability that there are many collisions
before the k-exploration tree hits Core; U [[¢°[], for some b > 0, is small. When the k-exploration
tree hits the core we are done. When it does not, it can be shown that with probability 1 —o(t~1),
there exists a vertex v € [2¢]/[t] which connects to both some vertex in 7, ) and a vertex in
Core; U [|t°]]. The constant b can be chosen such that [|[t°]] C Core;. So the distance between
any vertex i € [t] and Core; is, whp, at most

(35)
A similar approach can be used for vertices ¢ € [2t]/[t]. It can be shown that in this case, with
probability 1—o(t™1), the (k+ 1)-exploration tree hits Corey; U[t], or at least one of the vertices at

distance k + 1 attaches to some vertex in Coreg; U [t]. In Section 6 we will show that Coreq; C [¢],
so, whp, the distance between any vertex i € [2¢]/[t] and [¢] is at most

(36)



These three bounds together give Theorem 6. In Section 5 we will prove that there is also a log log
lower bound on the diameter for 7 € (2, 3).

It is not possible for the preferential attachment models (a-c) to have a power law with
T € [1,2]. Deijfen et al. ([9]) proposed a model where a new vertex starts not with m edges, but
with a random number of edges W. In this case, they conjecture that the degree sequence of the
resulting graph obeys a power-law with exponent 7 € [1,2], by letting W have a power law with
this exponent 7. Results on distances, however, are not know for this model.

5 A loglog lower bound on the diameter in PA models

In this section we will give a log log lower bound on the diameter of preferential attachment graphs
with m > 2 and 6 > —m. All results apply to models (a), (b) and (c) simultaneously. The main
result is stated in the following theorem:

Theorem 7. Fizm > 2 and § > —m. Let k = —=—loglogt, with 0 < ¢ < 1. Then, whp,

logm

diam(PAn, 5(t)) > k. (37)

We will again prove this theorem for time 2¢ rather than time ¢. To show that the diameter
of the graph is, whp, at least k, we will study, at time 2t, the k-exploration trees of vertices
i€ [2t)\[t], ’];(k), as defined above. We again will call the event where an edge connects to a vertex
that already was in the tree a collision. We call such a tree proper if the following conditions hold:

e The k-exploration tree has no collisions;
e All vertices of Z(k) are in [2t]\[t];

e No other vertex connects to a vertex in Ti(k).

When such a tree exists in PA,, 5(2t) for a certain vertex i then we know that the diameter is
at least k, since the distance between the root of the tree ¢ and the vertices at depth k is exactly
k; there cannot be a shorter route.

To prove that a proper k-exploration tree exists in PA,, 5(2t), we will use the second moment
method. Let TF (2t) be the set of all possible k-exploration trees that can exist in PA,, 5(2t) and
satisfy the first two conditions. Note that the order in which the edges are added matters: if two
edges are added in a different order, then the arising exploration tree will be considered a different
tree. Let ZT’jL,é(%) be the number of proper k-exploration trees in PA,, 5(2t), i.e.,

Zﬁl’g(%) = Z I{T C PA,,s(2t) and T is proper}, (38)
TeTk (2t)

where I{A} is the indicator function of the event A. 7 C PA,, 5(2t) denotes the event that all
edges of 7 have been formed in PA,, 5(2t).
In Section 5.1 we will investigate the first moment of me 5(2t) and prove the following:

Proposition 8. Fixm > 2 and 6 > —m. Let k = —=—loglogt, with 0 < e < 1. Then

logm
Jim E [ZF 5(2t)] = occ. (39)
The variance of me 5(2t) will be the subject of Section 5.2, where we will prove the following:

Proposition 9. Firm >2,0>-m and 0 < k < l‘iggli(flt, Then there exists a constant ¢y, s > 0,
such that, for t sufficiently large,

Var [25 5(26)] < s E[ZF 526" + E [25 5(21)] . (40)

(logt)?
¢
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We use these two propositions to prove the main result of this section:

