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We analyze the distribution of the distance between two nodes, sampled
uniformly at random, in digraphs generated via the directed configuration
model, in the supercritical regime. Under the assumption that the covariance
between the in-degree and out-degree is finite, we show that the distance
grows logarithmically in the size of the graph. In contrast with the undirected
case, this can happen even when the variance of the degrees is infinite. The
main tool in the analysis is a new coupling between a breadth-first graph ex-
ploration process and a suitable branching process based on the Kantorovich—
Rubinstein metric. This coupling holds uniformly for a much larger number
of steps in the exploration process than existing ones, and is therefore of in-
dependent interest.
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1. Introduction. When proposing a mathematical model for studying the typ-
ical characteristics of complex networks, one of the first things to try to mimic is
the degree distribution, that is, the proportion of nodes having a certain number
of neighbors. Perhaps the easiest way to do this, is by sampling a random graph
from a prescribed degree sequence through the configuration or pairing model,
originally introduced and analyzed in Bollobds (1980), Wormald (1978). In the
undirected case, the construction of the graph begins by assigning to each node a
number of stubs or half-edges according to the given degree sequence, and deter-
mines the edges by randomly pairing the stubs, each time by choosing uniformly
among all the unpaired stubs. Conditionally on the resulting graph having no mul-
tiple edges or self-loops, it is well known that it has the distribution of a uni-
formly chosen graph among all those having the corresponding degree sequence
[see, e.g., Bollobas (2001), Van Der Hofstad (2016)]. In the directed setting, each
node is given a number of inbound and outbound stubs according to its in-degree
and out-degree, and the pairing is done by matching an inbound half-edge with an
outbound one. Again, conditionally on having no self-loops or multiple edges in
the same direction, the resulting graph is uniformly chosen among those having
the prescribed degrees.

The versatility of the configuration model and its ability to match any prescribed
degree distribution makes it useful for analyzing the structural properties of net-
works as well as of processes on them Goh et al. (2003), Miller (2009), Newman
(2002), Chen, Litvak and Olvera-Cravioto (2017). One such property is the typi-
cal distance between nodes. In particular, for the undirected configuration model
constructed from an i.i.d. degree sequence, it is known that the hopcount between
two randomly chosen nodes in a graph with n nodes, conditioned on them being in
the same component, grows logarithmically in n when the degree distribution has
finite variance [van der Hofstad, Hooghiemstra and Van Mieghem (2005), van den
Esker, van der Hofstad and Hooghiemstra (2008)], as loglogn when it has infinite
variance but finite mean [van der Hofstad, Hooghiemstra and Znamenski (2007)],
and is bounded if the mean is infinite [van den Esker et al. (2005)]. These results
reflect what has been observed in many real networks, that is, the typical distance
between connected nodes is very small compared to the size of the network, and
that this distance gets shorter the more variable the degrees are.

In this paper, we provide an analysis of the distance between two randomly
chosen nodes in the supercritical directed configuration model,? conditioned on
the existence of a directed path from one to the other, under the assumption that
the covariance between in- and out-degree is finite. We focus on the supercriti-
cal regime, since the existence of a directed path between two randomly selected
nodes is a rare event in the critical and subcritical regimes. The directed nature
of the graphs introduces some subtle differences compared to the undirected case,

2The supercritical regime ensures the existence of a giant strongly connected component.
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starting with the problem of constructing degree sequences having a prescribed
joint distribution. More precisely, in the undirected configuration model one can
obtain a degree sequence having distribution F by simply sampling i.i.d. observa-
tions from F and adding one to the last node in case the sum is odd [Arratia and
Liggett (2005)]. For the directed case, on the other hand, one needs to guarantee
that the sum of the in-degrees is equal to that of the out-degrees, an event that can
have asymptotically zero probability (e.g., when the in-degree and out-degree are
allowed to be different, and nodes are independent).

A more important difference between the undirected and directed cases is that
the dependence between the in- and out-degree in the latter plays an important role
in the behavior of the distance between nodes. More precisely, the main contribu-
tion of this paper is a theorem stating that the hopcount, that is, the length of the
shortest directed path between two nodes, grows logarithmically in the number of
nodes, which unlike in the undirected case, can occur even when the variance of the
degrees is infinite. Intuitively, the length of the shortest directed path between any
two nodes will always be larger than the shortest undirected path. However, what
is surprising, is that this distance does not necessarily get shorter as the variability
of the degrees grows larger, and whether it gets shorter or not depends on the level
of dependence between the in- and out-degree. Together with prior results on the
existence and the size of a giant strongly connected component in random directed
graphs [Cooper and Frieze (2004), Penrose (2016)], our results provide valuable
insights into the differences and similarities between the directed and undirected
cases.

The second contribution of the paper is a novel coupling between a breadth-
first graph exploration process and a Galton—Watson tree. This coupling is based
on the Kantorovich—Rubinstein distance between two probability measures [see,
e.g., Villani (2008)], and has the advantage of being uniformly accurate for a con-
siderably longer time than existing constructions. Specifically, the coupling holds
for a number of steps in the graph exploration process equivalent to discovering
n'=€ nodes, for arbitrarily small € > 0, compared to a constant number of nodes
in Penrose (2016), n!/2~¢ nodes in Norros, Reittu et al. (2006) and Durrett (2010)
(Theorem 2.2.2), or nl/2t€ podes, for a very small €9 > 0, in van der Hofstad,
Hooghiemstra and Van Mieghem (2005), van den Esker, van der Hofstad and
Hooghiemstra (2008). Moreover, the coupled branching process has a determin-
istic offspring distribution that does not depend on n or the degree sequences,
avoiding the need to consider intermediate tree constructions. The generality of
our main coupling result, and the wide range of applications where a so-called
branching process argument is used, makes it of independent interest.

The paper is organized as follows: Section 2 contains an overview of our results
for the typical distance between two randomly chosen nodes, with the main theo-
rem presented in Section 2.1. The corresponding assumptions are given in terms of
the realized degree sequences, that is, the fixed degree sequences from which the
graphs are constructed according to the pairing model. In Section 3, we provide
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an algorithm that can be used to generate degree sequences satisfying our main
assumptions for any prescribed joint distribution. We also include in that section
numerical examples validating the accuracy of our theoretical approximations for
the hopcount. Our coupling results are given in Section 4, and in Section 5 we give
a more detailed derivation of the main theorem. All the proofs are postponed until
Section 6.

2. Notation and main results. Throughout the paper, we consider a directed
random graph generated via the directed configuration model (DCM), that is, given
two sequences {d, ,d, ,...,d,} and {d+, clgL e d,;r } of nonnegative integers
satisfying

=Y d =>4,
i=1 i=l1

we construct the graph by assigning to each node i € {1,2,...,n} a number
of inbound and outbound half-edges according to (d;, d;“), respectively. To de-
termine the edges in the graph, we pair each inbound stub with an outbound
stub chosen uniformly at random among all unpaired stubs. This pairing pro-
cess is equivalent to matching the inbound half-edges with a permutation, uni-
formly chosen at random, of the outbound half-edges. We refer to the sequence
@, dH=ddy,....d;}, {d},...,dF}) as the bi-degree sequence of the graph.

Our analysis of the typical distances in the DCM will be done in the large graph
limiting regime, that is, when the number of nodes n — oo. This means that we
are considering a sequence of graphs, indexed by n, each having its own bi-degree
sequence, say (d,,d ) = {dy s dy)s {d;fl, .. .,d,jf”}).

