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Abstract

We study first passage percolation (FPP) on the configuration model (CM) having power-
law degrees with exponent T € [1,2) and exponential edge weights. We derive the
distributional limit of the minimal weight of a path between typical vertices in the
network and the number of edges on the minimal-weight path, both of which can be
computed in terms of the Poisson—Dirichlet distribution. We explicitly describe these
limits via construction of infinite limiting objects describing the FPP problem in the
densely connected core of the network. We consider two separate cases, the original CM,
in which each edge, regardless of its multiplicity, receives an independent exponential
weight, and the erased CM, for which there is an independent exponential weight between
any pair of direct neighbors. While the results are qualitatively similar, surprisingly, the
limiting random variables are quite different. Our results imply that the flow carrying
properties of the network are markedly different from either the mean-field setting or the
locally tree-like setting, which occurs as t > 2, and for which the hopcount between
typical vertices scales as logn. In our setting the hopcount is tight and has an explicit
limiting distribution, showing that information can be transferred remarkably quickly
between different vertices in the network. This efficiency has a down side in that such
networks are remarkably fragile to directed attacks. These results continue a general
program by the authors to obtain a complete picture of how random disorder changes the
inherent geometry of various random network models; see Aldous and Bhamidi (2010),
Bhamidi (2008), and Bhamidi, van der Hofstad and Hooghiemstra (2009).
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1. Introduction

First passage percolation (FPP) was introduced in [11] to model the flow of fluid through
random media. This model has evolved into one of the fundamental problems studied in modern
probability theory, not just for its own sake but also due to the fact that it plays a crucial role in
the analysis of many other problems in statistical physics, in areas such as the contact process,
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the voter model, electrical resistance problems, and in fundamental stochastic models from
evolutionary biology; see, e.g. [8]. The basic model for FPP on a (random) graph is defined
as follows. We start with a connected graph on n vertices. Each edge is given some random
weight, assumed to be nonnegative, and independent and identically distributed (i.i.d.) across
the edges. The weight on an edge has the interpretation of the length or cost of traversing this
edge. Fixing two vertices in the network, we are then interested in the length or weight of the
minimal-weight path between these two vertices and the asymptotics of these statistics as the
size of the network tends to oo.

Most of the classical theorems about FPP deal with the d-dimensional integer lattice,
where the connected network is the [—r, r]d box in the integer lattice and one is interested
in asymptotics of various quantities as n = (2r 4+ 1)? — ooc. In this context, probabilists are
interested in proving shape theorems, namely, for fixed distance ¢, showing that G, /¢ converges
to a deterministic limiting set as t — oo, where C; is the cluster of all vertices within distance
t from the origin. See, e.g. [12] for a survey of results in this context.

In the modern context such problems have taken on a new significance. The last few years
have witnessed an explosion in the amount of empirical data on networks, including data
transmission networks such as the Internet, biochemical networks such as gene regulatory net-
works, spatial flow routeing networks such as power transmission networks, and transportation
networks such as road and rail networks. This has stimulated an intense cross-disciplinary
effort in formulating network models to understand the structure and evolution of such real-
world networks. Understanding FPP in the context of these random models seems to be of
paramount importance, with the minimal weight between typical vertices representing the cost
of transporting flow between these vertices, while the hopcount, which is defined to be the
number of edges on the minimal-weight path between two typical vertices, represents the
amount of time it takes for flow to be transported between these vertices.

The configuration model (CM) was introduced in [4]. Molloy and Reed [18] were the first
to use specified degree sequences. This model has arisen in many applied contexts, ranging
from combinatorics, computer science, statistical physics, and epidemiology, and seems to be
one of the most widely used models in the modern networking community. We will defer a
formal definition of this model to Section 2 and discuss related work in Section 4.

We will consider FPP on the CM where the exponent 7 of the degree distribution satisfies
T € [1,2) and each edge is given a random exponential edge weight. FPP for the case T > 2
was analyzed in [6], where the hopcount seems to exhibit a remarkably universal behavior.
More precisely, in this regime, the hopcount always scales as logn and central limit theorems
(CLTs) with matching asymptotic means and variances hold. While these graphs are sparse
and locally tree-like, what is remarkable is that the same fact also holds in the case of the
most well-connected graph, namely the complete graph, for which the hopcount satisfies a CLT
similar to the model with degree exponent T > 2, with asymptotic mean and variance equal to
logn asn — oo. See, e.g. [5], [13], and the references therein.

When the degree exponent 7 is in the interval [1, 2), we will find that CLTs do not hold, and
that the hopcount is tight due to the remarkable shape of such networks, which may be thought
of as a collection of interconnected star networks, the centers of the stars corresponding to the
vertices with highest degrees. We will consider two models of the network topology, one in
which we look at the original CM and a second more realistic model called the erased model
in which we will delete all self-loops and merge all multiple edges from the original CM. In the
resulting graph, each edge receives an independent exponential weight with rate 1. Thus, for
the erased CM, the direct weight between two vertices connected by an edge is an exponential
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random variable with rate 1, while, for the original CM, it is also exponential, but with rate
equal to the number of edges between the pair of vertices. When v > 2, there is no essential
difference between the original and the erased CM; see, e.g. [6].

In both cases, we will see that the hopcount is tight and that a limit distribution exists. More
surprisingly, in the erased CM, this limiting distribution puts mass only on the even integers. We
also exhibit a nice constructive picture of how this arises, which uses the powerful machinery
of Poisson—Dirichlet distributions. We further find the distributional limit of the weight of the
minimal-weight path joining two typical vertices.

Since the hopcount remains tight, this model is remarkably efficient in transporting or
routeing flow between vertices in the network. However, a downside of this property of the
network is its extreme fragility with respect to directed attacks on the network. More precisely,
we will show that there exists a simple algorithm deleting a bounded number of vertices such
that the chance of disconnecting any two typical vertices is close to 1 as n — oo. At the same
time we will also show that these networks are relatively stable against random attacks.

This paper is organized as follows. In Section 2 we introduce the model and some notation.
In Section 3 we state our main results. In Section 4 we describe connections to the literature
and discuss our results. In Section 5 we give the proof in the original CM, and in Section 6 we
prove the results in the erased CM.

2. Notation and definitions

In this section we describe the construction of the random graph model and recall some
limiting results for i.i.d. random variables with infinite mean. We use the notation f(n) =
O(g(n))asn — ooif | f(n)| < Cg(n) for some constant C, and f(n) = o(g(n)) asn — oo if
| f(n)|/g(n) — 0. For two sequences of random variables X, and Y,,, we write X,, = Op(Y;)
as n — oo when {X,/Y,}n>1 is a tight sequence of random variables. Furthermore, we write
X, =0p(Yyif X, = Op(Y,)and Y, = Op(X,), and X,, = op(¥,) when | X,,|/ Y, goesto0in
probability (| X, |/ Y, 5 0). Equality in distribution is denoted by the symbol ‘~’. Throughout
this paper, for a sequence of events { F;, },>1, we say that F,, occurs with high probability (w.h.p.)
if lim,, . oo P(F,;) = 1.

Graphs. We will typically be working with random graphs on n vertices, which have a giant
component consisting of n — o(n) vertices. Edges are given a random edge weight (sometimes
alternatively referred to as cost) which in this study will always be assumed to be independent,
exponentially distributed random variables with mean 1. Choose two vertices uniformly at
random in the network, let W,, be the random variable denoting the total weight of the minimum
weight path between the two vertices, and let H,, be the number of edges on this path, namely
the hopcount.

Construction of the configuration model. We are interested in constructing a random graph
on n vertices. Given a degree sequence, namely a sequence of n positive integers D =
(D1, Da, ..., Dy) with the total degree

n
L, = ZD,-

i=1

assumed to be even, the CM on n vertices with degree sequence D is constructed as follows.
Start with n vertices and D; stubs adjacent to vertex j. The graph is constructed by pairing
up each stub to some other stub to form edges. Number the stubs from 1 to L, in some arbitrary
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order. Then, at each step, two stubs (that are not yet paired) are chosen uniformly at random
among all the free stubs and are paired to form a single edge in the graph. These stubs are
no longer free and removed from the list of free stubs. We continue with this procedure of
choosing and pairing two stubs until all the stubs are paired.

Degree distribution. The above denotes the construction of the CM when the degree distribution
is given and the total degree is even. Here we specify how we construct the actual degree
sequence D. We will assume that each of the random variables Di, Do, ..., D, are i.i.d.
random variables with distribution function F. (If the sum of stubs L, is not even then we use
the degree sequence with D), replaced with D,, 4+ 1. This will not effect our calculations.)

We will assume that the degree distribution F with atoms fi, f», ... satisfies

1—Fx)=x"""VLx) 2.1

for some function x — L(x) that is slowly varying at co. Here, the parameter t, which we
refer to as the degree exponent, is assumed to be in the interval [1, 2), so that E[D;] = oco. In
some cases, we will make stronger assumptions than (2.1). As described above, we will deal
with two variants of the FPP model.

Original model. We assign to each edge a random and i.i.d. exponential edge weight with rate 1.
In what follows, the weighted random graph so generated will be referred to as the original
model and we will denote the random network so obtained by §°".

Erased model. This model is constructed as follows. Generate a CM as before and then erase
all self-loops and merge all multiple edges between any two vertices into a single edge between
these vertices. After this, put independent exponential weights with rate 1 on the (remaining)
edges. While the graph distances are not affected by the erasure, we will see that the hopcount
has a different limiting distribution. We denote the random network on n vertices so obtained

by ;-

2.1. Poisson-Dirichlet distribution

Before describing our results, we need to make a brief detour into extreme value theory for
heavy-tailed random variables. As in [23], where the graph distances in the CM with t € [1, 2)
are studied, the relative sizes of the order statistics of the degrees play a crucial role in the proof.
In order to describe the limiting behavior of the order statistics, we need some definitions.

We define a (random) probability distribution P = {F;};> as follows. Let {E,-}f?il be
1.i.d. exponential random variables with rate 1, and define I'; = le:l E;j. Let {D;}2, be
an i.i.d. sequence of random variables with distribution function F in (2.1), and let D,.,) >
D—1:0) = -+ = D(1.p) be the order statistics of {Di}?zl. In the rest of this paper we label
vertices according to their degree, so that vertex 1 has maximal degree, etc.

