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Abstract

In this paper, we investigate the diameter in preferential attachment (PA-) models, thus quantifying
the statement that these models are small worlds. There is a substantial amount of literature proving
that, in quite generality, PA-graphs possess power-law degree sequences with exponent 7 > 2. The
models studied here are such that edges are attached to older vertices proportional to the degree plus
a constant, i.e., we consider linear PA-models. We prove that the diameter is bounded by a constant
times logt, where ¢ is the size of the graph. When the power-law exponent 7 exceeds 3, then we also
prove a lower bound of the form 1og)itgt’ while when 7 € (2,3), we improve the upper bound to a
constant times loglogt. These bounds are consistent with predictions by physicists that the distances
in PA-graphs are similar to the ones in other scale-free random graphs, where distances have been
shown to be of order loglogt, when 7 € (2,3), and of order logt when 7 > 3.

1 Introduction

In the past decade, many examples have been found of real world complex networks that are small worlds
and scale-free. The small-world phenomenon states that distances in many networks are small. The scale-
free phenomenon states that the degree sequences in many networks satisfy a power law. See [2, 19, 30] for
reviews on complex networks, and [4] for a more expository account. As a result, these complex networks
are not at all like classical random graphs (see [3, 7, 29] and the references therein), particularly since
the classical models do not have power-law degrees. As a result, these empirical findings have ignited
enormous research on adaptations of the classical random graph that do obey power-law degree sequences.
See [9] for the most general models, as well as a review of the models under investigation.

While these models have power-law degree sequences, they do not explain why many complex networks
are scale-free. A possible and convincing explanation was given by Barabési and Albert [5] by a phe-
nomenon called preferential attachment (PA). Preferential attachment models the growth of the network
in such a way that new vertices are more likely to add their edges to already present vertices having a
high degree. For example, in a social network, a newcomer is more likely to get to know a person who is
socially active, and, therefore, already has a high degree. Interestingly, PA-models have power-law degree
sequences, and, therefore, preferential attachment offers a convincing explanation why many real world
networks have power-law degree sequences. As a result, many papers appeared that study such models.
See e.g. [1, 8, 10, 11, 12, 13, 15, 17] and the references therein. The literature primarily focusses on three
main questions. The first is to prove that such random graphs are indeed scale-free [1, 8, 10, 11, 15, 17].
The second is to show that the resulting models are small worlds by investigating the distances in them.
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See for example [13] for a result on the diameter. In non-rigorous work, it is often suggested that many of
the scale-free models, such as the configuration model, the models in [9] and the PA-models, have similar
properties for their distances. Distances in the configuration model have been shown to depend on the
number of finite moments of the degree distribution. The natural question is therefore whether the same
applies to preferential attachment models. A partial result is in [13], and this question will be taken up
again here. A third key question for PA-models is their vulnerability, for example to deliberate attack [11]
or to the spread of a disease [6]. The most complete discussion of scale-free random graphs and processes
living on them is given in [20].

In this paper, we investigate the diameter in some PA-models. The models that we investigate produce
a graph sequence or graph process {Gp,(t)}, which, for fixed ¢ > 1 or t > 2 yields a graph with ¢ vertices
and mt edges for some given integer m > 1. We shall consider three slight variations of the model, which
we denote by model (a), (b) and (c).

(a) The first model is an extension of the Barabasi-Albert model, formulated rigorously in [15]. We

start with G1(1) consisting of a single vertex with a single self-loop. We denote the vertices of the
graph by 1,2,..., so that the vertices of G1(t) are equal to {1,2,...,¢t}. We denote the degree of
node i by d;(t), where, in the degree, a self-loop increases the degree by 2.
Then, for m = 1, and conditionally on G1(t), the growth rule to obtain G1(t + 1) is as follows. We
add a single vertex t + 1 having a single edge. This edge is connected to a second end point, which
is equal to t + 1 with probability proportional to 1 + ¢, and to a vertex i € G1(t) with probability
proportional to d;(t) + §, where 6 > —1 is a parameter of the model. Thus,
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(1.1)

The model with integer m > 1, is defined in terms of the model for m = 1 as follows. We start
with G1(mt), with & = £ > —1, and denote the vertices in Gy(mt) by 1,...,(mt)". Then we
identify the vertices 1/,2'...,m/ in G1(mt) to be vertex 1 in G,,(t), and for 1 < j < ¢, the vertices
((j—1)m+1),...,(jm) in G1(mt) to be vertex j in Gy,(t); in particular the degree d;(t)of vertex
J in Gp(t) is equal to the sum of the degrees of the vertices ((j — 1)m +1)',...,(jm) in Gy(mt).
This defines the model for integer m > 1. Observe that the range of ¢ is [—m, c0).

The resulting graph G,,(t) has precisely mt edges and t vertices at time ¢, but is not necessarily
connected. For 6 = 0 we obtain the model studied in [15].

(b) The second model is identical to the one above, apart from the fact that no self-loops are allowed.
We start again with the definition for m = 1. To prevent a self loop in the first step, we let G1(1)
undefined, and start from G1(2), which is defined by the vertices 1 and 2 joined together by 2 edges.
Then, for ¢t > 2, we define, conditionally on G1(t), the growth rule to obtain G1(t + 1) as follows.
For 6 > —1,

. di(t)+ 9 .
P(t+1 Gi(t) = 22—~ fori=1,...,t. 1.2
(1=l = S ri= L (12)
The model with m > 1 is again defined in terms of the model for m = 1, in precisely the same way
as in model (a).

(¢) In the third model, and conditionally on G,,(t), the end points of each of the m edges of vertex
t+ 1 are chosen independently, and are equal to a vertex i € Gy, (t), with probability proportionally
to d;(t) + 9, where § > —m. We start again from G,,(2), with the nodes 1 and 2 joined together
by 2m,m > 1, edges. Since the end point of the edges are chosen independently we can give the



definition of {G,(t)}+>2, for m > 1, in one step. For 1 < j < m,

di(t) + 6

P(j*" edge of t + 1 is connected to |G (1)) = H2m+9)
m

fori=1,...,t. (1.3)
In this model, as is the case in model (b), the graph G,,(t) is a connected random graph with
precisely t vertices and mt edges.

Remark 1.1. In models (a) and (b) for m > 1, the choice of §' = % is such that in the resulting graph
G (t), where m vertices in G1(mt) are grouped together to a single vertex in G, (t), the end points of the
added edges are chosen according to the degree plus the constant §.

Remark 1.2. For m =1, the models (b) and (c) are the same. This fact shall be used later on.

One would expect the models (a)—(c) to behave quite similarly. In [18], it was proved that for model
(c), the degree sequence is close to a power law with exponent 7 =3 + %. For model (a) and § = 0, this
was proved in [15], while in [17], power-law degree sequences are proved in rather large generality.

The goal in this paper is to study the diameter in the above models, as a first step towards the study
of distances in PA-models. In non-rigorous work, it is often suggested that the distances are similarly
behaved in the various scale-free random graph models, such as the configuration model or various models
with conditional independence of edges as in [9]. The results on distances are most complete for the
configuration model, see e.g. [22, 23, 26, 27, 28, 33]. In the configuration model, there are various cases
depending on the tails of the degree distribution. When the degrees have infinite mean, then distances are
bounded [22], when they have finite mean but infinite variance, distances grow like loglogt [27, 33], where
t is the size of the graph, while, for finite variance degrees, the distances grow proportionally to logt [26].
Similar results for models with conditionally independent edges exist, see e.g. [9, 16, 21, 31]. Thus, for
these classes of models, distances are quite well understood. If the distances in PA-models are similar to
the ones in e.g. the configuration model, then we should have that the distances are of order logt when
T > 3, i.e,, 0 > 0, while they should be of order loglogt when 7 € (2,3), i.e., for 6 < 0. In PA-models
with linear growth of the number of edges, infinite mean degrees have not been observed, so this case
does not arise. An attempt in this direction is in [18], where a preferential attachment is presented in
which a random number of edges per new vertex is added. In this model, it is shown that the degrees
again obey a power law with exponent equal to 7 = min{3 + %, Tw}, Where 7, is the power-law exponent
for the number of edges added and p < oo the expected number of added edges per vertex. Thus, when
Tw € (1,2), infinite mean degrees can arise.

