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Distances in scale free networks at criticality
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Abstract

Scale-free networks with moderate edge dependence experience a phase transition
between ultrasmall and small world behaviour when the power law exponent passes
the critical value of three. Moreover, there are laws of large numbers for the graph
distance of two randomly chosen vertices in the giant component. When the degree
distribution follows a pure power law these show the same asymptotic distances of
loggo Jg\’ + at the critical value three, but in the ultrasmall regime reveal a difference of
a factor two between the most-studied rank-one and preferential attachment model
classes. In this paper we identify the critical window where this factor emerges.
We look at models from both classes when the asymptotic proportion of vertices
with degree at least k scales like k2(log k)2*T°(") and show that for preferential
attachment networks the typical distance is (ﬁ +0(1)) log)i ng + in probability as the
number N of vertices goes to infinity. By contrast the typical distance in a rank one
model with the same asymptotic degree sequence is (1755 + o(1)) lolgf’fo g - Asa — o0
we see the emergence of a factor two between the length of shortest paths as we
approach the ultrasmall regime.
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1 Background and motivation

Scale-free networks are characterised by the fact that, as the network size goes to
infinity, the asymptotic proportion of nodes with degree at least k& behaves like £~ 7+(1)
for some power law exponent 7. There are a number of mathematical models for
scale-free networks, in the class of rank-one models the probability that two vertices
are directly connected is asymptotically equivalent to the product of suitably defined
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Distances in critical random networks

weights w, associated to the vertices v in a network G with vertex set [N] := {1,..., N}.
Examples of rank-one models are the Chung-Lu model where

P(u <+ v) = w]z;wv A, for u,v € [N],
i=1 Wi
the Norros-Reittu model in which
Pusv)=1—e Stivi, for u,v € [N], (1.1)

where (w;)Y, is a deterministic or random sequence of weights, and the configuration
model in which each vertex is assigned a degree chosen randomly from a given degree
distribution and the weights are the degrees themselves.

A popular alternative to rank one models are the preferential attachment models
introduced by Barabasi and Albert. The original Barabasi-Albert model (see Bollobas
et al. [4] for a rigorous definition) is a dynamical network model in which new vertices
connect to a fixed number of existing vertices with a probability proportional to their
degree. In this model the power law exponent is always 7 = 3. Recent variants
introduced by van der Hofstad et al. [10] and Dereich and Morters [8], allow the
connection probability to be proportional to a function of the degree and can therefore
generate networks with variable power law exponent 7 > 2. Physicists have predicted
that all these models of scale-free networks with the same power law exponent share
essentially the same global topology, see for example [1].

Indeed, all models listed above have been shown to experience a phase transition at
power law exponent three. If 7 > 3 randomly chosen vertices in the largest connected
component have a distance of aymptotic order logarithmic in the network size, whereas
for 2 < 7 < 3 the distance behaves like an iterated logarithm of the network size, this
phase is called the ultrasmall regime.

At the critical value 7 = 3 a fine analysis has been performed by Bollobas and Riordan
in their seminal paper [3]. They show that two randomly chosen vertices in the original
Barabaési-Albert model have a graph distance (1 4 o(1)) log N/loglog N. The same result
holds for a variety of other models of scale-free networks when the asymptotic proportion
of vertices with degree at least k scales precisely like k~2. Examples include the rank
one models of Chung and Lu, of Norros and Reittu, inhomogeneous random graphs with
a suitable choice of kernel, and the configuration model.

It was therefore believed that distances in preferential attachment models behave
similar to distances in the configuration model with the same tail of the asymptotic
degree distribution, see for example [14]. It thus came as a surprise when a finer
analysis in [7] showed that in the ultrasmall regime, i.e. when the power law exponent is
in the range 2 < 7 < 3, distances in preferential attachment models are twice as long as
in the rank one models above when they have the same tail of the degree distribution.
This is due to the fact that two vertices of high degree in the preferential attachment
model are much more likely to be connected by a path of length two, rather than a single
edge as in the rank one models.

It is the aim of the present paper to study the emergence of this factor two at the
critical value 7 = 3. Does the factor occur at a sharp threshold and if so where is this
threshold? Or is there a smooth transition between the factors one and two in a suitably
chosen critical window? To answer these questions we need to consider models that can
be studied with logarithmic corrections in the tails of the aymptotic degree distribution,
which requires us to look at preferential attachment models with nonlinear attachment
rules, an area essentially unexplored in the rigorous literature. We look at preferential
attachment models in the framework of [8, 9]. This allows the attachment probabilities to
be chosen as concave functions of the vertex degree, giving enough flexibility to generate
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varying asymptotic degree distributions. The critical window for our study emerges when
the asymptotic proportion of nodes with degree at least k scales like k~2(log k)2*+o(1)|
for some a > 0. We compare our results on preferential attachment networks with those
on the Norros-Reittu model with i.i.d. weights whose degree sequence has the same tail
behaviour. Our main result shows that typical distances in the preferential attachment
networks are bigger by an asymptotic factor of (1 + 2a)/(1 4+ «), which converges to two
as a1 oo.

2 Statement of the main results

Our main result concerns the variant of the preferential attachment model introduced
in [8], which has the advantage over other variants of remaining tractable even when
the connection probability is a nonlinear function of the degree of the older vertex. To
define the model precisely, fix a concave function f: Ny — (0,00), which is called the
attachment rule, and define a sequence of random graphs (Gx)yen in the following way:

1. The initial graph G, is a single vertex labelled 1.
2. Given Gy, the graph Gy, is obtained by

* adding a new vertex labelled N + 1;
» independently for any vertex with label m < N insert an edge between this

vertex and the new vertex with probability

f(Z[m, N])

Al
N )

where Z[m, N] := 3

i=m4+1 I{m < i} is the number of younger vertices con-
necting to ¢ in Gy.

If we orient all edges from the younger to the older vertex we can interpret Z[m, N|
as the indegree of the vertex labelled i in the oriented graph derived from Gy. Note
however that throughout this paper we consider the graphs Gy as unoriented and
the notions of connectivity and graph distance dy taken in Gy are with reference to
unoriented edges. For any potential edge (v,w) € [N]? with v < w we write v +> w if
we wish to indicate that (v, w) is contained in Gy. When it is convenient to stress the
original orientation we write v <— w or w — v.

The following theorem identifies the class of attachment rules which produces typical
distances of order log N /loglog N. It is the main result of this paper.

Theorem 2.1. Let (Gn)new be the sublinear preferential attachment model obtained
from a concave attachment rule f satisfying

1 a k k
f(k)7§k+§logk+0(logk)’ (2.1)

for some a > 0. Consider two vertices U,V chosen independently and uniformly at
random from the largest connected component Cn C Gy, then

log N
(1)) 08 with high probability as N — co.

dn(U,V) = ( loglog N

1+«

The lower bound in Theorem 2.1 uses a standard path counting argument and first
moment bounds. The upper bound is much more difficult to obtain and we use a rather
complicated second moment argument for the size of the neighbourhood of a typical
vertex and combine it with a result concerning a dense subgraph among the oldest
vertices using sprinkling-type arguments.
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It is shown in [8] that the asymptotic degree distribution in the preferential attach-
ment graph Gy with the attachment rule given in (2.1) satisfies

1 . o
N Z 1{degree(v) > k} = k~2(log k)>**°()  in probability. (2.2)
veEGN

This can be seen as follows. According to [8, Theorem 1.1.], the asymptotic indegree
distribution in Gy is explicitly given by

k

LN = BA0)
“’“:1+f(k)1301+f(j) for k € NU {0}, (2.3)

J

whereas the outdegree is asymptotically Poisson distributed. Choosing an affine attach-
ment rule f(k) = vk + 3, one obtains from (2.3) by use of Stirling’s formula,

Mk = O(k71+%)7

cf. [8, Example 1.3]. This illustrates that the network is a small world for v < 1/2 and
ultrasmall if v > 1/2, since for affine f the power law tails of the indegree distribution
dominate the exponential tails of the outdegree distribution. Fixing v = 1/2 and adding
a logarithmically decaying perturbation into the linear factor, i.e.

1 a

F(k) = (5 * 2logk

)k, for k > 2,

yields, using the Taylor expansion of log(-),

1) 2 2a 2 1
log (7) =t + = +O<f>7
1+ f() J o jlogy  j? j(log j)?
for large j € IN. Note that the latter two terms are summable in j whereas the first two
terms are not. Hence, (2.3) implies that

log p = —3logk + 2aloglogk 4+ O(1), as k — oo,

since 25:1 j~1 ~ log k and 2522 j (logj)~2 ~ loglog k. Noting that the left hand side
of (2.2) converges to Z;’ik 1; one obtains the asserted scaling. The same derivation
together with a somewhat tedious but straightforward analysis of the lower order terms
appearing yields (2.2) for the more general shapes of f given in (2.1).

The calculation of the last paragraph also explains our particular choice of attachment
rule. At the critical point 7 = 3 (or v = 1/2), the scale of the typical distances is
rather sensitive to the parameters of the network model under consideration. We limit
ourselves in Theorem 2.1 to those f which change precisely the factor in front of the
log N/loglog N term obtained in [3] to illustrate the emergence of the characteristic
factor 2 that separates distances in preferential attachment models from distances
in rank-1-models in the ultrasmall regime. Note that in [3] the authors rely on the
equivalence of certain instances of the Barabdsi to another combinatorial model making
it very challenging to adapt their arguments to the regime we are interested in.

In principle, it is possible to obtain distances on a variety of scales between log N and
loglog N other than log N/loglog N at 7 = 3. One may be able to reverse engineer the
correct attachment function and then give a rigorous proof along the same lines as ours.
We have refrained from doing so, since many of our calculations use explicit estimates
and are not straightforwardly generalisable. A formula relating the typical distance
explicitly to f or to the degree sequence (uy)r>0, as it can be given for rank-1-models,
see e.g. [5], seems presently out of reach for nonlinear preferential attachment models.
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We contrast the result of Theorem 2.1 on typical distances in the preferential attach-
ment model with a result on typical distances in the Norros-Reittu model with an i.i.d.
weight sequence parametrised to obtain the same tail behaviour of the empirical degree
distribution. We choose this model for definiteness but the result extends easily to other
rank-one models, such as the Chung-Lu model, and to deterministic weight sequences
with similar asymptotics.

To define the model, given a distribution on the positive reals we generate a sequence
W = (W;)$2, of i.i.d. random variables with this distribution. Let Ly = Zf:’:l W,, denote
the total weight of the vertices in [N]. For fixed N and given the weights Wi,..., Wy we
construct the random graph Hy = H (W) with vertex set [N] as follows:

» Between any two distinct vertices v,w € [N] the number of edges is Poisson
distributed with parameter W, W,, /Ly, independent of all other edges.

* Parallel edges are merged to obtain a simple graph.

Theorem 2.2. Let (Hy)nen denote the Norros-Reittu model with weight distribution
satisfying
P(Wy > k) = k~2(log k)2 +e), (2.4)

for o > 0. Consider two vertices U,V chosen independently and uniformly at random
from the largest connected component Cy C H, then

log N
0(1)) 98" Wit high probability as N — co.

d =
~(U.V) ( log log N

14 2«

We observe that the characteristic difference in the typical distances between pref-
erential attachment models and rank-one models in the ultrasmall regime does not
occur suddenly at the phase transition, but arises gradually in a critical window. For
networks with empirical degree distributions decaying as in (2.2) there is a factor of
(14 2a)/(1 + «) between the typical distances in the two types of networks. This factor
converges to two as we approach the ultrasmall regime by letting o 1 oo, and converges
to one as we approach the linear case by letting a | 0. A heuristic explanation for
this transition is that in the preferential attachment model in the critical window the
probabilities that two vertices of high indegree are connected directly or via a young
connector vertex are on the same scale. Hence the asymptotical proportion of the
transistions between vertices on a typical short path that use a connector, is a constant
strictly between zero and one. This constant turns out to be /(1 4+ «) and this yields a
factor 1 + a/(1 + «) by which the length of shortest paths in the preferential attachment
model exceed that in the rank-one models.