We recall from [23, Lemma 2.1] that, by (2.1), there exists a sequence u,, with u, =
nl/(”l)l(n), where / is slowly varying, such that

o

— D —1/(r—1 —1/(r—1

ty (L ADs1-iom 182)) = (Zr, b e )};’il>, 2.2)
j=1

D . . . .
where ‘—’ denotes convergence in distribution. Here u,, can be defined as

up, =sup{u: 1 — F(u) > 1/n}. 2.3)
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We abbreviate & = Fi_l/(f_l) and n = Z?oz] &;, and let
P =& /n, i>1, (2.4)

so that P = {P;};>1 is a random probability distribution. The sequence {P;};>1 is called the
Poisson—Dirichlet distribution (see, e.g. [20]). A lot is known about this random probability
distribution P. For example, Pitman and Yor [20, Equation (6)] proved that, for any f: [0, 1] —
R,and witha =7 —1 € (0, 1),

= 1
1
- P = tord—o = w* du, 25
[; /¢ l):| INCIING! _0‘)./0 f@u (1 —u) u 2.5)
where I' denotes the gamma function [1, Section 6.1.1]. This in particular implies that
oo
D)2 — a)
B | = torioe = "%=27 " 2.6
I:E l :| M)l (1 —ow) o T (2.6)
3. Results

In this section we state the main results of the paper, distinguishing between the original
CM and the erased CM.

3.1. Analysis of shortest-weight paths for the original CM

Before describing the results, we need to construct a limiting infinite object X in terms of
the Poisson—Dirichlet distribution { P;};> given in (2.4), and the sequence of random variables
& and their sum n which arise in the representation of this distribution. This will be an infinite
graph with vertex set Z* = {1,2,...} and edge set consisting of all unordered pairs {i, j},
with i, j € ZT. Conditioned on the sequence {&;};>1, the edge weights are independent,
exponentially distributed random variables, with rate &;&;/n on edge {i, j}.

Let W"r and H o denote the weight and number of edges of the minimal-weight path in K
between the vertlces i, j € Z*. Our results will show that, in fact, the FPP problem on K2 or
is well defined (see Proposition 5.1). Conditioned on {P;};>1, we define I°" and J°' as two
vertices chosen independently at random from the vertex set ZT with probability mass function
{P;}i>1, and as above, Wyor jor and Hjor jor denote the weight and hopcount of the minimal-
weight path between these two randomly selected vertices in K. Finally, recall that we used
Go" to represent the original random network on n vertices with exponential edge weights as
constructed in Section 2, where we have not deleted self loops or multiple edges. We are now
in a position to describe our limiting results for the original CM.

Theorem 3.1. (FPP asymptotics for the original CM.) Consider the random network $,", with
the degree distribution F satisfying (2.1) for some t € (1, 2).

(a) Let W be the weight of the minimal-weight path between two uniformly chosen vertices

in the network. Then 5
Wt — VP + VT, (3.1
where V', i = 1,2, are independent random variables with V" ~ E; | D;, where E; is
exponential with rate I and the D; are i.i.d. with distribution F, distributed independently
of Ei. More precisely, as n — oo,
Un (W,;)r - ( "+ Vzor)) 10rjor,

where uy is defined by (2.3).
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(b) Let HY' be the number of edges in the minimal-weight path between two uniformly chosen
vertices in the network. Then

D
H 224 HE o

Writing my = P(H;’&lm =k —2), we have ty, > 0 foreachk > 2, when t € (1, 2). The
probability distribution w depends only on t, and not on any other detail of the degree
distribution F'. Moreover,

T =2—T. (3.2)

Theorem 3.1 implies that, for T € (1, 2), the hopcount is tight, as is the case for the typical
graph distance obtained by taking the weights to be equal to 1 almost surely (a.s.); see [23].
However, while for unit edge weights and t € (1, 2), the limiting hopcount is at most 3, for
i.i.d. exponential weights, the limiting hopcount can take all integer values greater than or equal
to 2.

3.2. Analysis of shortest-weight paths for the erased CM

The results in the erased CM hold under a more restrictive condition on the degree dis-
tribution F. More precisely, we assume that there exists a constant 0 < ¢ < oo such that

1—F@) =cx " DA +0(1)), x — 00, (3.3)

and we will often make use of the upper bound 1 — F(x) < czx’(f’l), valid for all x > 0 and
some constant ¢ > 0.

Before we can describe our limit result for the erased CM, we need an explicit construction
of a limiting infinite network Jg using the Poisson—Dirichlet distribution described in (2.4).
Fix a realization {P;};>1. Conditional on this sequence, let f(P;, P;) be the probability,

f(P;, Pj) =P(§&)),
of the following event &;;.

e Generate a random variable D ~ F, where F is the degree distribution. Conduct D
independent multinomial trials where we select cell i with probability P; at each stage.
Then &;; is the event that both cells i and j are selected.

More precisely, for 0 <s,t < 1,

f(s,0) =1—E[(1 —$)P1—E[d - nP1+E[1 -5 —0P]. (3.4)

Now consider the following construction K of a random network on the vertex set 7+,
where every vertex is connected to every other vertex by a single edge. Furthermore, each edge
(i, j) has arandom weight/;; where, given { P; };>1, the collection {/;}1<; < j <00 are conditionally
independent with distribution

P(l; > x) = exp(—% f(P;, P))x?). 3.5)

Let W;r and H;r denote the weight and number of edges of the minimal-weight path in K
between the vertices i, j € Z*. Our analysis will, in particular, show that the FPP on X is
well defined (see Proposition 6.4 below).
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Finally, construct the random variables D® and 7" as follows. Let D ~ F, and consider
a multinomial experiment with D independent trials where at each trial, we choose cell i with
probability P;. Let D be the number of distinct cells so chosen, and suppose that the cells
chosen are A = {ay, az, ..., ape}. Then let I € Z, be a cell chosen uniformly at random
amongst this random set 4. In terms of these constructs, we are in a position to describe the
limiting distribution of the hopcount in the erased CM.

Theorem 3.2. (FPP asymptotics for the erased CM.) Consider the random network §<', with
the degree distribution F satisfying (3.3) for some © € (1, 2).

(a) Let W' be the weight of the minimal-weight path between two uniformly chosen vertices
in the network. Then 5
wer 2oyer 4oy, (3.6)

where V', i = 1,2, are independent random variables with V' ~ E; /D", where E;
is exponential with rate 1, and D" and DS" are, conditionally on { P;};>1, independent
random variables distributed as D%, independently of E| and E,. More precisely, as
n— 0o,

VAW — (VE + VED) = Wk e, (3.7

where 1" and J® are two copies of the random variable 1°" described above, which are
conditionally independent given P = {P;};>1.

(b) Let HS" be the number of edges in the minimal-weight path between two uniformly chosen
vertices in the network. Then

D

HE 2 2 4 2H jer. (3.8)

In particular, the limiting probability measure of the hopcount is supported only on the
even integers.

Remark 3.1. In the erased model, the connection between the limiting probabilities,
{P(Hfer jer = k) }i=1,

and the Poisson—Dirichlet distribution, {Pk}r>1, becomes cumbersome, in part because by
erasing multiple edges we change the degrees. Therefore, we have decided not to introduce
quantities similar to the probabilities {7y }x>1 introduced in Theorem 3.1. For more details on
the limiting probabilities, we refer the reader to Section 6.

We now present an intuitive explanation of the results in Theorem 3.2, starting with (3.6).
We let A1 and A; denote two uniformly chosen vertices; note that they can be identical with
probability 1/n. We further note that both vertices A; and A, have random degrees which
are close to independent copies of D. From (2.2) we see that the maximal degree scales as
u, = n'/@=Di(n), where [ is slowly varying at co. We informally refer to the vertices with
degrees Op(n'/ =Dy as super vertices (see (6.1) below for a precise definition), and the other
vertices as normal vertices. We frequently make use of the fact that normal vertices are, w.h.p.,
exclusively attached to super vertices; see, e.g. [23]. Discounting multiplicity, the number of
unique super vertices to which A;, i = 1, 2, is attached to is equal to Dfr , as described above.
The minimal-weight edge between A;, i = 1, 2, and any of its neighbors is hence equal in
distribution to the minimum of a total of D{" independent, exponentially distributed random
variables with rate 1. The shortest-weight path between two super vertices can pass through
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intermediate normal vertices, of which there are ®p(n). This implies that the minimal weight
between any pair of super vertices is of order op(1), so that the main contribution to W<" in (3.6)
is from the two minimal edges coming out of the vertices A;, i = 1, 2. This indicates, at least
at an intuitive level, how (3.6) arises.

We proceed with the intuitive explanation of (3.7). We use the fact that, w.h.p., the vertices
A;, i = 1,2, are only attached to super vertices. Thus, in (3.7), we investigate the shortest-
weight paths between super vertices. Observe that we deal with the erased CM, so between any
pair of direct neighbors there exists only one edge having an exponentially distributed weight
with mean 1. As before, we number the super vertices by i = 1,2, ..., starting from the
largest degree. We denote the number of common neighbors of the super vertices i and j by
N °r, which we will show is ®p(n).

Each element in N corresponds to a unique two-edge path between the super vertices i
and j. Therefore, the weight of the minimal two-edge path between the super vertices i and j
has distribution w(J " = mmSeNer(Els + Ejj). Note that {E;; + Es;}seNe' is a collection of Ner
ii.d. gamma(2,1) random variables. More precisely, N °r behaves as nf (P; () Pj(")) Where
Pl( m — = Du+1-in)/La. Indeed when we consider an arbltrary vertex with degree D ~ F,the
probability, conditioned on {P },>1, that this vertex is both connected to super vertex i and
super vertex j equals

L= (= PP == PP+ (1= B" — P[P,

Thus, the expected number of vertlces connected to both super vertices i and j is, conditionally
on {P },>1, Ner ~ nf(P and f(P ) weakly converges to f(P;, P;).

We conelude that the rn1nrrna1 two -edge path between super vertex i and super vertex j
is the minimum of nf (P(") P(n)) gamma(2,1) random variables Y, which are close to being
independent. Extreme value theory implies that

lim P(ﬁ min Y, > x) — P2
n—oo 1<s<pBn

for any f > 0, which, with g = ; = f(P"), P{")) ~ f(P;, P}), explains the weights [;
defined in (3.5), and also explains intuitively why (3.7) holds.