Proof of Theorem 7. We first use the Chebychev inequality to obtain that

Var [Zk (2t)}

m,0

P [diam(PA,, 5(2t)) < k] <P [Z), 5(2t) = 0] < 5 (41)
E (25, 520)]
By Proposition 9, this is, for some constant c,, s > 0, at most
cagiﬂﬂﬂﬂaEng (log 1)? )
m, t m, m,
. = s Oi + —o(l),  (42)
E (25 5] E |25 5(2)]
by Proposition 8.
O

5.1 The first moment

Let B denote the event that no vertex outside a tree 7 connects to a vertex in this tree. We can
then write that the expected number of proper k-exploration trees in PA,, 5(2t) equals

E [Zﬁm(%)] =E Z I{7T C PA,,s(2t) and T is proper}
TeTk (2t)
Z E[I{7T C PA,,s(2t) and T is proper}]
Texk (2t)
Z P[T C PA,, 5(2t) and T is proper]
TeTk (2t)
= Z P[T is proper|T C PA,, s(2t)|P[T C PA,, 5(2t)]
TeTk (2t)
= Y P[Br|T CPA,s(2)] - P[T C PA,, 5(2t)]. (43)
Texk (2t)

We will first give a lower bound on the probability that a given k-exploration tree exists in the

graph at time 2¢. For convenience we will write a,, 5 = M?Ttia)'

Lemma 10. Fixm > 2, § > —m and k > 0. Given a possible proper k-exploration tree T €
Tk (2t), then, for t sufficiently large,

mhtl_1
m—1

1

BT C PAns(20) = (222) (44)
Proof. Since every vertex is added before time 2¢, the denominator in (1), (2) and (3) is at most
3t(2m + ). The degree of all vertices already in the graph is at least m, so the probability that a
certain given edge is formed is at least

5 m
m + _ Am,5 . (45)
3t(2m + 9) t
Since exactly % — 1 edges have to be formed to form the given tree 7, we have that
mbktl_1
Am .5 T 1
PUQP&MQMZ(jf) . (46)
O



We will now give a lower bound on the probability that no other vertex connects to a given
tree. We will write mg = m + 1+ 6.

Lemma 11. Fizm >2,6 > -m and 0 < k < I(E liit. Given a possible proper k-exploration tree
T € Tk (2t), then, for t sufficiently large,

(47)

mt
ﬂ15ﬂ1k+1
t

P [B|T C PAp.s(2t)] > (1 -

Proof. First note that for k < kiféiomgt and t sufficiently large, msm**t! < msmlogt < t. So

0<1- %M < 1. Further note that vertices [t] cannot connect to a vertex in 7, since

7 C [2¢]\[t]. In the remainder of the proof we will refer to outside edges as those edges that do
not belong to 7, of which there are exactly mt — (% — 1) added after time t. Let &,(A)
denote the event that the n-th outside edge added after time ¢ connects to a vertex in A and let
€, (A) be the negation of &,(A). We use induction on the number of outside edges that did not
connect to the tree 7, i.e., we show that:

n _ k+1 n
P [ﬂ &(T)‘T c PAm,g(zt)] > (1 - m”?) : (48)
i=1
by induction on n =0,...,mt — (mz:_lfl — 1). For n = 0 the above clearly holds. Now assume
that the above holds for 0 <n < mt — ( — 1_1 — 1) then

P [nﬁ ?i(T)‘T c PAm75(2t)]
—p [ i ( ‘ (n] )N {T C PA,,5(2t)} ] [ﬁ )‘T - PAm,zS(%)]

> (1— l i ’(i] m{TCPAM(zt)}D - (1—”WZH1>H. (49)

Since it is known that at the time that the (n 4 1)-th outside edge after time ¢ is added, no other
outside edge has connected to a vertex in the tree, we know that the degree of all vertices in
the tree at that moment is at most m + 1. Further, since this edge is added after time ¢, the
denominator of (1), (2) and (3) will be at least ¢. Thus, the right hand side of (49) is at least

m+1+46 msmFri\" msmFt1 msm*rI\"
(“Zt)'(l‘t =)

i€T
E+1y\ "l
(1o (50)

k+1

where the inequality holds because there are less than m vertices in the tree. Applying the

mon 1)7 we obtain that

above to n = mt — (
m—1

mktl_1
t— —1 t
Wank+1)7n ( m—1 ) (1 Wm7nk+1)7n
7 .