Qualitatively different behaviour for the preferential attachment and rank-one model
class can also be observed when studying robustness of the giant component under
targeted attack, see Eckhoff and Morters [11], or in the behaviour of the size of the giant
component near criticality, see forthcoming work of Eckhoff, Morters and Ortgiese [12].

3 Proof of lower bounds - preferential attachment

Lower bounds for average distances are proved using a first moment method. To set
it up, Section 3.1 provides bounds for expected degrees in the preferential attachment
model, which are used in Section 3.2 to prove the lower bound in Theorem 2.1.

Remark on notation. In all subsequent sections a subscript number on a constant
refers to the place where it is defined, e.g. C o3 is the constant introduced in Lemma
1.23., C(1.24) the same constant as in equation (1.24), etc.
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3.1 Degree asymptotics for preferential attachment

It follows immediately from the definition of the preferential attachment graph, that
the network is entirely represented by the collection (Z[1,n]),>1,(Z[2,n])n>2,... of
independent Markov chains, which we refer to as degree evolutions. In this section,
we derive lower and upper bounds for Ef(Z[m,n]). For conciseness in the formulation
of later results, we allow (Z[m,n]),>n to start in any integer £ € IN and denote the
resulting distribution by P¥, its expectation by IE*.

Lemma 3.1. Let k,m € N, Z[m,m] = k be fixed and define, forn > m,

f(Z[m,n])? + 5 (Z[m, n])

X (n) = LZmn) g;m;g]) and Y(n) = - ,

where £(m, n) is given by
n—1 1 T
§(m.m) = [ (1 + 21) FE

Then X = (X(n))p>m andY = (Y'(n)),>m are submartingales. If f is affine, then they
are martingales.

Proof. Fix n > m and let AZ[m,n] = Z[m,n + 1] — Z[m, n]. The martingale property of
X for an affine attachment rule f(x) = %x + 3 follows immediately from

Ek[f(Z[m,n+1])|Z[m,n]] :Ek[f(Z[ n)) + %ll{n+ 1 —>m}|Z[m,nH
= B*[f(Z[m, n])|Z[m,n]] + FE[HEED ] 2fm, 0] G.1)
= (1+ 3;)f(Z[m,n]).

The corresponding calculation for Y is performed in complete analogy to (3.1), we obtain
E[f(Z[m,n+ 1])*|Z[m,n]] = (1+ ) f(Z[m,n])* + & f(Z[m,n]),
and thus

SHEY (n+ 1)|Z[m,n]] = (1+ 1) f(Z[m,n))* + £ f(Z[m,n) + (1 + 5) f(Z[m,n])
1+ 7)mY(n).

Division by (1 4+ n~!)n/m = (n + 1)/m now yields the martingale property. For strictly
concave f, we have Af(i) = f(i + 1) — f(i) > 1, for all i € IN, and the equalities in the
above calculations turn into inequalities yielding the submartingale property. O

By Lemma 3.1, foralln >m € Nand k € IN,

€(m,n) = 1:[1 (1 + %) € [\/Z (1+ 6(m)) %} (3.2)

i=m

where d(m) can be chosen such that lim,, .., 6(m) = 0. In the affine case {(m,n) =
f( ) E* f(Z[m,n]), in particular the score £(m, N) of a vertex m is asymptotically pro-
portional to its expected degree at time N. For the deviation from the affine case we
introduce the notation
E* f(Z[m, n))
F(m,n) = — T2 (3.3)
)= = em,m)
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Determining the magnitude of " is the first step towards the proof of Theorem 2.1. As
we will see later, it suffices to study the special case

k  « k

f(k):§+§m+ﬁ, for k > 0, (3.4)

with o > 0 and 8 = f(0) > 0.

Proposition 3.2 (First and second moment upper bound). Let f be an attachment rule
of the form (3.4). Then, for any k € IN, there exist constants C = C(k),C’' = C'(k) only
dependent on « and (3, such that for all pairs m,n € IN withn > m,

E*f(Z[m,n]) < C\/Z(l Vlog 2)”

and n )
E* f(Z[m,n])? < C/E(l Vlog &)™,

Proposition 3.3 (First moment lower bound). Let f be as in (3.4). Then, there exists a
constant ¢ > 0 only dependent on « and 3, such that for all pairs m,n € IN withn > m
and any k € NU {0}

EF f(Z[m,n]) > c\/Z(l Vlog )%,

We note that the two propositions together imply that there are constants 0 < ¢’ < C’
depending only on « and k, such that

¢ (1vlog )" <¢F(m,n) < C” (1Vlog 2)~. (3.5)

m

To prove Proposition 3.2 and Proposition 3.3 we need three auxiliary statements con-
cerning the properties of the attachment rule and the behaviour of the degree evolutions
Z([m,n])n>m. In particular, in [8] a scaling function ® is introduced to linearise the
degree evolutions with respect to logarithmic time. As a byproduct of [8, Lemma 2.1],
one obtains useful bounds for the degree evolutions.

Lemma 3.4. Let f be a concave attachment rule and g be given by
x

~ log(f (@)

then there is K = K(f) € IN, such that g is concave on {f(k),k > K}.

g(x) for x € {f(k),k € N},

Proof. By interpolation we can assume that f is twice differentiable on (0, c0) with
existing right derivative in 0. Let e denote the inverse of f, which is a well defined convex
function, since f is increasing and concave. The second derivative of g is given by

a(e'(x))*(loge(w) +2) — e(x) log e(x) (we” () + 2¢/(x))
e(z)?(log e())? ’
for z € [0,00). To see that ¢”(x) < 0 for large z, we note that ¢”(x) > 0 and ¢'(0) <

e/(z)(limy_ 0o Af(k))~!. As e(z) is bounded below by = — 1, the numerator in (3.6) is
non-positive for sufficiently large x. O

9" (x) (3.6)

Lemma 3.5. Let f satisfy condition (3.4) with a > 0 and set

|
—

O(x) Y %, x € NU{0}.

o
Il
o
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Then, for fixed m € IN, the process

|
—_

n

(®(20m.n) - %)nzm

i

]
3

is a martingale.

Proof. This is the first statement of [8, Lemma 2.1]. Note that in their notation

n—1
t—s= Z %, and Z[s,t] = ®(Z[m,n]).

i=m

Lemma 3.6. Let f and ® be as in Lemma 3.5. Then,

(i) the linear interpolation ®~': [f(0)~!, 00) —» [0, 00) of the inverse of ® exists and is
strictly monotone, in particular, for z > 1/f(0) and k € N,

O Ha) >k, ifz> d(k);

(ii) there are constants c¢,C' > 0, only depending on f, such that, for all x € N,

1
m \% (210g+x—2aloglog+x—c) < ®(x) < 2log, x — 2aloglog, x + C,
where log, y = log(y V 1) and loglog, y = loglog(y Ve),y € R.

Proof. For (i) note, that the attachment rule f is positive and strictly increasing, which
implies that A® = 1/f > 0 is strictly decreasing. Thus & is concave and strictly
increasing, hence its inverse is well defined, convex, strictly increasing and ®~!(y) = =,
if y = 377" 1/f(i). The claimed monotonicity is inherited by the linear interpolation.
To show (ii), we note that ®(x) > 1/f(0) is true for any x € IN and that

1 2 2a 1
16) R ilogi + O(i(logi)z)’
from which the statement follows by summation. O
Proof of Proposition 3.2. We begin with the first moment and note that, for n > n,
f(ZIm,n+1])) = f(Zlm,n]) + I{n+ 1 = m}Af(Z[m,n]))
and conditioning on Z[m, n] yields

f(2[m,n))Af(Z[m,n]))

E*[f(2[m,n +1))|Z2[m,n]] = f(Z[m,n]) + -

Taking expectations we obtain the recursion

Z Af(Z
E* f(Z[m, n + 1]) = B f(Z[m, n]) + BF L EL DA Elmnl) (3.7)
n
Note that for sufficiently large i, logi > log f(i) and hence
1 « 1 1 1 « 1

Af(i)==+= - <-4z : 3.8
f=5+5 (log(iJrl) (logi)(logiJrl)) =2 Ylog £(3) (3.8)
EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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We may thus fix ip such that f(i) > e? and (3.8) hold for all i > iy. For k > iy, it follows
that

B (2, i) A (2. ) < JB (2o, + e LEL )
The function x — x/(log ) is concave on (e?

,00), and we apply Jensen's inequality to the
second term in this sum and obtain

1 a E*f(Z[m,n))
E*f(Z Af(Z[m,n]) < =E*f(2 — : .
F(Zlm,n))Af(Z[m,n]) < SE"f(Z[m,n]) + 3 Tog BF f(Z[m,n])
Applying this bound to the right hand side of (3.7) yields, after division by E* f(Z[m,n])

E*f(Z[m,n +1])

1 «
BFF(Z[mon]) 20 T 2nlog B (Z[m )’ (3.9)

We can apply the lower bound in (3.2) to bound the denominator of the last term from
below by n(1V log(n/m)) to get

E* f(Z[m,n +1]) 1

EX f(Z[m, n]) = 1+%+m~ (3.10)

(67

Iterating both sides of (3.10) in n then yields

n—1

1 «Q
B pElmonl) < 50 IT (14 55 + 530,

-+ - .
Fted 20 §(1Vlog-t

m

and using the inequality 1 4+ = < e* we get

n—1 1 n—1 a
E* f(Z[m,n]) < f(k)exp <Z—ZmQZ +i_zmi(1\/log7fl))’

which implies

1 n—1 1 [em]—1 1 n—1 1
EF f(Z[m,n]) < f(k)exp [2 Zm; +a( :Zm - +Hzem] : Og%)]. 3.11)

We have

for some constant D. To handle the second expression in the exponent we observe that
feml=1;-1 < 11/6 and

n—1 n 1 n
1 = 1
Z i i S/ P dS"'CN:/ da:—}—C”:loglog%—kC’”7
i—[em] " log 7 em 7 108 7 . wlogx

for some absolute constant C”. Applying these estimates to (3.11) we arrive at

E*Z[m,n] < f(k)e 47" Dy [ (1v1og £)°,
proving the desired bound for C(k) = f(k)eC" +11e/6 D,

It remains to deduce the bound for the second moment. We argue as for the first
moment, conditioning as in the derivation of (3.7) yields a similar recursion for the
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function f(-)? in terms of f(-)? itself and the differences Af(-)? := A(f(-)?). In fact we
obtain

n—1 m. s s 9
B (2, n))? = f)? + 3 e 2 ])Asf(Z[ s)?

Since f is nondecreasing, we find that Af(k)? < f(k + 1)2Af(k) and thus

EF (2] < £k +2Esz< o) + D2AF(Elmosl) g

The function F(m,n) can be bounded in the same fashion as the first moment, we obtain,

forn >m,
E
(m,n—i—l)glJrl+ 2 ’
E(m,n) n - n(lVvlogX)

which implies E(m,n) < C'(k)( 1og(n/m))2an/m, and the second moment bound follows.
O

Proof of Proposition 3.3. By monotonicity, we only need to focus on the lower bound for
k = 0 and begin with the observation that the concavity condition on f implies that

Ef(Z[m,n]) > f(0) + s EZ[m,n]. (3.12)

To obtain a lower bound on Z[m, n], we begin by representing ®(Z[m,n]) = . T}l i1+
M,,, where (My,),>n is a martingale, using Lemma 3.5. Clearly,

E®(Z[m,n]) = ﬁ + i %,

and using concavity of ®, Jensen’s inequality implies that

®(EZ[m, n)) fi Z%

which yields, together with the upper bound on ¢ from Lemma 3.6,

(C +2logEZ[m,n] — 2alogloglEZ[m, n]) V0 > log 2

m

for some suitably chosen constant C' > 0. This yields EZ[m, n] > d/n/m(log EZ[m,n] v 0)«
for some small constant d > 0 and combining the last inequality with (3.12) we obtain

Ef(Z[m,n]) > f(0) + ;l\/Z(logEZ[m,n] v 0)?.