The convergence in (3.8) is explained in a similar manner. Observe that in (3.8) the first 2 on
the right-hand side originates from the two edges that connect A and A» to the minimal-weight
super vertex. Furthermore, the factor 2 in front of H;" is due to the fact that shortest-weight
paths between super vertices are concatenations of two-edge paths with random weights /;;. We
will further show that two-edge paths, consisting of an alternate sequence of super and normal
vertices, form, w.h.p., the minimal-weight paths between super vertices.

This completes the intuitive explanation of Theorem 3.2.

Remark 3.2. (The critical cases T = 1 and T = 2.) In Theorem 3.1 and Theorem 3.2 we
considered FPP on the CM with T € (1,2). Furthermore, FPP on the CM for T > 2 has
been studied in [6]. A natural question that arises is: what happens for t = 1 and 7 = 2,
respectively?

For T = 1, it is well known that, with probability 1, D,.,,/L, — 1; see, e.g. [21]. This
means that, for t = 1, the CM contains one super vertex, whose degree is, with probability 1,
asymptotically equivalent to the sum of the degrees of all vertices. Our two uniformly chosen
vertices A and A; are hence, w.h.p., exclusively connected to this single super vertex. Hence,
in the original model, the hopcount converges to the value 2 in probability and the weight of
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the minimal-weight path converges in distribution to the right-hand side of (3.1). We conclude
that Theorem 3.1 remains valid for r = 1. For the erased model and t = 1, assuming the
asymptotics in (2.1), we have H" 5 2, since, as we can easily conclude from the definition,
I°" = J® = 1 with high probability. Note that we again used the fact that the numbering of
the vertices starts from the largest degree. Also, (3.6) remains valid, with the interpretation that
VE = E;, i = 1,2, where the E; are independent, exponentially distributed random variables
with rate 1. This follows since D" = D' = 1 with high probability. Hence, with the obvious
changes, Theorem 3.2 also remains valid for T = 1.

What happens for t = 2 is less clear to us. A natural conjecture would be that the asymptotic
mean of the hopcount can interpolate between its asymptotics logn for T > 2 and ®p(1) for
T € (1,2). It would be of interest to investigate whether the CLT remains valid as long as the
mean hopcount tends to co.

3.3. Robustness and fragility

The above results show that the hopcount H,, in both models converges in distribution as
n — oo. Interpreting the hopcount as the amount of time it takes for messages to get from
one typical vertex to another typical vertex, the above shows that the CM with T € (1,2) is
remarkably efficient in routeing flow between vertices. We will now show that there exists a
downside to this efficiency. The theorem is stated for the more natural erased CM, but one could
formulate a corresponding theorem for the original CM under the assumptions of Theorem 3.1.

Theorem 3.3. (Robustness and fragility.) Consider the random weighted network 4\, where
the degree distribution satisfies (3.3) for some t© € (1,2). Then, the following properties
hold.

(a) Robustness: suppose that an adversary attacks the network by randomly and indepen-
dently deleting each vertex with probability 1 — p and leaving each vertex with probability
p- Then, for any p > 0, there exists a unique giant component of size Op(n).

(b) Fragility: suppose that an adversary attacks the network by deleting vertices of maximal
degree. Then, for any ¢ > 0, there exists an integer K. < 0o such that deleting the K
maximal degree vertices implies that, for two vertices A1 and Ay chosen uniformly at
random from G,

limsupP(A; < Aj) <, 3.9)

n—od
where A1 <> A means that there exists a path connecting vertex A1 and A; after deletion
of the maximal vertices. Thus, we can disconnect the network by deleting Op(1) vertices.

Remark. As in much of percolation theory, we could ask for the size of the giant component
in part (a) above when we randomly delete vertices. See Section 7, where we find the size of
the giant component as n — o0, and give the idea of the proofs for this behavior.

4. Discussion and related literature
In this section we discuss the literature and state some further open problems and conjectures.

The configuration model. The CM is one of the most popular models of random networks, in part
because one can generate random graphs with any prescribed degree distribution. This model
is often used to understand how the degree distribution affects various models of dynamics on
the network, such as epidemics, flows, etc. See in particular [16] and [17] for applications
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to modeling of disease epidemics, [19] for a full survey of various questions from statistical
physics, and [9, Section 3] for a more rigorous treatment of such questions.

For the CM, the graph distance is well understood. We refer the reader to [26] for T > 3, [27]
and [22] for T € (2, 3), and [23] for T € (1, 2). In the latter paper, it was shown that the graph
distance weakly converges, where the limit takes the values two or three, each with positive
probability.

FPP on random graphs. Analysis of FPP in the context of modern random graph models
started only recently (see [5], [13], [28], [24], and [25]). The particular case of the CM with
degree distribution 1 — F(x) = x!'=TL(x), where t > 2, was studied in [6]. For t > 2, the
hopcount remarkably scales as ® (log ) and satisfies a CLT with asymptotic mean and variance
both equal to o logn for some o > 0 (see [6]), despite the fact that, for T € (2, 3), the graph
distance scales as loglogn. The parameter « = 2(t —2)/(r — 1) € (0, 1) for T € (2, 3),
while « = E[D(D — 1)]/E[D(D —2)] > 1 for = > 3, where D has the degree distribution F.
Hence, the limiting distribution for the hopcount depends only on 7 for v € (2, 3), whereas, for
T > 3, it depends only on the first two moments of F. By Theorems 3.1 and 3.2, the behavior
for T € (1, 2), where the hopcount remains bounded and weakly converges, is rather different
from the one for 7 > 2.

Universality of X and X &. Although we have used exponential edge weights, we believe that
one obtains the same result with ‘similar’ edge weight distributions with density g satisfying
g(0) = 1. More precisely, in the hopcount result, the descriptions of K2 and K and
the corresponding limiting distributions in Theorems 3.1-3.2 will remain unchanged. The only
thing that will change is the distribution of (V**, V") and (V*, V7). In Section 8, Theorem 8.1,
we state what happens when the weight density g satisfies g(0) = ¢ € (0, co). When the edge
weight density g satisfies g(0) = 0 or g(0) = oo, then we expect that the hopcount remains
tight, but the weight of the minimal path W,,, as well as the limiting FPP constructions for both
the original and erased CM change.

Robustness and fragility of random networks. The issue of robustness and fragility of random
network models has stimulated an enormous amount of research in the recent past. See [2] for
one of the original statistical physics papers on this topic, and [7] for a rigorous derivation of this
fact when the power-law exponent 7 = 3 and the random graph is the preferential attachment
model. The following universal property is believed to hold for a wide range of models.

e Ifthe degree exponent T of the model isin (1, 3] then the network is robust against random
attacks but fragile against directed attacks, while, for ¢ > 3, under random deletion of
vertices, there exists a critical (model dependent) p. such that, for p < p., there is no
giant component, while, for p > p, there is a giant component.

Proving these results in a wide degree of generality is a challenging program in modern applied
probability.

Load distributions on random networks. Understanding the FPP model on these networks
opens the door to the analysis of more complicated functionals, such as the load distribution on
various vertices and edges of the network. Such constructs measure the ability of the network
in dealing with congestion when transporting material from one part of the network to another.
We discuss such questions in some more detail in Section 8.

Organization of the proofs and conventions on notation. The proofs in this paper are organized
as follows. In Section 5 we prove the results for the original CM, while Section 6 contains the
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proofs for the erased CM. Theorem 3.3 is proved in Section 7, and we close with a conclusion
and discussion in Section 8.

In order to simplify notation, we drop the superscripts ‘er’ and ‘or’ so that, for example, the
minimal-weight random variable W' between two uniformly selected vertices will be denoted
by W,, when proving facts about the original CM in Section 5, while W,, will be used to denote
W2 when proving facts about the erased CM in Section 6.

5. Proofs in the original CM: Theorem 3.1

In this section we prove Theorem 3.1. As stated above, in the proofs below, we delete the
superscript or from various random variables, such as 7°" and J', for notational convenience.
As part of the proof, we also prove that the FPP on K is well defined, as formalized in the
following proposition.

Proposition 5.1. (FPP on X3! is well defined.) Foralli, j in X3, we have W0r > Ofori # j
and H o < o0. In particular, thls implies that H o jor <00 a.s., where we recall that I°" and J°"
are two random vertices in Z chosen ( condltlonally) independently with distribution { P;};>1.

Recall that we label vertices according to their degree. We let A;, i = 1, 2, denote two
uniformly chosen vertices. Since the CM with infinite mean degrees has, w.h.p., a giant
component containing n — o(n) vertices, w.h.p., A and A, will be connected. We note that the
edge incident to vertex A; with minimal weight has weight given by V; = E;/D4,, i = 1,2,
where D4, denotes the degree of vertex A;. As aresult, V;, i = 1, 2, has the same distribution
as E;/D;, where the D; are two independent random variables with distribution function F.
Furthermore, by [23, Theorem 1.1], w.h.p., the vertices A1 and A, are not directly connected.
When A; and A; are not directly connected, then W,, > Vi 4 V;, and V; and V; are independent,
as they depend on the exponential weights of disjoint sets of edges, while, by construction,
Dy, and Dy, are independent. This proves the required lower bound in Theorem 3.1(a).
For the upper bound, we further note that, by [23, Lemma 2.2], the vertices A; and A, are,
w.h.p., exclusively connected to so-called super vertices, which are the m,, vertices with the
largest degrees, for any m,, — oo arbitrarily slowly. Thus, the upper bound follows if any
two of such super vertices are connected by an edge with weight which converges to 0 in
distribution. Denote by M; ; the minimal weight of all edges connecting the vertices 7 and j.
Then, conditionally on the number of edges between i and j, we have M; ; ~ Exp(N(i, j)),
where N (i, j) denotes the number of edges between i and j, and where we use Exp(A) to denote
an exponentlal random variable with rate A. We further define P(" = D(u41—-i:n)/ Ly, so that
P = {P }" | converges in distribution to the Pmsson—Dmchlet distribution P = {P;}i>1
in (2.2)—(2.4). We show that, conditionally on the degrees and w.h.p.,

NG, j) = (1 +op(1))L, P P{". (5.1)
Indeed, we note that
D;
NG, j) =Y LG, j),
s=1
where I (i, j) is the indicator that the sth stub of vertex i connects to j. We write P, for the

conditional distribution given the degrees, and E, for the expectation with respect to P,,. It
turns out that we can even prove Theorem 3.1 conditionally on the degrees, which is stronger
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than Theorem 3.1 averaged over the degrees. For this, we note that, for 1 < s; < s» < Dj,

. Dj o g oo DDy —1)
Polly (. ) =D =77 Pully(.)) =10 j)=1)= o= DL, —3)’

which implies, further using the fact that D; = D, 41— j.x) and, thus, D; /L, 2 Pj, that

.. _ DD, D}Dj -
vary (N(i, j)) < €= = op( =57 ) = opEalN (. )T).
n n

As aresult, N(i, j) is concentrated, and, thus, (5.1) follows.