As mentioned in the Introduction, sampling a bi-degree sequence (d,,d;")
having a prescribed joint distribution is not as straightforward as in the undi-
rected case, so we allow the bi-degree sequence itself to be generated through
a random process, as long as the realized bi-degree sequence satisfies our reg-
ularity conditions with high probability. To emphasize the possibility that the
bi-degree sequence may itself be random, we will use the notation (D, , D;") to
refer to the bi-degree sequence of a graph on n nodes. In particular, we use D;
and Di+ to denote the in-degree and out-degree, respectively, of node i, and use
L,=Y",D; =Y", D to denote the total number of edges in the graph. To
show that bi-degree sequences satisfying our main assumptions are easy to con-
struct, we provide in Section 3.1 an algorithm based on i.i.d. samples from the
prescribed degree distribution.

In view of our previous remarks, we need to be able to distinguish between the
unconditional probability space and the conditional probability space given the bi-
degree sequence (D;;, D;). To this end, let .%, denote the sigma-algebra generated
by the bi-degree sequence (D;,, D;"), and define P, and I, to be the corresponding
conditional probability and expectation, respectively, given .%,, that is, P, (-) =
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E[1(:)|-%,] and E,[-] = E[-|.%#,]. We point out that under the probability P, the
bi-degree sequence is fixed, as in the classical configuration model.

Before we can state the assumptions imposed in our main theorems, we need to
define the following (random) probability mass functions:

1 & 12
gl ==3 1D =1). g == 1(D; =1).
r=1 r=1

o= Li YD =0D;, fi= Li > UD; =1)Df,
n =1 n =1

fort =0,1,2,..., and let G,J{, G, , F,;F, F~ denote their corresponding cumula-
tive distribution functions.

We point out that the probability mass functions g/ and g, correspond to the
marginal distributions of the out-degree and in-degree, respectively, of a uniformly
chosen node in the graph, while f, (resp. f,") is the distribution of the out-degree
(resp., in-degree) of a uniformly chosen inbound (resp., outbound) neighbor of that
node, also known as the size-biased out-degree (resp., in-degree) distribution.

Notation: Throughout the manuscript, we use the superscript = to mean that the
property/result holds for the distributions or random variables with the &= symbol
substituted consistently with either the + or — symbol.

The main assumption needed throughout the paper is given below.

ASSUMPTION 2.1. The bi-degree sequence (D, D) satisfies:

(a) There exist probability mass functions g*, g~, f* and f~ on the nonneg-
ative integers, such that, for some ¢ > 0,

oo | k oo | k
NI () — @) <n ™t and YD (£EGO - FEG)| <078,
k=01i=0 k=01i=0

with v £ Y%7t () = TR0je () < 00 and p £ Y X0jfT()) =
%0 Jif () € (1, 00).
(b) For some 0 < x <1 and some constant K, < 00,
n
S (D7) + (D)) D} D} < K.

r=1

REMARK 2.2. Note that by requiring that © > 1, we are assuming that the
graph is in the supercritical regime, where with high probability there exists a
unique strongly connected component of linear size; see Cooper and Frieze (2004),
Penrose (2016). In this regime, the probability that there exists a directed path
between the two randomly chosen nodes is asymptotically positive, while it is a
rare event in both the critical (i = 1) and subcritical (i« < 1) cases.
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To provide some insights into these assumptions and relate them to the con-
struction of the coupling in Section 4, it is useful to define first the Kantorovich—
Rubinstein distance (also known as Wasserstein metric of order one), which is a
metric on the space of probability measures. In particular, convergence in this sense
is equivalent to weak convergence plus convergence of the first absolute moments.

DEFINITION 2.3.  Let M (u, v) denote the set of joint probability measures on
R x R with marginals i and v. Then the Kantorovich—Rubinstein distance between
@ and v is given by

di(u,v)= inf f X — yldr(x, y).
meM(u,v) JRxR

We point out that d is only strictly speaking a distance when both u and v have
finite first absolute moments. Moreover, it is well known that

1 | ) [ee)
a’l(,u,v):/O |F_ (w)— G~ (u)|du=/_ |F(x)—G(x)|dx,

where F' and G are the cumulative distribution functions of © and v, respec-
tively, and f~'() = inf{x € R : f(x) > t} denotes the pseudo-inverse of f. It
follows that the optimal coupling of two real random variables X and Y is given
by (X,Y) = (F~Y(U), G™'(U)), where U is uniformly distributed in [0, 1].

With some abuse of notation, for two distribution functions F and G we use
di(F, G) to denote the Kantorovich—-Rubinstein distance between their corre-
sponding probability measures. We refer the interested reader to Villani (2008)
for more details.

REMARK 2.4. (i) In terms of the previous definition, the first condition in
Assumption 2.1 can also be written as

d\(GE,G*)<n™ and d\(FF, F¥)<n*.

Furthermore, since

L, 1 &
vn =" and :“n:L_ZDrDr

my=1

are the common means of g,‘f , &, »and fn+, f,» respectively, it follows from Defi-
nition 2.3 that

& &

lvp —vl<n™" and |u, —pl<n"".

Hence, the first set of assumptions simply state that the empirical degree distri-
butions and the empirical size-biased degree distributions converge weakly, along
with their means.
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(ii) The second condition in Assumption 2.1 implies that

o0 o0
R - s B E Y
;)l f (z)flkrggéf;)z FEG) < Ko /v < 00,
that is, f* has finite moments of order 1 + «.

(iii) We point out that any bi-degree sequence satisfying Assumption 2.1 will
also be “proper” in the sense of Cooper and Frieze (2004), provided that g™ and
g~ have finite variance and that the maximum degree is smaller or equal than
n'/2/logn. Hence, under these additional conditions, the results in Cooper and
Frieze (2004) regarding the bow-tie structure of the supercritical directed configu-
ration model hold.

Since, as mentioned earlier, the bi-degree sequence (D, D;") may itself be gen-
erated through a random process, we only require that Assumption 2.1 holds with
high probability. More precisely, if we let

Q, = {max{d,(G},G"),di(G,,,G™),di(F, ], F"),d\(F, ,F7)} <n~°}

NS (D7) + (D)) D Dy < Ken
r=1
then our condition will be that P(£2,) — 1 as n — o0. In Section 3.1, we show
that the i.i.d. algorithm presented there satisfies this condition.

2.1. Main result. Our main result, Theorem 2.5 below, establishes that the
distance between two randomly chosen nodes grows logarithmically in the size of
the graph, and characterizes the spread around the logarithmic term.

In the statement of our results, we use H, to denote the hopcount, or distance,
between two randomly chosen nodes in a graph of size n. Since the graph is di-
rected, we say that the hopcount between node i and node j is k if there exists a
directed path of length k£ from i to j; if there is no directed path from i to j we
say that the hopcount is infinite. Since the two nodes are chosen at random, we can
assume without loss of generality that H,, is the hopcount from the first node to the
second one.

The last thing we need to do before stating Theorem 2.5 is to introduce the
limiting random variables appearing in the characterization of the hopcount. To
this end, let g¥ and £ be the probability mass functions from Assumption 2.1.
Throughout the paper, we will use {Z,ﬁc 1k >0}, Z(ﬂf =1, to denote a delayed
Galton—Watson process where nodes in the tree have offspring according to distri-
bution f*, with the exception of the root node which has a number of offspring
distributed according to g*. Note that kaE = f,fc /(wuk=1) is a mean one martin-
gale with respect to the filtration generated by the process {ch :k > 1}. Hence, by
the martingale convergence theorem,

w* = Jim ZE/ (v as.
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exists and satisfies E[W*] < 1.