BBr|T C PA,,5(20)] > (1 -

14



We finally give a lower bound on the number of possible proper k-exploration trees that can be
formed. It should be noted that when a vertex ¢ connects to a vertex j, we will always have that
i > j. So when exploring a vertex 7 in the exploration tree, all m vertices this vertex connects to
have a smaller label than <.

Lemma 12. Fixm >2 and 0 < k < l‘iigliomgt. Then, fort sufficiently large, the number of possible
proper k-exploration trees at time 2t is at least

mbk+l_1
t m—1
Proof. For t sufficiently large and k < ltfgliogt, mF+tl <mlogt < t. Since the k-exploration tree of

. ogm " . .
a vertex i has to be proper, there are no collisions, so the number of vertices in the tree equals

k+1
k m -1
70 = ——— (53)

Lll_l there exists at least one possible proper k-

For any subset X C [2t]\[t] with |X| = ™ —

exploration tree. To see this, first order the vertex labels in descending order. Let the first vertex,
i.e. the vertex with the largest label, be the root of the tree. Then let the next m vertices be
the vertices at distance 1 from the root, the next m? vertices be the vertices at distance 2 from
the root, etcetera, until the last m” vertices which will be at distance k from the root. This way,
all vertices will connect to m vertices with a smaller label, i.e., vertices that were already in the
graph when the vertex was added, so this is a possible proper k-exploration tree with all vertices
in X.

The number of subsets of [2¢]\[t] of size % is (mkfl,l) which is at least

m—1

mk+1—1 n7k+1—1

t m—1 t pe—
(mkﬂ_l) > <mk+1) . (54)

m—1

Here we used that for 1 < b < a we have that (a — )b > (b —¢)a for all 0 < i < b, so that

()Tl -
O

Note that the number of possible proper k-exploration trees with vertices X is in fact much
larger. For instance, all vertices at the same distance from the root can be permuted in any order.
This gives an extra factor Hle(mi)!. This, however, is of a much smaller order than the above,
and thus is not necessary for our proof. We will include the exact computation of the number of
possible proper k-exploration trees for completeness.

For given m and k let A(m, k) be the number of possible proper trees given a set X C [2t]\[t]
of size mz:; L Note that this number does not depend on the set X, since only the order in
which the vertices in the tree are added matters. Thus

4,20 = (liy ) Al (56)

m—1

As noted above, the vertex with the largest label has to be the root of the tree. We can then

k
divide the remaining vertices in m groups, all of size T:}n:ll. Each such a group will form the tree
of depth k — 1 at one of the edges of the root of the tree. This can be done in A(m,k — 1) ways.

We thus get the following recursive formula:

(= - 1)! .
A(m, k) = W (A(m,k—1)™, (57)
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where the first fraction is the number of ways the remaining vertices can be split in m groups of
equal size. So:

(s 1)

A(m, k) = % C(A(m, k —1)™
(=)

k41 2 mkt 1 m*
m =1 m-—1 m-—1
(= - ) (5= (=-1) (=YY
((mk_1>'>m w1 )" mio1) )™ mo—1) )™

w ) ()Y (=) (=)

(1)
m—1
= m m2 mk kL (58)
mk—1 mk—1_1 ml—1 m0—1 1))
(=) (=) (=) (=)

We can now combine the three bounds above to get a lower bound on the expected number of

proper k-exploration trees.

3R
=L
|
—_
N—
N
3

Corollary 13. Firm >2,0 > —m and 0 < k < higfgli.omgt. Then, fort sufficiently large,

t o ams ™ mgmkT1\ ™
E[ZF (2t)] > 7( : ) - e )
[ m,é( )] = Q.5 mk+1 t (59)

Proof. Using the bounds from Lemmas 10, 11 and 12 we get that

E (2}, 520)] = Y P[Br|T CPAys(2t)]-P[T C PA,, 5(2t)]

TeTk, (2t)
k1
> 3 (1- mgm* ! mt(am,a)”nf—lll—l
- t t
TeTk (2t)
k41 mt mk+1,171
mesm QAm, 5 m—1
— Tk @0 (1 - (4m2)
shizn) (1- 20 ) (%
k1
- t e . mgmFti\ ™ <am75) mili
— \mkt1 t t
B t CLm75 7nl:’n+71171 . mﬁmk+1 mt
N Qm,s (mk‘*‘l) B t
t s\ memkt1\ ™
Qm,s \T t

O

The factor ¢ in the corollary above turns out to be crucial for the remainder of the proof. This
factor arises from the fact that there is exactly one edge less in a proper k-exploration tree than
there are vertices.