In particular, we see that the vector {N (i, j) /L, }Z j=1 converges indistribution to {P; P; }1932 1
Thus, for every i, j, and conditionally on the degrees, M; ; is approximately equal to an
exponential random variable with asymptotic mean L, P; P;. Let J; = J°* denote the super
vertex to which A;, i = 1, 2, is connected through the minimal-weight edge. Then, conditioned
on P = {Py}r>1, we have, w.h.p.,

P(Ji =k | P)= Py, i=1,2,

and, by (5.1),
Vi+ V2 < W, < Vi + Vo +Exp(L, Py, P, +op(1)).

Since L, /u, has a distributional limit (see (2.2)) and P;, € (0,1), i = 1, 2, it follows that
u, (W, — (V1 + V»)) is a tight sequence. Below, we prove that, in fact, u, (W, — (V1 + V»))
converges weakly to a nontrivial random variable.

Observe that H, = 2 precisely when J; = J,, which occurs, by the conditional independence
of J1 and J> given P, with asymptotic probability

Py(H, =2) =Y P+ op(l).

i=1

Taking expectations, and using (2.6) together with the bounded convergence theorem,
proves (3.2).

We now prove the weak convergence of H, and of u, (W, — (V1 4+ V3)) by constructing a
shortest-weight tree in KJ). We start building the shortest-weight tree from Jj, terminating
when J, appears for the first time in this tree. We denote the tree of size / by 7;, and note
that 71 = {J1}. Now we have the following recursive procedure to describe the asymptotic
distribution of 7;. We note that, for any set of vertices A, the edge with minimal weight outside
of A is a uniform edge pointing outside of A. When we have already constructed 7;_1, and we
fixi € Tj_1, j & Ti—1, then, by (5.1), there are approximately L, P; P; edges linking i and j.
Thus, the probability that vertex j ¢ T;_; is added to 7;_ is, conditionally on P, approximately
equal to

bnPidgen P P P;, (5.2)
Ly X get i bgriy PaPo 1= Prp,

where, for a set of vertices A, we write

Py :ZPQ.

acA

pil) =
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Denote by B; the Ith vertex chosen. We stop this procedure when B; = J» for the first time,
and denote this stopping time by S, so that, w.h.p., H, =2 + H(S), where H(S) is the height
of Bg in Ts. Also, u, (W, — (V1 + V»)) converges in distribution to Wy, which is the weight of
the path linking J; and J> in K.

Note that the above procedure terminates in finite time, since Pj, > 0 and at each time, and,
by (5.2), we pick J» with probability at least P;,. This proves that H,, weakly converges, and
that the distribution is given only in terms of P. Also, it proves that the FPP problem on K2,
is well defined, as formalized in Proposition 5.1.

Furthermore, since the distribution of P depends only on t € [1, 2), and not on any other
details of the degree distribution F', the same follows for H,,. When 7 = 1, then P} = 1 a.s., so
that P,(H, =2) = 1+ o0p(1). When 7 € (1, 2), on the other hand, P; > 0 a.s. foreachi € N,
so that, by the above construction, it is not hard to see that lim,_, -, P,,(H, = k) = mx(P) > 0
a.s. for each k > 2. Thus, the same follows for 7; = lim, .o P(H, = k) = E[x;(P)]. It
would be of interest to compute 7 for k > 2 explicitly, or even 3, but this seems a difficult
problem.

6. Proofs in the erased CM: Theorem 3.2

In this section we prove the various results in the erased setup. In the proofs, we omit
the superscript ‘er’ from the limiting random variables, and write, e.g. I, J, for notational
convenience and when no confusion can arise. We start by giving an overview of the proof.

6.1. Overview of the proof of Theorem 3.2

In this section we formulate four key propositions, which, together, make the intuitive proof
given below Theorem 3.2 precise, and which combine to a formal proof of Theorem 3.2.

As before, we label vertices by their (original) degree so that vertex i will be the vertex with
the ith largest degree. Fix a sequence &, — 0 arbitrarily slowly. Then, we define the set of
super vertices 4, to be the set of vertices with largest degrees, namely,

8, ={i: D; > gon'/ Dy, (6.1)

We refer to 4 as the set of normal vertices.

Recall the definition of the limiting infinite ‘complete graph’ K& defined in Section 3.2
and, for any fixed k > 1, let (X gg)k denote the projection of this object onto the first k vertices
(so that we retain only the first k vertices 1,2, ..., k and the corresponding edges between
these vertices). Then the following proposition says that we can move between the super
vertices via two-edge paths which have weight ©(1/4/n). For notational convenience, we
write [k] :={1,2...,k}.

Proposition 6.1. (Weak convergence of the FPP problem.) Fix k and consider the subgraph of
the CM formed by retaining the k vertices of maximal degree and all paths connecting any pair
of these vertices by a single intermediary normal vertex (i.e. two-edge paths). For any pair of
vertices i, j € [k], let lig-" = \/ﬁwi(.z), where wi(jz) is the minimal weight of all two-edge paths

between i and j (with wl.(jz) = 00 if they are not connected by a two-edge path). Consider the
complete graph JC,’; on vertex set [k] with edge weights ll.(jn). Then

KE D (KK,

D o . .
where ‘—’denotes the usual finite-dimensional convergence of the (];) random variables ll;") .
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The proof of Proposition 6.1 is deferred to Section 6.2. Proposition 6.1 implies that the FPP
problem on the first k super vertices along the two-edge paths converges in distribution to the
one on K restricted to [k]. We now investigate the structure of the minimal weights from a
uniform vertex, and the tightness of recentered minimal weight

Proposition 6.2. (Coupling of the minimal edges from uniform vertices.) Let (A1, Az) be two
uniform vertices, and let (Vl(n), V2<n)) denote the minimal weight in the erased CM along the

edges attached to (A1, A).

(a) Let I @) and J™ denote the vertices to which A;, i = 1,2, are connected, and let
(I°", J®) be two random variables having the distribution specified right before The-
orem 3.2, which are conditionally independent given {P;};>1. Then, we can couple
(I, JY and (I, J) in such a way that

P(I™, J™) £ (I, JT)) = o(1). (6.2)

(b) Let V; = E;/D§', where D" are two copies of the random variable D' described right
before Theorem 3.2, which are conditionally independent given {P;}i>1. Then, we can
couple (Vl("), Vz(n)) to (V1, Vo) in such a way that

P((V{", V™) # (V1. V2)) = o(1). 6.3)
As a result, the recentered random variables /n(W,, — (Vi + V»)) form a tight sequence.

The proof of Proposition 6.2 is deferred to Section 6.3. The following proposition asserts
that the hopcount and the recentered weight between the first k super vertices are tight random
variables, and, in particular, they remain within the first [ K] vertices with probability 1 — o(1)
as K — oo.

Proposition 6.3. (Tightness of the FPP problem and evenness of the hopcount.) Fixk > 1. For
any pair of vertices i, j € [k], let H,(i, j) denote the number of edges of the minimal-weight
path between i and j. Then,

(a) H,(, j)isatight sequence of random variables, which is such that P(H, (i, j) ¢ 27.7) =
o(1);

(b) the probability that any of the minimal-weight paths between i, j € [k], at even times,
leaves the K vertices of largest degree tends to O when K — 0o;

(c) the hopcount H,, being the number of edges of the minimal-weight path between two
vertices chosen uniformly at random, is a tight sequence of random variables, which is
such that P(H, & 277) = o(1).

The proof of Proposition 6.3 is deferred to Section 6.4. The statement is consistent with
the intuitive explanation given right after Theorem 3.2: the minimal-weight paths between two
uniform vertices consists of an alternating sequence of normal vertices and super vertices. We
finally state that the infinite FPP on the erased CM is well defined.

Proposition 6.4. (The infinite FPP is well defined.) Consider FPP on K with weights
{li}1<i<j<oo defined in (3.5). Fixk > 1 and i, j € [k]. Let Ak be the event that there
exists a path of weight at most W connecting i and j, which contains a vertex in Z+ \ [K].
Then, there exists a C > 0 such that, for all sufficiently large K,

P(sx) < CWKleCWvloeK (6.4)
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The proof of Proposition 6.4 is deferred to Section 6.5. With Propositions 6.1-6.4 at hand,
we are able to prove Theorem 3.2.

Proof of Theorem 3.2 subject to Propositions 6.1-6.4. By Proposition 6.2(b) we can couple
(Vl("), Vz(”)) to (Vi, V») in such a way that (Vl("), VZ(”)) = (V}, V) occurs w.h.p. Furthermore,
with probability converging to 1 as k — oo, I, J < k, which we assume from now on, while,
by Proposition 6.2(b), «/n(W,, — (Vi + V,)) is a tight sequence of random variables.

By Proposition 6.3, the hopcount is a tight sequence of random variables, which is, w.h.p.,
even. Indeed, it consists of an alternating sequence of normal and super vertices. We call the
path of super vertices the two-edge path. Then, Proposition 6.3 implies that the probability
that any of the two-edge paths between any of the first k vertices leaves the first K vertices is
small when K grows big. As a result, we can write H, =2 +2H (Z,)) > Where H I(Zl)) S s the
number of two-edge paths in KX '. By (6.2) we have, w.h.p., H[(ﬁ,))lj(n) = I(J").

By Proposition 6.1, the FPP on the k vertices of largest degree in the CM weakly converges
to the FPP on the first k vertices of K, for any k > 1. By Proposition 6.4, w.h.p., the
shortest-weight path between any two vertices in [k] in K does not leave the first K vertices,
so that W;; and Hj; are finite random variables, where Wy; and Hj; denote the weight and
number of steps in the minimal path between / and J in K. In particular, it follows that
(W, — (Vln) + Vz("))) 2 Wiy, and that Hi](-") > Hjj for every i, j € [k], which is the
number of hops between i, j € [k] in K& . Since, w.h.p., (Vi, V2) = (Vl("), Vz(")), (W, —
(V1 4+ V1)) converges to the same limit. This completes the proof of Theorem 3.2 subject to
Propositions 6.1-6.4.