To see that under Assumption 2.1 W+ and W™~ are nontrivial, it is useful to
define first {Z,?E : k > 0} to be a (nondelayed) Galton—Watson process having off-
spring distribution f* and let

wt = klgr;o Z,fc/uk a.s.

be its corresponding martingale limit. Now recall from Remark 2.4 that £+ and f~
have finite moments of order 14« > 1, which implies that Z?‘; Ljog HFEG) <
00, a necessary and sufficient condition for WW* to be nontrivial and satisfy
E[W*] =1 [see, e.g., Athreya and Ney (2004)]. Moreover, if ¢* = P(ZF =
0 for some m) denotes the probability of extinction of {ZkjE :k >0}, then g < 1
and POVE =0) = qjE [Lemma 6.1 contains an expression for P(W* =0)]. Fur-
thermore, provided f¥ is not degenerate, YW= possesses a density on (0, o0) [see
Athreya and Ney (2004) p. 52], which implies that W+ does as well. Interestingly,
the degenerate case appears when studying d-regular graphs (i.e., where all nodes
have in-degree d and out-degree d), in which case W* = W% =1 a.s. Hence, the
randomness of W is due to the variability of the degrees.

We are now ready to state the main result of the paper; | x| denotes the largest
integer smaller or equal to x.

THEOREM 2.5. Let {G,, : n > 1} be a sequence of graphs generated through
the DCM from a sequence of bi-degree sequences {(D; ,D;}) : n > 1} satisfying
P(2,) — 1lasn — oo. Let H, denote the hopcount between two randomly chosen
nodes in G,. Then there exist random variables {H, },eN such that for each (fixed)
te?,

2.1) nli)ngo|P(Hn— llog, n| =t|H, < 00) — P(H,=1)| =0,

where H,, has distribution

p  gloganltlx)

/JL—l. n

P(Hngx)zl—E[exp{— W+W_})W+W_>O},
2.2)
x eR.

Theorem 2.5 shows that the hopcount between two randomly chosen nodes,
conditionally on it being finite, is [log, n] plus a random fluctuation having the
same distribution as H,. This variation in the hopcount length comes from the
specific locations of the randomly chosen nodes within the graph, and the distri-
bution of H,, is determined by the randomness of W+ and W, which in turn is
determined by that of f* and f~. As pointed out earlier, W and W~ become de-
terministic when analyzing d-regular graphs, in which case (2.2) can be explicitly
computed.

As a straightforward corollary, we obtain the asymptotic equivalence of H, and
log,, n in probability.
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COROLLARY 2.6. Under the same assumptions as Theorem 2.5, and for any
€>0,

Hy

log, n

lim P(

n—oo

—1‘>€‘Hn<00)=0.

Theorem 2.5 shows that the directed distance between two randomly chosen
nodes in the DCM scales logarithmically in the size of the graph, which is con-
sistent with existing results for the undirected configuration model (CM) under
the assumption that the degree distribution has finite variance [van der Hofstad,
Hooghiemstra and Van Mieghem (2005)]. We remark that no assumption is made
concerning the simplicity of the graph, since the hopcount is unaffected by the ex-
istence of multiple edges and self-loops. For instance, removing all self-loops and
merging all duplicate edges into a single edge, as is done in the erased configura-
tion model, will not change the hopcount.

To understand the result of Theorem 2.5, including the appearance of the mar-
tingale limits W™, note that directed graphs with high connectivity consist of a
strongly connected component (SCC), a set of nodes with directed paths going into
the SCC (the inbound wing), a set of nodes with directed paths exiting the SCC
(the outbound wing), and some additional secondary structures. This, so-called,
bow-tie structure has been observed experimentally in the web graph Broder et al.
(2000), and has been established for the supercritical directed configuration model
in Cooper and Frieze (2004); see also Timér et al. (2017) for a more detailed anal-
ysis of the secondary structures. More precisely, the work in Cooper and Frieze
(2004) shows that the inbound wing consists of nodes whose out-component is of
linear size but whose in-component is small [i.e., of order o(n)], the outbound wing
consists of nodes whose in-component is of linear size but whose out-component
is small, and the SCC is the set of nodes having both linear size in-component
and linear size out-component. The branching processes Z,j and Z « describe the
breadth-first exploration process of the out-component of the first randomly cho-
sen node and the in-component of the second one, respectively, whose sizes are
approximately Wvu*=1 and W—vu*—1. We refer the reader to van der Hofstad,
Hooghiemstra and Znamenski (2007) (pp. 712-714) for a more detailed explana-
tion relating the hopcount with the branching processes appearing in the limit.

The interesting difference between the directed and undirected cases lies in the
observation that Assumption 2.1 can hold with high probability for degree se-
quences having infinite variance (as shown in Section 3.1), hence showing that the
distance remains logarithmic even when in its undirected counterpart becomes of
order loglogn [van der Hofstad, Hooghiemstra and Znamenski (2007)]. To explain
this, note that distances in the CM get smaller as the degree distribution gets heav-
ier (i.e., more variable) presumably because of the appearance of nodes with ex-
tremely large degrees that should create shortcuts between nodes in their connected
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component.> In contrast, when the graph is directed, increasing the variability of
the in- and out-degree distributions does not necessarily imply the appearance of
more shortcuts, since even if there are more nodes with very large in-degrees or
very large out-degrees, they may not be the same nodes, for example, when the
in-degree is independent of the out-degree, it is unlikely that a node has both large
in-degree and large out-degree. Our results are consistent with the intuition that
if the nodes with very large in-degrees are the same as those with very large out-
degrees (i.e., positively correlated in- and out-degrees), then more shortcuts should
be created and the distances will get smaller.

To complement the main theorem, we also compute the asymptotic probability
that the hopcount is finite, which can be expressed in terms of the survival proper-
ties of the delayed branching processes {Z,j ck>1}and {Z; 1k >1}.

PROPOSITION 2.7. Let {G, : n > 1} be a sequence of graphs generated
through the DCM from a sequence of bi-degree sequences {(D;,,D;Y) :n > 1} sat-
isfying P(82,) — 1 as n — oo let H,, denote the hopcount between two randomly
chosen nodes in G,,. Then

(2.3) lim P(H, <oo)=sts",
n—oo
where s* = P(W* > 0).

To provide some insights into this probability, we refer again to the bow-tie
structure of the supercritical directed configuration model, where § is the SCC,
K~ is the inbound wing, and K is the outbound wing. As the work in Cooper
and Frieze (2004) shows, if we let L~ and L™ denote the set of nodes with
in-component, respectively out-component, of linear size, then S = L~ N LT,
K~ =L N(L")and K+ = LT N (L™)°. Moreover, the proof of our main cou-
pling result (Theorem 4.1) shows that s™ (s ™) is the asymptotic probability that a
randomly chosen node in the graph belongs to L™ (L), which is consistent with
Theorem 1.2* in Cooper and Frieze (2004), suggesting that the bow-tie structure
proved there should hold even under the weaker assumptions of this paper.

