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Abstract

In this paper we study first passage percolation on a random graph model, the
configuration model. We first introduce the notions of weighted diameter, which is
the maximum of the weighted lengths of all optimal paths between any two vertices
in the graph, and the flooding time, which represents the time (weighted length) needed
to reach all the vertices in the graph starting from a uniformly chosen vertex. Our result
consists in describing the asymptotic behavior of the diameter and the flooding time, as
the number of vertices n tends to infinity, in the case where the weight distribution G has
an exponential tail behavior, and proving that this category of distributions is the largest
possible for which the asymptotic behavior holds.
Keywords: First passage percolation; configuration model; diameter; flooding time;
continuous branching process
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1. Introduction

Many random graph models have been developed in recent decades in order to describe
real-world complex systems such as social networks and the internet. Given a connected graph
with n nodes, we assign positive random weights to the edges that represent the cost, the
transmission information time, or the infection time (for example in an epidemic model) among
the vertices. We typically assume that these weights are independent and identically distributed
(i.i.d.). The optimal path between two uniformly chosen vertices u and v is the path between
them with the minimal edge weights sum. More precisely, writing X, ~ G for an edge e and a
continuous distribution G, and writing I';,, for the set of all paths between u and v, the weighted
length L,, = L, (u, v) of the optimal path between « and v is given by

b= i 2 X
So L, can be viewed as the infection time of the vertex v knowing that u is infected (or vice
versa) in a network epidemic model. The diameter of the resulting graph will be the maxi-
mum of these optimal paths for any randomly chosen pair of vertices, and the flooding with
respect to a vertex u is the maximal time that we need to spend to reach all the vertices in the
graph starting from u. Again, we use first passage percolation (FPP) techniques to describe
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the asymptotic behavior of the diameter and the flooding in the weighted configuration model,
a random graph with prescribed degrees; FPP can describe how a fluid spreads in a medium.
Several authors, e.g. Fernholz and Ramachandran [6] and van der Hofstad, Hooghiemstra,
and Znamenski [9], have studied the asymptotic behavior of the diameter for a non-weighted
random graph.

Bhamidi, van der Hofstad, and Hooghiemstra [4, 5] obtained the asymptotic distributions
of the typical weight between two randomly chosen vertices and of the hopcount, which is
the number of edges in the optimal path, first in the exponential weight case [4] and then in
the general case [5]. Amini, Lelarge, and Draief [1, 2] obtained a law of large numbers of the
diameter and the flooding in the configuration model with exponential edge weights. In this
paper we give a generalization of their results to all edge weight distributions having a certain
exponential tail behavior.

2. Definitions and notations

We first recall the well-known configuration model described in detail in [8] and [5]. Given
an integer n and a sequence d := (d}')!_, of non-negative integers such that Yo, d!is even,
the configuration model on n vertices is constructed as follows.

We start with n vertices numbered 1 to n, and we assign d!' half-edges to the ith vertex. The
random graph CM,,(d) is obtained by randomly choosing pairs of half-edges to form edges
between the two corresponding vertices. Let F;, be the cumulative distribution of the degree of
a randomly chosen vertex, denoted by D,,, that is,

1 n
Fu(x) = P E Lgr<xy-
i=1

We let V" denote the set of vertices {1, 2, ..., n} and let [, := Zievn d; be the total degree of
the graph. We assume that there exists a distribution p = (px)i>0 such that d and p satisfy the
following regularity conditions, as in [2].

Condition 1.

(a) #{i|d! =r}/n— p,forallr >0, n— oo,

(b) minj—y, ., d} :=dnin >3 and pg,,;, >0,

..... min

(c) limsup,_, o n~ !> (@H** < oo for a certain § > 0.

Remark 2.1. Condition (c) above ensures the convergence of first and second moments of
D, to the respective moments of D (a random variable distributed according to (p;);>d,,)-
Moreover, it gives an upper bound for the maximal degree A, of the graph constructed on n
vertices. Indeed, this condition is equivalent to sup,, E[D,zﬁ“s log D, ] < oo and hence IE[D%] is
uniformly upper-bounded. By the uniform integrability of Dﬁ, we get

>R Y,

r>3 r>3
where p&") =#{i | d! =r}/n. The argument is similar for E[D,] — E[D].
On the other hand, by writing A,, for the maximal degree in CM,,(d), we have

A2 —o(n) = Ay =o(n'/CT) = A, = o(y/n/ logn).
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Under these conditions the resulting random graph may have loops or multi-edges, but we
will see that locally the random graph will not have either and will look like a random tree. This
will be detailed as a coupling argument in Sections 4 and 5, based on [2] and [5]. In fact, for
a vertex v picked at random among {1, 2 - - - n}, the number of vertices at (graphical) distance
r from v will tend in distribution, as n tends to infinity, to that of an inhomogeneous branching
process which for generation 1 has distribution p = (pr)k>0 for the number of offspring but
thereafter has the ‘size-biased’ distribution

~ o~ ~ (k+Dpes
B=(Fnso for pi=—— T ()

for the number of offspring. Assumption (c) in Condition 1 guarantees that the distribution
P = (Pi)i>0 has finite mean (which we denote by v). Note that v is greater than dpi, — 1 > 2.

We recall the Malthusian parameter o corresponding to the rate at which a continuous-time
branching process grows, with splitting law p = (p)r>0 and lifetimes distributed as G. It is the
unique positive real number satisfying

o
v / e " dG() =1. 2)
0
The population of the branching process will grow at rate «.

The following distribution, which tends to the size-biased distribution as n — oo, will be
used for the upper bound of the diameter:

k41
m— 1. .
Dy I, ; {di=k+1}

We let v, denote its mean and o, its corresponding Malthusian parameter. It is easy to see that
v, — v, and so we have that &, — & as n — oo using the fact that [, /n=n"1Y"_| d,(") tends
to m by Condition 1.

We give i.i.d. positive random weights for the edges following a continuous law G that has
an exponential tail behavior, that is,

lim

X— 00

M =ce (0, 00), 3)
X
where G(x) := 1 — G(x).
We write dist,,(a, b) for the sum of the weights along the optimal path between a and b,
the weights being i.i.d. according to a continuous law G satisfying (3). We define the weighted
diameter and the weighted flooding time of CM,,(d) as

diam(CM,,(d)) := max{dist,,(a, b), a, b € V},
flood(CM,,(d)) := max{dist,,(a, b), b€ V},

where V is the set of vertices of CM,,(d), and where the vertex a in the flood is chosen uniformly
at random in the flooding definition.

From now on we say that an event A,, holds with high probability (w.h.p.) when P(A4,) — 1
as n— o0.

The same methods used in this paper together with complementary arguments can be used
to derive the general case (where dpin > 1), in a similar way to [1].

https://doi.org/10.1017/jpr.2020.45 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.45

Flooding and diameter in general weighted random graphs 959

2.1. Exploration process

Instead of constructing the random graph and then looking for the optimal path between two
vertices, we use a coupling argument as in [2] and [5], by exploring balls of a particular size
around the vertices and constructing the graph at the same time. The shortest weighted path
between two vertices # and v will be described by the first time collision of the two exploration
balls around u and v. Another way to understand this is to imagine water percolating in the
graph started from two different nodes. In this case the growing exploration ball around a
vertex u at a time ¢ can be seen as the set of nodes reached by the flow until this time starting
from u.