We can now show that the expected number of k-exploration trees tends to infinity, for & =

£ loglogt, with 0 < e < 1.

logm

Proof of Proposition 8. First note that for k = —=—loglogt, with 0 < ¢ < 1, mF = (logt). We

logm
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can then use Corollary 13 to get that

t s A k1 ™
i 25,520 > Jim L (25)" (12 T

t—oo t—oo am,é mk+1 mt
i t Q5 m(logt)® ) m2m5(10g t)g mt
- lim —  —™9%  mPms(logt)®
t—00 Ay § m(log t)E i
I t Ao m(logt)® . lOg(l-W)
= lim — [ —™% .
t—oo Am,.5 m(log t)s
. t Gm.§ m(logt)® —m2ms(log t)ero(M)
— hII’l e e . (61)
t—00 Ay § m(log t)s
O

loglogt _ logloglogt 1

It is easy to see that the same argument can be applied to k = Tog Tog

5.2 The second moment

In this section we will investigate the variance of Z* ;(2t). To shorten the notation, for a k-

exploration tree 7 € T (2t), let Fr denote the event that 7 C PA,, 5(2¢t) and 7 is proper. Then,
the variance of the number of proper k-exploration trees in PA,, 5(2t)

Var [Z), 5(2t)] = Var Z I{7 C PA,,s(2t) and T is proper}
| Texk (2t)

= Var Z H{Fr}

| Texk (2t)

= Y Co[{Fr},I{Fr}]

T,7'€%k (2t)

m

= > (P[FrnFr]-P[F]P[Fr))

7,73k (2t)
T#T'

+ Y PFIJA-P[Fr). (62)
Texk (2t)

We will first study the terms of the first sum in the following lemma.

Lemma 14. Fixm > 2,6 > —-m and 0 < k < l(fiéiomgt. Let T,T' € T (2t) with T # T'. Then,
for t sufficiently large,

2mesm logt

IP[}—THJ:T/] —]P’[}_T]P[]:T/] < ((1—{- "

) o —1)1@[&11@%}. (63)

Proof. When T NT' # (), at least one edge of one of the trees will connect to a vertex in the other
tree, so the trees 7 and 7’ cannot both be proper. Thus, for 7 N7’ # @, trivially (63) holds.
For TNT' = (b, we have to take a closer look at the probabilities involved. All three probabilities
in the lemma are a product over all edges of the probability that either the edge does not connect
to any of the vertices in the tree(s) or the probability that the edge makes a prescribed connection
in (one of) the tree(s). Let &;s(A) denote the event that the j-th edge of vertex s connects to a
vertex in A, with & (i) = & s({i}). Let £;s(A) be the complement of £; s(A). We have that

P[Ej.s(A)] = D P (i), (64)

i€EA
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because the events on the righthand side are disjunct. These probabilities are given by the growth
rules (1-3).

Suppose that the j-th edge, 1 < j < m, of a vertex tg should not connect to a vertex in 7 U7".
Then in P [Fr N Fr], there will be a factor

PE(TUT)] =1-PE(TUT ) =1- Y P&, (65)
€TUT’

In P [F7] P [F7], there will be a factor

(1-2]}» o (0 )(1-2]}» it (0 ) (66)

€T €T’

It is easy to see that 1 —x —y < (1 —z)(1 —y) for z,y > 0, so (66) is at least as big as (65).
When the j-th edge, 1 < j < m, of a vertex tg, t + 1 < ty < 2t, should connect to a vertex
h € T, then in P [Fr N Frz/] there will only be a factor

Pty (R)] (67)

since it will then automatically not connect to a vertex in 7’. In P [F7]|P[F7], however, there

will be a factor
P[Jto <IZP Jfo > (68)

€T’