With respect to the martingale limits W and W™~ appearing in (2.2), we point
out that although it is in general difficult to compute them analytically, it can easily
be done numerically, for example, by using the Population Dynamics algorithm
described in Chen, Litvak and Olvera-Cravioto (2017). We use this algorithm in
Section 3 below for validating our theoretical results.

3The role that high degree nodes play in the creation of shortcuts is best understood through the
notion of betweenness centrality, which computes the fraction of shortest paths that go through a
given node. For the undirected configuration model, it was shown numerically in Goh et al. (2003)
that the betweenness centrality is positively correlated with the degree, which is consistent with
our intuitive explanation of why distances get smaller the more spread out the degree distribution
becomes.

4See Remark 2.4(iii).
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3. Construction of a bi-degree sequence and numerical examples. To il-
lustrate the accuracy of the approximation for the hopcount between two randomly
chosen nodes provided by Theorem 2.5, we give in this section several numerical
examples for different choices of the bi-degree sequence. This requires us to con-
struct a sequence of bi-degree sequences {(D;, D) : n > 1} satisfying Assump-
tion 2.1 with high probability for some prescribed joint distribution for the in- and
out-degrees. As pointed out earlier, there are many ways of constructing such se-
quences, but for the sake of completeness, we include here an algorithm based on
i.i.d. samples from the prescribed degree distribution.

3.1. The i.id. algorithm. Let G(x,y) be a joint distribution function on N?
such that if (27, 27) is distributed according to G, then E[Z2~| = E[27],
E[|2~ — 27|"t%] < 00 and E[(Z2~27)!1*] < 0o for some 0 < k < 1. Set
d=ck/(1+k),forsome 0 <c<1ifx <1orchooseany 0 <48 <1/2ifx =1.

STEP 1: Sample {(Z; , .@f)};’:l as ii.d. vectors distributed according to
G(x,y).

STEP 2: Define A, =Y7_ (7, — @f}. If |[A,| <n'?, proceed to STEP 3;
else, repeat STEP 1.

STEP 3: Select |A,| indices from {1, 2, ..., n} uniformly at random (without
replacement) and set
DI =% +7v and D=2 +y, i=12,...n,
where

7; =1(A, <0andi was selected) and x; =1(A, > 0and i was selected).

This algorithm was first introduced in Chen and Olvera-Cravioto (2013) for the
special case where 2~ and 27 are independent. There, it was shown that the
degree sequences generated by the algorithm are graphical w.h.p., that is, they can
be used to construct simple graphs. Moreover, the empirical joint distribution of
the degrees in a simple graph generated through either the repeated DCM or the
erased DCM, converges in probability to G(x, y);> see Theorems 2.3 and 2.4 in
Chen and Olvera-Cravioto (2013).°

Note that the {7, — .@;L} are zero-mean random variables with E[|2~ —
9+114%] < co. Hence, using Burkholder’s inequality (see Lemma 6.2), one ob-
tains that

P(lAn| > nl—é) — 0(,,11—(14‘16)(1_5)) — O(H_(]_C)K),

SNote that the joint degree distribution of the nodes in the resulting graph is not G(x, y), since this
distribution is changed by STEP 1 and STEP 2 of the algorithm, as well as by the pairing process
itself.

9These theorems are stated for the case when 2 and 2~ are independent, but a close look at the
proofs shows that they remain valid when they are dependent.
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for k < 1, while it is O(n%*~1) when ¥ = 1. Hence the probability of success in
STEP 2is 1 — O(n™%) for some a > 0.

We also point out that the i.i.d. algorithm only requires the moment conditions
E[|Z2~ — 2F|'1*] < 00 and E[(27)'T*(217)1%¥] < 0o and, therefore, can be
used to generate any light-tailed degree sequence as well as the vast majority of
scale-free (heavy-tailed) degree distributions. It also includes as a special case the
d-regular bi-degree sequence.

The following result shows that the degree sequences generated by this algo-
rithm satisfy Assumption 2.1 with high probability.

THEOREM 3.1. Let G~ denote the marginal distribution of 9~ and G+
denote that of 27 define F™(x) = E[1(2FT <x)Z |/vand F~(x) = E[1(Z~ <
xX)2%]/v, where v = E[27] = E[27]. Then, for any 0 < ¢ < 8 and
E[(2 )Y 9T + 9= (21)1T¥] < K, < 00, we have

lim P(2,;)=1.
n—oo

3.2. The hopcount distribution. In order to compute the hopcount distribution,
we constructed 20 graphs of size n = 10°, using the DCM for different choices
of bi-degree sequence. For each of these graphs, we computed the neighborhood
function, which gives for each ¢ > 0 the number of pairs of nodes at distance at
least ¢. For the computation of the neighborhood function, we used the Hyper-
Ball algorithm Boldi and Vigna (2013), which is part of the Webgraph Framework
Boldi and Vigna (2004). We used HyperBall since it implements the HyperANF
algorithm Boldi, Rosa and Vigna (2011), which is designed to give a tight ap-
proximation of the neighborhood function of large graphs. From the neighborhood
function, we determined, for all finite ¢, the number of shortest paths of length ¢. In
this way, we compute the distance between all pairs of nodes, with finite distance,
in 20 independently generated graphs. We then took the empirical distribution of
these values as a approximation of the hopcount distribution.

We point out that since H, was defined as the hopcount between two randomly
selected nodes, the natural unbiased estimator for the distribution of H,, is the one
obtained from randomly selecting pairs of nodes in independent graphs and us-
ing the corresponding empirical distribution function. However, this approach is
computationally too intensive considering the amount of effort needed to generate
one graph. Our approach is considerably more efficient, and although the empir-
ical distribution function it generates does not consist of i.i.d. samples (samples
from the same graph are positively correlated), it produces results that are in close
agreement with the theoretical approximation in Theorem 2.5. Additional experi-
ments not included in this paper showed that the two approaches produce similar
results, with the method used in this paper exhibiting smaller variance.

The three examples below illustrate the accuracy of the approximation provided
by Theorem 2.5 for different choices of bi-degree sequences. All three examples
are special cases of the i.i.d. algorithm, and thus satisfy Assumption 2.1.
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3.2.1. d-regular bi-degree sequence. A d-regular bi-degree sequence satisfies
Di+ =d = D; forall 1 <i < n.Itreadily follows that the probability densities gt

and f + have just one atom at d. Moreover, we have Zki =dFk = uk forall k > 1,
hence W* =1 and

glloggnl+1x]
4} xeR.

(d—1n

In Figure 1(a), we plotted the probability mass functions of both the hopcount
distribution and that of its theoretical limit (3.1). The plots are indistinguishable in
the figure, with a Kolmogorov—Smirnov distance of 1.3 x 10~%. This shows that

for nonrandom sequences, the approximation provided by Theorem 2.5 is almost
exact.

3.1 P(H, §x)=1—exp{—

3.2.2. LL.D. bi-degree sequence with independent in- and out-degrees. Fol-
lowing the result from Theorem 3.1, we computed the hopcount distribution for
bi-degree sequences, generated by the i.i.d. algorithm, using as the in- and out-
degree distributions Poisson mixed with Pareto rates, and keeping the in-degree
and out-degree independent of each other. More precisely, we chose A1 and A;
to be independent Pareto random variables, both with scale parameter 1 and shape
parameter 3/2, and then set 2~ and 27 to be i.i.d. with conditional distributions

AKe=*
k!
It can be verified [see Proposition 8.4 in Grandell (1997)] that

P(27 k) ~c1k/? and P(2T =k)~ k732,

as k — oo, for some constants ¢y, ¢a > 0.