We now give a precise definition of this exploration process.

e At time O we look at the d, half-edges incident to u and d, half-edges incident to v,
and remove all those forming self-loops at u or v. If two half-edges incident to u and
v, respectively, are matched, they form a collision edge, and we assign to it a random
weight according to G. We assign random weights with distribution G for the remaining
half-edges and write A(0) for these unmatched half-edges.

e We wait until the minimum of lifetimes, denoted by 77, of the active half-edges is
reached (the minimum is unique almost surely since G is continuous).

e The corresponding half-edge, denoted by e*, with weight T} is matched with any other
randomly chosen free half-edge, and we give weight 7 to the newly formed edge.

e We remove the newly discovered half-edges that are parts of loops or cycles, and update
A(Ty) by removing ¢* from A(0) and adding the remaining newly discovered free half-
edges.

Remark 2.2. This exploration process shows how to explore a neighborhood of a vertex by
looking at the random weights on the edges and constructing the graph at the same time by
random matching of the half-edges. The order in which we choose the half-edges to be paired
in the configuration model does not affect this exploration process. In the rest of the paper we
will use different variants of this exploration process, which will be useful in getting upper
and lower bounds for the diameter of the random graph, in order to prove Theorem 3.1 given
below.

3. Main theorem, overview of the approach

We now state the main result of this paper.

Theorem 3.1. Let CM,(d) be a random graph constructed according to the configuration
model, with i.i.d. edge weights with common law G satisfying condition (3), and the degree
sequence satisfying Condition 1. Then we have

diam,,(CM,(d)) p 1 2
_ s — 4 —
logn o Cdmin
flood,,(CM,,(d)) p 1 1
—_— s —+ ,
logn o Cdmin

where o is the Malthusian parameter of a branching process with degree law p and edge weight
distribution G for the particles; see [3].
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In the penultimate section we establish a ‘converse’.

Theorem 3.2. Let CM,,(d) be a random graph constructed according to the configuration
model with i.i.d. edge weights with common continuous law G with the degree sequence
satisfying Condition 1. If we have

diam,,(CM,(d)) p 1 2
—_—_— s — ,
logn o cdmin
flood,,(CM,,(d)) p 1 1
_—_— s
logn o  cdmin

then (3) holds with value ¢ € (0, 00).

Theorems 3.1 and 3.2 generalize the result in [2]. According to these two theorems, the
weighted diameter and flooding time on the configuration model are of order log n as n — oo if
and only if the weight distribution G belongs to a set of light-tailed distributions satisfying (3).

We will focus on proving Theorems 3.1 and 3.2 for the diameter of the graph. Based on the
same techniques, we show in Section 7 how to get the desired asymptotics in these theorems
for the flooding time.

The idea of the proof, for the diameter, is to study the growth of a ball centered, according to
the weighted distance, at a certain vertex, and the time needed until any two such balls intersect.
The same tools are used to study the behavior of the flooding, so its proof is fairly straightfor-
ward once the result for the diameter is proved. The coupling argument for the growth of the
balls and the construction of the graph at the same time are explained in detail in [2]. The idea
is to start from a vertex with a certain number of half-edges d; and assign to each of them i.i.d.
weights according to G.

This idea of exploring the neighborhood of a vertex, and coupling it with a branching
process in order to study optimal paths on the configuration model, is similar to [5]. In this
paper we couple the neighborhood of vertices with different variants of branching processes
on which we impose some conditions (by ‘freezing’ some of the half-edges) in order to get
lower and upper bounds for the time needed for a ball centered at a vertex to reach a certain
size, which will allow us to compute the asymptotic behavior of the weighted diameter and
flooding time in the graph. According to [5], we know that the typical size of the balls around
two uniformly chosen vertices « and v for collision is of order /n. In our case, since we are
studying the weighted diameter of the graph and thus considering all the (’21) pairs of vertices,
we will see that we need to explore the neighborhood of the vertices up to a size of order
Vnlogn.

The proof will be divided into two parts. In Section 4 we will prove the upper bound for
the diameter by first finding an upper bound for the time needed to reach a size of K logn
half-edges while exploring the neighborhood of a vertex, where K is a constant that is chosen
to be large enough, and that will be useful for proving the upper bound (see Theorem 4.2).
We then show that for any ¢ > 0, with high probability, the time needed for all these K logn
half-edges to connect to new vertices is less than (1 + &)(cdmin) ! log n. We then show that we
need at most +/log n time before having at least K log n/2 new splittings, each one giving at
least two new half-edges (so we have at least K log n new processes). Then, using a coupling
argument, we show that, as n — 0o, there exist at least two subprocesses, among the K log n
starting subprocesses, that will together reach a size of order /nlogn in a time bounded by
(14 &)2a)" ' logn.
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In Section 5 we show the lower bound for the diameter by finding at least two vertices u
and v such that, for any ¢ > 0,

1= o)l 21 — )1
dist, (u, v) > G —c)logn 2 me)logn )
o cdmin

Finally, in the last section, we describe the behavior of the flooding time, as n — oo, using the
same arguments and results as for the diameter.

The intuition behind this result can be compared to the result of flooding and diameter on a
weighted complete graph studied by Janson [7]. In his case he proved that the typical weighted
distance between two vertices is asymptotically log n/n. For the flooding time starting from a
certain vertex, there is an additional price of log n/n to pay, and this cost is added twice when
we consider the diameter.

In our case the typical weighted distance between two uniformly chosen nodes is of order
logn/a, as shown in a precise way in [5]. For the flooding time, we are fixing a node and
looking for the maximum amount of time needed to reach all the other vertices in the graph.
Some vertices are harder to reach, especially if they have the minimum number of neighbors
dmin and large weights on the edges connecting them with their neighbors. This is why there is
a certain price to pay (that will be equal to log n/(cdmin), as shown later) in order to guarantee
reaching all the other vertices in the graph.

For the diameter, we have two remote nodes that can be ‘bad’ in the sense that they have
dmin neighbors and large weights on their edges. In this case we need to pay twice the price of
log n/(cdmin).

4. Upper bound

The purpose of this section is to provide the upper bound for the diameter needed for
Theorem 3.1. As with [5], we will see that for two ‘typical’ vertices v and u, the weighted
distance will correspond to twice the time needed for the discovery process for v and u to reach
approximately /n log n half-edges.

We will write this time as U;(u) 4+ Uz (v) 4+ Us, where U;(u) and U;(v) are the times for the
discovery processes for u and v, respectively, to gain K log n half-edges, and Uz is twice the
subsequent ‘time’ for the two clusters to meet. Typically (for any K) the values of U; and U;
are of order o(log n), and it is U3 (of order log n) which dominates. However, we will see that
for exceptional ‘slow’ points u# and v, U1 and U; can be of order log n. We will also see that
for K fixed but large, the term U3/ log (n) is very close to 1/« uniformly over u and v.