The expectation on the right can be bounded below by the expectation in the affine case,
for which a lower bound is implicit in (3.2). For all sufficiently large n > m we get

Ef(Zlm,n)) > £(0) + f (1Vlog 20

for some ¢’ > 0 and a further adjustment of the constant, which only depends on the
value f(0), yields the statement of the proposition. O

We close this section with two very intuitive stochastic domination results from [9]

which are instrumental in the proof of Theorem 2.1.
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Lemma 3.7 (Stochastic domination I, [9, Lemma 2.9]). Let f be concave and fix integers
m < ny < --- < n,;. The process (Z[m,n|),>n conditioned on the event {AZ[m,n;] =
0,7 =1,...,4} is stochastically dominated by the unconditioned process.

Proof. See [9, p. 18]. O

Lemma 3.8 (Stochastic domination II, [9, Lemma 2.10]). Let f be concave and fix
i,k € IN. For integersn; > --- > n1 > m > k + 1 there is a coupling of the process
(Z|m,1])i>m started in Z|m,m] = k and conditioned on {AZ[m,n;] =1Vj € {1,...,i}}
and the unconditional process (Z[m,!]);>m Started in Z[m, m| = k + i such that for the
coupled versions (Z©[m, ], 2 [m,l]);>m one has

AZOm, 1] < AZ@[m, 1] + Z 1{l =n;}, foralll > m,

Jj=1

and consequently
Z©[m,l] < Z2™[m,l], foralll > m.

Le. the unconditioned process initiated in k + ¢ dominates the process initiated at k and
conditioned to have jumps at times ny,...,n;.

Proof. The case ¢ = 1 is the original statement [9, Lemma 2.10] and proven there. The
generalisation to ¢ = 2,3, ... is obtained by a straightforward induction argument. O

3.2 Lower bounds for distances

The first moment estimates of the previous section now yield lower bounds on
the typical distances in a straightforward manner under the assumption of bounded
correlation for edges along any self-avoiding path.

Lemma 3.9 (First order lower bound on distances). Let Gy be a random graph with
vertex set [N] and assume that there are ky > 0 and Uy > 0, such that, for any
self-avoiding path P = (vy,...,v;), we have

-1

P(P C Gn) < kly [[P(v; < vj11) (3.13)
j=0
and
P(v ¢ w) < N forallv,w e [N] (3.14)
v v .
s ow =
where
liminf ky U log N > 1. (3.15)
N—o0

Then, for uniformly chosen vertices U,V € Gy,

log N
I IP(d U,V >[ ]):1.
Noso ~ )2 loglog N + log ¥y + log kn

Proof. We first observe that for any positive sequence (a;)$°, satisfying a;41/a; > 1+ 9,
for all « > 0 and some fixed § > 0, we can find a constant C' > 0 with

K
> a; < Cag, forall K € . (3.16)
=0

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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Let1 <! < L =L(N) = |logN/(loglog N +1log(kn¥n))] and P = (vg,...,v;) be self-
avoiding. Assumptions (3.13) and (3.14) imply that

li1—-1

(knTN)
P(P CGy) <kl —
‘]HO */UJUFH 2/ VoV ]1_[1 U7

For v, w € [N] and P;(v, w) denoting the set of self-avoiding paths of length [ from v to w,

P(dy(v,w) < L) §Z Z KJN\I/N i

By (3.15), the terms in the last sum grow at least exponentially in [ for all sufficiently
large N, so using (3.16) we infer the existence of an independent constant C' > 0 such
that
L
(HN\I/N log N)
Vowlog N

For any ¢ € (0, 1), the probability that one of the vertices U,V is smaller than /3N is
bounded by 2¢/3 and thus using (3.17) on the complement of this event results in

P(dn(v,w) < L) < (3.17)

P(dy(V,W) <L) < Y Pldy(v,w) < LP(V =0, W =w) + 2

>EN 3
L
(”N\PN log N) 2£ 3¢ _ 22 oLlloglog N+log(kn¥n)]—log N 2
eNlog N 3 elog N
3C n 2
“elogN 3’
and the proof is complete. O

The lower bounds on the distances in Theorem 2.1 can now be obtained by verifying
the assumptions of Lemma 3.9.

Proposition 3.10 (Lower bounds for PA). The preferential attachment model Gy with
attachment rule f of the form (2.1) satisfies

J B0 > (75 = 0) ) =1

for every § > 0 and independently and uniformly chosen vertices U,V € Gy.

Proof. Let P = (vy,...,v,) be a self-avoiding path along vertices in [/V]. By definition of
the preferential attachment mechanism P(P C Gy ) can be decomposed in the following
way: each edge (u,v) in P corresponds to a jump in the degree evolution of the vertex
u A v and since P is self-avoiding, any given degree evolution can feature at most
twice in the formation of P. Moreover, if a degree evolution is used twice, then it is
used to obtain two consecutive edges of P. By independence of the degree evolutions,
P(P C Gn) therefore must factorise into terms of the form P(u — v < w) and P(u — v),
corresponding to two jumps and one jump of the repsective degree evolution. To obtain a
bound on P(u — v + w) fix v < u < w. By Lemma 3.8, the process (Z'[v,n]),>v, started

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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at Z’'[v,v] = 1 and evolving according to the law of an unconditioned degree evolution,
stochastically dominates the process (Z[v,n]),>, conditional on Z[v,u] = 1 and hence
P(AZ[v,w] = 1|AZ[v,u] = 1) < PYAZ[v,w] = 1).
We obtain
P(u— v+ w) =P(AZ[v,w] = AZ[v,u] = 1) < P(AZ[v,u] = )PH(AZ[v,w] = 1),

and in combination with Proposition 3.2 this shows that the edge correlation bound
(3.13) is satisfied with ky = C5.2(1)/C3.2(0). According to Proposition 3.2, we also have

)OL

<l

Ef(Z[v,w]) < C3.2(0)(log
w - Vow

and thus the bound (3.14) holds for ¥y = C35(0)(log N)¢, in the case where the attach-
ment rule f is of the form (3.4). For such f the distance bound follows therefore for any
choice of § € (0, 1) immediately from Lemma 3.9.

For f of the more general form (2.1), we note that f > f implies that the respective
networks satisfy Gy > Gy stochastically for all N € IN, where > is the partial order given
by inclusion on the edge sets of graphs with the same vertex set, so that distances in Gy
dominate those in Gy. By (2.1), for every € > 0, there is ky € IN such that, for all £ € INg,

Pw —v) =

k a+e k -
k) < f(k -4+ ———— =: f(k).
PO < S (ko) 5+ S5 gy = T 8)
Choosing ¢ suitably in dependence on ¢ thus allows to deduce the bound for general f
from the special case treated in the previous paragraph. O

4 Proof of upper bounds - preferential attachment

To prove the upper bound of Theorem 2.1 we need to find short paths connecting
two uniformly chosen vertices, say U and W. We use the concept of an inner core:
we will show that with high probability U and W have at most distance (1 + o(1))(2 +
2a) "1 log N/loglog N to a small set of vertices that has uniformly bounded diameter, see
for instance [5, 10] for similar ideas.

Starting from a uniform vertex U € Gy we perform essentially a breadth-first search,
a precise definition of the exploration algorithm is given below. Roughly speaking, at
each exploration stage k the set of vertices at distance k from U is assessed using
the the score ¢ introduced in Lemma 3.1, i.e. foraset V C [N] and p € IN we call
EP(V,N) :== > cv &(v, N)P the total p-score of the set V. The proof is based on the
following three auxiliary results.

* By a local approximation argument we first show that with high probability either
the local exploration around U will quickly lead to a configuration with a high score
or the vertex is in a small component, see Proposition 4.1.

¢ Using moment estimates we show that starting in a configuration with sufficiently
high score, the score will quickly grow from generation to generation with high
probability, see Proposition 4.12, until we find a configuration with score exceeding
VN (log N)2+2,

« Finally, we show that a subset with score exceeding vV’ N /N22+2 is with high proba-
bility connected to a dense subgraph among the oldest vertices. This subgraph is
of bounded diameter, see Proposition 4.14.

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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Recall our notations (-, -) and ¥*(-, -), introduced in Lemma 3.1 and (3.3), respectively,
which are repeatedly used throughout the following sections. If the graph size N is
fixed, we also write £(+), 9" (-) for £(-, N),*(-, N) for ease of notation. Note that, for
m <n < N, (3.2) allows us to appproximate the ratios £(m,n)/n as

{(m,n) _ &£(m)¢(n)
n N ’
we use this approximate factorisation frequently in subsequent proofs. Here and through-

out the article, ‘f1(-) = f2(-)’ means that the ratio of the functions f1, f2 is bounded away
from 0 and oo uniformly in all arguments.

4.1 Local approximation results - initial phase

A configuration e associates with every vertex a state in the set {veiled, active, dead},
and with every potential edge a state in the set {0, 1, unknown}, the state ‘unknown’
capturing the absence of the information whether an edge is contained in Gy or not.
The graph associated with a configuration consists of the vertex set [N] and all edges in
state 1. The score of a configuration is the cummulative score of all active vertices in the
configuraton.

We now describe the exploration process that we follow in the initial phase as well
as the main phase. Its definition uses a non-increasing sequence (¢ )ren of truncation
levels, which are set to /;, = 1, for all £ € N, in the initial phase. The exploration is an
inhomogeneous Markov chain (£;)ren on the space of configurations, which we define
on the probability space associated with the random graph Gy. We assume that we start
with an initial configuration &, and the graph associated with this configuration is a
tree.

In the kth exploration step we go through all active vertices in &1, starting with
the vertex of smallest label and proceeding in increasing order of labels until all active
vertices are treated. For each such vertex v we

1. inspect all potential edges connecting v to veiled vertices in {¢,..., N};

2. If the edge does not exist in Gy its state becomes 0 and the veiled vertex remains
SO;

3. Ifit does exist in G its state becomes 1 and the veiled vertex is declared pre-active.

Once all active vertices are explored, they are declared dead, the pre-active vertices are
declared active and the exploration step ends. Note that, if we start with a configuration
associated with a tree, the configuration at the end of an exploration step is again
associated with a tree. We call such configurations proper. The sets of active, veiled and
dead vertices of e are denoted by active(e), veiled(e) and dead(e), respectively.

The following proposition (and nothing else in this paper) relies on a coupling of local
neighbourhoods in Gy with the ‘idealised neighbourhood tree’ introduced in [9, Section
1.3]. The probability that this tree is infinite is denoted by p(f). It coincides with the
asymptotic proportion of vertices in the connected component of a uniformly chosen
vertex, and hence with the probability that such a vertex is in the giant component.

Proposition 4.1. Suppose U € Gy is uniformly chosen, determining an initial configura-
tion in which U is active, all other vertices are veiled and all edges are in state unknown.
Denote by §(V') := ", oy &(v) the score associated with a set V' C [N] of vertices. Given
e > 0 and sg > 0 there exists kg = ko(so, ) € IN, such that, for sufficiently large N, we
have

IP(there exists some k < ko and a set A C active(&y,) satisfying {(A) > so &(min A))
> p(f) —e.

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
Page 14/38


http://dx.doi.org/10.1214/17-EJP92
http://www.imstat.org/ejp/

Distances in critical random networks

As the proof of Proposition 4.1 is obtained by application of the results of [9] and is
therefore not self-contained we defer it to Appendix A.

4.2 Score growth - main phase

Our next goal is to fix a sequence ({)r>1 which guarantees that the score of en-
countered configurations during an exploration of the giant component grows with high
probability at a certain deterministic rate. We rely on a careful analysis of the exploration
process and the following concentration inequality.

Lemma 4.2 (Lower tail bound for independent sums, [6, Theorem 2.7]). Let I be a finite
set and (X;)es be independent, nonnegative random variables. Then, for any A > 0,

)\2
IP(ZXZ» <Y EX - ,\) <e TierBX7
iel iel

We start the main phase in a proper configuration &, with the property that the score
of the set A of active vertices in the configuration satisfies {(A) > so&(min A) from some
so to be specified later. From this initial configuration we restart the exploration process
(& k € IN) using a new truncation sequence ({;)ren. As before, each & is a proper
configuration. While obtaining gradually more information about Gy, we need to control
the correlation between discovered edges. This is done in the following two lemmas,
which provide upper and lower bounds on conditional jump probabilities of a degree
evolution Z[m, -] given disjoint sets I, I of times at which Z[m, -] is known to jump or to
stay constant, respectively.