When we multiply this by (1 =3, P[4, (z)])_l it will be at least (67) again. By symmetry,
the same holds when an edge should connect to a vertex in 7’. Since the degree of the vertices
in the trees is at most m + 1, the edges of interest are added after time ¢ and there are less than
m**1 vertices in the tree, we have that

-t msmFr1y 7t
(1 - S B, <z’>1) < (1 - 5t+) | (69)

ieT
Since there are less than m**! edges in both 7 and 77, for TNT' =0,

k+1

msmbFt1 —am
P[]:Tﬂfq*/] —P[}-T]P[]:T/} < (1 — t) -1 P[]:T]P[]:TI]

k+1

— 1| P[Fr]P[Fr]

2m
mgm

t — mgmk+l

1+
<1+ mam log )Qmogt1>@[f¢m[f7,]
(

<
- ( t —mgmlogt
9 log + 2mlogt
( 1+ mém o8 > —1|PFAPFF].  (70)
O
We will now give an upper bound on the factor in front of the probabilities.
Lemma 15. Fizm > 2 and 6 > —m. Then, for t sufficiently large,
9 1 2mlogt 1 2
<1 + szogt) 1<, B0 (71)

where Cp5 = Smsm?.
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Proof. In [22], it is shown that
(1+2)" <14 2nz, (72)

whenever 0 < (n — 1)z < % and n > 2. Since

2 logt m.s (logt)?
wgthm%ﬁ(%) — 0, (73)

tlim (2mlogt — 1)
we indeed have that, for ¢ sufficiently large, (2mlogt — 1) w < . We thus have that,

2 1 ¢ 2mlogt 1 ¢ 2
(1 N W) i< Cmﬁ(w%), (74)

O

We can now use the two lemmas above to give an upper bound on the variance of Z,,’%’ 5(2t) in
terms of the expectation of Z:;’(;(Qt).

Proof of Proposition 9. Let ¢, 5 = 8msm?. Then, using Lemmas 14 and 15, we have that

Var (2}, 520 = > (PIFrnFr]-PIFPFr))+ >, PFr](1-P[F7)
T,7'exk (2t) TEeTE (2t)
T#T'
2mesm log t 2mlogt
< Y L+ = —1|P[F7P[Fr]+ > P[F]
T,T'e%k (2t) TEeXk (2t)
T#T'
log t)2
<ens B S BB + B (2 5(20)
T,7'e%k (2t)
T#T'

log t)?
<ens B S BB + B (2 5(20)
T,T'e%k (2t)

E [ZF 5(20)]" + E [ZF, 5(20)] . (75)

=Cm,

(logt)?
¢

6 Late vertices have small degrees in PA models

Define the set of vertices with large degree at time ¢ as
Core; = {i € [t]|D;(t) > (logt)?}, (76)

for 0 > 1. In the following theorem we will prove that, for models (a-c), all vertices with large
degree will be early vertices. We need this result to prove Theorem 6.

Theorem 16. Fiz m > 2,0 > —m and o > 1. Then, whp,
Coreqy C [t]. (77)
Proof. Note that

2t
P[Coreq C [t]] > 1 — Z P[D;(2t) > (log2t)7]
i=t+1
2t
>1- ) P[Dy(2t) > (log2t)°], (78)
i=t+1
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because vertex t is more likely to have a large degree than vertices added after time ¢. In Lemma 17
we will show that P[Dy(2t) > (log2t)°] = 0(%), so that

P[Cores, C [t] =1 — o(1). (79)
O

Lemma 17. Fixm > 2, > —m and o > 1. Then,

1
P[D:(2t) > (log2t)°] =0 <t> . (80)
Proof. As noted in Section 2.2, PA,, 5(2t) can be constructed from PA; s (2mt), with &' = §/m.
Let us label the vertices of PA; s/(2mt) by v1,...,vame to avoid confusion. Thus identify, for
€ [2t], vertices v(;—1)m+1,- - -, Vim With vertex 4. So (80) is equivalent to
1
PLD. s (200) + .+ Dy (2m0) > (05207 =0 (1) (51)
We will now color the vertices and edges in the following way. Color the vertices v1, ..., v¢_1)m
and all edges between these vertices blue and color the vertices v(;—1)m+1,- - -, Vem and the m edges

that are attached to them at time mt red. When a vertex, that was added after time mt, connects
to a blue (red) vertex, also color that vertex and its edge blue (red). Color vertices with a self-loop
and its edge blue. Then, at time 2mt the total degree of vertices v(;_1)m+1,---,Vem is at most
equal to the number of red edges plus m, because no blue edges are connected to these red vertices,
and all red edges are connected with at most one endpoint to these vertices. The only exception
are the first m red edges, which might connect with both endpoints to these vertices, hence we
have to add m to the number of red edges. Thus