Note that the independence between 2~ and 27 implies that the size-biased
distributions f* and f~ are equal to the unbiased ones, that is, f + = g% Hence,
@ = v =3 and the branching processes {Z,:r :k>1} and {Z, : k > 1} are not
delayed.

In order to compute our theoretical approximation for the hopcount, we also
need to compute P(H, > k), which is written in terms of W+ and W~. Since
W+ and W™ are not known in general, we estimate them numerically using the
approach from Chen, Litvak and Olvera-Cravioto (2017), which describes a boot-
strap algorithm for simulating the endogenous solutions of branching linear recur-
sions. For this, we first observe that W and W~ satisfy the following stochastic
fixed-point equations:

P(Z =klA1=A)=P(Z" =klAr=1) =

k=0,1,2,....

Q= _ g+
9 W 9 W+

W_iz L and W+iZ—’,

i=1 i-1 H

where WijE are i.i.d. copies of W*, independent of 2~ and 2. Using the algo-
rithm in Chen, Litvak and Olvera-Cravioto (2017) for 30 generations of the trees
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FI1G. 1. Hopcount probability mass function compared to the approximation provided by Theo-

rem 2.5 for: (a) a 3-regular bi-degree sequence; (b) a bi-degree sequence generated by the i.i.d. algo-
rithm with independent in- and out-degrees; and (c) a bi-degree sequence generated by the i.i.d. al-
gorithm with dependent in- and out-degrees. The Kolmogorov—Smirnov distance in each case is:
(a) 1.3 x 1074, (b) 0.0583, and (c) 0.0353. In all cases the graphs had n = 100 nodes.

with a sample pool of size 10°, we obtained 10° observations for each of W+ and
W~, with the sample for W+ independent of that for W~. We then used these
samples to estimate

E|:exp{— o
n—1 n

[log, n]+k

W+W—“W+W— >0} fork=0.1, ....
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The results for the hopcount distribution are shown in Figure 1(b). The
Kolmogorov—Smirnov distance in this case is 0.0583.

3.2.3. LL.D. bi-degree sequence with dependent in- and out-degrees. Our third
and last example is for a bi-degree sequence obtained using the i.i.d. algorithm but
for the case where 2~ and 2 are dependent. We take the extreme case where
D; = D;r for all 1 <i <n. To obtain such a sequence, we generate the D;” by
sampling from a Zipf distribution with corpus size 103 and exponent 7/2 and set
DiJr = D; , that is,

P(2T=t)=t""%/¢(7/2)  forallt=1,2,...,

where ¢ (s) is the Riemann zeta function. Observe that since the exponent is larger
than 3, the distribution has finite 2 4+ & moment, for 0 < ¢ < 1/2. Therefore, it
follows from Theorem 3.1 that this bi-degree sequence satisfies Assumption 2.1
with high probability. We used a Zipf distribution here since then the sized-bias
distribution will again be Zipf with exponent 5/2.

The W+ and W~ were again simulated using the algorithm in Chen, Litvak
and Olvera-Cravioto (2017) with the same number of generations and the same
pool size as for the independent case above, but with the appropriate sized-biased
distribution and the corresponding delay for the first generation of the tree.

The results for the hopcount are shown in Figure 1(c), and the Kolmogorov—
Smirnov distance is 0.0353.

4. Coupling with a branching process. Given a directed graph G, of size n
the shortest directed path from node v; to node v, can be computed by starting two
breadth-first exploration processes, one to uncover the out-component of vy, call
this BT (v1), and another one to uncover the in-component of vy, call it B~ (v7).
If B*(vy) N B~ (vp) # @, then there exists a finite (v1, vp)-path, whereas if this
intersection is empty, there is none. We point out that since shortest paths do not
contain cycles, the exploration of the components, either inbound or outbound,
requires only that we keep track of edges with nodes not previously uncovered.

The first step in proving Theorem 2.5 is to couple the breadth-first exploration
processes described above, starting from uniformly chosen nodes in G,, with two
independent branching processes. This is a well-known approach for analyzing the
properties of random graphs, also referred to as a branching process argument.

The main result of this section is Theorem 4.1, along with its more immedi-
ately useful corollary (Corollary 4.2), which is the key ingredient in the proof of
Theorem 2.5.

4.1. Exploration of new stubs. Similar to the construction in van der Hofstad,
Hooghiemstra and Van Mieghem (2005), we start by designating all the n nodes as
inactive, meaning they have not been uncovered yet, and setting ZOi =1 [note that
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in van der Hofstad, Hooghiemstra and Van Mieghem (2005) it is the stubs them-
selves that are labeled, not the nodes]. Let @ denote the fictional first stub, and set
Aa[ = {@}; call this initialization step 0. The process {Z,ﬁE 1k > 0} will keep track
of the number of outbound (inbound) stubs discovered during the kth step of the
exploration process, as we will now describe. The superscript & refers to whether
the exploration follows the outbound stubs (for which we use the superscript +),
or the inbound stubs (for which we use the superscript —).

In step 1, we randomly select a node and set ch = j if it has j outbound (in-
bound) stubs; we set its state to active, meaning it has already been uncovered. To
identify each of the outbound (inbound) stubs, we index them 1 through j and let
Ali ={1,..., j} be the set of the indices of the newly discovered stubs. For the
second step of the exploration process, we will need to traverse all Z f outbound
(inbound) stubs, which we do sequentially and in lexicographic order with respect
to their indexes. Here, we say that we have traversed an outbound (inbound) stub
if we have identified the node it leads to and discovered how many outbound (in-
bound) stubs this new node has. If the stub is pointing to an inactive node, we label
the node as active, index all its outbound (inbound) stubs with a name of the form
(i, j), j = 1, and then proceed to explore the next outbound (inbound) stub. If the
stub is pointing to an active node, no new outbound (inbound) stubs are discov-
ered. Once we are done exploring all ch outbound (inbound) stubs, we set Z;E to
be the number of newly discovered outbound (inbound) stubs and let A;E denote
the set of their indices.

In general, in step k we will traverse all Z,f_l outbound (inbound) stubs, in lexi-
cographic order, discovering new nodes, and hence new outbound (inbound) stubs.
If outbound (inbound) stub i = (i1, ..., ix—1) is paired with an inbound (outbound)
stub belonging to an inactive node, then the outbound (inbound) stubs of the newly
discovered node receive an index of the form (i1, ..., ix—1, ix), ix > 1;if outbound
(inbound) stub i is paired with an inbound (outbound) stub belonging to an ac-
tive node, then no new outbound (inbound) stubs are discovered. Once we have
traversed all Z,f_l outbound (inbound) stubs we set Zf to be the number of new
outbound (inbound) stubs discovered in step k. The process continues until all L,
outbound (inbound) stubs have been traversed.

Note that the process {Z,it : k > 0} defines a labeled tree, where the “individu-
als” are the outbound (inbound) stubs discovered in step k (Z(j)E = 1), not the nodes

of the graph themselves. In addition to keeping track of Z,it, we will also keep
track of “time” in the exploration process, where time t means we have traversed
t outbound (inbound) stubs.