There are few results on distances in PA-models. In [13], it was proved that in model (a) and for
0 = 0, for which 7 = 3, the diameter of the resulting graph is equal to ; Ogi; ;(1+0(1)). Unfortunately, the
matching result for the configuration model has not been proved, so that this does not allow us to verify
whether the models have similar distances. In this paper, we take a first step towards the verification of
the heuristic, by investigating the diameter of the preferential attachment graph both for > 0 and for
6 < 0. In the following section, we describe our precise results.

1.1 The diameter in preferential attachment models

In this section, we present the diameter results for the PA-models (a)-(c). We prove that for model (b)
and (c) and for all § > —m, the diameter of G,,(t) is bounded by a large constant times log¢. This result
does not hold for model (a), since the graph is not necessarily connected. When § > 0, we adapt the
argument in [13] to prove that for all three models considered here the diameter is bounded from below
by (1—¢) 1ol;fgo ';: 7> while, for § < 0, we prove that the diameter is bounded above by a large constant times
loglogt. This establishes a phase transition for the diameter of PA-models when § changes sign. We now




state the precise results. In the results below, for a sequence of events {E}};>1, we write that E; occurs
with high probability (whp) when lim;_,o, P(E;) = 1.

Theorem 1.3 (A logt upper bound for the diameter). Fiz m > 1 and 6 > —m in models (b) and (c).
Then, there exists a constant C' = C(m,d) > 0 such that

P(diam(Gon (1)) > Clogt) = o(1), t— oo, (1.4)

i.e., whp, the diameter of Gy, (t) is at most C'logt.

When m = 1, so that the graphs are in fact trees, there is a sharper result proved by Pittel [32]. In
this case, Pittel shows that the height of the tree, which is equal to the maximal graph distance between
149

vertex 1 and any of the other vertices, grows like ~7t% log t(1 4 o(1)), where  solves the equation

v+ (14 6)(1 +logvy) =0. (1.5)

This immediately proves that the diameter is at least as large, and suggests that the diameter has size
2% logt(1 + o(1)). Scale-free trees have received substantial attention in the literature, we refer to
[14, 32] and the references therein. It is not hard to see that a similar result as proved in [32] also follows
for model (a). This is also proved when ¢ = 0 in [14], where it is shown that the diameter in model (a)
has size 7! logt, where ~ is the solution of (1.5) when § = 0. Thus, we see that the log¢ upper bound in
Theorem 1.3 is sharp, at least for m = 1. To see the result for model (a), we note that Ny, the number
of connected components of G1(t) in model (a), has distribution N; = 1 + Iy + - - - + I;, where I; is the

indicator that the i*® edge connects to itself, so that {I;}!_, are independent indicator variables with

1+96

Pli=1) = C+0)i—1)+1+0

(1.6)

As a result, it is not hard to see that N;/logt converges in probability to (1+4)/(249) < 1, so that whp
there exists a largest connected component of size at least t/logt. The law of any connected component
of size s; in model (a) is equal in distribution to the law of the graph Gi(s; + 1) in model (b), apart from
the fact that the vertices 1 and 2 in G;(s; + 1) are identified (thus creating a unique self-loop). This close
connection between the two models allows one to transfer the results for model (b) to model (a).

Theorem 1.4 (A lower bound for the diameter). Fiz m > 1 and 6 > 0 in models (a)-(c). Then, for
every € > 0,

P(diam(Gr(8)) < (1 €>101golgotgt) — (1), (1.7)

i.e., whp, the diameter of Gy, (t) is at least (1 —¢) log)ﬁ)’;t.

We conjecture that for § > 0, the above lower bound is not sharp:

Conjecture 1.5. Fizm > 1 and § > 0 in models (a)—(c). Then, there ezists a constant C = C(m,d) > 0
such that
P(diam(Gyn (1)) = Clog (1 + o(1))) = o(1), (1.8)

i.e., diam(G,,(t))/logt converges in probability to a positive constant.

Theorems 1.3, 1.4 and Conjecture 1.5 indicate that distances in PA-models are similar to the ones in
other scale-free models for 7 > 3. We now turn to the case where 6 < 0 and hence 7 =3+ d/m € (2,3).



Theorem 1.6 (A loglogt upper bound on the diameter for § < 0). Fiz m > 2 and assume that § €

(=m,0) in models (a)-(c). Then, for every o > - and with

4 4o

Co = )
¢ |1og(7—2)\+logm

(1.9)

the diameter of Gy, (t) is, whp, bounded above by Cgloglogt, ast — oo.

In the last result, we do not obtain a sharp result in terms of the constant. However, the proof suggests
that for most pairs of vertices the distance should be equal to m loglogt(1+ o(1)).

The results stated above are consistent with the predictions by physicists that the distances in prefer-
ential attachment graphs should be similar to the ones in other scale-free random graphs. The only two
missing bounds for a complete picture of the diameter in these PA-models are a logt lower bound for

6 > 0 and a loglogt lower bound for § < 0.

1.2 Organization of the paper

This paper is organized as follows. In Section 2, we prove the logt upper bound for the diameter stated
in Theorem 1.3. In Section 3, we prove the logt/loglogt lower bound for the diameter stated in Theorem
1.4, and in Section 4, we prove the loglogt upper bound on the diameter for § < 0 of Theorem 1.6.

2 An upper bound on the diameter: Proof of Theorem 1.3

For model (c), and with s; > s; fixed, we write s; — s; when the first edge of s; is connected to vertex
s;. In case of model (b), we write s; — s; when in {G(¢) }4>1 vertex (s; —1)m+1 is connected to one of

the vertices (s; — 1)m +1,...,s;m. In model (a) self-loops are possible, so in this case the proof breaks
down, which is understandable as model (a) is not necessarily connected.
For s1 = s> s9 > .-+ > s, = 1, and denoting 5, = (s1, 82, ..., k), we write
k—1
Egk = ﬂ{s, — 5i+l}- (21)
i=1

For a configuration of G,,(t), we let dist(s, 1) denote the unique value of k£ such that s = 1 — s9 —
- — s_1 — S = 1. Then, clearly,

diam (G, (t)) < 2 max dist(s, 1), (2.2)

s=1,...,

because the distance between any two vertices is smaller than the right side of (2.2). We will show that
there exists a constant C’ such that for each 1 < s < t, and with € > 0,

P(dist(s, 1) > C'log s) < s~ (1F9), (2.3)

Using first (2.2) and consecutively that dist(s,1) < s, the result (2.3) implies Theorem 1.3 with C' = 2C",
because

1<s

P(diam(Gp,(t)) > Clogt) <P (magt dist(s,1) > C’log t)
= IP’( max  dist(s,1) > C’ logt> < ]P’( max  dist(s, 1) > C'log s)
C'logt<s<t C'logt<s<t
< Y P(dist(s,1) > C'logs) < Y. s D =0 ((logt) %) =o(1).  (2.4)

C'log t<s<t C'logt<s<t



To see (2.3), we note from Boole’s inequality, that

-1
P(dist(s,1) > k) < > S P(({s:i — sia1}), (2.5)

I>k 3 i=1

where, the sum is over all ordered vectors §; of length [, for which s; = s and s; = 1. We claim that

-1 -1
P( Q{Si — 5i+1}) = HP(&' — Si41)- (2.6)

We prove the independence by induction. For simplicity, we assume that we are in model (c), the analysis
in model (b) is quite similar, and will be completed later. First note that

- -
]P( ﬂl{si — 5i+1}) E[P( ﬂl{si — 5i+1}’Gm(51 - 1))]
i=1 =1

-1
= E[I[({s — sin1}P(s1 — 52/G(s1 = 1)) (2.7)
=2
since the event (\Z1{s; — s;11} is measurable with respect to Gp,(s1 — 1), and where we write I[A] to

denote the indicator of the event A. Furthermore, from (1.3),

d32 (81 — 1) + 5

P(s1 — $2|Gm(s1 — 1)) = @m+0)(s1 —1)° (2.8)
In particular, we have that ( "
dsy(s1—1) +
P(s; — s2) = E[@m —|—1(5)(81 — 1)} (2.9)
Therefore,
P(lﬁ{si — 8i+1}) = E[I[Zﬁ{si — sip1)] ds,(s1—1)+0 }
=1 =2 (2m +6)(s1 — 1)
n ds,(s1—1) +
= ]P’(ZDQ{si — SHl})E{(Qm 4_1(5)(51 i 1)}7 (2.10)

since the random variable ds, (s; — 1) only depends on how many edges are connected to sg after time so,
which is independent of the event ﬂi;é{si — Si+1}, which depends on the attachment of the edges up
to and including time sg only. We conclude that