6.2. Weak convergence of the finite FPP problem to J : proof of Proposition 6.1

In this section we study the weak convergence of the FPP on JC,’; to the one on (chg)k, by
proving Proposition 6.1.

We start by proving some elementary results regarding the extrema of gamma random
variables. We start with a particularly simple case, and after this, generalize it to the convergence
of all weights of two-edge paths in K".

Lemma 6.1. (Minima of gamma random variable.) (a) Fix § > 0 and consider nf i.i.d.
gamma(2,1) random variables Y;. Let T, = minj<;<g, Y; be the minimum of these random
variables. Then, as n — 00,

P(V/nT, > x) — exp(—%ﬂxz).

(b) Let {X;i}1<i<m» (Yiti<i<m, and {Z;}1<i<m be all independent collections of independent
exponential mean 1 random variables. Let

Nm = Mlimf (X; + 7Y, km = ~/m min (X; + Z;),
<i<m

1<i<m

and py = /m min (Y; + Z;).
1<i<m

Then, as m — o0,
D
(r)ms Km, ,Om) - ({17 {2’ ;3)
Here the ¢; are independent with distribution function 1 — exp(—x?/2), x > 0.
We note that the independence claimed in part (b) is nontrivial, in particular, since the random

variables (9, ki, pm) are all defined in terms of the same exponential random variables. We
will later see a more general version of this result.
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Proof of Lemma 6.5. Part (a) is quite trivial, so we will leave the proof to the reader and
focus on part (b). Note that, for any fixed xg, yp, and z¢ all positive and X, Y, and Z all
independent exponential random variables, we have

2
P(x 1Y < %) - ;—31 + Om™?), (6.5)

and similar estimates hold for P(X + Z < yg/+/m) and P(Y + Z < zo//m). Furthermore,
we make use of the fact that, for m — oo,

P(X +r<L x+z< ﬂ) = O(m/?),

Vm Vm

since X + Y < xo/+/m and X + Z < yo/+/m imply that X, Y, and Z are all of order 1//m.
Then, we rewrite

m m m
P(1m > X0, Km > Y0, Pm > 20) =P(ZI,- =0, Ji=0 )Y L =o),
i=1 i=1 i=1

where I; = 1ix, 1y, <xo/vmy > Ji = Vixi42<yo/vmy> @0 Li = Ly 720/ /my, Where we write
14 for the indicator of the event A. This implies, in particular, that

P(nm > x0, km > Yo, pm > 20) = P(I1 =0, J1 =0, Ly =0))"
=0 -P{LH =1U{J1 =1} U{L; =1})"

2 2 2 m
X Yo 20 -3/2
1— (2420420 _ @
[ <2m + 2m + 2m (m )>j|

= e~ (0/2PN/2HT/D (1 4 o(1)), (6.6)

as m — oo, where we use the fact that
P =1 U{/i =1}U{L; =1) —-P(1 =1) —P(J1 =1) —P(L; = D)
sPlhi=h=D+P(h=Li=D)+P(i=Li =1
= Qm /).
This proves the result.
The next lemma generalizes the statement of Lemma 6.1 in a substantial way.

Lemma 6.2. (Minima of gamma random variables on the complete graph.) Fix k > 1 and
n > k. Let {Es }1<s<t<n be an i.i.d. sequence of exponential random variables with mean 1.
For each i € [k], let N; C [n]\ [k] denote deterministic sets of indices. Let Nijj = N; N N},
and assume that, for each i, j € [k],

|Nijl/n — Bij > 0. (6.7)

Let

n’ = /n min (Eis + Eq j).
ij
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Then, for each k,
D
(' hisi<jzk = {mghizi<j k.

where the random variables {n;j}1<; < j<k are independent random variables with distribution

P > x) = exp(—%ﬂisz).

When the N; denote random sets of indices which are independent of the exponential random
variables, then the same result holds when the convergence in (6.7) is replaced with convergence
in distribution, where the limits Bj; satisfy that B > 0 holds a.s. and the limits {n;i}1<i<j<k
are conditionally independent given {Bij}1<i < j<k-

Proof. We follow the proof of Lemma 6.1 as closely as possible. Fori € [k] and s €
[7] \ [k], we define X;; = E;; whens € N, and X;; = +0o when s ¢ N;. Since the
sets of indices {.V;};c[x] are independent from the exponential random variables, the variables
{Xi s}ielk), seln\[k] are, conditionally on {-V;};c[x], independent random variables. Then, since
Nij = N NN,

771(}”) «/_miI[I(E s+E]s)—\/_ min (XIS+X]S)

se[n]\[k

Let {x;;}1<i<j<k be a vector with positive coordinates. We note that

P(ni(j") > xjjforalli, j € [k]) = P< Z Jijs =0foralli, j € [k]),
s€[n]\[k]

where Jjj s =1 X0y X </} We note that the random vectors {Jj; s }se[n]\[k] are condition-
ally independent given {V; };[«], so that
P > x; foralli, j € [k]) = P(J;s =O0foralli, j e [k
n; > xjjfora i,jelk]) = 1_[ (Jij,s =0foralli, j € [k]).
s€[n]\[k]
Now, note that J;; ; = 0 a.s. when s ¢ N, while, for s € W, we have, similarly to (6.5),
x2
P(Jjs=1) =2+ 0n?).
2n
Therefore, we can summarize these two claims by
2

X5
24 @(n—3/2)>.

P(Jjs=1) = l{sed\/zy}<2n

Similarly to the argument in (6.6), we have

P(Jjs =O0foralli, j e [k]) =1 — Z P(Jjs=1)+0n3?)

I<i<j<k

:exp{— Z l{seN,, ( +®(n_3/2))}
I<i<j<k
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We conclude that

P(ng’) > xjforalli, je[k) = [] P(Jjs=0foralli,j e [k])
se[n]\[k]

:exp{— Z Z l{yeMj< +®(n—3/2))}
se

[n\[K] 1<i<j<k

:exp{— Z Uﬂ]}(l—i— o(1)),

I<i<j<k
as required.

We will apply Lemma 6.2 to ; being the direct neighbors in [r] \ [k] of vertex i € [k].
Thus, by Lemma 6.2, in order to prove the convergence of the weights, it suffices to prove the
convergence of the number of joint neighbors of the super vertices i and j, simultaneously, for
all i, j € [k]. That is the content of the following lemma.

Lemma 6.3. (Weak convergence of Ng.r /n.) The random vector {N;r /n}1<i<j<n converges
in distribution in the product topology to {f(P;, Pj)}1<i<j<co, Where f(P;, P}) is defined
in (3.4), and { P;};>1 has the Poisson—Dirichlet distribution.

Proof. We first prove that the random vector {N er / n—f (Pl.("), P ;"))}1 <i<j<n CONVErges in
probability in the product topology to 0, where P = D(y+1—i:n)/ Ly is the normalized ith
largest degree. For this, we note that

n
N =" LG, ),
s=1

where I (7, j) is the indicator that s € [n] is a neighbor of both i and j. Now, weak convergence
in the product topology is equivalent to the weak convergence of {NS-r /nYi<i<j<k for any
K € Z* (see [15, Theorem 4.29]). For this, we use aPsecond moment method. We first note
that [N'/n — N&, (i, j)/nl < (1/n) 3°5_ L{p,=p,} — O, where b, — o0 and

n
NE, (. j) =D L. )1(D,<b,)-

s=1

Take b, = n and note that, when i, j < K, the vertices i and j both have degree of order
n/ (=D which s at least n w.h.p. Thus, the sum over s in N<, (i, j) involves different vertices
than i and j. Next, we note that

o [V 0]

n

1 . . .
" Z Lp,<ny Pn(Ls(Q, j) = 1)

s=1

1 n
=D Lpzwll = (= PP — (1= PP)P 4 (1= P = PI)P ] 4 op(D),

https://doi.org/10.1239/aap/1282924060 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1282924060

724 S. BHAMIDI ET AL.

in a similar way as in (3.4). By dominated convergence we have, for every s € [0, 1],

1 n
=Y Ap,=n(1 =P =5 Bl - 9)P],
s=1

which implies that
Ne&t i
n

Furthermore, the indicators {Z; (i, j)}{_; are close to independent, so that var, (NZ,, (i, j)/n) =
op(1), where var, denotes the variance with respect to P,,. The weak convergence claimed in
Lemma 6.3 follows directly from the above results, as well as from the weak convergence of
the order statistics in (2.2) and the continuity of (s, ) — f(s, t).

The following corollary completes the proof of the convergence of the rescaled minimal-
weight two-edge paths in §5'.

Corollary 6.1. (Conditional independence of weights.) Let l ) =.n w( ) where w ) is the
minimal weight of all two-edge paths between the vertices i and J (with w(z) =00 lfthey are
not connected by a two-edge path). Fix k > 1. Then

() D; D

{l; h=icjzks \ 7= — ({Lijh<i<j<t> {Pi}i=1),
L” 1<i<n

where, given {P;};>1, the random variables {l;j}1<;<j<k are conditionally independent with

distribution

P(l; > x) = exp(—1 f(Pi, Pj)x?).

Proof. The convergence of {D,,/L,}1<m<n follows from Section 2.1. Then we apply
Lemma 6.2. We let ./; denote the set of neighbors in [n] \ [k] of the super vertex i € [k].
Then, |N;j| = |N; N N;| = N;-r, so that (6.7) is equivalent to the convergence in distribution of
N;r/n. The latter is proved in Lemma 6.3, with B;; = f(P;, P;). Since P; > 0 a.s. for each
i € [k], we obtain B;; > 0 a.s. forall i, j € [k]. Therefore, Lemma 6.2 applies, and completes
the proof of the claim.

Now we are ready to prove Proposition 6.1.

Proof of Proposition 6.1. By Corollary 6.1 we see that the weights in the FPP problem
converge in distribution to the weights in the FPP on (K& )k. Since the weights W i of the mm—
imal two-edge paths between i, j € [k] are continuous functions of the weights {l }15i< j<ks
it follows that {W }1<,< j<k converges in distribution to {Wjj}1<i<j<«- S1nce the weights
are continuous random variables, this also implies that the hopcounts {H }1<,< j<k in K k
converge in distribution to the hopcounts { Hjj}1<; < j<t in (K )k This proves Proposition 6.1.