In Sections 4.1 and 4.2 our chief aim is to bound the tails of the random variable U (u) (or
U>(v)) uniformly over all vertices. For a vertex v € V and positive C, we define the random
variable T¢(v) = inf{¢ | the discovery process for v has at least C half-edges}. When a vertex v
is given or fixed we drop the dependence on v and write 7. The principal result for this section
(which will be proved in Section 4.2) is

Proposition 4.1. For any ¢ > 0 and any K < oo, we have

(1+¢)logn

) —1 asn— oo.
¢dmin

P(gelf‘i}é Tk logn(V) <

Remark 4.1. Here and elsewhere we write Tk jog, and not Tk 1og 4], Where an a priori non-
integer value is offered for an integer argument.
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This result evidently follows immediately from the lemma below, which is shown in
Section 4.2.

Lemma 4.1. For any ¢ > 0, there exists h> 0,6 > 0 such that, for sufficiently large n, we
have

1 1
]P<TKlogn(V) > M) < n A+

Cdmin

4.1. The result for tree-branching process

In this subsection we consider a continuous-time generalized (non-Markov) branching
process (Z(¢): t > 0) with Z(0) = dmin and so that individuals have a lifetime distributed inde-
pendently as G, at the end of which they split into a random number of ‘offspring’ with law size
equal to the biased distribution {'I;k}kzdmmfl given in (1). So by abuse of notation, in this sub-
section Tk 10 » Will denote the time for the branching process to attain population size K log n.
We prove the following result.

Lemma 4.2. For any ¢ > 0, there exists C and 6 > 0 so that

(14+2¢)logn C
]P)<TKlogn > g ) <
cdmin

In Section 4.2 we will adapt the approach presented here to show the same result in the
general case (Lemma 4.1), where the exploring ball around a vertex up to size K log n contains
cycles, which is the case of any realization of the configuration model w.h.p.

We fix v. To analyze Tk 1ogn, Which represents the time needed for the continuous-time
branching process starting from v to reach K log n half-edges, we use some comparisons with
simpler objects. This is chiefly to deal with the absence of the memoryless property for general
distribution G satisfying (3). For the branching process extra edges can only serve to reduce the
random variable Tk 1g 4, SO We may (and shall) take the number of offspring to be determinis-
tically equal to dmin — 1 > 2, since we are looking for an upper bound for Tk 10g ». This being
the case, we may regard our branching process as derived from a rooted tree where the root
has dnin ‘offspring’ and subsequent vertices have dmin — 1 offspring. We associate with each
edge e of the tree the random variable X,, where the X, are i.i.d. random variables distributed
as G. The idea is to use condition (3) in order to stochastically upper-bound it by an expo-
nential random variable and use these exponential random variables to find the desired upper
bound. Our first real comparison process comes from ‘freezing’ the births of the branching
process Z beyond the (log n)?” generation for some fixed 0 < y < 1. Alternatively we can see
this as changing all the variables X, corresponding to edges from a (logn)” generation vertex
to equal infinity. Such a process must necessarily reach (at a random time) the configuration
of dmin(dmin — 1)(log m” =1 individuals, which is bigger than K log n for large n. Thus, writing
Ty logn for the time this modified branching process has K log n individuals, we obviously have
Tkiogn < Tk log n° and thus an upper bound on tail probabilities for the latter will serve for the
former. The next comparison process involves changing the X, random variables to shifted
exponentials. Property (3) entails that for each & > 0 there exists R, < 0o so that

1—Gx)<e =% forallx>R,,
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from which it follows that G is stochastically dominated by the exponential distribution with
parameter c(1 — ¢) shifted by R, to the right. By abuse of notation we write

G < R, + Exp(c(1 — #)). )

Accordingly we can couple random variables X, with i.i.d. Exp(c(1 — ¢)) random variables
X/ so that for each edge e, X, <X + R;.

Our final comparison involves T} log n’
G’ (e) to have K log n individuals where again no births after generation log” (n) are permitted;

the time for the branching process with variables

Ty logn is obviously easier to deal with than its preceding objects. We also note that while in
general Ty log n MY be less than T} log n° given that we only allow generations up to log" (n),
we have

T;( logn = T;é logn + logy (MRe,

and that the latter term is negligible compared to log n as n becomes large.
So our proof of Lemma 4.2 has been reduced to proving the following result.

Lemma 4.3. For ¢ > 0, there exists h, 5 > 0 so that, for all n large,

(1+28)10gn> h
<

Cdmin n1+5 )

P<T;é logn >

Before proving this lemma we will need an elementary counting result for regular trees. In
our deterministic branching model each birth increases Z, the population size, by dmin — 2.
Thus it will increase the jump rate of Z by dmin — 2 unless the dpyin — 1 offspring are of
generation log? (n), in which case the rate is reduced by 1.

Writing L for the number of splittings needed to reach size K log n, we have

dmin + L(dmin —2)=Klogn, =—L= M ®))
dmin — 2
As mentioned above, all integer variables used in this paper (which represent a certain num-
ber of splittings, generations, or number of half-edges) are written without [ | brackets for
simplicity.

We want to find an upper bound for T log that will also serve as an upper bound (stochas-
tically) for Tk jogn. To do so, we want to show that, in spite of the restrictions imposed on
our modified process (only dpin-degree vertices, freezing half-edges at generation (log n)Y),
the number of half-edges discovered after each splitting is still sufficiently large to reach size
Klog n in a time of order at most log 7.

By (5), the time T} logn 18 €qual to the sum of

I Klogn — dpin
dinin — 2

times between jumps of process Z. That is, Ty logn = Z,'Lzl F;, where F; is the time between the
(i — D)th jump and the ith. Conditional upon the generational information of the jumps up to the
(i — 1)th jump, the random variable F; is an exponential random variable of parameter c¢(1 — ¢)
times an integer which is measurable with respect to the information up to the (i — 1)th jump.
Uptoi=1log” (n) — 1, the parameter of F; is non-random and equal to diin + (i — 1)(dmin — 2)
times c(1 — ¢). Thereafter the rate can rise or fall. The lemma below (which is far from optimal
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but equal to our needs) records that after this point the parameter of F;, which we denote by f;,
has a large lower bound.

Lemma 4.4. For n large and for all log” (n) — 1 <i < L, F; has parameter f; satisfying
fi=Tlog” (n)/2] x c(1 —e).

Proof. Let M be the number of splittings at which generation (log n)? is reached for the first
time. Obviously M >log” (n) — 1. If logn)” — 1 <i < M, we have

Ji = (dmin + @ — D(dmin —2)) x (1 —¢)
> (dmin + ((log )" — 2)(dmin — 2)) x c¢(1 — &)
> [log” (n)/2] x c(1 — )

for large n and using the fact that dpi, > 3.