-1 -1
]P)( O{Sl — Si+1}) = P({Sl — 82})P< O{Sz e Si+1}). (2.11)

Iteration leads to the independence claim in (2.6).
In model (b), we have {s; — s2} if and only if vertex m(s; —1)+1 is connected to one of the vertices
m(se — 1)+ 1,...,mse, and by (1.2) this probability equals,
Zzzjin(sz—l)-i-l dk(m(sl — 1)) + 5
(2+0)(m(s1 —1))
We observe that this probability depends only on the attachment in {G(t)} of edges after time mso and
is independent of the event (\\Z1{s; — s;11}, which depends on the attachment in {G1(t)} up to and

including time mss only.
We proceed with the proof by investigating P(s; — s;41) in the following lemma:




Lemma 2.1. For model (c¢) we have for all s >t > 1, and with a = 5"~ € (0,1),
P(s — t) < 2% %(s—1)*"L (2.12)
Similarly, for model (b), and again with a = 5% =€ (0,1),
P(s —t) <20(t —1+1/m)"* (s — 1)L (2.13)

Proof. We start with the proof for model (c), the proof for model (b) follows at the end. By definition
P(2 — 1) = 1, which is bounded by the right side of (2.12). For s > 2, we note from (2.9) that

di(s—1)+9 }

Po—1t) = B[ 561

(2.14)

Since for s > 2, and conditionally on G,,(s — 1),
X&t = dt(S) — dt(S — 1),

has a binomial distribution with parameters m and success probability (di;(s — 1) +9)/((s —1)(2m +9)),
we find

E[dy(s) + 8] = Eld(s — 1) + ] (1 + I 1)). (2.15)

We now prove by induction on s that

E[d;(s) + 6] < 2%(2m + 0) (3;1>a. (2.16)

For s = t, the left side is at most 2m + J, so that we can start the induction. From (2.15) and the
induction hypothesis, we obtain

Eldy(s + 1) + 8] < 2°(2m + 0) (T) (1+%) = 2em+5) <‘;) (1 _ 1)“ 1+9. e

S

Thus, it suffices to prove that for all z = s~! € [0,1] and a € (0,1), we have that

(1-2)*1+azx)<1

The proof of this elementary inequality is left to the reader as an exercise. As a result of (2.14) and
(2.16), we obtain (2.12) for all s >t > 1,
We now turn to a proof of the lemma for model (b). We start with m = 1 and note from (1.2) that

P(s —t) = E[m] (2.18)
and so
Eld:(s) + 8] = Eldy(s — 1) + 6] (1 + (2+5)1(s_1)) (2.19)
This yields the inequality L\
E[dy(s) + 5] < 2%(2 + ) (S; ) L s>2, (2.20)

7



where m =1 and a = 2+5 Hence (2.12) is valid in model (b), for m = 1. For m > 1, we have {s — t}
if and only if vertex m(s — 1) 4+ 1 is connected to one of the vertices m(t — 1) +1,...,mt in {G1(t)}, so
that with @' =1/(2+ '), and ¢’ = §/m,

mt
P(s —t) <2 Y 7 (m(s—1)" <2 (s~ )T -1+ 1/m) . (2.21)
j=m(t—1)+1
This gives the result (2.13) because a’ =1/(2+§') =m/(2m + 6) for &' =d/m. O

We now finish the proof of (2.3) for model (c¢). The proof for model (b) proceeds similarly, and is
omitted. Consider §; with s; = s and s; = 1. We obtain from (2.12), using at the end s; =1

-1 -1 -1
(st — siat) = [IPGss — i) < J[ 2% (s - 1)
=1 i=1 =1

-1 s — 1\l | oa 1)l—1 1
=1l2*(= < —1)%7+ gali= ) 2.22
() I s 11 (222)

Si+1 i—1 i g i 1

Therefore, we arrive from s; = s and s; = 1 at

P(dist(s,1) > k) < s*71> 200" 1>ZH p—r (2.23)

1>k Sl =2

We recall that the sum over §; is over ordered vectors so, ..., s—1. When we turn the sum into a sum over
vectors §; with s; = s and s; = 1 with only distinct coordinates, we need to divide by a factor (I — 2)!.
Denoting the unordered vector by #;, we then obtain

P(dist(s, 1) > k) < 2!79s%" 12

I Z H — 1 (2.24)
If we were to sum over all vectors #;, rather than the vectors with different coordinates, we would obtain

ZHt - (22_311)1_2, (2.25)

7 i=2 1 ¥

Clearly, this is an upper bound on the sum, so that

-1) ,s—1 N
P(dist(s,1) > k) < 279571 — 2.26
(dist(s, 1) > k) Z (X (2.26)
Using that 22;11 % <1+ logs, we arrive at
-2
2“ 1+1 a
P(dist(s,1) > k) < 2s% Z + 085) es2HIP(X > & — 1), (2.27)
>k )
where ¢ = 2exp(2%), and X is a Poisson random variable with mean 2%(1 + log s).
By [29, (2.5) and Remark 2.6], for any Poisson random variable Y with mean A, we have
P(Y > 5)\) = P(Y > E[Y] +4)) < exp o8 = 7T, (2.28)
- (A+4X/3)

8



Switching back to (2.27), taking A = 2%(1 + log s), we obtain that
P(dist(s,1) > 5-2%(1 4+ logs) + 1) < es'TP(X > 5)) < es TP exp{—24\/7} < es~(1F9) (2.29)

where we can take e = 3/7 and where we used that 0 < a < 1. This completes the proof. ]

Remark. It is immediate from (1.1) and (1.2) that the upper bound (2.13) of the lemma also holds
for model (a).

Remark. When m = 1, we see that dist(s, 1) is equal to the graph distance between vertex 1 and s.
This can be used to prove a logt lower bound on the diameter of G () in the case of models (b) and (c).
We refrain from working this argument out, as sharper results follow from [32].

3 A log lower bound on the diameter for § > 0: Proof of Theorem 1.4

In this section, we prove Theorem 1.4 by extending the proof in [13] from § =0 to § > 0.
Denote in model (c) by

{9(t.j)=s}, 1<j<m, (3.1)

the event that at time ¢ the j'" edge of vertex t is attached to the earlier vertex s. For the models (a)
and (b), this event means that in {G1(mt)} the edge from vertex m(t — 1) + j is attached to one of the
vertices m(s — 1) + 1,...,ms. It is a direct consequence of the definition of PA-models that the event
(3.1) increases the preference for vertex s, and hence decreases (in a relative way) the preference for the
vertices u, 1 <wu <t, u# s. It should be intuitively clear that another way of expressing this effect is to
say that, for different s1 # so, the events {g(t1,71) = s1} and {g(t2,j2) = s2} are negatively correlated.
In order to state such a result, we introduce some notation. For integer ng > 1, we denote by

Es = ﬂ {g(t§s>7jés>) = S}v (32)
=1

the event that at time ¢; the j;»“h edge of vertex t; is attached to the earlier vertex s. We will start by
proving that for each k > 1 and all possible choices of tf), jf), the events F, for different s, are negatively
correlated:

Lemma 3.1. For distinct sq, Sa, ..., Sk,

B( N E,) < [ P(E.). (3.3)

Proof. We will use induction on the largest edge number present in the events F,. Here, for an event
{g(t,7) = s}, we let the edge number be m(t — 1)+ j, which is the order of the edge when we consider the
edges as being attached in sequence. The induction hypothesis is that (3.3) holds for all k& and all choices
of t%s),ji(S) such that max; , m(tis) -1)+ jés) < e, where induction is performed with respect to e. We
now complete the induction argument. To initialize the induction, we note that for e = 1, the induction
hypothesis holds trivially, since ﬂle E;, can be empty or consist of exactly one event, and in the latter
case there is nothing to prove. This initializes the induction.