Lemma 4.3 (Lower bound for conditional jump probabilities). For every k € IN there
exists ng € IN and a constant C(k) > 0 such that for every no < m < N, and disjoint sets
Iy, c{m,...,N — 1} with #I; <k —1 and

m)e(ly) < C(R) W(Z)N)

the events A; := {AZ[m,l] = 1{i =1} foralll € I;}, fori € {0,1}, satisfy
P(AZ[m, j] = 1|Ao, A1) > $P(AZ[m,j] =1|A;) forallj € {m,...,N —1}\ L.
Proof. Letj € {m,...,N —1}\ Iy. We have
P(AZ[m,j] = 1,AZ[m,l] = 0 VI € Iy| A1)
= P(AZ[m, j] = 1|A1) — P(AZ[m,j] =1, 3L € Iy : AZ[m, ] = 1|A;)
> P(AZ[m, j] =1|A)) = > P(AZ[n,j] = AZ[m, 1] = 1|Ay).

lely

(4.1)

(4.2)
The last sum can be rewritten
> P(AZ[m, j] =AZ[m, 1] = 1|4;)
lely (4 3)

= P(AZ[m, j] = 1|A1) Y _P(AZ[m,1] = 1|A;, AZ[m, j] = 1).
lely
The conditioning event in the last sum involves at most k& jumps. We may apply Lemma 3.8
to move them to the start of Z[m,-] and then the estimates (3.5) and (3.2) to obtain a
constant C'(k) such that, for alll € Iy,

P(AZ[m, 1] = 1|A1, AZ[m,j] = 1) < PF(AZ[m, ] = 1) = w
¥*(ng, N)E(m)E()
. .

(4.4)

IN

C(k)
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Inserting (4.4) into (4.3) in combination with (4.2) yields

P(AZ[m,j] = 1,AZ[m, 1] =0 VI € Ip|A;)

)

> P(AZ[m, j] = 1|41 (1 - C(k) W”O,Ngé(m)f(lo))

and using (4.1) yields the statement. O

Lemma 4.4 (Upper bound for conditional jump probabilities). For every k € IN there
exists ng € IN and C > 0, such that forng < m < N and Iy,I; C {m,...,N} disjoint
satisfying (4.1) and #I, <k,

P(AZ[m,j] = 1|A1, Ag) < CP(AZ[m,j] = 1|4,), forallje{m,....N—1}.

Proof. This is a modification of [9, Lemma 2.12]. We have

P(AZ[m, j] = 1]A1)
P(Ag|A1) ’

P(AZ[m, j] = 1|4o, 41) <

so it suffices to bound P(Ap|A;) uniformly from below. Since #I; < k, we get by
Lemma 3.8,

P(AZ[m,j] =0VY] € Io|AZ[m,j] =1Vj € I) > P*(AZ[m,j] =0Vj € Iy). (4.5)
Denoting ¢ = min Iy, we obtain
PF(AZ[m, j] = 0Yj € Io) =P"(AZ[m, j] = 0Vj € Io \ {i}|AZ[m,i] = 0)

x PF(AZ[m,i] = 0)
>PH(AZ[m, j] = 0Vj € Ip \ {i})P*(AZ[m,i] = 0),

using Lemma 3.7. Iteration yields

PMAZ[m,j]=0Vj € o) = [ PMAZ[m,j]=0) = [] (1 - JE* F(ZIm. ). (46
j€lo j€ly

and inserting (4.6) into (4.5) yields
P(AZ[m,j] = 0Vj € Io|AZ[m,j] =1Vj € ) > [ (1 - B f(Z[m, 4])). (4.7)
j€lo

Choose ng large enough such that ng < m < j implies j7'E¥ f(Z[m,j]) < 1. It is now
possible to find ¢ > 1 such that —log(1 — j7'E*f(Z[m, j])) < ¢j 'E* f(Z[m, j]). Thus,
taking the logarithm in (4.7), we bound, using (3.2), for some constant C' > 0,

—10g]P(A0|A1) < Z %Ekf(z[m,j]) —c Z wk(mvjj)g(m7j) < Oé.(m)wk(?\lfv N)g(IO),
Jj€lo j€Iy

and the last expression is uniformly bounded by (4.1). O

To choose ({)r>1 suitably, we need to understand how the choice of cutoff points
influences the growth of the score. To this end let £ denote a configuration obtained
after some stage of the exploration process, V' C veiled(£) and consider the random
variable

S(V)=£6{v eV v active(€)}) =&({v € V : Ja € active(€) : v < a}).
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The inclusion-exclusion principle yields the lower bound

V) > Z &(v) Z Ha < v} — Z &(v) Z I{a + v < b}. (4.8)

veV a€active(&) veV a<b
a,bEactive(€E)

To derive bounds on the probability that the term after the minus sign is positive, we
define the events

A1(V, &) :={Fv e V;a < bja,bc active(§) : AZ[v,a— 1] = AZ[v,b—1] =1},
A (V&) :={Fw € Via < b;a,b € active(€) : AZ[a,v — 1] = AZ[b,v — 1] =1},
A3(V, &) :={Fw € Via < b;a,b € active(E) : AZ[a,v — 1] = AZ[v,b— 1] = 1}.

Recalling that £2(A) = Y, . 4 £(v)? for A C [N], we obtain the following bounds:

Proposition 4.5 (Collision probability). Let e be a proper configuration and V' C
veiled(e) such that, for some fixed k € IN and no = no(k) as in Lemma 4.4,

N

&(min V)& (active(e) U dead(e)) < C'(k) 205 (ng. V)’

(4.9)

Then there is a constant C > 0, depending only on f and k, such that

)2a+1 &(active(e))? — £2(active(e))
N )

N
min V Amin(active(e))

]P( CJ Ai(V,S)‘E - e) <C(1Viog
=1

Proof. Repeated use of the union bound yields

P(A(V,E)E=e) <> > PAZpa—1]=Zvb-1] =1 =e)

vEV a,beactive(e)
a<b

To drop the conditioning, we first use Lemma 4.4 to remove all dependencies on non-
existing connections given by e and then Lemma 3.8 to move the jump of Z[v, -] to the
start. Note that we are allowed to do this as condition (4.9) and the monotinicity of
¢ ensure that (4.1) is satisfied, since certainly active(e) U dead(e) contains the set of
continuity points Iy appearing in the conditioning of Z[v, -].
P(AZ[v,a—1]=AZv,b—1] =1/ =e)
=P(AZ[v,b-1] =1 =e,AZ[v,a— 1] =1)P(AZ[v,a — 1] =1|E =€)
< CLPYHAZw,b—1]=1)P(AZ[v,a—1] =1)

Using Proposition 3.2 yields a constant C, such that
P(AZ[v,a —1]
(log 2 v 1)*(log & v 1)~
vvab
(log% vV 1)*(log 2 Vv 1),

<Ci,C
£(a)€(b)
vIN

<B

where the last inequality follows by using (3.2) and combining all occurring constants
into B > 0. Hence, with vg = minV/, we get

PV, E)E =€) < Tloa Ly 1™ 31 S eaelh).

Uev a,bEactive(e)
a<b

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
Page 17/38


http://dx.doi.org/10.1214/17-EJP92
http://www.imstat.org/ejp/

Distances in critical random networks

For A;(V, &) we need to take into account that, for a € active(e), Z[a, ] may only be
conditioned to have at most one jump. This holds since e is proper, i.e. the active and
dead vertices of e together with the explored edges form a tree implying that exactly one
edge incident to a has been explored. Using this fact to derive an upper bound on the
number of jumps appearing in the conditioning of Z[a, -], a similar calculation as above
yields

PA(V.EE=e) < e Xv1® L ST caen)

’UEV a,bEactive(e)
a<b

for some B’ > 0 and a¢ = min(active(e)). Analogously, we obtain

P(V.E)E=e) < 2 log 2o v 1™ L S c(agen)

veV a,bEactive(e)
a

for some B” > 0. Setting B"" = max(B, B, B”) these three estimates together with the
union bound yield

]P(OAZ»(V,S)‘S - e) <
i=1

which implies the claimed upper bound. O

"

(log ao/\vo Vv 1)%*(&(active(e))? — €2 (active(e Z -
UEV

Remark 4.6. Note that we only use the that e is proper to make sure that an active
vertex has at most one explored adjacent edge. Our proofs still work, if we drop the
requirement that the explored subgraph is a tree and replace it with the requirement
that its indegree is bounded in N.

Proposition 4.5 allows us to ignore the second sum of (4.8) outside a set of small
probability. Decomposing the first sum of (4.8) according to the orientation of the
occuring edges yields

Yot Y Maewr=> Y c@Hvea+ DD E@)a v}

veV acactive(€) vEV a€active(E) acactive(€) veV
= SS(V)+ 57 (V).
Setting
X, = Z E){v+a},veVandy, = Z &(v)I{a + v}, a € active(E),
a€cactive(€) veV

we note that due to the independence of indegree evolutions S<(V) = > ., X, and
S7(V) = X seactive( ¢) Ya are independent and both are sums of elements of the collection
{Xy,Ya: v €V ,a€ac€ active(§)} of mutually independent random variables. In order to
apply Lemma 4.2 we determine moment bounds for X,,,v € V, Y,,a € active(&).

Proposition 4.7 (First and second moments of vertex scores). Let e be a proper config-
uration and V' C veiled(e) such that (4.9) is satisfied for some k € IN.

(i) There are constants 0 < ¢,C' < oo depending only on f and k, such that forallv € V

£(v)°
E X»U £ = > 1 a /1)« 410
[Xol€ =e] = =5 Z() ¢(a)(log 2 V1) (4.10)
Ta>v
and
20 _ o] < 2( (log 2V1)“(log Lv1)® M).
FlXIE =] = Cel) \ Z , vVab + Z Vi 4.11)
R RO
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(ii) There are constants 0 < ¢,C < oo depending only on f and k, such that for all
a € active(e)
E[Y,|E =¢] > R0 Z £(v)?(log & v 1)~ (4.12)

veEV:
v>a

[Yz‘g—e <C( Z f (log \/1(3 Jz)g w\/1)* +Z§ 2(log V1) )

v,weV: veEV:
'U,w>a‘ vFwW v>a

and

(4.13)

Proof. As X, is a constant multiple of a sum of indicators, its first conditional moment is

() Y. PAZpa-1=1=e) > %{(v) > PAZ[p,a-1]=1)

a€active(e) a€active(e)

3 (log g V1) _ ¢(v)? a
> Tf(v) Z Ja Z ey Z §(a)(log § v 1)%,
a€active(e): a€active(e):

a>v a>v

where we have used Lemmas 4.3 and 3.7, Proposition 3.3, (3.2) and chosen some
appropiate constant ¢ > 0. A similar calculation for the second moment relies on
Lemmas 4.4, 3.7 and 3.8 and Proposition 3.2 and reads

§w)? ). PAZp,a—1]=AZ[p,b—1]=1|€ =e)

a,beactive(e)
= £(v)? Z (P(AZ[v,aVvb—1]=1|€ =e, AZ[v,aAb—1] =1)
a,beactive(E)
x P(AZ[v,anb—1] = 1€ =e))
<CI? ) PHAZ,avb—1]=1)"PIPAZv,and—1]=1)
a,beactive(e)
log 2 v 1)*(log 2 v 1)* (log ¢ v 1)~
< 02 02 v 2( ( v v + v )’
B - 326( ) a,be;e(e): ,U\/% aea;ve(e): v va

a,b>v, a#b a>v

This establishes (i). Turning to (ii) we obtain firstly, for some appropriately chosen ¢ > 0,
EY.|€ =e] =) {u)P(AZ[a,v—1] = 1|€ =e)

veV
1 v «
>3 EP(AZ[a,v—1]=1) >cf(a) > —(log 2 v 1)7,
veV veViv>a

where we have used Lemmas 4.3 and 3.7 for the first inequality and Proposition 3.3 and
(3.2) for the second. Secondly, analogous to the second moment calculation for (i) we get

E[Y2|E = e]
= ) & P(AZ[a,v—1] = AZ[a,w—1] =1 = e)
v,weV
= Zf P(AZ[a,vVw—1]=1|E =e,AZ[a,v Aw—1]=1)
v,weV
x P(AZ[a,v Aw—1] = 1|€ = e))
<Ciy Y EEP(AZ[a,vVw — 1] = )PP AZ[a, v Aw - 1] = 1)
v,weV
log 2Vv1)“(log ¥ Vv1)* log 2Vv1)®
<CLC3a( ) E(w)e(u) PEETIEEIT N e (BT ),
vrioba, it e
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and the claim follows. O

The lower bounds (4.10) and (4.12) now imply, that for e,V chosen as before
E[S<(V)+ S~(V)|E = €]
> calnfcui Z I{v < a}é(v)?&(a)(log & v 1) + 1{v > a}é(v)?E(a)(log 2 v 1)

a€active(e)
veV

>c Y f(a)z (1gngv1) (4.14)

a€active(e) vEV

for some small ¢ > 0. The factor 3°, .\, v~ (log((a V v)/(a Av)) V1) in the last sum is
large as long as the set V is sufficiently dense in [/N]. In fact, the following instance of
the pigeonhole principle applies, which is proved as Lemma A.2 in Appendix A.