Suppose now that i > M. After the Mth jump there is a path from the root v to one of
the generation (log n)” individuals. Let u; be the vertex belonging to this path at generation
J < (log n)Y. Notice that at least log” (n)/2 generations can be discovered in the subtrees having
TOOts Uy, Uz, . . ., Ulog nyr /2 before each one of them reaches a total of log” (n) generations. This
means that if one of these subtrees has only free half-edges at generation log” (n) (that will

not contribute to the jump rate since they are ‘frozen’), then their number is at least (dmin —
1)log” /2,

However, for n sufficiently large we have
(dmin — DM02W" /2 S K log n.

This contradicts i < L, where L is the number of splittings to reach size K log n. This shows that
each of these log” (n)/2 subtrees has at least one free half-edge belonging to one of the first
log” (n) — 1 generations of the main branching process. In other words we see that (provided
n is large enough) before time 7', o (n) each one of these subtrees must ‘supply’ a jump rate of
at least ¢(1 — ¢), and thus we have f; > log” (n)/2 x ¢(1 — ¢). O

Proof of Lemma 4.3. Using the same notations as in Lemma 4.4, we write

L
T% 10gn = EXp(dmin) + Y _ F; :=Exp(.dmin) + T

=2
where A ;= c¢(1 — ¢). We want to show that, for

(1+2¢)logn
aqa=——————————
¢dmin

and for any 0 < s < a, there exist i, § > 0 such that

P(T > a — s) < he*dmins = (1+9)
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for n large. This will finish the proof since

]P)(T;é logn

a
> q) = e Mmind 1 / AninP(T > a — s)e*4mins g5
0
< ahn—(1+5) 4 e—)udmma
~ W19 (6)

for a certain 4’ > 0. Using the Markov inequality and Lemma 4.4, and recalling that

Lo Klog (n) — dmin

3

dmin -2
we obtain for T
]P)(T >q— S) — ]P)(e}vdminT > e)\dmin(a_s))
< E[e)‘dminT]e_)‘dminae)‘dmins
(log n)” —2 )
< I1 (1 +— Al )
i ((i = D(dmin — 2) + dmin)A — Admin
L
X 1_[ (1 + )\’dmln )e)"dminaeldmius
i=(logn)” —1 (logy (n)/z) X A = Mdmin
(logn)¥ =2
<F Z dmin
=l & - Dm0
L
x E Z dmin e_)\dminae}tdmins
i=(logny —1 (log” (n)/2) — dmin

dmin 2dminL —ad Ao
< — 1 v mind min$
”exp<dmm—2 % (")> * exp((logn)m —o(l))) et

— e—(l—s)(l+28) log n(l—o(]))ekdmins.
Therefore, for large n and ¢ sufficiently small, there exists § > O such that

]p(T . w> < D) ghnins.

cdmin -

This concludes the proof by (6). U

4.2. The result for the general case

In the previous section we showed the upper bound for the time needed to reach K logn
half-edges starting from a random vertex, assuming that no cycles or loops occur before that
time. In this section we show that the same bound holds when we have one or more cycles. We
say that two paths starting at a vertex v generate a cycle whenever they have another vertex v/
in common. We extend this definition to the case where two half-edges incident to the same
vertex are matched together and hence form a loop at this vertex.
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We will first show that, with high probability, we need at most (1 + &)(cdmin) ! log n time,
starting from a vertex v, to reach K log n half-edges if we only have exactly one cycle in the
exploration process. Then we will show that the probability of having two or more cycles
during this process is very small compared to n~' =% for 0 < § < 1, as n — oo. Hence this will
be sufficient to prove the upper bound of Tk jog » in the general case.

Exactly one cycle. Suppose first that we have exactly one cycle before reaching K logn
half-edges. In this case the maximal degree of a newly discovered vertex should be less than
K logn (because we stop when we reach K log n half-edges). On the other hand, we have at
most K log n half-edges that can create a cycle during this exploration process (before reaching
K log n half-edges). Hence the probability of having a cycle can be bounded as follows:

K1 K1 C(log n)?
ogn X ogn5 (ogn)7 )

P(one cycle at the ith splitting) < -
l,—1 n

where C = K?/m and where we used the fact that /,,/n — m when n — oco.

We will consider the dpi,-regular case where all newly added vertices have degree dpip.
Then we will show that, even in this case, the time needed to reach size K log n (even if there
are cycles and loops) is upper-bounded by log n/(cdmin) with high probability.

In order to justify the restriction to the dpyin-regular case, we use a comparison argument
similar to that in the previous section to simplify the current setting.

If we have one cycle before reaching K log n half-edges, we remove the two half-edges that

formed a cycle, to obtain an almost dpj,-regular tree.
Let T ;é’ logn be the time needed for this almost dpyi,-regular tree to reach size K logn (by
always connecting to new vertices with degree dpiy). This amount of time is clearly greater
than or equal to that in the previous case, where only one cycle occurs and no restrictions on
the degrees of the vertices are made.

Thus it is sufficient to show that Proposition 4.1 also holds for T/, . ,..

Notice first, as in the previous section, that the number S; of live particles after the ith
splitting in the dnin-regular branching process is given by

Si = dmin + (dmin - 2)(l - 1)

After removing the two half-edges that formed a cycle at the ith splitting (for a certain
integer i), there are dmin + (i — 1)(dmin — 2) — 2 remaining half-edges. Therefore we need at
most two new splittings to obtain at least S; half-edges, since

dmin+(i_ 1)(dmin_2)_2+2dmin —4>S8;,  dpin>3.

We let 71 be the time spent until the ith splitting, 7, the time to reach at least S; again after
removing the two bad half-edges, and 73 the remaining time to reach K log n half-edges. We
write Rj = (i — 1 + j)(dmin — 2) for j = 1, 2. We obtain, for & > 0,

P(m > 85’“) :P(Exp(Rlc(l — £)) + Exp(Rac(1 — &) > 8;’“)

Clmin min
Roctl S)G*RIC(I*E)S log n/(cdumin) _ Ric(l — 8)67R2c(178)e log n/(cdmin)
- ch(l —8)—R]C(1 _8)
Rze_Rl c(1—¢)e log n/(cdmin)
<
- R> — Ry
—Ryc(1—¢)e log n/(cdmin)

=Rje

< (1 + K log n)(dmin — 2)n~ (@min=2)/dmin £(1—£)
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We write C; for the event ‘Exactly one cycle occurred, at the ith splitting’. We finally obtain,
using Lemma 4.3 and (7),

1+ 3¢)1

P(mnmzw,q)
Cdmin

2

SC(logn) »

n

s

[P(fl +n+13>

(14 3¢)logn elogn)}
<

(1+3¢e)logn slogn>
- -52 >

cdmin ~ cdmin

3

+]P’(r1+rz+t3z

¢dmin ~ cdmin
2
- (]P(‘[g 5 & log n) —}-P(n s (1+2¢)log n))  Cllogn)
Clmin cdmin n
2
=< ((1 + K]Og n)(dmin — 2)n*(dmin*2)/dmm e(1—¢) + hn(71+8)(]+2€)) y C(log n) ‘
n

Writing C’ for the event ‘Exactly one cycle occurred before time K log n’, we get

(1+3¢)logn C’)

Cdmin

P(ﬁ +4+13>

KC(log n)*
X —.