To advance the induction, we assume that (3.3) holds for all k£ and all choices of t;s), jl-(s) such that
max;  m(t5” — 1)+ < e—1, and we extend it to all k and all choices of ¢, j\*’ such that max; s m(t{* —
1) +j < e. Clearly, for k and ¢{”, j{ such that max; s m(t\” — 1) + ji” < e — 1, the bound follows
from the induction hypothesis, so we may restrict attention to the case that max; s m(tgs) -1+ jl-(s) =e.
We note that there is a unique choice of ¢, 5 such that m(t — 1) + j = e. In this case, there are again



two possibilities. Either there is exactly one choice of s and ¢*, j* such that ¢ = ¢, = j, or there
are at least two of such choices. In the latter case, we immediately have that ﬂ’;zl E, = @, since the e

edge can only be connected to a unique vertex. Hence, there is nothing to prove. Thus, we are left to
investigate the case where there exists unique s and tié),jzb) such that t(é) =t ](s) = j. Denote by
Ns

E, = N {9(t7,57) = s}, (3.4)

=1:(t$%) N £(1,)

the restriction of E to the other edges. Then we can write

k k

N E,, ={g9t.j)=s}NEN () Es. (3.5)
i=1 i=1:s;#s

By construction, all the edge numbers of the events in E. N ﬂf”:mi#s E;, are at most e — 1. Thus, we

obtain

k k

P(()Bs) E[EN [} EolPealglt,f) =), (3.6)
i=1 i=1:8;%s

where P._; denotes the conditional probability given the edge attachments up to the (e — 1)%* edge

connection.
We now first go to model (c), for which we have that

dy(t — 1)+
Cm+o)(t—1)

Pe—l(.g(tuj) = 8) = (37)

We wish to use the induction hypothesis. For this, we note that

ds(t—1)=m+ Z I[g(t,j') = s]. (3.8)
(t/.5)t' <t—1
We note that each of the terms in (3.8) has edge number strictly smaller than e and occurs with a non-
negative multiplicative constant. As a result, we may use the induction hypothesis for each of these terms.
Thus, we obtain, using also m + 0 > 0, that,

(2m +8)(t — 1) (ﬂE) (m + 6)P H P(E,,)
i=1:8;#s
k
+ Y PEAE =) T PE.). (3.9)
(t,4"):t'<t—1 i=1:8;#s

‘We can recombine to obtain

k
(ﬂE) E[1] ]dﬁ_”+5ﬂ;ﬂ P(E.,), (3.10)

(2m + 6)( i=1:s;#s
and the advancement is completed when we note that
ds(t—1)446
E|IE! = P(Ey). 3.11
B 5y — 1) — P (3.11)

The proofs for models (a) and (b) are somewhat simpler, since the events E, can be reformulated in
terms of the graph process {G1(¢)}i>1. O
We next study the probabilities of Fs; when ng < 2:
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Lemma 3.2. There exist absolute constants My, Mo, such that (i) for each 1 < j < m, and t > s,

My

Pg(t.5) = 5) < fiamar (3.12)

and (ii) for ta > t1 > s, and any 1 < jq,jo < m,

P(Q(tl,jl) = 5,9(t2,J2) = 8) < @1152])\413“32“’ (3.13)
where, as before, a = %;”ﬁ.
Proof. For model (c), we find from (2.12),
P(g(t,7) = s) = P(g(t,1) = s) = P(t — s) < 2% %(t — 1)1 < Mys~ %", (3.14)

provided that M; > 2% sup;,(755)!~* = 2. For models (a) and (b), we need

20(3—1—1—%)_ (t_1+%) Bl SMls_ata_1,

which holds when we choose M7 > 2m?®.
We proceed with the proof of (3.13). We show (3.13) for model (c), the proof for the other models
being similar. For some constant M3,

P(g(t,j1) = s,9(ta.j2) = s) = E[P(g(t1,51) = 5,9(t2, j2) = s|Gum(t2 = 1))]

—1) 46

N E{ (h,51) = <(t2—21 2m+6)>}

_ 1 D(tz — 1+ a)T() N

= BT DER TR T~ D+ o) o 70 = 5] (ds(0) +5)]

< () = 5] (di(t) +9)] (3.15)
1%2

using for ¢; < u <ty — 1, the iteration (compare (2.15)),

a

E[I[g(tr,51) = ] (da(w) + 8)] = (14 =5 )EIlg(t1, 1) = 5] (da(u — 1) + 9],

u —

and the asymptotic identities F(I;Eti)) 1, % tg_l

We are lead to compute E [I[g(t1,71) = s] (ds(t1) + 6)] . We do so by recursion:

E [I[g(t1,51) = s] (ds(t1) +6) |Gm(t1 — 1)]
=E [I[ (t1,51) = 8] (ds(t1) — ds(t1 — 1)) [Gm(t1 = V)] + E [I[g(t1,51) = s] (ds(t1 — 1) +6) [Gm(t1 — 1)]

—ZE g(t1,31) = sllg(t1, ) = 81| Gn(tr = 1)] + (ds(ts — 1) + O E [Llg(t1, 1) = ]|Gra(t1 — 1))

_ di-H+s )< do(ti —1) +6 )2 (ds(ts — 1) +6)?
(t; — 1)(2m + 0) (t; — 1)(2m + 0) (t; — 1)(2m +0)
ds(ty — 1)+ 9 m(ds(tl —1)+6)?
S t-D@m+6) (- 1)2m+0o)

(3.16)

11



We prove in Lemma 5.1 of the appendix that, for some constant My,
E[(ds(t) + 6)%] < My(t/s)*. (3.17)

Combining (3.15), (3.16), (3.17) and (2.16), we find, possibly after enlarging My,

. . M. mMy t1 — 1\2a M
P(g(t1,51) = s,9(t2,j2) = 5) < (t‘ft;“> [(2m+5)(t1 - 1)( 1 - ) } < m, (3.18)

for some M. O

We combine the results of Lemmas 3.1 and 3.2 into the following corollary, yielding an upper bound for
the probability of the existence of a path. In its statement, we call a path I = (s, s1, . . ., 57) self-avoiding
when s; # sj forall 1 <i<j <.

Corollary 3.3. LetI' = (s, s1,...,5) be a self-avoiding path of length I consisting of the [+ 1 unordered
vertices Sg, S1,...,S], then

-1
1
P(I € Gn(t)) < (m2C)! —. (3.19)
=0 (si A sien)(si V sipn)'
Proof. Since T is self-avoiding, we can write {I' € G} = N¥_, E,, where either
Es ={9(t,j) = s} (3.20)

for some t > s and some 1 < j < m, or

Es = {g(t1,71) = g(t2, j2) = s}, (3.21)

for some t1,t3 > s and some 1 < j1,jo < m. In the first case we have according to (3.12),

. My
P(Es) =P(g(t.)) = 5) < o o (3.22)
whereas in the second case, according to (3.13),
. ‘ M. M
P(Es) = P(g(t1,51) = s,9(t2,52) = s) < 2 = 2 : (3.23)

(frte)=os2 — I=gagl=agn

In both cases M;, i = 1,2, is an absolute constant. Lemma 3.1 then yields (3.19), where the factor m?

originates from the choices of j € {1,2,...,m}. O

3.1 Application to the lower bound on the diameter when ¢ > 0

Observe that for integers j > ¢ we have

al
(7) f <, (3.24)
i

if and only if a < %, which happens if and only if § > 0, because a = 5.™—. Hence, jolime < (i) 12

precisely when 6 > 0. It now follows from (3.19) and the above inequality that for 6 > 0,

-1

P(T € Gp(t)) < (m*C) : 3.25
(" e Gnit) < ) [] e (3.29

12



The further proof that (3.25) implies that for § > 0,

~ log(t—1)
~ log(3Cm2logt)’

(3.26)

is a lower bound for the diameter of G,,(t), is identical to the proof of [13, Theorem 5, p. 14], with n
replaced by t. O

4 A loglog upper bound on the diameter: Proof of Theorem 1.6

The proof of Theorem 1.6 is divided into two key steps. In the first, in Theorem 4.1, we give a bound
on the diameter of the core which consists of the vertices with degree at least a certain power of logt.
This argument is close in spirit to the argument in [33] used to prove bounds on the average distance for
the configuration model, but substantial adaptations are necessary to deal with preferential attachment.
After this, in Theorem 4.7, we derive a bound on the distance between vertices with a small degree and
the core. We start by defining and investigating the core of the preferential attachment model. In the
sequel, it will be convenient to prove Theorem 1.6 for 2t rather than for ¢. Clearly, this does not make
any difference for the results.