Lemma 4.8. There aren € (0,1) and ¢ > 0 only depending on « such that for any choice
of A C {[2¢%],...,N} and vy < mier;A A NN satisfying

(log gz V1)"€%(4) < gN(log%)aH, (4.15)
we have, for V = {vp,...,N}\ A and anya € A,
S (o 22 v 1) 2 S (log )™, (4.16)

veV
if N is suffciently large.
We summarise our observations in the following lemma.

Lemma 4.9 (Concentration of score). Let e be a proper configuration with a9 =
min(active(e)) and let vy < (ag/e*) A nsgN such that V = {vg,..., N} N veiled(e) sat-
isfies both (4.9) for k = 2 and (4.15) for A = active(e). Then there exists a constant ¢ > 0
such that, for all 8 € (0,1),

P(S(V) < (1 — B)<e14es (log X)* e (active(e))|€ = e)
. active 2 active o vg)) 2 2
< cxp (- i [ S, S (1 )

)2a+1 &(active(e))? — £2(active(e))
N .

Proof. On the complement of the event A := A;(V,&) U A5(V,E) U A3(V, E) we choose

+C45(10g V1

A = ploances (1og N) e (active(e)),
set d = cu.14)c4.8/2, and note that by (4.14),
P({S(V) < (1 - B)d(log )" ¢ (active(e))} N A|E = e)
<P({S(V) <E[S(V)I€ = ] — Bd(log X)*¢(active(e))} N A€ = e).
Applying Lemma 4.2, we obtain

P({S(V) < (1 - B)d(log X)* ¢ (active(e))} N A|E = e)

- 242 (log ££)2+2¢ (active(e) ) (4.17)
<exp ( — )

2 ZUGV E[leg = e] + ZaEactivC(e) E[Ya|€ = e]
EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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and by (4.11) and (4.13), the sum in the denominator can be bounded

Y EXJE=el+ > E[YJE=¢]

veV a€active(e)
log 2Vv1)*(log 2v1)® (log a\/l)
< 2( (log 3 v
< Cuain Z &(v) Z | = + Z (£.18)
veV a,beactive(e): acactive(e):
a,b>v, a#b a>v
(log v Vl)"‘(log w Vl)"‘ 2 (log z \/1)"‘
+Carn Y (D E@)(w)tE + 3 g e,
a€active(e) v,weV: veV:

v,w>a, vEW v>a

We now calculate bounds for all the terms appearing on the right hand side of (4.18).
Observe that, for some appropiately chosen constant D; > 0, by (3.2)

L (log 2Vv1)*(log £v1)* N\ 2« D, f(a)g(b)

p1(v) = E, ov/ab < (log 35) " = E: N
a,bcactive(e): a,bEactive(e):
a,b>v, a#b a,b>v, atb

and similarly, for some Dy > 0,

p2(v) = Z W < D2<]0g %)aw

acactive(e):
a>v

Combining the two estimates just obtained repeated use of (3.2) yields

D EWPo)+ ) E(v)pa(v)
vEV veEV (4.19)
1 2a . « . ’
< Dmax {U—O(log ) ¢(active(e))?, (log 2F) §(vo)£(actlve(e))}
for some D > 0, using ZvEV E(w)?/v = O(N Zi\/:vo v™2) = O(N/vp) for the first sum,
ey E@)F = O(N3/2 0 Lo V2) = O(N®/2/1y!/?) for the second sum, and finally
x4y < 2(x Vy). Next, we obtain in a similar way, for some D3 > 0,

log 2Vv1)*(1 V1) 20 N 1
p3(a) = E (v (Og 3 (vfug "< D3(log %) - E —
vwWEV: a vwWEV: vw
v,w>a, vAW v,w>a, vAW

and for some Dy > 0

t\:\w

pala) =Y )2 < Dy (log

veEV:
v>a

Z

ev:
>a

%\2

cc

Consequently, mirroring the derivation of (4.19), we obtain

Yo mlat Y pala)

a€active(e) a€active(e) (4.20)
< D' max { (log 2)**"?¢2(active(e)), (log ) "¢ (vo )¢ (active(e)) },

for some D’ > 0. Applying (4.19) and (4.20) in (4.18) yields a bound on the denominator
in (4.17) from which the exponential term in the conclusion of the lemma is obtained.
To conclude the proof it remains to note that the second term in the conclusion of the
lemma is the bound on the probability of the occurence of A;(V,&) U Ax(V,E) U A3(V, E)
obtained in Proposition 4.5. O
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As a consequence of Lemma 4.9 we are able to bound the growth of the score from
below as long as the total score of the explored vertices is not too large. To this end
define, for given so > 0 and &, € (0, 3),

/N 0 a
{}, := max {n € [N]: 1 \ioloogk‘ H 6(414)648 .L') +1} forallk > 1. (4.21)

If the maximum in the above definition is taken over the empty set, we let {;, = 1.

Remark 4.10. Note that ¢}, is defined in such a way that, up to a factor of order logk,
(€(fx))k>1 mimics the superexponential growth of (Sy)i>1 described in Lemma 4.9. It is
precisely this property of ({),>1 which makes them the correct truncation points for
our exploration.

Denoting by K. := K, (N) the first index k for which {1 = ), we check that (¢ )r>1
satisfies the following decay condition.

Lemma 4.11. Forany a > 0,0 € (0,2« + 2) let
ko(0,c) = min {k >3 :6logk > (2a+2 —d)klog (1 + 4) + 1}
then
0, < Ne~(Rat2=0)(k=ko)logk  for al] ky < k < K,(N).
Also, there is a constant ¢ > 0 depending only on sy such that

0, > cNe~(Aatd)k(Viogk) = o1 a]] k.

A verification of Lemma 4.11 is provided in Appendix A, see Lemma A.3. We conclude
this section with the central result on the growth of the score in the truncated exploration.
While Lemma 4.9 states that with high probability the total score of the active vertices
grows by a factor close to (log N)®*! in every exploration step, the next proposition
states that with high probability we may iterate the estimate of Lemma 4.9 and indeed
reach a large score after O(log N/ loglog N) stages.

Proposition 4.12 (Score growth). Lete,n > 0 and set

K= Kzaiz +”> 102)5;5;1\71

Then there are sy(e) > 0,00(¢) € (0, 3) and No(e,n) such that

VN
(1 og N)a—‘rl

]P(f(actwe(é‘K) Udead(&k)) < ) <eg, forall N > Ny,

where (&) >0 is the exploration in Gy with truncation ({x),>1 as in (4.21) that is started
in a proper configuration &, satisfying &(active(&y))/&(min(active(&p))) > so.

Proof. We first note that, for fixed n > 0, K, < K for all sufficiently large N by the first
statement in Lemma 4.11. We wish to iteratively apply Lemma 4.9 until £ < K,(N) is so
large that the second conclusion of Lemma 4.11 allows us to establish the lower bound
for ¢(active(Ex) U dead(Ek)). To this end let, for k > 0,

Sk := &(active(&r)), Hy := &(active(&) U dead(Er)), ax := min(active(&y)),
and furthermore
VN }
(log N)ott -
To accomplish this, we need to bound the total probability of error which arises by

repeatedly applying Lemma 4.9. The proof is complete once we have verified the
following three claims:

Ko := Ko(N) := min {k CHy, >

EJP 22 (2017), paper 77. http://www.imstat.org/ejp/
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(i) For given ¢, §p we may choose sy > 0 such that, for all sufficiently large N, the con-
figuration &, and ¢; satisfy the conditions of Lemma 4.9 unless K, = 0. Additionally,
with probability exceeding 1 — v;, for v; := 6¢/(272) we have, for all sufficiently
large N,

Sl > C(4.12C4.8 (log %)a+150-

(77) Conditional on k < Ky A K, and &;,1 < j <k, satisfying
c c a+1
Sj > (4.12 4.8 (10g %) Sj—l;

the configuration & and /j; satisfy the conditions of Lemma 4.9. Consequently,
we can find ~;, > 0, such that with conditional probability exceeding 1 — v, we have

€4.14)C4.8

Spy1 > WIS (o

N a+1
£k+1) Ska

and thus K, > Ko > k + 1.

(79i) 6o = do(e) may be fixed in such a way that (yx)r>1 from (i) and (ii) satisfies
SF k< eas N — oo for any L = O(log N (loglog N)~1).

Note that (y%)r>1 serves as a proxy for the probability that in exploration step k£ + 1 the
exploration process violates the conditions of Lemma 4.9.

Proof of (i): If Ky = 0, then there is nothing to show. Let K, > 0. Given Jy, the
condition ¢; < ag/e? is satisfied by choosing sy sufficiently large. The conditions ¢; <
n4.8N, (4.9) and (4.15) are now implicit in the assumption Ky > 0, for all sufficiently
large N. Application of Lemma 4.9 with § = % yields

]P(Sl < GIns (og %)aﬂf(active(&)))) < e 0 4 o(1),

as N — oo, thus, after possibly increasing sg again, (¢) holds.

Proof of (ii): Assume that K, > K, > k and note that this implies &(/;4;) < V/N.
By definition of the exploration we have a; > /;. By Lemma 4.11 and the definition
of ({x)r>1, the network size N can be chosen so large that (¢;);>1 decays faster than
(e7?F)g>1 for all k < K.(N). In particular ¢;1 < ax/e? holds. As in the proof of (i),
Ky > k implies that (4.15) is satisfied and also, using &({x+1) < V/N, (4.9) must hold.
Hence we may again apply Lemma 4.9 with § = % to obtain that, conditionally on &,

P(Sk+1 < C(4.1£ZC4.8 (log N )D‘Jrlsk)

L1
c . S2 Sk (log(N£; L, ))et? _
< exp ( - mm{g(activke(gk))’ - gg(ekﬁ)l ,€k+1(10g(N5k+11))2})
2
N 20415,
+ C4,5(10g T V 1) N
= Ay +T%. (4.22)

The conclusion K, > Ky > k + 1 holds if

N )a+1Sk,

C(4.14)C4.8
Spy1 > LS (o0 o

as Si+1/Sk > €(lr+1)/€(Lr), by choice of the defining recursion (4.21) for the truncation
(Ck)p>1-

Proof of (iii): It remains to bound the random terms Ay + 'y, k < K\, appearing in
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(4.22) by some deterministic sequence -, with the desired summability property. We
start with I';.. Since S, < Hg,, we get

sz _c©
T}, < Cys(log N2t 2k < 45
k < Cas(log N) N ~logN’

thus Zﬁzl Iy = O((loglog N)~1) for L = O(log N(loglog N)~1!). To bound A, we analyse
the three terms under minimisation separately. Since z ~— z(log(N/xz))? is strictly
increasing on [1, N/e?], the deterministic rightmost term satisfies

Cir1 (1og(N/i1))? > (log N)2.