6.3. Coupling of the minimal edges from uniform vertices: proof of Proposition 6.2

In this section we prove Proposition 6.2. As mentioned earlier, the vertices A;, i = 1,2,
are, w.h.p., only attached to super vertices. Let /7 and J denote the vertices to which
A;, i = 1, 2, are connected and of which the edge weights are minimal. Then, by the discussion
below (3.5), (1™, J™) converges in distribution to the random vector (I, J) having the
distribution specified right before Theorem 3.2, and where the two components are conditionally
independent, given {P;};>1.
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Furthermore, denote the weight of the edges attaching (A1, Az) to (1 () yn)y by ( V(”) V("))
Then, (Vl(n) Vz(”)) — (V' V5" defined in Theorem 3.2. This in partlcular proves (3 6) since
the weight between any two super vertices is op(1). Furthermore, since (1 M J™)Y are discrete
random variables that weakly converge to (I, J), we can couple (/ ) gy and (I, J) in such
a way that (6.2) holds.

Let (Der(”) Der(”)) denote the erased degrees of the vertices (A1, Az) in §<'. The following
lemma states that these erased degrees converge in distribution.

Lemma 6.4. (Convergence in distribution of erased degrees.) Under the conditions of Theo-
rem 3.2, as n — o0,
(5™, DY) 2 (DS, DS (6.8)

which are two copies of the random variable D" described right before Theorem 3.2, and which
are conditionally independent given {P;};>1.

Proof. Conditionally on A; # A, which occurs with probability 1 — 1/n, the degrees
before erasure, (D4, Da,), are i.i.d. with distribution function F. Therefore, in particular,
Dy, and Dy, are bounded by K with probability 1 — o(1) as K — oo. We next investigate
the effect of erasure. We cond1t10n on {P; v )}l 1> the rescaled m,, largest degrees, and note
that, by (2.2), {P(”)}l 1 =1{Di/Ly} _1 converges in distribution to {P;};>1. We let m,, — oo
arbitrarily slowly, and note that, wh p., the (D4, Da,) half-edges incident to the vertices
(A1, A) are exclusively connected to vertices in [m,]. The convergence in (6.8) follows when

P((Der(n) Der(n)) = (k1, ko) | {P(”)}, 1’ (Days Day) = (i1, j2))
= Gy, j, ({P(n)} DG, /2({P(n)} ) +op(l), (6.9)

for an appropriate function Gy ; : ]R — [0, 1], which, for every k, j, is continuous in the
product topology. (By convention, for a vector with finitely many coordinates {x;}"_,, we let
Gy, (XYL ) = le,h({xl}lzl) where x; = 0 fori > m.)

Indeed, from (6.9) it follows that, by dominated convergence,

P((D™, DS™) = (k1. k2))
=E[P((DY" . DY) = (ki ko) | (PPVY!™). (D4, Day))]

= E[Gi,. 0y PV )G, s (P )2 )] + 0(1)
i E[Gk],D1 ({PI}IZI)sz,Dz({PI }121) s

where the last convergence follows from the weak convergence of {PI-(")};":”1 and the assumed
continuity of G. The above convergence, in turn, is equivalent to (6.8), when Gy ;({P;}i>1)
denotes the probability that k distinct cells are chosen in a multinomial experiment with j
independent trials where, at each trial, we choose cell i with probability P;. It is not hard to
see that, for each k, j, Gy, ; is indeed a continuous function in the product topology.

mp

To see (6.9), we note that, conditionally on {Pi(")}i: |» the vertices to which the Dy, = j;
stubs attach are close to independent, so that it suffices to prove that

P(Der(") =k | {P (")}l 1» Day = j1) = Giy, /1({P(n)}mn ) +op(l).

The latter follows, since, again condltlonally on {P(")}l 1» €ach stub chooses to connect to
vertex { with probability D; /L, = P ™ and the different stubs choose close to independently.
This completes the proof of Lemma 6 4
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By Lemma 6.4 we can also couple (Dzrl("), Dirz(")) to (D§', DS") in such a way that

P((DG". DI") # (DY, DS)) = o(1).
Now, (Vl("), Vz(")) is equal in distribution to (E;/ Dzrl("), E>/ Dzrz(")), where (E|, E,) are two
independent exponential random variables with rate 1 independent of (Dzrl("), Dzrz(")). Let
Vi = V& = E;/D{", where we use the same exponential random variables. Then (Vy, V2)
has the right distribution, and the above coupling also provides a coupling of (Vl(”), Vz(")) to
(V1, V») such that (6.3) holds.

By the above couplings we have

Wy — (V" + V")) = Sn(Wy = (Vi + V2) - whp.
By construction, /n(W,, — (Vl(n) + Vz("))) > 0 a.s., so that also, w.h.p.,
Vn(W, — (Vi + V1)) = 0.

Furthermore, /a(W, — (V" + V")) < 15'8) > Which is the weight of the minimal two-

edge path between the super vertices /™ and J normalized by /. Now, by (6.2),
A™, J™y=(,J) whp.

Thus, w.h.p., l;r(’,?) T = l;"}, which, by Proposition 6.1, converges in distribution to /;;, which
is a finite random variable. As a result, l;'('n)) ) is a tight sequence of random variables, and,

therefore, so is /n(W, — (Vl(n) + Vz("))). This completes the proof of Proposition 6.2.
6.4. Tightness of the FPP problem and evenness of the hopcount: proof of Proposition 6.3

In this section we prove that the only possible minimal-weight paths between the super
vertices are two-edge paths. All other paths are much too costly to be used. We start by stating
and proving a technical lemma about expectations of degrees conditioned to be at most x. Itis
here that we make use of the condition in (3.3).

Lemma 6.5. (Bounds on restricted moments of D.) Let D be a random variable with distribu-
tion function F satisfying (3.3) for some t© € (1,2). Then, there exists a constant C such that,
forevery x > 1,

E[D1{p<y] < Cx*7%,  E[D" '1p<yl < Clogx, E[D"l{p<y]l <Cx. (6.10)

Proof. We note that, for every a > 0, using partial integration,

V(1 — F(y) < afo ¥l = F(y)]dy < cza/O T dy.
6.11)

The proof is completed by considering the three cases separately and computing in each case
the integral on the right-hand side of (6.11).

E[D1ip<y] = —/
(0,x]

In a second lemma, we treat a bound on the probability that the vertices iy, i2, .. ., iy, With
m even, are normal vertices and are connected by an edge. In its statement, we use the event
J¢j to denote that the vertex i; is normal, i.e. #; = {D;; < gan!/ =D},
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Lemma 6.6. (Paths of normal vertices are unlikely.) For every a > 0, there exists a constant

C = C(a) such that, for all iy, ..., i, € [n] and m even,
m—1 2
Dj; Dj;,, logn \"/
E[l—[] (jL—n]+ A l)lﬂnl{Ln>an1/(TU}:| < <C » > , (6.12)
j=
where ¥, = ﬂ'};l H denotes the event that all vertices iy, ..., i,, are normal.
Proof. We start with an inequality for m = 2, where we abbreviate n!/*=1 by u,, so that
uz_l = n. We use the inequalities in (6.10) and the upper bound 1 — F(x) < cx' 7. We have
D; D; au
| (G ) 2] = oo~ 5[ )
+ 20 BD, iy a0y | i)
auy, 2 ip =dUp i 1

au, \'° D; au, \>7F
<1 n i1 C n
B ﬂl{cz<Di1> +a”n (Dil
- au 1—1
<tufe(5e) )
i

Taking expectations on both sides, and using the fact that ¥, C 1, yields, using again one of
the inequalities in (6.10),

D;, D; .
E[(M A 1)1}-2] < Ca'""n T E[(D;)" 1]

auy,
< Ca'""n"1Clog{e,n"/ D}

logn

<C(a) .
n

The bound for general even m > 4 is verified as follows. We note that in (6.12) we take the
expectation of the product of m — 1 terms. We bound the second term, i.e. (D;, Dj;/L, A 1),
by the obvious bound 1, and do the same with the fourth up to the (m — 2)th term. At the same
time we bound 1, by 1 (072 31y After replacing L, by au,, we end up with an upper

bound consisting of the independent product of m /2 terms of the form

D;.D;,
E[(MA1>1;¢:J.:|, i=13,...,m—1,
auy

each of which can be bounded by C logn/n as above.
The following lemma shows that paths of odd lengths are unlikely.

Lemma 6.7. (Shortest-weight paths on super vertices are of even length.) Let the distribution
function F of the degrees of the CM satisfy (3.3). Let B"™ be the event that there exists a
path between two super vertices consisting of all normal vertices and having an odd number
of edges with total weight wy, //n. Then, for some constant C,

—2(z—1)
e
P(B™ N{L, > au,}) < C—Cuwnvlogn,
( {Ln n}) < Jiogn
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Proof. We will show that the probability that there exists a path between two super vertices
consisting of all normal vertices and having an odd number of edges with total weight w;,//n
is small. For this, we use the first moment method and show that the expected number of such
paths goes to 0 as n — oo. Fix two super vertices which will be the end points of the path and
an even number, m > 0, of normal vertices with indices i1, i2, . .., i,. Note that when a path
between two super vertices consists of an even number of vertices, then the path has an odd
number of edges.

Let JB,(,? ) be the event that there exists a path between two super vertices consisting of exactly
m intermediate normal vertices with total weight w,, /+/n. We start by investigating the m = 0
case, so that the super vertices are directly connected. Recall that 4, denotes the set of super
vertices, i.e. vertices whose degree is at least e,n!/ @~ Note that the number of super vertices
|8, | is a binomial random variable, which is concentrated as soon as its mean tends to co. Thus,
|8n| = Op(E[|8,]]) since

E[|8,]1=nP(D; > &n'/ " D) = 0(e;"V) - 0.

Hence, there are Op(s,, (t_l)) super vertices and, thus, Op (g, 2(f_l)) edges between them. The
probability that any one of them is smaller than w,/\/7 is of order &, 2(T_l)w,, /+/n, and it
follows that P(B(") < &, 2" D, /y/n.

Let M,(,,") be the total number of paths connecting two specific super vertices and which are
such that the total weight on the paths is at most w, /+/n, so that

P(8) =P(M™ > 1) < E[M™).

In the following argument, for convenience, we let {D;}?_, denote the i.i.d. vector of degrees
(i.e. below D; is not the ith largest degree, but rather a copy of the random variable D ~ F
independently of the other degrees).