< <(1 + K 1og n)(diin — 2)n~min=2)/dmin e(1=e) | hn(—l+s)<1+zs))
- n

Hence, taking the union of this event over all the vertices of the graph and writing /; for this
probability, we get
hy < <(1 + K 1og n)(diin — 2)n~@min=2)/dmin e(1=¢) | hn(—1+a)(1+2s>)
x KC(log n)3 —0, n—o0.
This shows that, starting from any vertex, we need with high probability at most log n/(cdmin)

time to reach size K log n in the exploration process around this vertex, assuming that we have
at most one cycle in this exploration process.

Two or more cycles. On the other hand, using (7), the probability 4, of having two or more
cycles before reaching size K log n (starting from a fixed vertex) is bounded for large n by

by < (C(log n)2 )2 _ C2(log ny*

n n?
Writing C” for the event ‘Two or more cycles occurred before time K log n”, we thus obtain

(1+¢&)logn

Cdmin

C%(log n)*
—.

P((Tl +10+13> C”)) <P(C") <

Hence, taking the union of this event over all the vertices of the graph and writing A3 for this
probability, we get

C%(log n)*
<— >

n

h3 0, n— oo. (8)
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4.3. Time for at least K log /2 splittings

Once we reach a number of K logn half-edges in the exploration process (with a time
upper-bounded with high probability by log n/(cdmin) as seen in the previous section), we let
(RY)i<K log n denote the random variables corresponding to the remaining times on the K log n
half-edges obtained in the previous branching process with the root v, and we write (X});<k log
for the corresponding random variables with cumulative distribution function G representing
the total weights on these half-edges. So we have R} < X7 for all i < K log n and any vertex v.

In the case of an exponential distribution for the edge weights (with rate 1, for example),
the R} also have the same exponential distribution by the memorylessness property of the
exponential law. In this case we can study the time until collision between two balls around
vertices u and v, where both of these vertices have degree K log n. The law of the waiting time
before the first splitting in one of these balls is Exp(K log n) by the memorylessness property
of Exp(1).

Since X} ~ G and G does not have the memorylessness property, the random variables R}
are not distributed according to G.

To circumvent this problem, we will show that at least K log n/2 of the K log n half-edges
will be connected to new vertices in an amount of time of order y/log n. Since dpin > 3, we will
get at least K log n new half-edges, and we have again that the lifetime of these new half-edges
is distributed according to G. Since /log 1 is negligible compared to log n, the waiting time to
get these K log n new half-edges will not affect the upper bound of the diameter, which will be
shown to be of order log n. We can put aside the half-edges that do not connect to new vertices
in this ~ /log n amount of time (there are at most K log n/2 of these half-edges). Hence, by
not considering such half-edges, we will need even more time to reach the typical size for
collision starting from at least K logn (newly discovered) half-edges. It is then sufficient to
show that the upper bound still holds in this case.

We will show the following theorem.

Theorem 4.1. Consider the K logn half-edges that were reached by the branching process
around v (as in Section 4.1), with (R})i<k 1ogn remaining time on these half-edges before they
connect to new vertices. Then we have

logn

K
n x ]P’(at least of the R} > \/log n) —0, n— oo.

This will show that, starting from any vertex v, with high probability, at least K log n/2 live

particles in the corresponding exploration process will die in the next /log n units of time,
giving birth to at least two new particles (since dpyin > 3).

Proof. To prove this, we first notice that the number of the explored weighted half-edges
needed to obtain K log n live particles is less than 3K log n. To see that, we again consider the
worst case where every vertex has degree dmin. In this case we need

Klogn — dnin
dmin — 2
splittings to reach size K logn. Therefore, for n sufficiently large, the number of weighted

half-edges used in this process is given by

Klogn — dpy; Klogn — dpy;
dinin + (dinin — 2+ 1B M0 f 100 14 diin — 1+ el M 3k log n. (9)
dmin_2 dmin_2
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We let X1, ..., X3k 10gn be the maximal set of random variables with cumulative distribution
function G that were discovered during the exploration process before reaching size K log n.
We let A be the event that at least K log n/2 of the X7 are bigger than (/log n. Since X} > R}
for all i and vertices v, it is sufficient to prove that P(A) — O faster than 1 /n:

3K logn
3K 1 — r = 3K logn—r
PA)= Y ( :)gn)(G(\/logn)) (1 - G(y/logn))* ¢
r=Klogn/2

< 3K logn « éKlogn—i— 1 |e—cviognxKlogn/2
3K logn/2 2

~ 23K10gn /log n e—ca/log nxKlogn/2

— e—c./log nxKlogn/2+3K log nlog 2+% loglogn

—0, n— oo,

where we used Stirling’s approximation

a
a
al ~ 27m<—>, a— 00,

e

to approximate (5{1{1 ;zi 72) O

Corollary 4.1. The result of Theorem 4.1 also holds in the general case, where one or multiple
cycles can be created by two or more of the K log n half-edges that were obtained by exploring
the neighborhood of a vertex v.

Proof. The probability of having two or more cycles is negligible as n — 0o (see (8)).

In the case of one cycle, we can show that Theorem 4.1 holds in the exact same way
if we replace K logn/2 with Klogn/2 + 1. In other words, with high probability, at least
Klogn/2 + 1 half-edges will be matched within a time of order /log n. If one of them cre-
ates a cycle (by connecting to one of the K log n half-edges in the exploration process around
v), then the other K logn/2 half-edges will connect to new vertices with degree bigger than
dmin > 3, so we reach at least K log n/2 X (dmin —1) > K log n new subprocesses within a time
of order \/n. O

4.4. Time for collision starting from K log n

Starting with K log n newly discovered subprocesses in the exploration process of vertices
u and v respectively (as explained in Section 4.3), we write S(u, v) for the time spent exploring
the 2 x K log n processes before the first collision between the two balls.

By Section 4.3, we may have more than K log n free half-edges in each ball at this stage,
but we consider only K log n of them, which have weights distributed according to G (whereas
other half-edges can have remaining lifetimes that are not distributed according to G).

The time needed for the collision between the two balls of size Klogn is greater than
the time needed for collision of the original balls (which can contain more than K log n half-
edges, as explained above). Therefore it is sufficient to upper-bound the time needed to have
a collision between the two balls of size K log n each. We want to show that we need at most
((1 4 6)/a) log n time (with high probability) before the collision happens, for § > 0 arbitrarily
small. The matching among these half-edges is explained in Section 2.1.
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The size-biased distribution corresponding to a distribution (px)x>0 is given by

_ ket D)
pri= L (10)

where m =", p, and we let v := ", kpy. We will use a slightly modified distribution in order
to couple each of the K log n processes with a continuous branching process with a maximal
finite degree A. For this, given ¢ > 0, we define an i.i.d. sequence (Y} )x>0 with distribution

(4 D/I) Yy Ligmtrny — ) VO 0<k<e™!/3,
g =PYi=k={1-% ¢ k=0, (11)
0 k>e1/3,
where ¢ > 0 is small, A is the maximal degree in this case verifying A <&~/3, and [, is the

total number of half-edges corresponding to the total of n vertices in the graph. Similarly, we
define, for every k > 0,

k+ 1 n
n.__
Pei=—p ?_1: Ldi=k+1)-

Coupling the forward degrees. We now present a coupling between the forward degrees (the
degree minus 1 of a discovered vertex) and a sequence of i.i.d. random variables (Y;);>1 with
common law q given in (11) (we write q instead of q™ for simplicity).