By definition of (fk)k21 and (3.2) there is some constant ¢, independent of k, N and ¢,
such that (01 1) < c(log(N/€1))*T1€(4,) and thus

Si(log 777)*"  Sp(log 775)**? Sy

S(Zk—i-l) = C(log Eﬁk)a+1§(€k) Z Cﬁ(gk)

Since

> (u) < &ar)Sk < E(k) Sk,

u€active(Ex)

we also have

S? Sk
> .
& (active(&x)) — &(4k)
On the conditioning event of (ii), we have
b carne 1
St = so [T =" (log )7 (4.23)
i=1
and thus g ,
k C
> (1Vlogk)—,
§(lk) — ( & )50

for some constant ¢/ > 0. Combining all estimates we obtain, for some ¢” > 0,

—c" (7(1\/(1;(? k) A(log N)Q)

Akge

This implies that by choosing d, small enough we may obtain A, < (6¢/(27%k?)) Vv
N—<"log N and the last claim is proved. O

4.3 Connectivity of high degree vertices

We now provide a connectivity result for those vertices in Gy which have a very high
degree. This sprinkling-type argument is close in spirit to the proof of a diameter result
for the ‘inner core’ of a different preferential attachment model in [10].

Fix a sequence (My)nen of positive integers satisfying log My = o(log N). We will
now define a random subset Cy C [N] of size at most My which has small diameter in
Gn. To this end, fix ¢ € (0,1) and associate N € IN with N. = [(1 + &)~ !N]. Assuming
that N is sufficiently large such that My < N. we call the elements of the random set

Cy={v=1,...,My: f(Z[v,N.]) > LEf(Z[My,N.])} (4.24)

core vertices of Gy. The subgraph of Gy induced by Cy is denoted by corey. We show
below that the diameter of corey is bounded with high probability, but first we provide
an estimate for the number of vertices in Cy.
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Lemma 4.13 (Size of corey). There exists a constant ¢ = ¢(¢) > 0 such that
#CN > cMy, with high probability as N — oo,
where Cy is as in (4.24).

Proof. Note that by the Paley-Zygmund inequality one has for v € [My/]

P(f(Z[v, N.]) = LEf(Z, N.))) = (ELED V)

BTN AR

By Propositions 3.2 and 3.3 there exists p* > 0 such that for large N € N, p(v, N) > p* for

all v < My. Since further the degree evolutions (Z[v, ] : v =1,..., My) are independent
and Ef(Z[v, N.]) > Ef(Z[Mn, N,]), for all v € [My], we conclude that
#CN

—— > p*/2, with high probability.
My

O

Proposition 4.14 (Diameter of corey). Let corey be the subgraph of Gy induced by
Cy given in (4.24) and My = |(log N)£| for some R > 0. Then, with high probability as
N — oo we have

R
diam(corey) = max dy(u,v) < max (6, {—J + 2).
u,veCN (6]
For the proof of Proposition 4.14 we use multinomial random graphs. This random
graph model depends on three parameters: a finite set of vertices V), an iteration number
t and a success probability » > 0 with

V@V -1
2
The corresponding multinomial random graph is an undirected multigraph that is con-
structed as follows. We denote by A(v, w) the random number of edges that connect two
distinct vertices v and w of V. An M(V,t,r)-graph (V, A) is obtained by choosing

(A(v,w) : v < w distinct vertices of V)

multinomially distributed with ¢ draws and identical success probabilities r. Note that
we do not assume that rw = 1 which means that formally the random vector has
to be extended by a dummy variable which gets the remaining mass.

Recall that the sum of two independent multinomial random variables with iden-
tical success probabilities is again multinomial. Hence the sum of two independent
multinomial random graphs with identical sets of vertices and success probabilities is a
multinomial random graph with the same success probability with the number of draws
being the sum of the two draw parameters. We will make use of this fact in the proof of
Proposition 4.14 below.

Lemma 4.15. Let (V, A) ~ M(V,t,r) with rt > #V*~! for some p > 0. Then, with high
probability as t — oo, the diameter of (V, A) is bounded by max(3,|1/p| + 1).

Proof. The detailed argument is given in Lemma A.2 and Proposition 3.2 of [10]. We
give a brief outline here: First one shows that the diameter of (V, .A) is bounded by the
diameter of the uniform random graph G, (#V,m) with #V vertices and m = m(t) edges,

where VY — 1
m(t) = [Wu il fr)t)—‘.
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The graph G, (#V,m) is in turn asymptotically equivalent to the classical Erdds-Rényi
graph G(#V,p) on #V vertices with edge probability p = p(t) given by

p(t)=-(1-(1-=r)"). (4.25)

N =

The well known diameter result for dense G(n,p), see e.g. [2, Corollary 10.12], states
that G(n, p) has with high probability diameter d > 3 if

1
lim oen _ 3loglogn = oo, (4.26)
n—oo d
lim p@nd=! —2logn = oo, (4.27)
n— 00
and
lim pd_lnd_2 —2logn = —oo. (4.28)
n—oo

Finally, by assumption, for n = #), we have rt > n”~! and therefore by (4.25)
p=c(l+o(1)n"",

for some constant ¢. We may assume p < 1/2, since clearly decreasing p only increases
the diameter. Setting d = |1/p| + 1 it is obvious, that (4.26) holds and furthermore

pdnd—l ~ ndp—l _ nLl/pJp—l-‘,—p and pd—lnd—2 ~ n(d—l)p—l _ nl_l/pjp—l7

implying that (4.27) and (4.28) are satisfied as well. O

Proof of Proposition 4.14. We use a coupling of core and a multinomial random graph
to show that the diameter of the former is small. Recall that the preferential attachment
model is uniquely specified by the degree evolutions which can be constructed as follows.
Take a family of independent Uniform|[0, 1] random variables (U(v,n) : v,n € N with v <
n) and define iteratively

zZ -1
Z[v,n] =0and Z[v,n| = Z[v,n — 1] + H{U(U,n) < %}, forn=v+1,...
(4.29)
Let N € N and ¢y C [N,] such that
#cey — oo and log(#cen) = o(log N) (4.30)

and construct for each n € [N]\[V.] a multinomial random graph (cy,.4,,) with iteration
number one by the rule that for distinct vertices v,v’ € ¢y the edge (v,v’) is present if
and only if

{v,0'} = {w € ex : U(w,n) < Bf(Z[My, N])/(2N)}, (4.31)

thus the success probability equals

Ef(Z[My,N:])\2 Ef(Z[Mpy, N])\#en—2
Ny i (LRI N2 () BIZ[My, Ne])y#er=2 132
r(N) 2N 2N (4.32)
Clearly, (N) € (0,1) if N is sufficiently large by (4.30). Note that the random graphs
(en, Ang+41)s- -+, (en, Ajny) are independent and the sum of the latter graphs, say

(en,AY), is a multinomial random graph with iteration number N — N. and success
probability (V). Furthermore, by (4.31) and (4.29), for any v, w € ¢y with f(Z[v, N.]) >
Ef(Z[My, N.]) and f(Z[w, N:]) > Ef(Z[Mxn, N.]) the existence of the edge (v, w) in the
multinomial graph (cy,A,) (n = [N:] +1,...,[N]) implies the existence of edges (v,n)
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and (w, n) in the graph Gy. Thus the diameter of ¢ in Gy is less than twice the diameter
of the multinomial random graph (cy, AV).

Next we show that for a sequence of sets ¢y C [N,] satisfying 6 My < #cy < My,
for some § > 0, the random graphs (cy, A") satisfy the assumptions of Lemma 4.15. By
Proposition 3.2, for some C' > 0,

(1 - BLEM Ny #m (- Cllog Ty

2N JN
=1- C#CN\S]%g V) + O((#cX(log N)**N™1),

which converges to one as log(#cy) = o(log N). Hence we obtain, using again Proposi-
tion 3.2, that
N, 20‘& «
(log 37" 37y o g (g V)

r(N) = N2 =% Nien

for some suitably chosen constants d, d. > 0. It now follows from N — N. > Ne/2, that

#CN 2

Using that log #¢y = Rloglog N + O(1), by choice of My and cy, we thus may apply
Lemma 4.15 for any p < 2a/R, which yields a diameter bound of max(3, | R/(2a)]| + 1)
on (cy, AY) with high probability as N — oc.

Finally, note that {Cxy = ¢y} and the random variables {U(v,n) : v € e¢n,n € [N]\[N:]}
are independent. Hence the event {Cy = cy} is independent of the realisation of
(en, AN). By Lemma 4.13, the conclusion of the last paragraph may thus be applied
to (Cy, AY) outside a set of vanishing probability. Recalling that one edge in (Cy,.A)
corresponds to two edges in Gy now yields the diameter bound for corey claimed in the
proposition with high probability as N — oo. O

loe N 2c B
T(N)(N _ NE) > gds(og ) _ Eda(#CN)2aloglogN/log#cN 1.

4.4 Proof of Theorem 2.1

It remains to prove the upper bound by combining the results about the first two
phases of the explorations of two independently chosen vertices, and join the connected
components uncovered during these explorations to Cjy.

Proof of Theorem 2.1. We start local explorations in the uniformly chosen vertices U, V'
from the largest connected component Cy C Gy. Let € € (0,1/3) be fixed. Since
#(Cn \Cn.) <eN for N. = [(1+¢)"'N] we have U,V € Gy_ with probability exceeding
1 — 2¢. We consider two exploration processes around U and V, respectively, in Gy. .

By Proposition 4.1 there exists kq(g) such that with probability exceeding 1 — /4, in
both explorations we reach after at most k < kq(¢) exploration steps active sets A C &
satisfying £(A) > so&(min A) with sp = so(¢/8), as defined in Proposition 4.12. Now
we start the main phase of the two explorations with initial configurations in which
the sets A represent the active vertices, and possible other active vertices are veiled
and connecting edges removed. Observe that this modification can only increase the
observed distance between U and V.

We denote the explored parts of the network at this stage by £, £5” and henceforth
only look at the scores of the two explorations. To keep the explorations sufficiently
independent, we slightly modify the algorithm: The exploration process around U
inspects for any active vertex v only connections to w > v, if w € [N] is odd. Similarly,
the exploration around V only checks an active vertex v for connections to w > v if
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w € [N]} is an even vertex. It is easily seen that this only changes the constant in the
lower bound of Lemma 4.8.

We know by Proposition 4.12 that if V. is sufficiently large, then for each exploration
viewed on its own, with probability exceeding 1 — /4, after

K“”<< 1 ﬂ) log N
O = \2a+2  2/loglog N

steps and any choice of n > 0, the conclusion of Proposition 4.12 is applicable. We call
such an exploration successful. In the step when the score bound in Proposition 4.12 is

reached we have
HY > R

K = (logN€)1+a7 (4.33)

where
Hy = §(active(5(i2i>) U dead(g(izi))’]v&)'
K Kq

Also note for later reference that by the definition (4.21) of (¢x)x>1 and the recursion for
(Sk), cf. (4.23),

log N
loglog N

Hy >d E(Cxy, N2, (4.34)

for some small d > 0.

We may assume without loss of generality that K"’ < K{”. After stage K", we
cannot apply exactly the same reasoning for the second exploration as in Proposition 4.12,
since the total score of both configurations combined is too high. However, the lower
bound given in Lemma 4.3 can still be applied in each exploration step, since the set I,
of non-jump times featured in this lemma consists only of odd vertices and is therefore
disjoint of the sets of non-jump times used in the other exploration which may have
exceeded the score bounds. The restriction on the set of jump-times I; clearly plays no
role - if we encounter an additional jump due to a connection to the first exploration,
then the procedure can be stopped and a shortest path connecting U and V is found.

As a consequence, we deduce that with high probability, U and V are either found to
be connected before stage K or their respective explorations have reached a score of
at least v/ N, (log Ng)*(o‘“). Note that for a successful exploration, by definition of K,

N,

—— > Sk, _
(log No)o+2 = fro=t

and furthermore (4.21) and (4.23) imply that

Ne

Sko—1 2> .
I,

Combining these estimates it follows that /x, > (log N.)?**2 and the exploration has
thus collected no information about the degree evolutions of vertices in [My] during its
main phase, where My = |c.(log N)?*™2|, and c. > 0 is some suitably chosen constant.
Therefore we can apply Lemma 4.13 and Proposition 4.14 to deduce that, for sufficiently
large N, with probability exceeding 1 — £/4, the subgraph induced by Cy C Gy is of
bounded diameter D and contains at least r My vertices, for some r = r(g) > 0.