Let? = (i1, i2, - - ., im), and denote by p,, ,(7) the probability that the m vertices i1, iz, . . . ,
i, are normal and are such that there is an edge between is and isyq fors = 1,...,m — L.
Furthermore, note that, with S, = Zf’fll E;, where the E; are independent exponential
random variables with rate 1, we have, for any u € [0, 1],

U yMe—Xx um—H

P(Sm+1 = u) =/ (6.13)

—dx < —.
o m! (m+ 1!
Together with the fact that there are Op (¢, (T_l)) super vertices, this implies that

CE[IJ,,IZ]w,T“ an—z(f—])wm—H

(n) (n) 7 n 7
L L

+ Dintnt
(6.14)
since (6.13) implies that the probability that the sum of m 4 1 exponentially distributed random
variables is smaller than u,, = w, //n is at most ufl’“/(m + D
By the construction of the CM we have

m—1 m—1
D;. D;, D;. D;.

) <E — L A1)1g | <E —UH A1, | 1)),
Prn(7) < [ﬂ(Ln—sz | < 11"[1 T 7 |1+ 0(1)
where F,, is the event that Di; < g,nV/T=D forall 1 < j < m. It follows from Lemma 6.6

that on the event L, > au,, and, for even m,

(C logn)™/?
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Using this estimate in (6.14), and summing over all even m, using the notation thatm € 27",
shows that
P(B™ N{L, > au,}) < Z P(B™ N{L, > au,})
me27+

Cg_z(t_l)wm""l

< _—n 7n
- | 3(m+1)/2
me27Z* (m+ Din

(Cnlogn)™/?

o0
— Ce 20D 71/22 w1 (Clogn)k

2k + 1)!
E—Z(r 1)
n Cw,+/logn

< C—n1/2 Togn e . (6.15)

Since the event {L, > au,} happens with probability 1 — o(1) when a | 0, Lemma 6.7,
with the correct choice of &, shows that P(H,, & 2Z7) = o(1). In order to prove Theorem 3.2,
we further show that the shortest-weight paths between any two specific super vertices alternate
between super vertices and normal vertices. We will prove this statement in Lemma 6.9 below,
by showing that the probability that a vertex with index at least K is used at an even place is,
for large K, quite small. This shows in particular that, w.h.p., at all even places we have super
vertices. In the following lemma, we collect the properties of the degrees and erased degrees
that we will make use of in the sequel. In its statement, we define

where, fora € (0, 1) and C, C* > 0, we let

9,(") (Lyn™ VD e la, a1},
1/(z—1) 1/(z—1)
g(n) { 1<E) < Dguii—im) < C<E> foralli € [n]},
1 l

g\ = {Dfr < cef<'l> forall i € [n]}.
l

The event 6 is the good event that we will work with. We will first show that, if we take
a > 0 sufficiently small and C, C*" sufficiently large, then P(¢") is close to 1.

Lemma 6.8. (The good event has high probability.) For every ¢ > 0, there exist a > 0
sufficiently small and C, C*" sufficiently large such that

P@G™) > 1—e.
Proof. We split
P((§™)) = P((§")%) + PG\ N (5% + PG n gy N (g{")%)

and bound each term separately. We can make P((gﬁ”))C) < ¢/3 by choosing a > 0 sufficiently
small by the Weak conver ence in (2.5).

To bound P(g,1 N (9, ) ), we note that D, 1—1.n) > C(n/DVE=D g equivalent to the
statement that the number of values i such that D; > C(n/1)"/("=V is at least [. Since {D:i}!_,
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is an i.i.d. sequence, this number has a binomial distribution with parameters n and success

probability
n 1/(z—1) C2C7(t71)l
qin = l—FC7 =S —,
n

by (3.3). When the mean of this binomial, which is coC~( =V}, is much smaller than /, which
is equivalent to C > 0 being large, the probability that this binomial exceeds [ is exponentially

small in /:
n\M/D 1(O)]
P<D(n+1[:n) > C(T) ) <e" © )

where /(C) — oo when C — oo. Thus, by taking C sufficiently large, we can make the
probability that there exists an / for which D, 1—.n) > C(n/ l)l/ (=1 gmall. In more detail,

2\ n\/@=D
P(there exists [ 1 Dgq1—1:0) > C(—) ) < Z P<D(n+l—l:n) > C(?) )
I

l
€[n]

< Z e—I(C)l

le[n]
&
3’
when we make C > 0 sufficiently large. In a similar way, we can show that the probability that
there exists / such that D£n+1_1¢n) < C Y mn/DHY™=D is small when C > 0 is large.
In order to bound P(ng") N g;") N (gg’”)C), we need to investigate the random variable DS".

We claim that there exists an R = R(a, C, C®") with R(a, C, C%) — oo as C*' — oo for each
fixed a, C > 0, such that

it—1

P(DS" > Cj™ D=, g0 nge) <e BT (6.16)

Fix C** > 0. In order for Dj" > C% j*=! to occur, we must have at least Cj*~!/2 of
the neighbors of vertex i with index at least C®" j7~! /2, where we recall that vertex i is such
that D; = D,41—;.n) is the ith largest degree. The j neighbors of vertex i are close to being
independent, and the probability that any of them connects to a vertex with index at least k is,
conditionally on the degrees {D;}!_,, equal to

Z Dgiv1-im)
I=k Ln
When 6\ N 63" holds, then D4 1—1n)/Ln < (C/a)l~/T=D 50 that
Z D(n+lfl:n) < C(g)k_(z_f)/(f_l).
ok L, a

As a result, we can bound the number of neighbors of vertex i by a binomial random variable
with p = k= C=9/C=D where k = C*j7~1/2, i.e.

C cer sT—1
P(D" > Cj* | D = j. g" N gy < P(Bin<j,c<_>j—<2—f>> > +>
a

https://doi.org/10.1239/aap/1282924060 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1282924060

Extremes and FPP on random networks 731

Next, we note that the mean of the above binomial random variable is given by

C C
c(_>j1—(2—r) :c(_)j'[—l.
a a

A concentration result for binomial random variables [14], yields, for sufficiently large C > 0,
P(Der > Cer .7—1 I D _ ,] 9’(”) N g’g’l)) < e*Rj171
This proves (6.16). Taking C®" > 0 sufficiently large, we obtain

< Z ZP(D? > €T Dy = j, 9 A ™) P(D; = j, %) 1 g

IA

n
Z efRCn/l
i=1
£
S P
3
where we used the fact that D; > C -1 (n/ i)l/ (=D gince the event 9,;") occurs, and where, in

the last step, we used the fact that, for each a, C > 0, we can make R = R(a, C, C*") large by
taking C°" sufficiently large.

Now we are ready to prove the tightness of the FPP problem. In the statement below, we let
A(" ‘k (i, j) be the event that there exists a path of length 2m connecting i and j of weight at
most W /.\/n that leaves [K ], and we write, for fixed k,

1(4’11)1( — U A(") (l,]), A(”) U A(n)
i,jelk] m=1

Lemma 6.9. (Tightness of even shortest-weight paths on the super vertices.) Fix k, K € Z*
and i, j € [k]. Then, there exists a C > 0 such that

P(AY N §M) < CWK eV VioeK,

Proof. We follow the same line of argument as in the proof of Lemma 6.7, but we need to
be more careful in estimating the expected number of paths between the super vertices i and j.
Form >2and ¢ = (i1, ...,im—1), let qm,n(f) be the expected number of paths with 2m edges
(2m step paths) such that the position of the path at time 2k is equal to i, where, by convention,
io =i and iy, = j. Then, similarly as in (6.14), but note that now g, ,(7) is an expectation
and not a probability, we have

PAL, 1§ < SV > ama(D)

m,K g — (2m)’nm a gm,n(l).
L

Observe that

m
Gmn (1) < E[]‘[ N 1,-3,1901)]. (6.17)

s=1
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We further note that, by Lemma 6.8 and on 9("),
C 'n

Nij < D;_er A Der < DY —
iV

ivj =

where we abbreviate, for x, y € R, x A y = min{x, y} and x V y = max{x, y}. Thus, by (6.17)

we arrive at
er

= Cn
Qm,n(?) S Hf’
llS \
s=

ls—1

and, hence, after possibly enlarging ce,

(n) @ (Cer)mW2m m 1
POAWK NG = oo (2m)vnm Zl—[ls\/ls L 2m)! ;sl:[lis\/is_l’ (©6.18)

where the sum over [ is such that there exists at least one s such that i; > K, because the path
is assumed to leave [K']. We now bound (6.18). Let 1 <t < m be such that i, = max{’ , iy, so
thati; > K. Then, using the fact that both iy and i5_ are smaller than iy V is_1, we can bound

t—1
N =M ) = (1 )
Iy Vig—1 =1 Iy Vig—1/)ir—1 Vi itVit+l = Is Vig—|

t+2

IA
ol
£

—]

Thus,

1 “ 1 1
YIlw—=2>X= X Il X H
=1 i,>K g i 5= 15 <y s=r42 B

mZ hm 2’

u>K

where hy, =Y _, 1/v. We arrive at

(Cer)mWZm Z 1 2

P(‘A’ZL,)K N 9’(’1)) = 2m)! _2hu

(6.19)
u>K

By Boole’s inequality and (6.19), we obtain, after replacing C* by C,

P(AY Ng™M) < Z P(AW N GM)

IA

m=2
< 2m

cmw 1.,
2 Qmyn " 2t
m=2 u>K

1 Qm— 1)/2C 2m— lw2m 1
<Ww hy, _—
- Z uz Z 2m — 1!

u>K m=2

< CW Y e
u

S CWK*]eCW‘/IOgK’
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where we used the fact that

00
Z ieCW\/E S/ efy+CW‘/y+c dy
log K

u?
= Py N T y
log K % IOg K

u>K
< K*leC W./log K

for some ¢, C’ > 0. This completes the proof of Lemma 6.9.
Now we are ready to complete the proof of Proposition 6.3.

Proof of Proposition 6.3. We write H, (i, j) and W,, (i, j) for the number of edges and weight
of the shortest-weight path between the super vertices i, j € [k].

(a) The fact that P(H,, (i, j) ¢ 27Z%) = o(1) for any super vertices i, j, follows immediately
from Lemma 6.7, which implies that the even length path between i and j is a two-edge path
w.h.p. The tightness of H), (i, j) follows from part (b), which we prove next.