4.1 The diameter of the core

We recall that 5
=34+ — 4.1
T=34 (4.1)
so that —m < § < 0 corresponds to 7 € (2,3). Throughout this section, we fix m > 2.
We take o > 3%7 = —% > 1 and define the core Core; of the PA-model G,(2t) to be

Core; = {i € {1,2,...,t} : di(t) > (logt)7}, (4.2)

i.e., all the vertices which at time ¢ have degree at least (logt)?.
For a graph G with vertex set {1,2,...,¢} and a given edge set, we write dg(i, j) for the shortest-path
distance between ¢ and j in the graph G. Also, for A C {1,2,...,t}, we write
di A) = d 7). 4.3
iam,(A) = max dg,, (1) (i, J) (4.3)
Then, the diameter of the core in the graph G,,(2t), which we denote by diamgy:(Core;), is bounded in
the following theorem:

Theorem 4.1 (The diameter of the core). Fix m > 2. For every o > ﬁ, whp,
. 4loglogt
d C < (1 1)) ————————. 4.4
iamg; (Corey) < (1 + o ))|10g —9) (4.4)

The proof of Theorem 4.1 is divided into several smaller steps. We start by proving that the diameter
of the inner core Inner;, which is defined by

Inner, = {i € {1,2,...,t} : di(t) > t777 (logt) "3}, (4.5)

is, whp, at most 10. After this, we will show that the distance from the outer core, which is defined to
be equal to Outer; = Core;\Inner;, to the inner core can be bounded by a fixed constant times log log ¢.
This also shows that the diameter of the outer core is bounded by a different constant times loglogt. We
now give the details.

13



Proposition 4.2 (The diameter of the inner core). Fix m > 2, then whp,
diamg; (Inner;) < 10. (4.6)

Proof. We first introduce the important notion of a ¢-connector between a vertex i € {1,2,...,t} and a
set of vertices A C {1,2,...,t}, which plays a crucial role throughout the proof. Fix a set of vertices A
and a vertex i. We say that the vertex j € {t + 1,¢t+ 2,...,2t} is a t-connector between ¢ and A if one
of the edges incident to j connects to ¢ and another edge incident to j connects to a vertex in A. Thus,
when there exists a t-connector between ¢ and A, the distance between i and A in G,,(2t) is at most 2.

We continue the analysis by first considering model (¢). We note that for a set of vertices A and a
vertex i with degree at time ¢ equal to d;(t), we have that, conditionally on G,,(t), the probability that
je{t+1,t+2,...,2t} is a t-connector for 7 and A is at least

(da(t) +6]A[)(di(t) +6)
2tEm+ o))z

(4.7)

independently of the fact whether the other vertices are t-connectors or not, and where, for any A C
{1,2,...,t}, we write
dalt) = Y di(t) (48)
€A
Since d;(t) + 6 > m+d > 0 for every i < ¢, and 6 < 0, we have that
) m+ 4

4i(t) +6 = di(t) (1 + djw) > i)+ ) = )2, (4.9)

and, thus, also d4(t)+J|A| > dA(t)mT‘Hs. As aresult, for n = (m+43)?/(2m(2m+4§))? > 0, the probability
that j € {t+1,¢t+2,...,2t} is a t-connector for i and A is at least M, independently of the fact
whether the other vertices are t-connectors or not. Therefore, the probability that there is no t-connector
for i and A is, conditionally on G,,(t), bounded above by

(1 a0 400
t2 ’

; (4.10)

< exp {—
We shall make use of (4.10) in several places throughout the proof.

For model (a) and (b), the right hand side of (4.10) also serves as an upper bound on the probability
of non-existence of a t-connector between A and i, conditionally on G,,(t), with trivial adaptations, and
a slightly different value of > 0.

In the course of the proof we will make use of the following lemma:

Lemma 4.3 (The maximal degree). Fiz m > 1. With high probability, for 6 <0,

max d;(t) > tﬁ(log t)~L (4.11)
i<logt

We defer the proof of Lemma 4.3 to Section 5.3 of the appendix.

We start by proving the claim of Proposition 4.2 for 7 € (g, 3). Let ¢* < logt be such that d;«(t) =

1
maX;<logt di(t). Further, for ¢ € Inner;, we have that d;(t) > ¢2-D (logt)fé. Thus, by (4.10), the
probability that there is no t-connector between ¢ € Inner; and ¢* is bounded by

ndi= (t)di(t)

; (4.12)

_3
exp{— } < exp{ B 77t +200—1D) }7

(log t)3/2
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which converges to 0 since, for 7 > 5/2, we have ﬁ > 1. Thus, the distance between any i € Inner;
and i* is, whp, bounded by 2. This implies that, whp, diamg;(Inner;) < 4.

We next extend the result to 7 € (2, g] Observe from Lemma 5.2 of the appendix that, whp, Inner;
contains at least v/t vertices and denote the first v/t vertices of Inner; by I. Observe that for 7 > 2 we
have ¢(T=D7' =1 1 0 so that, for any ¢,j € I, the probability that there exists a t-connector for ¢ and j is
bounded below by,

19 -1 _ o, -2
1—exp{—nt™—1 "(logt) "} >pr=t—1 (logt)™ =, (4.13)

for ¢ sufficiently large.

We wish to couple Inner; with an Erdés-Rényi random graph with n; = v/t vertices and edge prob-
ability p;, which we denote by G(n,p). For this, for i,j € {1,2,...,n;}, we say that an edge between
i and j is present when there exists a t-connector connecting the i** and j* vertex in I. We now prove
that this graph is bounded below by G(n¢, p;). Note that (4.13) does not guarantee this coupling, instead
we should prove that the lower bound holds uniformly, when ¢ and j belong to I.

For this, we order the ny(n; — 1)/2 edges in an arbitrary way, and bound the conditional probability
that the I*! edge is present conditionally on the previous edges from below by py, for every I. This would
prove the claimed stochastic domination by G(ng, p;).

Indeed, the I edge is present precisely when there exists a t-connector connecting the corresponding
vertices which we call ¢ and j in I. Moreover, we shall not make use of the first vertices which were used
to t-connect the previous edges. This removes at most ny(n, — 1)/2 < t/2 possible t-connectors, after
which at least another ¢/2 remain. The probability that one of them is a t-connector for the it" and ;"
vertex in I is bounded below by, for ¢ sufficiently large,

1-— exp{—nt$_2(log )y H/2y =1 exp{—ntf%l_l(log 2y >pr = tﬁ_l(log )2, (4.14)

using 1 —e™% > /2 for x € [0,1] and n/2 > logt~ ! for t sufficiently large.

This proves the claimed stochastic domination of the random graph on the vertices I and G(n¢, p).
Next, we show that diam(G(n¢,p;)) is, whp, bounded by 3. For this we use the result in [7, Corollary
10.12], which gives sharp bounds on the diameter of an Erdés-Rényi random graph. Indeed, this result
implies that if p9n?=! —2logn — oo, while p?~'n?=2 — 2logn — —oo, then diam(G(n,p)) = d, whp. In
our case, n =ny; = t/2 and p = p; = tﬁ_l(log t)~2, which implies that, whp, % <d< % + 1. Since,
for 7 € (2,5/2], we have I=% < 3, we obtain that the diameter of I in Gy,(2t) is whp bounded by 6 in
this case.

We finally show that for any ¢ € Inner; \ I, the probability that there does not exist a ¢t-connector
connecting i and I is small. Indeed, this probability is, since dj(t) > \/ftﬁ(log )12, and d;(t) >
{30 (log t)~1/2, the probability of there not existing a ¢-connector is bounded above by et/ 7D (log i
which is tiny since 7 < 3. This proves that whpthe distance between any vertex i € Inner; \ I and [ is
bounded by 2, and, together with the fact that diamg;(I) < 6 thus implies that diamgy;(Inner;) < 10. [

Proposition 4.4 (The distance between the outer and the inner core). Fiz m > 2. With high probability,

the inner core Inner; can be reached from any vertex in the outer core Outery using no more than %
edges in G, (2t). More precisely, whp
. . 2loglogt
d _— 4.15
(B8, 2, enia0 () < o (415
Proof. Recall that
Outer; = Core; \ Inner;. (4.16)
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and define

N® = TInner; = {i : d;(t) > u1}, (4.17)

where ) )
up =l =t20-1 (logt)" 2. (4.18)
We now recursively define a sequence uy, for k > 2, so that for any vertex i € {1,2,...,¢} with degree at

least uyg, the probability that there is no t-connector for the vertex ¢ and the set
NE=D = (5 di(t) > gy }, (4.19)

conditionally on Gy, (t) is tiny. According to (4.10) and (5.6) in the appendix, this probability is at most

Bt B 2—1
exp{ _ nBtluy] uk} =o(t™}), (4.20)
t
when we define
uy = Dlog t(uk,l)FQ, (4.21)
with D exceeding (nB)~!. The following lemma identifies uy:
Lemma 4.5 (Identification of uy). For each k € N,
up = D% (log t)" ¢, (4.22)
where
(1 —2)F1 1—(r—2)*1 1 k-1 1—(r—2)k1!
*Tor-1) k 31 =T 31 (4.23)

L a; =0. By (4.21), w

Proof. We identify a, by and ¢ recursively. We note that ¢ = ﬁ,bl = -3,

can relate cg, by, and ap to cp_1,br_1 and ap_71 as follows:
C = (T — 2)Ck_1, bk =1+ (7’ - 2)bk_1, ap = 1+ (7’ - Q)Qk_l. (4.24)

Iterating (4.24) we obtain the expressions for ¢, by and ay in (4.23). O
Then, the key step in the proof of Proposition 4.4 is the following lemma:

Lemma 4.6 (Connectivity between N'*~Y and N®). Fiz m,k > 2. Then the probability that there exists
an i € N® that is not at distance two from N'*®=Y in G, (2t) is o(t™1).