4.2. Construction of the coupling. To study the distance between two ran-
domly chosen nodes, we will couple the exploration of the graph described above
with a branching process. To do this, we first note that the exploration process is
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equivalent to assigning to outbound stub i # @ a number of offspring X;“ chosen
according to the (random) probability mass function

(D =)D Z.(T,),
Ln_Tl+’; ( r ) r ”(1)
r=1,2,...,
4.1) h () = | n
e (D} =0)D L, (T,") + Vi t,
Ln_Ti+,§(r )rr(l) i
t =0,

where TiJr is the number of outbound stubs that have been traversed up until the
moment outbound stub i is about to be traversed, Z, () = 1 (node r is inactive after
having traversed ¢ stubs), and

n
Vi =Lu- Y D LG - T}

1
r=1
is the number of unexplored inbound stubs belonging to active nodes at time Ti+.
Note that Ti+ is also the number of inbound stubs that already belong to edges in
the graph up until the moment outbound stub i is about to be explored. Symmet-
rically, we assign to inbound stub i a number of offspring x;~ distributed accord-
ing to

1 n
——— > (D =1)DIZ.(T),
Ln_Ti_,;(r )r"(])
t=1,2,...,
1

42) k() = "
————12_ WDy =0)DfT(T7) + Vit
=1

Ly— T
1=0,

with 7;~ the number of inbound stubs that have been traversed up until the moment
inbound stub i is about to be explored, and

n
V= La= Y DT (1)~ T

r=1

is the number of unexplored outbound stubs belonging to active nodes at time 7; .
As before, we have that 7;" is also the number of outbound stubs that already
belong to edges in the graph up until the moment inbound stub i is about to be
explored.

Note that the number of outbound (inbound) stubs of the first node, that is, Z fc,
is distributed according to giF.
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The key idea behind the coupling we will construct is that sampling from hilL
and sampling from fnﬂE should be roughly equivalent as long as TiﬂE is not too
large. In turn, for large n, Assumption 2.1 implies that fnjE is very close to f*. It
follows that the process {Z,ﬁE : k > 0} should be very close to a suitably constructed
(delayed) branching process {Z,ﬁc : k > 0} having offspring distributions (g*, f¥),
where g¥ is the distribution of Z it and all other nodes have offspring according
to f*.

To construct the coupling define U = J72 N , with the convention that NS)r =
{5}, and let {Uj}jcy be a sequence of i.i.d. Uniform(0, 1) random variables. For
any nondecreasing function F, define F ~l(u) = inf{x e R: F(x) > u} to be its
pseudo-inverse. Now set the number of outbound (inbound) stubs of i in the graph
to be

= HHT Wy, e, xE=(GH) W,

where Hii is the cumulative distribution function of hii, and the number of off-
spring of individual i in the outbound (inbound) branching process to be

E=(FH W), e, 3E=(6H) "W).

In addition, we let Aﬁc denote the set of individuals in the tree, corresponding to
the process {Zki 1k > 0}, at distance r from the root.

Note that x; and x; are now coupled through the same Uj, and in view of
the remarks following Definition 2.3, this coupling minimizes the Kantorovich—
Rubinstein distance between the distributions hilL and f*. Moreover, although the
Xii are only defined for stubs i that have been created through the pairing process,
the )Qii are well-defined regardless of whether i belongs to the tree or not. Fur-
thermore, the sequence {Uj}jcy defines the entire branching process {2,?E 1k >0},
even after the graph has been fully explored.

The last thing we need to take care of is the observation that knowing Xii in
the exploration of the graph does not necessarily tell us the identity of the node
that stub i leads to, since there may be more than one node with Xii outbound
(inbound) stubs, which is problematic if they do not also have the same number of
inbound (outbound) stubs.The construction of the coupling requires that we keep
track of both the inbound and outbound stubs discovered when a node first be-
comes active, since this information allows us to estimate the remaining number
of unexplored stubs. To fix this problem, given Xii =1t > 0, pair outbound (in-
bound) stub i with an inbound (outbound) stub randomly chosen from the set of
unpaired inbound (outbound) stubs belonging to inactive nodes and having exactly
t outbound (inbound) stubs; if Xii = 0 sample the inbound (outbound) stub from
the set of unpaired inbound (outbound) stubs belonging to either inactive nodes or
active nodes having no outbound (inbound) stubs.

Summarizing the notation, we have:
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° A;" (A,): set of outbound (inbound) stubs created during the rth step of the
exploration process on the graph.

° A;" (A,‘): set of individuals in the outbound (inbound) tree at distance r of the
root.

° Z:r (Z,;): number of outbound (inbound) stubs created during the rth step of
the exploration process.

° Z:r (Zr_ ): number of individuals in the rth generation of the outbound (inbound)
tree.

The main observation upon which the analysis of the coupling is based is that if
|A| denotes the cardinality of set A, then

Zie = A = |4 0 AF| + |4 0 ()|
which implies that

43) Zi = A0 (A0) 1 = 2 = 28 + A n (A

4.3. Coupling results. We now present our main result on the coupling be-
tween the exploration process {Z,ﬁE : k > 1} and the delayed branching process
{Z,ﬁE : k > 1} described above. As mentioned earlier, the value of this new coupling
is that it holds for a number of steps in the graph exploration process that is equiv-
alent to having discovered n' =% number of nodes for arbitrarily small 0 < § < I;
moreover, the coupled branching process is independent of the bi-degree sequence
and of the number of nodes. Throughout the remainder of the paper, ¢ > 0 and
0 <« <1 are those from Assumption 2.1.

THEOREM 4.1. Suppose that (D, ,D;Y) satisfies Assumption 2.1. Then, for
any 0 <8 < 1,any 0 < y < min{é«, &}, there exist finite constants K, a > 0 such
that forall 1 <k < (1 — 8)10gun,

k
Pn(ﬂ (A N (A | = Zyn ™ A5 N (A5 < Zfin‘y}> =1—-Kn™“

m=1

As an immediate corollary, relation (4.3) gives the following.
COROLLARY 4.2.  Suppose that (D, ,D;") satisfies Assumption 2.1. Then, for

any 0 <8 < 1,any 0 < y < min{é«, e}, there exist finite constants K, a > 0 such
that forall 1 <k < (1 — 8)10gun,

k
]P’n< N (ZE(1-n")<zE<ZZ(1 —I—n_y)}) >1—Kn™“.
m=1



1758 P. VAN DER HOORN AND M. OLVERA-CRAVIOTO

5. Distances in the directed configuration model. Having described the
graph exploration process in the previous section, we are now ready to derive an
expression for the hopcount between two randomly chosen nodes in a directed
graph of size n generated via the DCM. The main result of this section is Theo-
rem 5.3, which expresses the tail distribution of the hopcount in terms of limiting
random variables related to the branching processes {Z,j 1k >1}and {Z i ck>1}
introduced in the previous section. Although we will include some preliminary
calculations here, we refer the reader to Section 6.3 for all other proofs.

As described in Section 4, we will compute the hopcount of a graph by select-
ing two nodes at random, say 1 and 2, and then start two independent breadth-first
exploration processes. One will follow the outbound edges of node 1 while the
other will use the inbound edges of node 2. At each step, we explore one gen-
eration of the out-component of node 1 and the corresponding generation of the
in-component of node 2, starting with node 1.

In terms of the two nodes, {Z,j : k > 1} will denote the number of outbound
stubs discovered during the kth step of the exploration of the out-component of
node 1, while {Z;" : k > 1} will denote the number of inbound stubs discovered
during the kth step of the exploration of the in-component of node 2. An expression
for the distribution of the hopcount is then obtained by computing the probability
that there are no nodes in common given the current number of stubs explored so
far in each of the two processes. We point out that the hopcount may be in fact
infinite, which happens when node 2 is not in the out-component of node 1.