(b) By Proposition 6.1, the rescaled weight ./n W, (i, j) < l.(/.”) is a tight sequence of random
variables, so that, for large W, it is at most W with probability converging to 1 when W — oo.
Fix ¢ > O arbitrarily. Then, fix W > 0 sufficiently large such that the probability that
AW, (@i, j) > W is at most /3, K > 0 such that CWK—1eCWVlogK ¢/3, and, use
Lemma 6.8 to see that we can choose a, C, and C®' such that P(g(")) > 1—¢/3. Then, by
Lemma 6.9, the probability that this two-edge path leaves [K]isatmoste/3+¢/3+¢/3 = ¢.
This completes the proof of part (b).

(c) The proof that P(H,, & 27Z%) = o(1) follows from part (a) since, for large k, w.h.p., A,
and A; are exclusively attached to super vertices in [k]. The tightness of H,, also follows from
this argument and part (a).

6.5. The FPP on K& is well defined: proof of Proposition 6.4

In this section we prove Proposition 6.4. For this, we start by investigating f(P;, P;) for
large i, j. The main result is contained in the following lemma.
Lemma 6.10. (Asymptotics for f(P;, P;) for large i, j.) Let n be a stable random variable
with parameter T — 1 € (0, 1). Then, there exists a constant ¢ > 0 such that, asi N j — o0,
cnlft
ivj

[P, Pj) < a.s. (6.20)

Proof. We note that, by (2.2), (2.4), and the strong law of large numbers, as i — oo,
nPiil/ D = (/T 2
Furthermore, by (3.4),
fGs,0)=1-El =1 =E[0 =PI +El(1 —s =nP1 < 1 —E[( = 5)PT < es™,

since, for « = v — 1, and with D in the domain of attraction of an «-stable random variable,
we have, as u | 0,

E[eiuD] — e—cu(+o(1) _ | _ cu®(1 + o(1)).

Combing these asymptotics proves (6.20).
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Proof of Proposition 6.4. Let A, k be the event that there exists a path of length m and
weight at most W connecting i and j and which contains a vertex in Z* \ [K]. Then, by
Boole’s inequality and the conditional independence of the weights {/;;}1<;< j <co, We Obtain

P(Ay k) < ZP(Z liy iy < W),
s=1

L
where, as in the proof of Lemma 6.9, the sum over 7 is over = (i1, ..., im—1), Where, by
convention, ip = i and i, = j, and max;"=1 is > K. Now, by the conditional independence of
{lij}1§i<j<oo,

m
P(Zlis_lix =W ‘ {Pi}iz])
s=1

m
— f(P: A 2
-/ [T/ Pyxge™ Poer P02 dx -,
X1+t xm <W s=1
m
<[]re...P) X1 X dxy e do
1 X1+ A x <W

2m m

o ]:[1 (P, P,

by [10, Equation 4.634]. We have f(P;, Pj) < cn'="(i v j)~! as., by Lemma 6.10. The
random variable 7 has a stable distribution, and is therefore bounded below by a with probability
1 —o(1) when a — 0. The arising bound is identical to bound (6.18) derived in the proof of
Lemma 6.9, and we can follow the proof to obtain (6.4).

7. Robustness and fragility: proof of Theorem 3.3

We start by proving Theorem 3.3(a), for which we note that whatever the value of p € (0, 1),
w.h.p., not all super vertices will be deleted. The number of undeleted vertices that are connected
to a kept super vertex will be ®p(n), which proves the claim. In fact, we now argue that a
stronger result holds. We note that the size of the giant component is the same whether we
consider G5 or §o'. It is easy to prove the following result.

Theorem 7.1. (Giant component after random attack.) Consider either §3° or G4 and leave
each vertex with probability p or delete it with probability (1 — p). The resulting graph (of
vertices which are left) has a unique giant component C,(p). Furthermore, with |C,(p)|
denoting the number of vertices in C, (p),

BUC (T et~ (= ;)P — 2o, Var(M) S B =0, (1)
n n

Unlike for other random graph models, (7.1) suggests that |C,(p)|/n >z p» Where Z, is
a nondegenerate random variable. We will however not attempt to prove the latter statement
here.

Sketch of the proof of Theorem 7.1. Note that we have the identity

E[lC. (Pl _
=P = P(1 € Culp)),
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where 1 is a uniformly chosen vertex in 5. For large n, the vertex 1 being in the giant

component is essentially equivalent to the following two conditions.

(1) Vertex 1 is not deleted; this happens with probability p.

(i1) Vertex 1 is attached to D" super vertices. If one of those super vertices is not deleted then
the component of this super vertex is of order n and thus has to be the giant component.
Thus, at least one of the super vertices to which 1 is attached should remain undeleted;

conditionally on D®', this happens with probability 1 — (1 — p)°*.

Combining (i) and (ii) gives the result. A calculation, using similar ideas as in the proof
of Lemma 6.8, suggests that A(p) = ©(p?) when p | 0. Furthermore, the giant component
is unique, since any pair of super vertices which are kept are connected to each other, and are

each connected to ®p(n) other vertices.
To prove the convergence of the variance, we note that

var(|Cy (p)]) = Z[P(i,j € Cu(p)) — PG € Cu(p)) P(j € Cu(p)].
i,j
Thus,

Var<|@"nﬂ) =P(1,2 € Cu(p)) — Pl € Cu(p)) P2 € Cu(p)),

where 1 and 2 are two independent uniform vertices in [r]. Now,
P(1,2 € Cu(p)) = p*P(1,2 € Cu(p) | 1,2 kept) +o(1),

and
P(1,2 € Cu(p) | 1, 2 kept)

=1-P{1 € Cu(p)}U{2 & Cr(p)} | 1,2kept)

=1-P0 g Cu(p) | 1,2kept) —P(2 ¢ Cy(p) | 1,2 kept)
+P(1,2 ¢ Cu(p) | 1,2 kept)

=1—-P( € Cu(p) | L kept) —P(2 € Cn(p) | 2 kept)
+P(1,2 € Cu(p) | 1,2kept) + o(1),

so that

var(w> = p*P(1,2 ¢ Cu(p) | 1,2 kept)
n

— p*P(1 & Co(p) | 1kept) P2 & Cu(p) | 2 kept) + o(1).

Then, we compute that

P(1 & Cu(p) | 1kept) = E[(1 — p)PT],

while
P(1,2 € Cu(p) | 1,2kept) = E[(1 — p)PT TP =Niz ],

where D{" and D5 are conditionally independent given {P;};>1, and N}; denotes the number
of joint neighbors of 1 and 2, and where we used the fact that the total number of super vertices

to which 1 and 2 are connected is equal to D{" + D" — N7;. As aresult,

var('e”nﬂ> = p*(B[(1 — p)PT PN — E[(1 — p)PT1E[(1 = p)P2]) + o(D),
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which identifies
B(p) = P*EL( — p)PT+PI=NE] —E[(1 - p)PT 1B — p)PE).
To see that B(p) > 0, we note that N5 > 0 with positive probability, so that

E[(1 — p)PT D=V 5 E[(1 — p)PT+P7]
= E[E[(1 — p)PT+P% | (P)iz1]]
= E[E[(1 — p)PT | {P}i=11%],

by the conditional independence of D{" and D5'. Thus, B(p) > 0 by the Cauchy-Schwarz
inequality, as claimed.

To prove Theorem 3.3(b), we again use the fact that a uniform vertex is, w.h.p., only connected
to a super vertex. Thus, there exists K, such that by deleting the K vertices with largest degree
we isolate A with probability at least €. This proves (3.9).

8. Conclusion

We conclude with a discussion about various extensions of the above results together with
some further results without proof. Throughout the discussion, we use §, to denote either of

or and 2, where the choice depends on the context under consideration.

Load distribution. Understanding how random disorder changes the geometry of the network
is crucial for understanding asymptotics of more complicated constructs such as the load
distribution. More precisely, for any pair of vertices i, j € G,, let (i, j) denote the minimal-
weight path between the two vertices. For any vertex v € §,, the load on the vertex is defined as

La) =Y Ljvenjy) -
i#]

For any fixed x, define the function G, (x) as
Gu(x) =#{v: L,(v) > x}.

Understanding such functions is paramount to understanding the flow carrying properties of the
network and are essential for the study of betweenness centrality of vertices in a network. For
example, in social networks such measures are used to rate the relative importance of various
individuals in the network, while in data networks such as the World Wide Web, such measures
are used to rank the relative importance of web pages. An actual theoretical analysis of such
questions is important, but seems difficult in many relevant situations. It would be of interest
to find asymptotics of such functions in terms of the infinite objects X, and K5, constructed
in this paper. See also [3] for an analysis of such questions in the mean-field setting.
Universality for edge weights. In this study, to avoid technical complications, we assumed
that each edge weight in §, has an exponential distribution. One natural question is: how far
do these results depend on this assumption? It is well known in probabilistic combinatorial
optimization that in a wide variety of contexts, when considering problems such as those in
this paper, the actual distribution of the edge weights is not that important, what is important
is the value of the density at 0. More precisely, consider §5" (i.e. the erased CM) where each
edge is given an i.i.d. edge weight having a continuous distribution with density g and let

https://doi.org/10.1239/aap/1282924060 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1282924060

Extremes and FPP on random networks 737

g(0) = ¢ € (0,00). Similar to KX defined in Section 3.2, define K (¢) to be the infinite
graph on the vertex set Z+ where each edge l;; has the distribution

P(l; > x) = exp(—3% f(P;, P))¢*x?). (8.1)

Equation (8.1) can be proved along similar lines as in the proof of Lemma 6.1, and we leave
this to the reader.

Let /°" be as defined in Section 3.2. Then we have the following modification of Theorem 3.2
which can be proved along the same lines.

Theorem 8.1. (Extension to other densities.) Theorem 3.2 continues to hold with the modifi-
cation that the quantities W' and HZ' arising in the limits are replaced by the corresponding
quantities in K (¢) instead of K, V" is distributed as the minimum of D' random variables
having density g, while the distributions of I°" and J® remain unchanged.

A more challenging extension would be to densities for which either g(0) = 0, or for which
limy o g(x) = oo. In this case, we believe the behavior to be entirely different from the one in
Theorems 3.2 and 8.1, and it would be of interest to investigate whether a similar limiting FPP
process arises.
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