Denoting the sets of active and dead vertices of ngi) by V' (i), and using the shorthand
0

{(V(i) & Cn}y:={3n € [N]\[N.],v € V(i),w € Cx :n —v,n = w}, i=1,2,
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it remains to show that
P(V(1) & Cn, V(2) & Cn) > 1 —¢/4,
if NV is sufficiently large. Conditional on Gy_, let
L={je{N:+1,...,N}: Jv e Cy with j — v}.

We have already established that, with high probability, Cy contains at least rMy
vertices. It is now straightforward to deduce via an appropriate coupling to Bernoulli
random variables that

#L > gMyy(My, No)E(My, Ne) (4.35)

with probability at least 1 — ¢/12, where ¢ = ¢(¢) > 0 is some small constant. Each
j € L has an independent probability of at least f(Z[v, N.])/N to connect to v € V (i),
thus the probability that it does not connect to any v € V(i) is bounded above by
exp (= N7, ey f(Z[v, Ne])). Since this holds independently for all j € L, we obtain

by (4.33) and (4.35), recalling that ’(/J(]WN,]\/})6(]\41\17 NE) ~ lOg(N/MN)O‘\/N/MN,
W#L > gMyy(My, Ne)§(My, M)}
X W X, ey F(Zlv, Ne]) > vE(V (i), No) JP({V () & On}e|Gn.)
]

L ) Zlv, N )
P ( # Zve\/(z])vf( [v )) < e ( B #]syH?) (4.36)
v(gMyyp(My, Ne)§(My, N.) —1)y/N. €
= exp(— Nlog Notl ) = 24

for all sufficiently large N and some small v € (0, 1) to be fixed below. Note that the term
in the last exponential is bounded below by a constant (depending only on ¢) multiple of
(log(N/Mn))".

It remains to fix v > 0 and bound

P( Y £(E N < vV, N)) = P( D (2L, No)) < wHE).

veV (4) veV (i)

The proof of Proposition 4.12 shows that (Sk)f:‘)1 grows superexponentially, thus for
every u > 0, there is v > 0 such that

Z f(Z[v7N€]) > /"LSKO = Z f(Z[vaED > VHK(N

veactive(Ex) veV (i)

i.e. Hg, can differ from Sk, by at most a constant factor. Therefore it is sufficient to
find a lower bound on Sk,. Note that, for v € active(€k,), replacing the attachment
rule f by the linearised attachment rule f(k) = f(0) + k/2 does not change the values
&(v, N.) and only diminishes the sum on the left. For the rest of the argument we may
therefore assume that f = f in the evolutions {Z[v,],v € active(£x,)}. During the final
exploration stage K, the evolution Z[v, z]f\il of an active vertex v is only conditioned on
a set I of non-jumps which still fullfills the conditions of Lemma 4.3. This implies that,
for some small s > 0, we have E[f(Z[v, N;])|Ek,] > s&(v, N¢), and thus

B[ > FELND|Ex,] = sk,
veactive(Ex,)

The random variables under summation on the left are independent. Choosing p = u(s)
small enough we thus find, by Lemma 4.2,

5%, )
Zvéactive(EKo) E[f(Z['U, NE])ngKo] ’

P Y S(EWN) < Sy

v€active(Ex )

5}(0) < exp (—(5
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for some § = §(p) > 0. Taking into account the linearisation of f, and Proposition 3.2, we
obtain E[f(Z[v, N.])?|€k,] < C32Ef(Z[v, N.])? < C&(v, N.)?, for some constant C' > 0.
Hence

> E[f(Zl, No)?| €x,) < CE&(Exy, N2)Sk,,

vEactive(Ex)

using >, #? < max|z;| Y, z; and that the maximum is attained at ¢, due to the restric-
tion of the exploration. Therefore

P( Y f(2l, N < S,

vEactive(Ex)

5K0> _ O(eflog N /log log N),

by (4.34) and the fact that Hg, is a bounded multiple of Sk, . Taking expectations and
using the already established lower bound on the probability of a successful exploration
yields the desired bound of P(}_,cy ;) f(Z[v, Ne]) < v€(V (i), Ne)) < /24, for sufficiently
large N.

Combining the distance bounds from all exploration phases and summing up all error
probabilities we thus have shown that for any ¢ € (0, 1/3) with probability exceeding
1 -3¢,

log N
loglog N
for all sufficiently large N. This concludes the proof as n > 0 was arbitrary. O

1
an(UV) €D +2+ (75— +7) +2ko(e),

5 Proof of Theorem 2.2

In this section we use a similar method as in the previous sections to describe the
average distances in the Norros-Reittu model with i.i.d. random weights, and thus
prove Theorem 2.2. The technical details are considerably easier in this case, and some
parts of the proof which proceed in direct analogy to the preferential attachment case
will only be sketched.

We first state some well known facts about heavy tailed i.i.d. weight sequences.
Proposition 5.1 (Asymptotics of weights). Let (W;),>1 be an i.i.d. sequence satisfying
P(Wy > k) = k~2(log k)2t (5.1)
and denote by F,, the distribution function of the n-th power W' of the weights. For
every ¢ € (0, 1) there is a subset (). of the space of all infinite weight sequences with

P(Q.) > 1 — ¢ and positive constants C1,Cs,C3 and ¢y such that on (). the following
conditions are satisfied

-1
max Wi < Ci(tg) (), (5.2)
N 2
e < Zi:llwi W e, (5.3)
(=m) )
N
S WP < O ) (Y), (5.4)
i=1

where the generalised inverse of a monotone function is chosen to be left-continuous
and

J(N) = NEWZW2 < (Z5) " (W)}

Proof. Inequality (5.2) is a direct consequence of the weak convergence of the rescaled
maximum weight to the Fréchet distribution (see e.g. [17, Chapter I]). The relations
(5.3) and (5.4) follow from weak convergence of rescaled partial sums to stable random
variables with positive support (see e.g. [18, Corollary 7.1] for a stronger functional
version). O
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5.1 Proof of the lower bound

It is now straightforward to deduce a first moment upper bound on the probability of
existence of short paths in H .

Proposition 5.2 (Lower bounds on distances in NR). Let Hy denote a Norros-Reittu
network with weight distribution satisfying (2.4), then for every § € (0, (1 + 2a)~!) and
independently and uniformly chosen vertices U,V € Hy,

1 log N
dn (U, V) > (1 e )1ogoigN with high probability as N — oc.
Proof. We use Lemma 3.9 conditionally on the sequence Wy, Ws,... of weights, and

given N we relabel the vertices of H in decreasing order of weight and denote by
W® >... > W™ the order statistic of the first N weights. It is sufficient to verify the
conditions of the lemma, for any ¢ € (0,1), on a subset 2. of the space of all weight
sequences with P(2.) > 1 — . Conditional independence of edges immediately yields
(3.13) with kxy = 1. Let F be the distribution function of W;. By (5.1) we may fix a
sequence (VU y)yen satisfying ¥y = (log N)2*+°(1) such that, for any § €> 0 we have

p(v) ::17F< %@N)ga%, for all v € [N],

if N is sufficiently large. Denoting Ly := 22;1 W, ~ N EWj, the conditional connection

probabilities satisfy

W W )
P(v < w) < I (5.5)

Therefore we may show that (3.14) is satisfied for ¥y = C(¢)?Wy, where C(c) is some

constant such that
N _
W™ < C(e)/ =¥y, foralll <ov <N, (5.6)
v

with probability exceeding 1 — . To demonstrate this, let SX,” the number of weights
Wi, ..., Wy exceeding /(N /v)¥ . The random variable S§ is dominated by a binomial
random variable with parameters N and p(v), hence Bernstein’s inequality gives, for
fixed 6 < 1,
2 .

v _3
) Se i
2VarSy + 2v/ ~
Let M such that > 0% ,, e73%/8 < ¢/2. Then with probability exceeding 1 — £/2, there is
no v > M such that W@ > /(N/v)¥, which is equivalent to

P(SY > 2v) < exp ( -

W < /2 —\I/N for all even v > 2M. (5.7)

Now if (5.6) were not true for any odd index v + 1 > 2M and C(e) > 2, this would mean

in particular that
w® > C \/—\If =C(e)y/ \/ \/—\If ,
(&) N v+1 N

contradicting (5.7). We conclude that (5.6) holds with C'(¢) > 2 for all v > 2M with
probability exceeding 1 — £/2. Turning our attention to the weights W ... W& we
note that by a standard Poisson approximation result, see e.g. [17, Proposition 3.21],
for any 1 < v < 2M, we have that S|y converges weakly to a Poisson distribution
with parameter A := limy_,o, Np(v) < 26M. Hence by choosing ¢ small enough we
can ensure that, for large N, we have Zf:ﬂ/g P{S{) > i} < /2, which completes the
proof of (5.6). Application of Lemma 3.9 now concludes the proof of Proposition 5.2 as
log Uy = (2a+0(1)) loglog N and ky = 1. O
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5.2 Proof of the upper bound
We now prove the upper bound in Theorem 2.
Proposition 5.3 (Upper bound on distances in NR). Let H  be a Norros-Reittu network

with weight distribution satisfying (2.4). Consider vertices U,V chosen independently
and uniformly at random from the largest component Cx C Hy. Then, for any § > 0,

dn(U, V) < (1 —|—12a + 5) lols;i]ng with high probability as N — oc.

This result can be obtained by a straightforward adaptation of the proof of [13,
Theorem 3.22], which uses the second moment method in combination with path counting
techniques. For the closely related Chung-Lu model with deterministic weights, a related
result is [6, Theorem 7.9], the proof of which also works in our setting. We provide a
sketch of a proof relying on similar arguments as given in Section 4 for the preferential
attachment network.

For H C [N] we denote by W(H) = >_ ., W, the total weight of H. Just like in the
preferential model, the neighborhood of a uniformly chosen vertex V' € Hy converges
in distribution to a random tree &. This tree can be obtained by a mixed Poisson
branching process, see [16]. Denoting by p(W) the probability of {|&| = oo}, we get
limy_ 00 #Cn /N = p(W) in probability, see [13, Section 3.1.].

The following facts are instrumental for our argument.

Lemma 5.4. Choose V € [N] uniformly. For every ¢ € (0,
ko > 0, such that P(W({v € [N] : dn(V,v) = ko}) > sg) >
large N.

p(W)), so > 0 there exists
p(W) — e, for sufficiently

Proof. This follows from local weak convergence to & and the fact that the offspring
distribution of the branching process generating G has infinite mean in every genera-
tion k£ > 2, hence is supercritical. O

Lemma 5.5. Fix M = [log N®] for some fixed R > 0 and let Cy denote the M vertices
with the largest weights. Then the diameter of the subgraph induced by Cny C Hy is
bounded with high probability, as N — oo.