Proof. We note that, by Lemma 5.2, that with probability exceeding 1 — o(t™1),

> di(t) = Btlug_1]* " (4.25)
ieN (k1)

On the event that the bounds in (4.25) hold, we obtain by (4.10) that the conditional probability, given
G (t), that there exists an i € N'® such that there is no ¢-connector between i and N'*~Y is bounded,
using Boole’s inequality, by

te—"Bluk—11*"Tur _ y,—nBDlogt _ o(t™1), (4.26)

where we have used (4.21) and we have taken D > 2(nB)~!. O
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We now complete the proof of Proposition 4.4. Fix

. loglogt
k= [7| el 2)|J. (4.27)

As a result of Lemma 4.6, we have that the distance between N**) and Inner; is at most 2k*. Therefore,
we are done when we can show that

Outer; C {i: d;(t) > (logt)®} C N = {i: di(t) > up+}, (4.28)

so that it suffices to prove that (logt)? > wug«, for any o > 37% For this, we note that, by Lemma 4.5,
we have that
upe = D% (log ) 1" . (4.29)

We have that t%* = O(1) = (logt)°D, (logt)%* = (log t)’o‘—%ﬂ’(l), and D% = (logt)°™). Thus,
up = (log t)ﬁﬂ’(l). (4.30)

Thus, by picking t sufficiently large, we can make o > ﬁ +0(1). This completes the proof of Proposition
4.4. O

Proof of Theorem 4.1. We note that whp diamg(Core;) < 10 + 2k, where £* is the upper bound on
mMaX;eOuter; MiNjcInner, dGm(gt) (7,7) in Proposition 4.4, and we have made use of Proposition 4.2. This
proves Theorem 4.1. ]

4.2 Connecting the periphery to the core

In this section, we extend the results of the previous section and, in particular, study the distance between
the vertices not in the core Core; and the core. The main result in this section is the following theorem:

Theorem 4.7 (Connecting the periphery to the core). Fizm > 2. For every o > ﬁ, whp, the maximal
distance between any vertex and Corey in Gy, (2t) is bounded from above by 20 loglogt/logm.

Together with Theorem 4.1, Theorem 4.7 proves the main result in Theorem 1.6.

The proof of Theorem 4.7 consists of two key steps. The first in Proposition 4.8 states that for any
two vertices i,j € {1,2,...,t} the distance dg,,(2)(i,7) is bounded by a constant times loglogt, i.e.,
diamg; (G, (t)) is bounded by some constant times loglog¢. The second in Proposition 4.11 shows that
the distance between any vertex in {¢t +1,¢t+2,...,2t} and {1,2,...,t} is bounded by another constant
times loglog t.

Proposition 4.8 (Connecting half of the periphery to the core). Fix m > 2. For every o > ﬁ, whp,
the maximal distance between any vertex in {1,2,...,t} and the core Core; in G.,(2t) is bounded from
above by ologlogt/logm.

Proof. We start from a vertex ¢ € {1,2,...,t} and will show that the probability that the distance between
i and Core; is at least C'loglogt is o(t~!) where C' = ¢/ logm. This proves the claim. For this, we explore
the neighborhood of i as follows. From ¢, we connect its m > 2 edges. Then, successively, we connect the
m edges from each of the at most m vertices that ¢ has connected to and have not yet been explored. We
continue in the same fashion. We call the arising process when we have explored up to distance k from
the initial vertex i the k-exploration tree.

When we never connect two edges to the same vertex, then the number of vertices we can reach within
k steps is precisely equal to m*. We call an event where an edge connects to a vertex which already was
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in the exploration tree a collision. When k increases, the probability of a collision increases. However,
the probability that there exists a vertex for which more than 2 collisions occur in the k-exploration tree
before it hits the core is small, as we prove now:

Lemma 4.9 (A bound on the probability of multiple collisions). Fiz m > 2 and 6 € (—m,0). Fiz
C =o/logm, 1l >1, b€ (0,1 and take k < Cloglogt. Then, for every vertex i € {1,2,...,t}, the
probability that its k-exploration tree has at least | collisions before it hits Core; U {j : j < t°} is bounded
above by

!
((logt)dt_b> = (log )4t~
for some d > 0.

Proof. Take i € {[t*] + 1,[t*] +2,...,t} and consider its k-exploration tree 7,*. Since we add edges
after time t° the denominator in (1.1)-(1.3) is at least t*. Moreover, before hitting the core, any vertex
in the k-exploration tree has degree at most (logt)?. Hence, for [ = 1, the probability mentioned in the
statement of the lemma is at most

o k o

Z dy(t)+6 < Z (logt) < m”(logt) (4.31)
tb tb tb

ver® veT™

where the bound follows from ¢ < 0 and |’Ti(k>| < mP. For general [ this upper bound becomes:

(mk(log t)? )l
tb

When k = Cloglogt with C = ¢/logm, we have that m'* = (logt)!?. Therefore, the claim in Lemma
4.9 holds with d = 20. O

We next prove that, whp, {j : j <’} is a subset of the core:

Lemma 4.10 (Early vertices have large degrees whp). Fiz m > 1. There exists a b > 0 such that, whp,
) ‘ o 1 Do b
min; . d;(t) > (logt)?, for some o > 5= . As a result, whp, {j: j <’} C Core;.

We defer the proof of Lemma 4.10 to Section 5.3 of the appendix.
Now we are ready to complete the proof of Proposition 4.8:

Proof of Proposition 4.8. By combining Lemmas 4.9 and 4.10, the probability that there exists an
i€{1,2,...,t} for which the exploration tree ’Z;('” has at least [ collisions before hitting the core is o(1),
whenever | > 1/b, since, by Boole’s inequality, it is bounded by

t
Z(log )47 = (log t)21t =0+ = o(1), (4.32)
i=1

precisely when [ > %. When the k-exploration tree hits the core, then we are done by Theorem 4.1. When
the k-exploration tree from a vertex ¢ does not hit the core, but has less than [ collisions, then there are
at least mF~! vertices in k-exploration tree. Indeed, when there are at most [ collisions, the minimal size
of the tree is obtained by identifying at most [ vertices and their complete offspring, and the size of the

pruned tree has size at least m”*~.