P[D

(2mt) + ...+ D,,, (2mt) > (log2t)?] < P[#{red edges} + m > (log2t)?].  (82)

V(t—1)m+1 Vtm

Since we will bound the righthand side of the formula above, it is allowed to increase the probability
of attaching to a red vertex, or, equivalently, to decrease the probability of attaching to a blue
vertex. It is also allowed to increase the total degree of the red vertices, or to decrease the total
degree of the blue vertices. All this will only increase the probability of the number of red edges
being large.

Therefore, we are allowed to assume that the first m red edges are all self-loops. Further, we
will not allow for self-loops after time ¢, which will increase the probability of attaching to a red
vertex in models (a) and (b), in model (c¢) nothing changes. When we look at model (c), we see
that the degrees should only be updated after each m-th vertex has been added. For j > mt, no
more than m edges and vertices can be added before updating the degrees, so

2 red (Do(mlj/m]) 4 0')
mlj/m)(2+d)

2 v red (Dv(j) +6')

~j24+d)-m(2+)

P |vj41 connects to a red vertex|PA1 6,( )} =

(83)

Thus, we are allowed to update the degrees after adding each vertex, but then we have to lower the
total weight that blue vertices and edges contribute to the connecting probabilities by m(2 + d¢').
The above bound on the connecting probabilities also holds for models (a) and (b).

Since we are only interested in the number of red and blue vertices and edges, the problem
reduces to the following Pdélya urn scheme. Let there be an urn with, at time s, Si(s) red
balls, corresponding to the total weight that red vertices and edges contribute to the connecting
probabilities, and Sa(s) blue balls, corresponding to the lowered total weight that blue vertices and
edges contribute to the connecting probabilities. At time s = 0 we will start with S;(0) = m(2+4’)
and S2(0) =m(t —1)(246") —m(2+ ¢’). We then successively take one ball proportional to the
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number of balls of a certain color, and replace it together with another 2 + ¢’ balls of the same
color. This corresponds to attaching a new vertex to a vertex of that color.

So S;E:g,t ) has the same distribution as the number of red edges at time 2mt. So
t
P[D,(2t) > (log 2t)°] < P ili”g,) +m > (log2t)”| . (84)

To analyse the probability on the righthand side, we need De Finetti’s Theorem. This theorem
states that for an infinite sequence of exchangeable random variables {X;}2°,, X; € {0,1}, there
exists a random variable U with P[U € [0,1]] = 1, such that for all 1 < k < n,

PX;=...=Xp=1,Xp41=...= X, | = E[U*(1 - U)"*]. (85)

The random variable U can be computed explicitly. Note that this implies that

P [zn: X; = k;] =E[P[BIN(n,U) = k] (86)

Let X; denote the indicator that the i-th ball drawn in the Pélya urn scheme described above
is red. As shown in Section 11.1 of [15], {X;}?2, is an infinite exchangeable sequence. Note that

Si(s) = (2+8)m + (2+5’)§:Xi- (87)
i=1
So,
P {ilin;f) +m > (log 2t>"} — E[P[BIN(mt, U) > (log 2t)” — 2m]] (88)

where U turns out to have a Beta-distribution with parameters o = m and 8 = m(¢t — 2).
We can rewrite (88) as