The first step in the analysis is a recursive relation for P, (H, > k). For this, we
denote by .F1Hm = o(Z;, ZT :0<i <l,0<j <m) the sigma algebra generated
bythe Z; and Z T of the first  and m generations, respectively. The next result fol-
lows from the analysis done in van der Hofstad, Hooghiemstra and Van Mieghem
(2005) Lemma 4.1, which can be adapted to our case in a straight forward fashion:

k+1
P,(H, > k) :En|:1_[ P.(Hy >i—1|H, > i —2,3?“/21*“/”)]

=2
(5.1) ’
forall k > 1.

The presence of the ceiling and floor functions is due to the fact that we iteratively
advance the exploration process alternating between nodes 1 and 2, starting with 1.

Let p(A, B, L) denote the probability that none of the outbound stubs from a
set of size A connect to one of the inbound stubs from a set of size B, given that
there are L outbound/inbound stubs in total. Since we can only select A inbound
stubs outside of the set of size B if A+ B < L and the probability of selecting the
first such stubis 1 — B/L, we get

p(A,B,L):l(A+B§L)<1 — %)p(A— 1,B,L—1).
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Continuing the recursion yields,

A—1 B
(5.2) p(A,B,L):l(A—i—BgL)g)(l—L_S>.

Next, observe that H, > 1 holds if and only if none of the ZfL outgoing edges
points toward node 2. From the definition of the model, this occurs if and only
if none of the Zfr outbound stubs have been paired with one of the Z,” inbound
stubs. Hence,

zi-1 -
Z
Py(H, > 117" =p(Z§. 27 L) = 1(Z] + Z7 < L,) [] (1 -7 1 )
s=0 n—>S
Similarly, we have
z5-1 7-
Py (H, > 2|H, > 1, Z*) = 1(Z] +Z; <L, - Z}) s]l (1 - Ln——Zlfr—s)

In order to write the full formula, we first define {.% }x>0 as follows:

[k/2] Lk/2]
(53) SH=0, A=Zf, A=) Z;+) Z; fork=2.
j=1 j=1

‘We then obtain, fori > 2,

Py (Hy > i — 1|Hy > i —2, F1/21172])

Zfim -1 —
I Ziip)
=1 <L <1 — —>
(S <L) s];{) T
Substituting this expression into (5.1) yields
k1 Ziiz ! 7-
(54) Pu(H,>Kk) =E,| 1(Fr1 <L) [] ] (1_¢)
. n\Ulp n +1 = E&n aon Ln_%_z_s .

The first result for the hopcount uses equation (5.4) combined with Corol-
lary 4.2 to obtain an expression in terms of the branching processes {2,;Ir :
k > 1} and {2,(_ 1k > 1}. We use the notation g(x) = O(f(x)) as x — oo if
limsup, o, §(0)/f (x) < 0.

PROPOSITION 5.1.  Suppose that (D, ,D;") satisfies Assumption 2.1. Then,
Jor any 0 <§ <1 and for any 0 < k < 2(1 — §)log, n, there exists a constant
a > 0 such that
k+1

N ~
Pn(Hn>k)—E[exp{—ﬁ;Zrimzu/m”‘:0(n 9, n— 0o,
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where {Z;Ir :i > 1} and {21_ 11 > 1} are independent delayed branching processes
having offspring distributions (g%, f1) and (g~, f™), respectively.

The next result shows a simplified expression for the limit in Proposition 5.1
in terms of the martingale limits W and W ™. This result is independent of the
coupling, and follows from the properties of the (delayed) branching processes
{2,? 1k > 1} and {21: : k > 1}. We state it here since it plays an important role in
establishing both Theorem 2.5 and Proposition 2.7.

PROPOSITION 5.2. Suppose {Zj' i > 1} and {21_ 11 > 1} are indepen-
dent delayed branching processes having offspring distributions (g%, f+) and
(g, f7), respectively. Suppose that T, f~ have finite moments of order 1 +k €
(1, 2] with common mean > 1, and g™, g~ have common mean v. Then there
exists b > 0 such that

1 k+1 Ay ~A U/Lk + —
E|exp —E;Zri/ﬂZLi/ZJ _e"p{_mw v }
1=

=0(n_b), n— 0o,

uniformly for all k € N, where W* =1lim;_, oo 2,?/(1);/]‘_1).

Combining Propositions 5.1 and 5.2, we immediately obtain the following re-
sult.

THEOREM 5.3. Suppose (D, ,D;") satisfies Assumption 2.1. Then, for any
O0<é<1landforany 0 <k <2(1—9) 10gun, there exists a constant ¢ > 0 such
that

k
P,(Hy > k) — E[exp{—wv_#)nW_WJr”‘ =0(n™), n— o0,

where W* = limg_ o0 Zki /(v /Lk_l), with W and W~ independent of each other.

As a corollary of Theorem 5.3, we obtain the following result for the probabil-
ity that there exists a directed path between two randomly chosen nodes, which
implies Proposition 2.7.

COROLLARY 5.4.  Suppose (D, , D;") satisfies Assumption 2.1. Then there ex-
ists a constant ¢ > 0 such that

[Py (Hy, < 00) —sTs™|=0(n°), n— 0o,

where s* = P(W* > 0).
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Noting that
P, (Hy, > k) =P, (H, > k|H, < 00)P,(H, < 00) + P, (H, = 00),
defining B = {W*™W~ > 0}, and using Theorem 5.3 and Corollary 5.4 gives
P,(H, > k) —P,(H, =
P, (H, > k|H, < 00) = n(Hy > k) n (Hy = 00)
P,(H, < o0)
k c
Vi _ P(B%
:—E[ex {—7W w+” -
PB) L7l = n P(B)

+0(n™)

k

— E[exp{—LWWJr“WJFW > 0} +0(n°)
(w— Dn

as n — oo and for the range of values of k indicated in the theorems. Now define

for x e R,

ppoognl+lx] B B
Vo) =1— E[exp{——W+W “W*W > 0]
(w—Dn
That V,,(x) is a cumulative distribution function for each fixed n follows from
noting that it is nondecreasing with limy_, o, V,;(x) = 0 and limy_, s V,,(x) = 1.
Letting H, be a random variable having distribution V,, gives Theorem 2.5.
The remainder of the paper is devoted to the proofs of all the results presented

in Sections 4 and 5.

6. Proofs. This section consists of four subsections. In Section 6.1, we prove
some general results about delayed branching processes, including a bound for
its minimum growth conditional on nonextinction. Section 6.2 contains the proof
of Theorem 4.1, our main coupling theorem. The proofs of our results for the
hopcount, Proposition 5.1, Proposition 5.2, Theorem 5.3 and Corollary 5.4, are
given in Section 6.3. Finally, Section 6.4 contains the proof of Theorem 3.1, which
shows that the i.i.d. algorithm given in Section 3.1 satisfies the main assumptions
in the paper.

6.1. Some results for delayed branching processes. Our first result for a gen-
eral delayed branching process is an expression for its extinction probability in
terms of the probability of extinction of the corresponding nondelayed process, as
well as for the distribution of its number of offspring conditional on extinction.
Since these results are independent of the coupling with the graph, we do not use
the & notation.