Proof. Given N we relabel the vertices of Hy in decreasing order of weight and denote
by W® > ... > W®W the order statistics of the first V weights. Fix ¢ > 0 and ¢ € (0, «).
Then Ly := Y., Wi ~ NEW,, and

N -
W > \/M(log%)a ° forall v € [M],

on a subset 2. with probability exceeding 1 — ¢, by a standard extreme value calculation,
using e.g. [15, Theorem 2.5.2]. Given the weights, each pair of vertices (v,w) € Cy
independently is connected with probability at least

a—26
log 1)2 2
1— —(W(M))Q/LN > ( M = M. N).
¢ = T 3MEW, p(M, N)
Now coupling to an Erdés-Rényi graph G(M, p(N, M)) and [2, Corollary 10.12] yield the
boundedness of the diameter. O

Lemma 5.6. IfV;,V; C [N] are disjoint sets with total weights satisfying

lim iW(Vl)VV(Vg) = oo in probability,
N—oo N

then they are connected with high probability in H .
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Proof. By conditional independence, P(V} # Va) = e~ W(VOW(2)/LN | from which the
result follows since W (V;)W (V3)/ Ly diverges to infinity, in probability. O

Proof of Proposition 5.3. In view of Lemmas 5.4 to 5.6 it is sufficient to show that a
truncated exploration in Hy started in a configuration &, of large initial weight Sy with
high probability, as N — oo, reaches a configuration & satisfying

VN

Sk = W (active(&)) > (log M)

in less than K stages, where R, > 0 are fixed and

B 1 5 log N

- (2+4a )loglogN'
We truncate the exploration in the following way: at stage k, we only investigate
connections between active vertices and vertices of weight at most w11, where (wg)r>1
is a superexponentially growing sequence specified below. Since we would like to
condition on the weights, we start by demonstrating that almost all weight sequences
have certain properties. Let (4;)i_, denote a partition of the set [1, VN (log N)2*) into
K nonoverlapping intervals Ay = [ag, ax+1) of equal length. Applying Lemma 4.2, and a

brief calculation we may assume that W7y, ..., Wy satisfy,
N 1 N
SOWRHW; < wy} > 5]E[waﬂ{wi < wk}}, for1 <k <K, (5.8)
=1 =1
as well as
N N
3 3 3
S OWEHW; < wy) < §E[2Wi YW, < wk}}, for1 <k < K. (5.9)
i=1 i=1

Fix ¢ > 0. Let £ be a configuration obtained from an exploration of Hy, S =
W (active(€)), H = active(€) Udead(£), w > 0 and V = V(w) = {v € veiled(&) : W, < w}.
It is easy to see, using an appropriate coupling to a sum of independent weighted
Bernoulli random variables and Lemma 4.2 that, as long as wS = o(Ly),
Z’UEV Wl?

W({v eV v active(€)}) > =2=— 5 = v(w,N)S, (5.10)
ALy

conditional on £ and the weight sequence, with probability at least

_ Cuev W2 o
1—e *NXoevWi™, (5.11)

Note that, by (5.3) and our choice of weight distribution,

Sowr= Y W2HW, < w}— (max W, )W (H).

a€H
veV vE[N]

Hence choosing wy sufficiently large, setting wy, = ¢(6,)log N*+2¢= 1)y, 1 1 <k < K,
for some appropriately chosen small values of ¢(d,¢),n(d) and letting V;, = V(wy) in
(5.10), we obtain that the weight Sy of the active vertices increases in each stage k of
the exploration by a factor of at least v(wy, N) > clog(wy,)?*+t1 =7 for some constant ¢
which depends on ¢ and ¢ but not on N. A straightforward calculation now shows that
the exploration satisfies

VN

Sk = W (active(&)) > (log M)
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after at most K stages. Summing the error terms in (5.11) for the different stages using
(5.8) and (5.9), we obtain for some constants c;, co, which are independent of IV,

K (Ceevy Wa)? s K (log wy)4o+2=2n() N2 K
E e INZuey, wg Pkt < E e_cl NZ2w), (log wy)20T1(8) k=1 < E e*C2(10gwk)17W(6) <e,
k=1 k=1 k=1

as N — oo. This concludes the proof, since ¢ and § where chosen arbitrarily. O

A Further calculations for preferential attachment networks

The following lemma is used to prove Proposition 4.1. The proof relies on a coupling
of local neighbourhoods in Gy with the ‘idealised neighbourhood tree’ ¥ introduced in
[9, Section 1.3], in which vertices of the tree have positions on the negative real line. We
denote by T, the k-th generation of ¥, and by p(f) be the probability that ¥ is infinite.

Lemma A.1. Let x: [0,00) — [1,00) be a an increasing function satisfying
c< X(m)e_%’” < C, forsome( < ¢ <C < oco.

Denote by x: T — [1,00) the function defined on the vertices of T by \(v) = x(—x,),
where z, is the position of v € ¥ on the negative real line. Then, for any s > 0, almost
surely conditional on #% = oo there exists K € IN and Ax C ¥k such that

Z X(v) > s max x(v).

vEA
vEAK K

Proof. On the event #% = oo there exists, almost surely, a sequence (w;) of vertices
in ¥ with positions drifting to —oo, see [9, Lemma 3.3]. We choose such a sequence
adapted to the natural filtration of the branching process. For any n > 1, the events
that w; has a child positioned in [—27, —7)] are stochastically bounded from below by i.i.d.
events of positive probability. Hence we find a vertex v(1) of type ¢ in T with position
Toy(1) € [—27n, —n]. Continuing inductively we construct an adapted sequence of vertices
v(i) of type £ in ¥ such that 2,y € [2y—1) — 21, Zy(i—1) — 7]. Denote by A(i) the set of
offspring generated by v(i) in [z, (;), 0] and let Y'(i) = }_, ¢ 4(; X(v). By definition of the
underlying branching random walk, denoting by (Z;),>¢ the idealised degree evolution
process, we have

—T

E[Y; | 2o = o] = /71 (=t — 2)Ef(Zy) du > ce%z/ HUEF(Z,) du.

0 —Tu(i—1)

Using the estimate c'u®e*/? < Ef(Z,) < C'(u® Vv 1)e*/?, for all u > 0, which is a continu-
ous analogue of Propositions 3.2 and 3.3 and may be shown in a similar fashion for our
choice of attachment rule, we get a lower bound of

—x
E[Y; |2y = 2] > cc’e%”/ e2Uy®e2¥ dy > ¢ (—mv(i_l))“e_%“, (A.1)
—Ty(i—1)
for some constant ¢’ > 0 not depending on 1. From (A.1) we get io(s) € IN such that
E[Y; | 2yi) = ] > 2sx(v(7)), for all i > ig. (A.2)
Calculating E[Y}? | z,(;) = z] is slightly more subtle. We have

B[ 3 )

vEA(d)

1

Ty() = x} < C'(—x)%e 27,
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for some constant C’ > 0, by a calculation similar to (A.1). Note that, by [9, Lemma
2.5], for any u > 0, we have E[f(Z;)|AZ, = 1] < E[f(Z)|Zo = 1] < f(1)f(0)"'Ef(Z;), for
all t > u. The offspring intensity of v(¢) on [z,, 0] conditional on producing offspring in
position z, is thus bounded by a constant multiple of the unconditional intensity. This
implies that

2
E[ Z )| o) = x} <C ’E[ Z ’%(z‘) = x} <C" (—x)*@e 7,
wEAD) vEA(D)

by a similar calculation as above. Combining the previous two displays gives a bound on
E[Y? | #,(;) = «]. Using (A.2) and the Paley-Zygmund inequality, we infer

]E[Yil%(i) = a’

The moment estimates and assumptions on (i) imply that, for some small constants
c,qg>0,
— . Ty(i—1
P(Y; 2 sx(0()la = @) = o =2
as soon as 7 > ig. Clearly, max,c 4¢;) X(4) is at most x(v(7)), since x is decreasing. So each
of the sets A(4) has probability at least ¢ of being a set with the desired property, and
the assertion follows by conditional independence of the A(i),i > io. O

2ce
) >q>0,

Proof of Proposition 4.1. Denote the tree associated with the configuration & by 7.
The arguments of [9] imply that, with high probability, for any fixed %, the configuration
T}, can be coupled to T and the scores ¢ defined on T} can be associated to a function x
satisfying the conditions of Lemma A.1 such that £ = y on corresponding vertices. The
claim hence follows from Lemma A.1. O

Lemma A.2 (Lemma 4.8). There aren € (0,1) and ¢ > 0 only depending on « such that
for any choice of A C {[2¢*],...,N} and vo < ™34 AN satisfying

(log mma V1) 5()<2N(lgof+a (A.3)
wehave,forV:{vo,...,N}\AandanyaeA,

> (g et v)® > 2 (log )", (A4)

'UGVU

if N is suffciently large.

Proof. We set )
— o (242(log(e™+e™2/2))) THe

9N )
n = ¢, ” and first assume that, for all A C {[2¢?],..., N} and vy < (min A/e?) AnN,
N 1 1 1
aVvu N\ o+
Z U(log arv \/1) = m(log %) for allaGA (AS)
V=v0
Then (A.3) implies that
1 N1 1
> Loezz vt ¥ Lopze vyt - ¥ Liog vy
veV Vv=vg vEA
st (log X)) — (1 vi) S 2
= 2“*1(a+1)( 0g vT,) ( 0g mmA ) Z ;
vEA
N o+l o g? (A)
Z 20‘+1(10(+1) (log %) —CE2) ( log InmA v 1)

)OLJrl

Y

)

c a+1 c
(gerrtarn — ces)(log 1) = §(log iy
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setting ¢ := (2%(1 + o) (1 + c(3.z)))_1. The conclusion of the lemma holds subject to (A.5).
Let a < |ggN + 1]. Observe that

N o4 L%J1 N
> oggev)® = 37 (log )+ D —(log¥)" =%+ D,
v=1vg v=1vg v=[ae]

As z+— 27! (log 2)” is decreasing, we find, using vy < a/e? in the last step, that
Lel+1 4
a a+1 a a+1
2y 2 —(log $)" dx_m((log%) — (log 1=977) )

vo
>t ((1og 2)° =1) = 5 (1log )™

The map = + 27! (log(z/a))” has a unique maximum at = = eq, thus

V

N N+1
S Mew2) 2 [ Llon2)” dez (1o M) - (log 4
L

v=[e]+1 e*]+1
> 1 ((log M) — (log(e” + 2)" ™) (A.6)
and
SV o) > affae) < ety [ (1o 2)" e
velae] © [ac]—1 T (A.7)
> Hlaalel)(log(e” — )" 1)

Combining (A.6) and (A.7), we get

1 (108 21— (log(e? + 1)™ 4 1{[ae] < [ea]}((log(e™ — 1)) ~ 1))
+

a7 (log M) ™ — (log(e* + 52))""" = 1) = gty (log M),

where we used the condition

b))

\ V

\ V

a < (N +1)exp(—(2 + 2(log(e™ + 2%)))1%1)

in the last step. Combining the estimates for ¥; and 5 yields

N
1 aVu a yatl a+1 a+1
> ;(10% GV 1) > gty ((log 22) ™ + (log M) > gerfayy (log 1Y)

V=0

by convexity of z — z**1. Now consider a > [¢gN]. We have

N 1 [eoNT 1 o sV q Ny«
Z (1Vlog &) 2/ —(1Vlog2) dxz/ —(log =8)™ da
v—o0 v Vo X Vo Z

= (log EON)OC+1.

Since N 1
€o a4+
( . 8 ) > 1 (log 11;\(/; )

if and only if

1

L (1yTHa)-t
voSNﬁ(()l (=)™ )

we choose K = 2°*! and the desired bound (A.5) follows. O
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Lemma A.3 (Lemma 4.11). Forany « > 0,6 € (0,2« + 2) let
ko(0,) = min{k > 3:dlogk > (2a+ 2 — §)klog(l+ ¢) + 1} (A.8)

then
), < Ne~(Rat2=0)(k=ko)logk for all ky < k < K,(N).

Furthermore, there is a constant ¢ > 0 depending only on sy such that
0, > CNe~atd)k(Viogk) = for a]] k.

Proof. We first show the upper bound by induction in k. For k = ky the assertion is
trivially true as soon as N is large enough. Now assume that ¢, < Ne~(2a+2-0)(k—ko)logk
for some k < K,(N) — 1 then we have, by definition of (¢)x>1, that log {51 < log ) —
(2a + 2) log(log N —log ¢1;) + 1 and applying the induction hypothesis yields

log 81 < —(2a + 2 — 6)(k — ko) log(k + 1) + ((2a + 2 — 6)(k — ko) log ®£L 4 1)
— (2a+2)log ((k + 1) 25 (2a + 2) log k).

By (A.8) we have kLH(Za +2)logk > 1, hence

log %1 < — (2042 — 6)(k + 1 — ko) log(k + 1)
+ ((2a+2 = 6)(k — ko) log L +1 — 5log(k + 1)).

The second term of the sum is negative by (A.8) and the induction is complete. The lower
bound follows by a similar argument. O
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