E[BBIN(nt, U) > (log 20)° — 2m]|U < g(6)|BU < (1)
+ E[P[BIN(mt, U) > (log 2t)7 — 2m]‘U > g(t)}P[U > g(1)]
< E[P[BIN(mt, U) = (log 2t)" — 2m]|U = g(t)] +P[U > g(1)], (89)

where g(t) = W. We then have that
(log 2t)” — 2m > TE[BIN(mt, g(t))], (90)

so that we may apply Corollary 2.4 of [20], which states that
PX >z] <e™ 7 x > TE[X], (91)

where X ~ BIN(n,p). So (89) is at most
- 1
e~ (10820742m 4 P > g(1)] = 0 (t) +P[U > g(t))]. (92)

It remains to show that also P[U > g(t)] = o (1) Since «, 3 > 1, we have that the probability

t
density function of U is unimodular, with its turning point at ¢t = —2=1_ ([26]). It is easy to verify

a+B—2
that g(t) > %51_2, for t sufficiently large, so that
PU > g(0)] < (1 - 9(0) i a0 (1= g)
Dla+B) o 8
< N )T (d) (L—g@®)". (93)
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Using Stirling’s formula, one can show that (see e.g. [1]) there exists a constant C' > 0, such that
(93) is at most

B < oty (1 (o207 N7
oL 1 1) < Ol (1 ))

He 8m(t — 2
= C(mt)mem(t—Q) log(l_ élslgztziZ))
—Log2t)+0O M .
- C(mt)me 8( b ) ( ) =0 (t) ? (94)
because o > 1.
Note that we in fact proved that P[D,(2t) > (log2t)?] = o (t7), for any constant . ]

7 Average distances for ) = 0 in PA models

In [5] Bollobds and Riordan study model (a) for 6 = 0 and m > 2. They show that in this case,
whp, PA,, o(t) has a diameter satisfying

logt
log(3C'm?logt)

I
< diam(PAno(t)) < (1 +e)—2"

95
loglogt’ (95)
for some constant C' > 0 and any constant € > 0.

We will show in this section that also the average distance between vertices grows like log t/ log log t,
by extending the proof of the above lower bound in a similar way as was done in [16] for § > 0.
The upper bound on average distances follows trivially from (95).

Lemma 18. Fizm > 1 and 0 = 0. Let H; = distpa,, ;+)(A1, A2) be the distance between two
vertices Ay and As, chosen uniformly at random, at timet. Then, for some constant C > 0, whp,

logt

H>— 2> 96
"= log(2Cm2logt) (96)

Proof. Let L = M)% and define
By=#{i,jelt],i<j:distpa, ;4)(i,j) <L}. (97)

In [5] it was shown that, for model (a), the expected number of paths of length [ between vertices
1

i and j in PA,, 5(¢) is bounded from above by %(2 logt)!~!, for some constant C' > 0. This

can be extended to models (b) and (c) as was done in [16]. So

. o (Cm?)! 1 Cm? (2Cm2%logt)t —1 1t
P[dist <L|]< 2logt = < ——. (98
[ 15 PAm,é(t)(Zvj) = ] = ZZ:; \/E ( 0og ) \/E 2C’m2 IOgt 1 = mlogt ( )
Since 23;11 %f, < 24/7, we have that
1 2
E[B,] < <o (99)
1<icj<t VI 108 08
Thus,
. 2E|B¢| +t
P[H; < L] = E[l[distpa,, ;50 (A1, A2) < L]] < [ t;] =o(1) (100)
U



8 Distances for 7 = 3 in the configuration model

In Section 7 we saw that in preferential attachment models with 7 = 3 the average distance grows
like logn/loglogn. A similar result is not known for the configuration model, but we will prove
that in this case, whp, the average distance is larger than logn/loglogn. More precisely:

Theorem 19. Let {D;}" | be a sequence of i.i.d. random variables, with P[D1 > z] = cx=2(1 +

o(1)) forx =1,2,.... Then, for anye >0,
logn

PH, <(1—¢)————] =o(1). 101

[ < (1= )220~ o(1) (101)

Proof. When H,, = [ then there should at least be a path of length [ between vertices 1 and 2.