18



When k = Cloglogt with C = o/logm, this number is at least equal to (logt)°T°(!). The total
weight of the core is, by (5.6) in the appendix, at least

37 (dilt) +6) > Bt(logt) "2, (4.33)

1€Corey

The probability that there does not exist a t-connector between the k-exploration tree and the core is, by
(4.10) bounded above by

Bt(log t —(7-2)o log t o+o(1)
exp {—" (log?) - (log?) = ot™), (4.34)
by picking B sufficiently large, since 0 > 1/(3 — 7). This completes the proof. O

Proposition 4.11. Fiz m > 2. For every o > -, whp, the mazimal distance between any vertex and
Core; U{1,2,...,t} in Gm(2t) is bounded from above by 2108108t

logm

Proof. Denote k = L%j — 1. We again grow the k-exploration trees from the vertices ¢ € {t + 1,¢ +
2,...,2t}.
By Lemma 4.9 for b = 1, the probability that there exists a vertex whose k-exploration tree contains

at least two collisions before hitting the vertex set Core; U {1,2,...,t} is bounded above by ¢~2(logt)%
for some d; sufficiently large. When the k-exploration tree contains a vertex in Core; U {1,2,...,t},
then we are done by Proposition 4.8 and Theorem 4.1. If not, and there are at most 2 collisions, then
there are at least my, = (m — 1)mF~! vertices in {t + 1,¢ +2,...,2t} at distance precisely equal to k
from the original vertex. Denote these vertices by i1, ..., %y, , and denote the k-exploration tree of vertex
i€ {t+1,t+2,...,2t} by T."). We write
P(#j € {1,2,...,my} such that i; — {1,2,...,t}|T,") (4.35)
my
=[[PG; —~ {1,2,....t}]is = {1,2,...,t}Vs <, 7).
j=1

Now we note that, uniformly in the way all edges in G,,(2t) are formed, we have that for every s €
{t+1,t+2,... 2t}
> i=1(di(s) +9)
(2m +9)s

> (4.36)

1
5"
Thus, for any vertex ¢; in the boundary of 7;(“, the probability that it will be directly connected to
{1,2,...,t} is at least 1/2. As a result, we have that, uniformly in ¢, ¢ and j,

P(i; —~ {1,2,...,t}His - {1,2,...,t}Vs < j, ;") < m = % (4.37)

Therefore, we obtain that
P(#j = 1,...,my such that i; «— {1,2,...,¢}|7;)) < 27, (4.38)
Since my, = “=L(logt)?, with o = 37% > 1, we have that 27™ = o(t~!). Therefore, any vertex
ie{t+1,t+2,...,2t} is, whp, within distance k + 1 from {1,2,... ¢} O]

Proof of Theorem 4.7. Proposition 4.11 states that whp every vertex in G,,(2t) is within distance
k41 =|2lelst | of Core, U{1,2,...,t}. Proposition 4.8 states that whp every vertex in {1,2,...,t}

logm
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is at most distance k + 1 from the core Core;. This shows that every vertex in G,,(2t) is whp within

distance 2(k + 1) from the core. O
Proof of Theorem 1.6. Theorem 4.7 states that every vertex in G,,(2t) is within distance % of
the core Core;. Theorem 4.1 states that the diameter of the core is at most %(1 + 0o(1)), so that
the diameter of G,,(2t) is at most Cgloglogt, where Cy is given in (1.9). This completes the proof of
Theorem 1.6. O
5 Appendix
5.1 The second moment of the degree sequence
Lemma 5.1. For some constant My > 0,

E[(ds(t) 4+ 6)] < Ma(t/s)*. (5.1)

Proof. We start with model (c). We can compute E[(ds(t; + 1) + 6)?] recursively by:

E[(ds(t1 + 1) +0)%|Gr(t1)] = E[(ds(t1 + 1) = ds(t1) + ds(t1) + 0)% |G (t1)]
E[(ds(t1 + 1) = ds(t1))?|Gm(t1)] + ( s(t1) + OE[ds(t1 + 1) — ds(t1)|Gm(t1)] + (ds(t1) + 0)?

- [(i g(t1,7) —s) mids(t1) +9)° + (ds(t1) +6)?

(2m+0)ty

)]+
( s(t) +5) m(ds(t1)+(5> +m2<d5(t1)+5>2+2m(ds(t1)+6)2

2
2m + 0)t (2m + 0)ty 2m + )t Gmnton (ds(t1) +6)7,

from which we obtain

m? —m 2m m
E[(ds(t; + 1 (1 + @m +9) 2t2 + @m + 5)751) E[(ds(t1) + 6)2] + ml@[ds(tl) + 4].

Define

qs(t1) = E[(ds(t1) +6)%],  es(t1) = E[ds(t1) + 4], C=onrs  "Tamis

Then from (2.15) and the above, respectively,

es(ti +1) = (14 Des(nn)
QS(tl + 1) = (1 + a(at%_b) + i?)%(h) + %es(tl)-
We write gs(t + 1) = (1 + a(t))qs(t) + rs(t) with a(k) = 202 and 7 y(1) = Zey(t), then
QS(t) = (1 + a(t - 1))(]5(t - 1) + Ts(t - 1)
t—1 t—1
= g¢(s) JJ )+ er I (1 +a@). (5.2)
k=s I=k+1

Since a(k):a(a*]l;ﬂ <2 anda>b>0,

t—1

[[Ta+ ) < exp{z k)} < exp{z —} < exp{/ = (%)Qa. (5.3)

k=s
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Substitution of r(t) = ¢es(t) and using that by (2.16),

t\a
s < M(-) , 4
es(t) < M) (5.4)
we find, for some constant Mz > 0,
t—1 t—1 t—1 -1
“ rs(k) " es(k
> T] a+a) < -1y S <ap- iy S
k=s I=k+1 k=s k=s
20 t—1 1 $2a 2 $2a
From (5.2) and (5.5) together, we obtain (5.1). O

5.2 The total degree of an event

Lemma 5.2. Assume thatl = 1[(t) — 0o, ast — oo and that [(t) < uy, then there exists a constant B > 0
such that with probability exceeding 1 — o(t™1),

> di(t) = BtI*T. (5.6)
i:d; (t)>1
Proof. We note that
S i) 2 P, (5.7)
Zdl(t)ZZ

where P, (t) = #{i <t :d;(t) > [} is the number of vertices with degree at least .

In [18], detailed asymptotics for Ps,(t) were proved for model (c) that we will survey now. These
asymptotics play a key role throughout the proof. We shall comment on the adaptations of the proofs for
models (a) and (b) below.

Firstly, it is shown that there exists a B such that uniformly for all [,

P(|P.i(t) — E[P..(t)]| > Biv/tlogt) = oft™). (5.8)

This proves a concentration bound on the number of vertices with at least a given degree. The proof of
this result follows the argument in [15], and holds for any of the models (a)-(c).
Secondly, it is shown that with

Pt) = #{i <t di(t) = 1} (5.9)
equal to the total number of vertices of degree equal to [, and with p; defined by
OT(k+0)T'(m+ 6+ 6)

_ > 1
Pr = Tm+or(k+1+0+0) "= (5.10)

so that px ~ k=7, and where 6 = 2 + 0/m, there exists a constant By such that

Sup [E[P(t)] — tp| < Ba. (5.11)

For model (c), this is shown in [18], for model (a) this is shown in [25, Chapter 8|. This latter proof can
easily be adapted to deal with model (b) as well. In rather generality, results of this kind (with the sharp
bound in (5.11)) are proved in [24].
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Therefore, we obtain that, with probability exceeding 1 — o(t™1),

let (t) > E[let (t)] - Bl \% tlogt > E[Pth (t)] - E[Pzzlt (t)] — B1 \/tlogt

20—1

> " [tp — Bo] — Biy/tlogt > Bstl; ™" — Bal; — Byy/tlogt. (5.12)
I=l;
We now wish to pick Iy such that
T > 0y, (5.13)
or l; <« t%, and
t=" > \/tlogt, (5.14)

1 1
or I} < t20-1) (logt) 2-1. Note that % > ﬁ for all 7 > 2, so we need

1
I, < t7-0 (log t) "2 = uy. (5.15)
Then, for this choice, we have with probability exceeding 1 — o(t~1),

> di(t) > Bt (5.16)
i:di(t)ZZt

Also, for this choice, whp, P, (t) > V. O

5.3 Proof of Lemmas 4.3 and 4.10

Proof of Lemma 4.3. We prove the bound for model (c), the proof for models (a) and (b) is similar. We
first write the degree of vertex 7 as

4ty =m+ 3 S Tlgls.d) =il (5.17)

s=i+1j=1

where we recall that g(s, j) = i denotes that the 5 edge of vertex s is attached to vertex i. By Lemma
3.1, the indicator variables I[g(s1,j1) = i1] and I[g(s2,j2) = i2] are negatively corelated for any i; # is.
As a result, we obtain that d;, (t) and d;,(t) are negatively correlated, so that

logt logt
Var( Y- di(t)) < 3 Var(di(®)). (5.18)
i=1 i=1
Also, by (2.15), it follows that E[d;(t)] > c(%)a, so that, for some £ > 0, and noting that a < 1,
logt
E[) " di(t)] > et*(log t)' . (5.19)
i=1
Furthermore, by (3.17), we have that
t\ 2a
Var(d;(t)) = Var(di(t) + m) < E[(di(t) + 6)2] < M4(g) : (5.20)

so that, for any ¢ > 0, and noting that a > 1/2 for ¢ < 0,
logt logt

ar ; ! . = 2a) .
\ (izld,(t))gile4() O(t*) (5.21)

i
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As a result, by the second moment method, we obtain that, noting that a = % € (%, 1),

P(max, d(t) < t“(log ) ™) <P( Y di(t) <)

= O (logt)~20=9)) = 5(1). 5.22
(Eta(logt)l—a)2 <( 81) ) M) (5.22)

O]

Proof of Lemma 4.10. We investigate the problem for model (a) first, the adaptation of the proof for
model (b) is rather straightforward and will be treated immediately after the proof for model (a). The
proof for model (c) is slightly more involved.