We start by showing that the two balls collide with high probability whenever their sizes
exceed C+/nlog n for some constant C. For this, we first define, for a vertex « and time s > 0,

B, (s) :== {h| h free half-edge at time 7 discovered by the exploration process around u}.

Proposition 4.2. For any pair of vertices u, v € V"', we have with high probability
dist,, (1, v) < TA,, (u) + TA,, ),

where A, = \/3mnlogn, and Ta,(u) is the time needed for the ball around u to reach a total
of Ay, half-edges.

Proof. Fix two vertices u and v and suppose that B, (T,(«)) and B,(T4,(v)) are disjoint.
A free half-edge belonging to B,(T4, (1)) will be matched uniformly at random with another
half-edge in the graph. Therefore the probability that it is not matched with a half-edge in

By(Ty,(v)) is at most
/3mnlogn
L, '

Hence the probability that the two balls do not intersect immediately is upper-bounded by

V3mnlognY>mmlogn 3mnlogn os

l— —— Sexpl —————— ) <n ,
I In

for sufficiently large n, where we used the fact that /,/n — m and fixed 0 < § < 1. Thus, by

summing over all the pairs of vertices (, v) in the graph, this probability will tend to 0. (]

Let p; be the probability of having 1 <k < e~!/3 children after a splitting in one of the

two balls before the collision happens, and supposing that we have at most one cycle. This
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probability obviously depends on the number of already matched half-edges, but this number
is upper-bounded by 4./3mn log n by Proposition 4.2 and a computation similar to (9), so for
large n we have

PR Yoing (k4 D1g=k+1) — 43/3mnlogn .
pk ~ Npk — & = fIk~
In —4/3mnlogn
We now focus on the evolution of the ball around u, by looking at the K log n processes related

to this ball. For the ith splitting, i > 1, we let gx ; be the probability of obtaining k children, and
none of them belongs to a cycle or a loop, g~ 1/3 > k > 2. Then, for large n, we have

— Zrzl (k+ D14, =k+1y — 24/3mn logn . (1 B mnlosn Tog n >k
ki = I, —24/3mnlogn I, —44/3mnlogn

< "(1 ‘ v/3mnlogn )
~Pi In— 4 /3mnlogn

12)

= Gk-

We write (U;);>1 for a sequence of i.i.d. uniform random variables in (0, 1). The branching
process approximation used in this section is constructed as follows.

e For the ith splitting of the K log n processes related to u, if we have k children with k >
e~1/3, then we freeze these half-edges and they will not be taken into account later on.

o Ifk < &~ !/3, we keep these half-edges if they do not belong to a cycle and if U; < qi/q.i.

This gives us a coupling between each of the K log n processes and a continuous branching
process with offspring distribution g.

Remark 4.2. By (12) and the fact that gz = 0 for k > ¢ ~!/3, we see that the time needed before
the collision of the two balls is larger when considering the branching process with offspring
distribution q. This shows that the bound for this amount of time (before the collision) in the
branching process case is sufficient to bound the actual amount of time in the general case.

We now let Z}! be the number of live particles at time # for a continuous branching process
with the law for the children given by (11), bounded by A, and continuous cumulative distribu-
tion G for the edge weights. We also write Z; for the number of live particles at time ¢ for a con-
tinuous branching process with the size-biased law for the children and continuous cumulative
distribution G for the edge weights. By [3, page 152], we know that in the supercritical case

_ v—1
T a2 (¥ ye o dG(y)’

E[Z]~ ce*, ¢

where v is the average number of children at each splitting and « is the Malthusian parameter
corresponding to the process, which is the unique solution of

o
v/ e YdG(y)=1.
0

Lemma 4.5. Let v, and v;; be the expectations corresponding to p} and gy respectively, let oy,
and o} be the corresponding Malthusian parameters, and let A denote the maximal degree of
the graph. Then we have

oap—oy—>0, &—0.
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Proof. We first see that

—-1/3 _ 1 —-1/3 e %)

(e &

vy — vy = ( 5 ) + E kpp <e'/3 4 E kp.
k=e—1/311 k=e—1/341

Since Y 2, kpy converges uniformly by assumption (c) in Condition 1, we have v, — v; — 0
when ¢ — 0. Let o, and ] be the corresponding Malthusian parameters of v, and v;, which
are the unique respective solutions of

> 1 > X 1
H(ay) = / e dG() = —, H()= f e dG(y) = —.
0 vn 0 vn
We easily see that H is differentiable. Using the fact that v, — E[D* — 1] < oo, the derivative
of H is bounded as follows for sufficiently large n:
1
—_,l =
v, —  2E[D* — 1]

o0
H'(ap) = a, /0 apye” ' dG(y) = —

n

0.
We then obtain, for a certain «g € o}, o[,

1
|H(cty) — H(op)| = |H' (ct0)| oty — oty | > mmn .

Since v, — vy — 0 when ¢ — 0, we have
lan — oy | < |H(ety) — H(ep)| x QE[D* — 1)) - 0, &— 0. 0

Theorem 4.2. For u, ve V", we let

+v
a

1
A(u, v) = {S(u, V) > logn} for y > 0.

Then, for n large enough, there exists § > 0 such that
P(Au, v)) <n™>7,

where o is the Malthusian parameter defined in (2) and where we recall that S(u,v) is the time
spent exploring the 2 x K log n processes before the collision.

Remark 4.3. We need to mention that condition (3) on the tail of the distribution G was used
in Section 4 to upper-bound the time for the exploration process to reach size K log n, as well
as for the lower bound in Section 5, but it is not used to prove this theorem.

This will show that P(U(,, y)evn sy A(u, v)) = 0, n — oo. In other words, with probability
that tends to 1, and using the result of the previous section, we need at most

1
logn + b

Cdmin o

logn

time before a collision happens between two exploration process around any two uniformly
chosen vertices for an arbitrarily small y > 0.

Proof. Let Z"" denote the number of live particles in a continuous branching process
with law G for the edges and probability g; of having k children for every splitting and
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every k> 1. Since we have at least Klogn such processes coming from the exploration
balls of # and v respectively, in order to simplify the notations we will write these pro-
cesses as Uy(?), ..., Uklogn(?) for those related to u and Vi(2), .. ., Vkioga(?) for v and U;(2),
Vity~Z{", 1 <i,j<Klogn

Let * be such that e*" = /3mnlog n. We first notice that, for any & > 0, there exists n
sufficiently large that

1
= o log (v/3mnlogn) =
n

1

sk
200

(log Bmlogn) +logn) <

" log n(1 + ¢).
n
We will now show that there exists at least a pair of processes (U;(%), Vi(¢)) that collide before
time 7*.