Let ¢ — j denote the event that vertex ¢ is adjacent to vertex j in CM,,({D;}?,) and recall that
L, =", D;. Then, for | < (1 —¢) 28"

loglogn’

1<iy,...;ii—1<n
3 DDy, Di,Di, — Diy Dy, Di Do

<E .
= Ln—1L,-3 L,—(2-3)L,—(2l—1)

(102)

1<iy, . ii—1<n

Note that whp, DDy < logn, since the degrees do not depend on n, and L,, > n, because D; > 1
for all ¢ with probability 1. In Lemma 20 we will show that v, /logn converges in probability to
¢/u, so whp v, < (1+ ¢€)e/pulogn. Denote the event that these three bounds hold by A,,. Since
A, holds whp, (102) is whp equal to

DlDi1 Di1Di2 Dilszilf1 Dil71D2
E 1
2 Ln—1L,—3 L,—(20—3)L,—(20—1) A

1<iy,..,ii—1<n

N -1 l
<g | 22 (pr) (A} :E{muL_lﬂ{At}}
i=1

(5Ln)! Ly
211 -1 2 -1 1
< Zgn ((1 + E)E logn) <2 ((1 + E):) n °=o <k> . (103)
O

Lemma 20. Let {D;}"; be a sequence of i.i.d. random variables, with P[Dy > x] = cx=2(1+o0(1))
forxz=1,2,.... Let u =E[Dq]. Define

=l (104)

Then

P, E, for n — oo. (105)
logn I

Proof. First, note that, by the strong law of large numbers,
1 — P
-3 D —p, (106)
n
i=1

where p > 0. It remains to show that

1305, D7 »

107
n logn c, (107)
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because then (105) holds by Slutzky’s theorem ([14], p. 318).
Let a,, = v/nlogn. Then

P |wix D; > an] < nP[D; > an] = g(l +o(1)) = o(1), (108)

so, whp, max] ; D; < a,. Thus, also whp,

1Yo D 15 DIYD; < an}

1
n logn n logn

=X, (109)

say.
Note that for a positive and integer valued random variable M,

o0 m
PIM =m]= > (20— 1)P[M =m]

m=1zx=1

Mg

o0 oo

:i 2z — 1) ZIP’M m] =Y (2x — 1)P[M > m], (110)

r=1

and similarly,

E[M*] = i m*P[M =m] = i i(m’) — 62% + 4z — 1)P[M = m)]
m=1 m=1zx=1
= i(zxaﬁ’ —62% +4x — 1) i PIM =m] = i(4x3 — 62 +4r — D)P[M >m]. (111)
z=1 m= =1

So, when we study the variance of X,

1 1
——— Var [D*I{Dy < a,}| < —
n(logn)? ar [DY{D1 < an}] < n(logn)?

1 dn
= W 2(4953 — 622 + 4z — )P[D1I{D; < a,} > ]

Var [X] = E [D%H{Dl < an}]

24:031? Dy >zx] = m iélcm(l +0(1))

- (logn —
=20 o1)) = 2 (14 o(1) (112)
~ n(logn)? N = logn AH)-

Let € > W. Then, by the Chebychev inequality,

PIX ~ELX) > ¢ < 2 = o), (113)

So, X converges in probability to E[X], which converges to c:

ElX]= 10; Y- (2 ~ DRIDID: < an) 2 2] = Togm 3 (2~ 1) (B[Dy > a] Py > a))
= 10;1 Z_,: @C(l + o(l))> lfgncaf(l +o(1)) = 2cli)ggi: (1+0(1)) = (1 + o(1)).
(114)
]
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9 Conclusion

In this thesis we studied two random graph models which have a power law degree sequence,
namely the configuration model and the preferential attachment model. An overview is given of
results on distances in these graphs and some new results have been presented. These results
indeed show the small world property observed in many real-world networks. They also show that
distances in these two models behave similarly, i.e., for equal power-law exponent 7, the distances
seem to be of the same order.

This overview, however, is not complete. For example, a loglog lower bound on average
distances in the preferential model for 7 € (2,3) is missing. Also a log /loglog upper bound on
distances in the configuration model for 7 = 3 is not known, although this behavior is expected
from the preferential attachment model.

We would also like to see how distances in the various other preferential attachment models
studied in the literature behave. Ideally, we would like to find a general approach which can be
applied for many of these models as Bhamidi has found for m =1 ([4]).

It would also be interesting to study random processes on these random graph models. This
can model, for example, the spread of diseases in a social network or the spread of viruses in a
computer network.
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