We first note that, for models (a) and (b), the model for general m > 1 is obtained from the model
for m = 1 by taking 6’ = d/m and identifying groups of m vertices. Thus, the degree of vertex i in G, (t)
is bounded from below by the degree of vertex im in G1(mt). We now prove the statement for m = 1
and § > —1 fixed. We shall show by induction on j that, for m = 1, that for all t >4

T(HT(i + 1£2)

P(di(t) = j) < Oz (5.23)
"T(t+ $ET()
where C; will be determined in the course of the proof. Clearly, for every ¢ > i, for model (a),
t t ; 146
146 s—1 T (i + 555)
P(di(t) =1) = 1- = = 2 (5.24)
Jll( (2+®@—1y+u+50 sllxs_1+;§) Tt + 555)T(4)

which initializes the induction hypothesis with C; = 1.
To advance the induction, we let s < t be the last time at which a vertex is added to ¢. Then we have
that

t

P(di(t) = j) = s:;j_lP(di(s ~D=i-Vg535

j—144
Js—1)+1+0

B(di(t) = jldi(s) = 5).  (5.25)

By the induction hypothesis, we have that

D(s — DT(i + 52)

Pld(s =1) = =1) < Crg—py TG (5.26)
Moreover, analogously to (5.24), we have that
. ) i j+6
P = i) = = T (- e 90 rass) (5.27)
_ q_1_;‘;35):r(t_;;g>r(s+;¢g)
gmstt 415 T+ 06— §55)
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Combining (5.26) and (5.27), we arrive at

RO P S (A a1 Y et Sk M ) k= (G711
l T VT T =1+ EHT0) N2 4 0)(s — 1) + (L+0)/\D(t + £E)0(s — 155)
(5.28)
We next use that
1496 1496
— —((2 -1 1 = (2 T —_— .2
Ps =145 5)(@2+0)(s -1+ (1 +0) =2+ )0(s + 5——). (5.29)
to arrive at s .
, j—1+6r(i+m)r(t_m) I'(s—1)
P(d;(t) =4) < C,_ - _— 5.30)
@O =D <CT505 T i k) 2 T i) |
We note that, whenever [ +b,l+14+a>0anda—b+1 >0,
Zt:r(era)_ 1 [F(t+1+a)_I‘(l+1+a)]< 1 T(Et+1+a) (5.31)
~T(s+b) a-b+1l T(t+b) L(l+b) 1~ a-b+1 T(t+b) '

Application of (5.31) for a = —1,b =
to

2+5,l—’b—|—j—1 sothata—b+1—2+5>0whenj>1 leads

. . ) 1
Jo1+0T+ 5T —45) 1 It

2+0 L(i)  T(t+ 355) ]—51”(15—2%5)

14606+ 58) T
-1 T T+ DY

P(di(t) = j) < Cj

249
Equation (5.32) advances the induction when we define
j—1+6

This completes the investigation of the probability that P(d;(t) = j) for model (a).
For model (b), the argument is quite similar. Indeed, we now use as an induction hypothesis that

P = ) < ¢, L~ 2T

"I~ 553)

(5.34)

where again C; will be determined in the course of the proof. Clearly, for every t > i, in model (b),

W T (118 oqp (o lomsy Dl o)
P(dZ(t)_l)_JL(l (2+5)(3—1)>_51:.£1( s—1 )‘r@r(i_;g)’ (5.35)

d j+0 D= 530G
P(d;(t) = j|di(s q:1;[+1 (1- I 1)) O = ) (5.36)
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Therefore, (5.32) is now replaced by

j—1+46 T() T(t—42) Zt: P(s —1—5%3)

240 T(—-33%) T@)

j—1446 T3 D12

j—1 B N
-1 T35 )

P(di(t) = j) < Cj (5.37)

s=itj—1

We next turn to model (c). In the proofs for models (a) and (b), we have made crucial use of the
relation between Gy, (t) and G1(mt) for these models, so that it was sufficient to investigate the case where
m = 1. When m = 1, at any time step, at most one edge can be added. This relation unfortunately fails
for model (c), and we first adapt the argument. Recall that d;(¢) is the degree of vertex i at time t. We
shall define e;(t) such that e;(t) < d;(t) and e;(t) grows by at most one at each time step. The definition
of e;(t) is recursive. We let e;(i) = d;(i) = m, and, assuming we have shown that d;(t) = e;(t) + r;i(¢),
where 7;(t) > 0, we proceed to time t + 1 as follows. We can increase e;(t ) only when the first edge of

vertex t + 1 attaches to vertex 4, and this is the case with probability (2721 5t With probability (2m(+2§) s

we keep e;(t + 1) = ¢;(t) and we increase 7;(t) by one. For the other m — 1 edges, we increase r;(t) by

one with probability éﬁﬁ;. Then we clearly have that e;(t + 1) < d;(t + 1) if e;(t) < d;(t), since the
difference between d;(t) and e;(t) equals 7;(t), which is monotonically increasing. Moreover, we have that

ei(t + 1) equals e;(t) or e;(t) + 1, and the latter occurs with conditional probability

j—1+6

TN (5.38)

Ple;(t+1) = jlei(t) =j —1) =

We now adapt the above argument for models (a)-(b) to the random variable e;(t). Indeed, we now use
as an induction hypothesis that

D(t — 451 (i)
C’ 2+6 —

T (5.39)

Plei(t) = j) <

2m+5 )
where again C; will be determined in the course of the proof. Clearly, for every t > ¢, in model (c),

t

Bty =m) = [T (1- 250 )= ] (5—1—m)_r< s 0 g

s=i+1 (2m + 6)(8 o 1) s=i+1 s—1 (t)P(Z - 2m+6)
and
) — (s — i — TT (1. d+9 Lt — 2 25)T(s)
P(ei(t) = jlei(s) = j) = q:E[H (1 TR 1)) O Ty (5.41)

Therefore, for j > m, the recursion leading to (5.32) is now replaced by

P(ei(t) = j) < Zt: Cj_l(r(s_l_ms)m))(( j=1+9 )(F( s (5 )) (5.42)

i TN (s = DG - g2E5) N (2m 4 8)(s — 1)/ \T(0)T (s — 2£55)
P S E ) D(t— 52%) i I'( Sris)
™ om+ 46 (i — %) ['(t) s=itj—1 I'(s— 2‘37;:(_55)

j—1+6 TG  Tt— %)

jom Ti-g%5)  TO
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so that Cj is now given by (), = 1 and, for j > m,

j—1+46

C; =
J ]_m

Ci_1. (5.43)

We summarize the bounds in models (a)-(c) by the fact that we have the bound, for all m > 1,

L(t —a)T(i + ag)
TT(t+ a2)T(i —ay)’

P(di(t) = j) < C; (5.44)

where a; = 0 for model (a), while a; = 2%155 for models (b)—(c), while as = 2%156 for model (a), while
az = 0 for models (b)-(c), and, for all models, C; < j#~! for some p > 1.

Below, we shall rely on the obvious consequence of (5.44) that

I(t —a1)T(i + a2)

P(d;(t) < j) <47 . 5.45
(1()_])_Jf(t+a2)F(i—a1) (5.45)
Obviously, for t and i large, we have that
P(d;(t) < j) < jPe—(@ataz)jartaz (] 4 o(1)). (5.46)
We finally use (5.45) to complete the proof of Lemma 4.10. Take 0 < b < alaj;;:il = 3%13 5, then, by
Boole’s inequality,
b
. T(t —a1) v (i 4 ap)
PFi <t*:di(t) < (logt)?) < P(d;(t) < (logt log t)7P ,
(3i < (t) < (logt) Z < (logt)”) < (logt) F(t+a2)i§::lf(2—a1)
Dt —a) Tt +ag + 1)
< (logt)7? n! = o(1 5.47
—(Og ) <a1+a2+ ) L(t + ag) P(tb—a1) 0( )7 ( )
by a similar equality as in (5.46). This completes the proof of Lemma 4.10. O
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