By Proposition 4.2, (U;(f), V(1)) will collide with high probability before time #* whenever

Ui(r), Vi(t*) > %" = \/3mnlog n.
—at a.s.

Since Z;e~* =5 ¢/W and W has a continuous distribution (see [3]), there exists 0 <a < 1
such that, for large t,
P(Ui(t) < %) < a.

From this, we can easily deduce, again using Proposition 4.2, that the probability of collision
between U;(t*) and V;(¢*) is greater than (1 — a)? for large n and for a certain 0 <a < 1.

Hence the probability that none of these pairs of processes (U;(¢), Vi(¢)) collide before time
* is upper-bounded by

P(Au, v) < (1 — (1 — a)Z)Klogn _ eKlognlog(l—(l—a)z) :nKlog(l—(l—a)z).

By taking K sufficiently large, we get that this probability is bounded by n~>~% for § > 0.

By summing over all the pairs of vertices (u,v) in the graph, we can directly conclude
that, with high probability, for any pair (u, v), and after reaching size K log n around these two
vertices, there will be collision in less than

1

2t" = —logn(l +¢)
a*
n

with high probability. By Lemma 4.5, for any ¢ > 0, there exists y > 0 such that

l+e * I+e
< <

Oln1+y _an_anm.

We conclude that we need at most a, ! logn(1 4+ y) time, with high probability, to have a
collision between the two balls once they reach size K log n each. This finishes the proof since
y is arbitrarily small and since o, — o as n — oo. ]

5. Lower bound
The goal of this section is to show that, for any & > 0, we have with high probability

diam(CM,,(d)) - (l

2
+ —)(1 —&), n— Q.
logn

o  Cdmin
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To do this, it is sufficient to show that for any ¢ > 0, we can find two vertices u and v in the
graph such that
1—9)lo 2(1—¢)lo
dist,,(u, v) > ( )logn + ( )logn w.h.p.
o

Cdmin

We will only deal with the worst case, where the exploration process starting from any vertex
is a branching process.

Coupling the forward degrees. While exploring the neighborhood of a vertex u, we letZI\i be
the forward degree (the degree minus one) of the discovered vertex at the ith splitting. As in
[2], we set

m

Bn=3 1nlogn

v

and we present a coupling of (Zl\,-),-s g, With an i.i.d. sequence of random variables. We write A,
for the maximum degree in the random graph on n vertices. By writing the order statistics of
the degrees as

day < --- <dp),

we write 1" = Ziz( But DA, dg;) , and we define the size-biased empirical distribution without
considering the (8, + 1)A, — 1 lowest degrees as

ﬁ(") . Ziz(ﬂ”+l)A;1 (k—‘r 1>1d§?))=k+1

k mm

By Remark 2.1, we know that A, = o(,/n/log ). We then conclude that A, 8, = o(n).

Hence it is easy to see that 7™ tends to the size-biased distribution p defined in (10) as
n— oo.

The following lemma, proved in [2], will be used for the proof of the main result of this
section, Proposition 5.1.

Lemma 5.1. For a randomly chosen vertex u and i < B,
(@) 1 du(D), ... duli — 1)) < D},

where Bgn) are i.i.d. with distribution 7.

For a vertex u and time 7 > 0, let B'(u, 1) := {v | dist,,(N(u), v) < t}, where N(u) represents
the set of neighbors of u in the graph. Based on Proposition 4.3 in [2], we show the following
proposition.

Proposition 5.1. Let CM,,(d) denote the random graph constructed with n vertices and a

degree sequence d = (d;)}_,. Let

(1—¢)logn
20

where « is the Malthusian parameter corresponding to a branching process with edge weight
distribution G and size-biased offspring distribution p. For any two uniformly chosen vertices
u, v € Vy .., we have with high probability

n— )

B'(u,t,) NB' (v, t,) =9.
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Proof. According to [3], in the case of a supercritical age-dependent branching process
(Z)>0, there exists a constant ¢’ such that

Z
L 2% w, E[W]=1. (13)

c'et
Let u € V4, . We consider the worst case for which B'(u, 1) is the union of dpy, branching
processes growing until time ¢ > 0 and with forward degree Bgn) for the ith splitting. We denote

these branching processes by (Z,I)tzo, ce (Z,d min) 0. Writing
g (1—¢)logn

" 20,

where a, is the Malthusian parameter corresponding to 7 and G, we know that o, — « as
n — oo. Let z;,, := «/n/log n. We define

— 1 dm'
G =P(Zy. ... 2" <2).

Using (13), we have, for any 1 < dpjn,

. n n®
PZ, <z)~P(W<—— | =P W< ——n——= ] =1, — 00.
72w ~#(v = 75) (" ) =
This implies that ¢, — 1 as n — oco. Therefore, with high probability, the size of B'(u, ,,) is
bounded by z,. Consequently, the probability of getting a collision edge between B'(u, ) and
B'(v, t,) is bounded by

2 2
zZ Z
o " 50, n— o0,
L, nm
which completes the proof. U

Remark 5.1. By [2], we have that the number of free half-edges after §, splittings, Sg, (1), in
the exploration process around a vertex u satisfies, for large n,

Sg,(u) > v/v — 1B, > \/3mnlog n with probability > 1 — o(n—>/?).

This means that, for any uniformly chosen vertex, we need with high probability at most B,
splittings before reaching size /3mn log n, which is the typical size order for collision accord-
ing to Proposition 4.2. Hence coupling the first 8, forward degrees in the exploration process
of a given vertex before collision (with another ball) is sufficient with high probability.

Let Vg, be the set of vertices of degree dmi, and let
l—¢ 1
Sy = ogn
" Cdmin £

A vertex in Vg, . is called bad if the weights on its di, connected edges are all greater than
s,. We also write A,, for the event that u is a bad vertex.

The following lemma shows that the average number of bad vertices in the graph tends to
infinity as n — oo but is negligible compared to 7.

Lemma 5.2. For any ¢ > 0, there exist ag, by > 0 such that

AePdyyiy (1 + o(n®” <E[Y] < bePyn (1 + 011"
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Proof. By condition (3), for any ¢ > 0, there exist R, such that

t
G > Exp(c(1 + ) — R..

Using this, and writing X1, ..., Xy, for the random weights on the half-edges connected to a
vertex u € V.., we have

P(Au) = ]P)(Xl Z Sna ey dein 2 Sl’l)
> P(Exp(c(l + €)) — R, > s,,)min

=efc(l+s)Rg « e C(1+8)sndmin

2
=aen~ 178,

where a, = e—c(+OR. From this, we get

ElYl= Y P(AW) = Py, (1 + o)’ .
uevdmin

The upper bound for E[Y] follows similarly using (4). U

Lemma 5.3. Let Y =), 14, the number of bad vertices in the graph. Then we have
2
Y > §E[Y] w.h.p.

Proof. Using the fact that Cov(1,,, 14,) and Var(1,,) are both upper-bounded by P(A4,),
we get

Var(Y)= Y Var(la)+ »_ > Cov(la,. 1a,)

ueVy . ueVy . vu

< Y PAY+ Y. D P

ueVy .o ueVq, .. veN(u)

=E[Y]+ Z E[Y]
veN(u)
= (dmin + I)E[Y]

in

By Chebyshev’s inequality, we obtain for A > 0

Var(Y dmin + DE[Y
PO < BY] - A) < D) < it ORI

Taking A = %E[Y], we get for large n
2
Y > g]E[Y] w.h.p. O

We let Y’ denote the number of bad vertices belonging to

(1—¢)log n)

B (a, Sp +
o
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for a uniformly chosen vertex a. By Proposition 5.1, we have, for any vertex i,
P(A;, B'(a, t2) N B'(i, ty) # V) = o(P(A;)) = E[Y'] = o(E[Y]).

By Markov’s inequality we deduce that Y’ < %]E[Y] with high probability and thus ¥ — ¥' > 0
with high probability using Lemma 5.2.

We write R = (g) for the number of pairs of distinct bad vertices and R’ for the number of
pairs of distinct bad vertices at distance at most

1—¢

28, + log n.

o

By Proposition 5.1 it is easy to see that
P(Au, Av, B'(u, ta) N B'(v, ty) # ¥) = o(P(Ay, Ay)).

Using this, we get
E[R'] = o(E[Y?)).

Therefore, with high probability, the difference R — R’ is strictly positive by Lemma 5.2. We
deduce that for any ¢ > 0 we can find two vertices that are at distance bigger than

1—¢
28, +

log n.
o

In other words we obtain

1 _
diam(CM,,(d)) > 25, + ——

log n.
o
Since ¢ is arbitrary, this proves the lower bound of the diameter, and thus, by Section 4, we

finally obtain
diam(CM,(d)) p 1 2
_— —

logn o cdmin

6. Proof of the converse theorem

A first step to proving Theorem 3.2 is the following, which amounts to saying simply that
exponential tails are required for the diameter (or flood) to scale as logn in the sense of the
theorem.

Lemma 6.1. If
—log (G
lim inf 128G _

X—> 00 X

0,
then for every M < oo,

lim sup P(diam(CM,,(d)) > M logn) = 1.

n—oQ

Remark 6.1. The claimed conclusion obviously contradicts the hypotheses of Theorem 3.2,
and so in particular any G for which the hypotheses of Theorem 3.2 hold must possess all
moments.
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Proof. 1t is easily seen that, by hypothesis, for every ¢ > 0 there exists a sequence of integers
n; tending to infinity so that

—log G(log n;
—o8TRoen) (Ognj)<s for all j.
log n;

Thus we easily have that with probability tending to 1 as j — oo, there exist verticesv e Vy . C
V' such that

min G(u,v) > — o
u~v (dmin + De

This implies that the diameter or flood for the graph CM,,;(d) must exceed

g2 n;.

1

—logn;.
(i + e 21
The conclusion follows from the arbitrariness of ¢ > 0. O

As usual we establish convergence by suitably bounding the lim sup above and the lim inf
below. Theorem 3.2 follows from the next two lemmas.

Lemma 6.2. For distribution G satisfying the hypotheses of Theorem 3.2,
—log (G
11m lnf M Z C.
xX— 00 X

Lemma 6.3. For distribution G satisfying the hypotheses of Theorem 3.2,

—log (G
lim sup M <c.
X—> 00

Proof of Lemma 6.2. Suppose not. Then there exist ¢ > 0 and a sequence of integers n;
tending to infinity so that

—log G(log n;
M<c(l—e) for all j.
log n;

We can now argue as in Section 5. For random graph CM,,;(d) we have that M;, the number of
vertices v in V;l" . so that
min

1 .
min G(u, v) > L(nj),
ueN(v) dminc(1 —&/2)

will satisfy the following two conditions with probability tending to one as j tends to infinity.
(i) M;> cn} ~(1=8/=¢/2) fo1 some universal strictly positive c.

(ii) For each é > 0, with probability tending to one as j tends to infinity for two randomly
chosen vertices u and v among M; such vertices, we have

B(u, log(n)1 _8) ﬂB(u, log(n)1 _5) =0.
o o
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Taking § sufficiently small with respect to ¢ gives
li P( diam(CM,, (d)) 2 + a 1
im su iam . >l ——— 4+ —|logn) =1,
e & cdmin(1—¢/3) @) %
which contradicts the hypotheses of Theorem 3.2. U

Proof of Lemma 6.3. Suppose not. In this case there exist ¢ > 0 and a sequence of integers
n; tending to infinity so that

— log G(log n;
M >c(l +¢) forallj.
log n;
We may assume by Lemma 6.2 that
—log (G
lim inf 128G

xX—00 X

’

and from this we can apply the argument of Proposition 4.1 and see that, as j tends to infinity,

we have
IP’( sup TKlog,,j(v) > clogn;/(1+ 8/2)> — 0.
veV"i
Thus 5 .
hﬂsolip P(dlam(CMnj(d)) < (m + &) log n) =1,
which again contradicts the hypotheses of Theorem 3.2. U

7. Flooding

In this section we show, based on the proofs and results obtained in Sections 4 and 5, that
with high probability the weighted flooding time behaves like

1 1
<—+ >logn as n— 0o.
@  dmin

We first show that

1 1+ 2¢
flood(G) < | — +
o

min

) logn w.h.p.

asn— o00. We let T, /;1557(G) be the time, starting from vertex u, needed to reach /nlogn

half-edges, given that the edge weights have cumulative distribution function G. We have
already shown, in Section 4, that with high probability, for any v vertex of the graph,

1 14 2¢
Tv,a/nlog n(G) = 5 + logn

dmin

Hence it is sufficient to show that

1
Ta’\/@(G) =< (E) logn

for a randomly chosen vertex a.
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Using computations similar to those in Lemma 4.1, we have, for any &’ > 0,
¢ —¢'c(1—¢")dmin/ (2e)
P\ Tu.k 10gn(G) = e logn | Sp=f 78 Mmin/le®) 0 p— oo.
o
By Section 4.4 we have that, with high probability, the time needed to reach /nlogn half-

edges starting from K log n is smaller than (2a:)~! log n. Therefore we obtain

(1+¢&")logn
IP’<Ta, g = o | > 0, n—> o,

Since ¢’ is arbitrary, we finally obtain

1 14 2¢
flood(G) <[ — +
o

min

> logn w.h.p.
For the lower bound we recall the notations introduced in Section 5. Since Y’ < %IE[Y | with
high probability and using Lemma 5.3, we have
Y—-Y >0 whp.

In other words, with high probability, there exists a vertex w that does not belong to

1—2¢)l
B( +ﬂ>

o

where

This is equivalent to

1—2¢)l 1— 1—¢)l
food(G) = 5, + S —otoen 1=, (deloen

w.h.p.

cdmin o
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