LEMMA 6.1. Let {Z; : k = 0} denote a (nondelayed) branchiizg process hay-
ing offspring distribution f and extinction probability q and let {Zy : k > 1} be a
delayed branching process having offspring distributions (g, f). Suppose g > 0.
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Then, conditioned on extinction, {Zk 1k > 1} is a delayed branching process with
offspring distributions (g, f) with

g(i)q'
di20gt)q!
Moreover, P(Zk =0for some k>1)=3Y72,8(t)q".

g(i) = and f(i)=f()g'~', i=0.

PROOF. Let Xz have distribution g and let {Z;_; ;};>1 be a sequence of
i.i.d. copies of Z;_1, independent of xg; set u to be the mean of f. Computing
the probability generating function of Z;, we obtain

P(W =0)E[s%|W = 0] = E[(E[sZ"|W =0]q)*°],
where W, is the a.s. limit of the martingale {2 ;/ uX : k > 0} that has as root the
ith individual in the first generation of { Zk 1k > 1}. Also,
)2@ o .
P(W=0)=P(}z=0)+ P(ig > 1, ()IW, = 0}) => g0’

i=1

Hence,
o
E[s%|W =0] = Y (E[s%1 W =0])'2()),
j=0
where
- q’g(j) .
D= > 0.
s Yi20g®q’ g

Since conditionally on extinction {2 : k > 0} is a subcritical (nondelayed) branch-
ing process with offspring distribution f(j) = f(j)g’~", j > 0 [see, e.g., Athreya
and Ney (2004), p. 52], the result follows. [

The second result we show is in some sense the counterpart of Doob’s maximal
martingale inequality, and it states that provided the limiting martingale is strictly
positive, the branching process itself cannot grow too slowly. For this result and
others in this section, we use the following version of Burkholder’s inequality,
which we state without proof.

LEMMA 6.2. Let {X;}i>1 be a sequence of i.i.d., mean zero random variables
such that E[|X1|1+"] < 00 for some 0 <k < 1. Then

(] -) = e

where Q14 is a constant that depends only on k.

K

1+« n
:| = Q1+KE[|X1|H_K]XT,
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LEMMA 6.3. Suppose {Zk 1k > 1} is a delayed branching process with off-
spring distributions (g, ), where f has finite 1 + k € (1, 2] moment and mean
w > 1, and g has finite mean v > 0. Let W = limg_, Zk/(v,uk Y. Then, for any
1 < u < u, there exists a constant Q1 < oo such that for any k > 1,

(mf— <1,W> 0) < Q1(u™* + (u/w* 1(q > 0)),
r>k u"

where q is the extinction probability of a branching process having offspring dis-
tribution f, ) =Y2, f(i)ig'~! and @ = —logr/logp > 0 if ¢ > 0.

PROOF. We start by defining for r > k the event D, = {miny<;<, Zj/uj >
1} and letting a, = P(W > 0, (D,)). Let {x, xi} be a sequence of i.i.d. random
variables having distribution f and use Lemma 6.2, applied conditionally on Zr_1,
to obtain

arfp(Drfl»i <u)+ar 1

N>

Zr—1
1 ~ ~
e >u' T, Z Xi = “Zr—1> +ar—1

oo
|

Zr 1
Zrazu Y (= %) = (- M)Zr—1> +ar—1
i=1

R Elly — 1+k
E E|:1(Zr_1 >I/£r_1)Q1+K [|X /’Ll ]:| 1

(1 — W) (Zy_y )"

where O = Q1 EllX — )" 1/( — )" and E[(§)'T*] < oo by Remark 2.4.
It follows from iterating the inequality derived above that

r—1
1 0 .
aerZu—+ak§m+P(W>0,Zk<u)

for all r > k. It remains to bound the last probability.
Let {Z; : k = 0} be a (nondelayed) branching process having offspring distri-
bution f, and let W = limy— o0 Zi/ ,uk. It is well known [see Athreya and Ney

(2004), p. 52], that conditional on nonextinction, VV has an absolutely continuous
distribution on (0, c0). Note also that for any m > 1 we have

A

Ltk
Witk = =T T k= > Zmi

1eAk
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where the {Z,, j} are i.i.d. copies of Z,, and Ak is the set of individuals in the kth
generation of {Zy : k > 1} and, therefore, for any k > 1,

1 Zoni
Winik = We = —— Z( o 1).
V,LL i€Ak M

Now define Wi = limy;;—, 00 Zp,.i/ ™ to obtain that

1
(6.1) W—Wi=—=> Wi-1),
Vi "
i€Ay
where the {W;} are i.i.d. copies of WV, independent of the history of the tree up to
generation k. It follows that for x; = 2uk /(v Mk_l),

P(Zy <uk, W > 0)
< P(Zk <uk, W >xi)+ PO <W <xg)
< P(zk <u W =W > x — uk/(v,uk_l)) +PO<W<xp)

= E[1(2k < uk)P(Z Wi —1) > u"‘Zk)] + PO <W <xp).

iEAk
Now note that £ [)EH’( ] <00 implies that £ [W!H¥] < co. Then, by Lemma 6.2,
applied conditionally on Zj, we obtain

. Zi
P M= 1 =ub|20) = Qe E[W - 11M]-
iGAk

Hence,
Qu E[W — 1]"]

e +PO< W <uxp).

P(2k<uk,W>O)§

Finally, to bound P(0 < W < xi), note that W admits the representation

1;(@

W= —ZW,’,
Via

where the {W;} are i.i.d. copies of W, independent of Xz, with xz distributed
according to g. Note that W > 0 implies that at least one of the W, is strictly pos-
itive. Let N (¢) be the number of nonzero random variables among {Wi, ..., W;}.
It follows that if we let {V;} be i.i.d. random variables having the same distribution
as W given W > 0, then

N(Xo)

PO<W<x)= P(— E Vi < xx, N(Xz) > 1) < P(V] <vxp).
v
i=1
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Hence, if w(¢) denotes the density of YV conditional on nonextinction, we have
that

VX,
PV <vxk)=P(W<vxk|W>O)=/ kw(t)dt.
0

By Theorem 1 in Serge Dubuc (1971) [see also Theorem 4 in Biggins and Bingham
(1993)], we have thatif A =72, f()ig'~! > 0, which under the assumptions of
the lemma occurs whenever g > 0, then there exists a constant Co < oo such that

Xk
[ wdr = cowro®
0
for « = —logA/log u; whereas if f(0) + f(1) =0, then Theorem 3 in Biggins
and Bingham (1993) gives that for every a > 0 there exists a constant C, < 00
such that

VX
/ w(t)dt < Cyu(vxp)?.
0

We conclude that for a* = k logu/log(/u),

2r ; _ 11+«
P(min—<1,W>0>§ Q Qe EIV — 11771
r>k u" (ux — Durx*k=1 uck
+ Co(vx)1(q > 0) + Car (V)"
< Q1™  + /W 1(g > 0)). O

6.2. Coupling with a branching process. In this section, we prove Theo-
rem 4.1. As mentioned in Section 4, the coupling we constructed is based on
bounding the Kantorovich—Rubinstein distance between the distributions Hii and
F*, and the main difficulty lies in the fact that this distance grows as the number
of explored stubs in the graph grows. The proof of the main theorem is based on
four technical results, Lemmas 6.4, 6.6, 6.5 and Proposition 6.7, which we state
and prove below.

Throughout this section, let

k
Ye=YzF k=1,  Yy=0.
r=I1
The first of the technical lemmas gives us an upper bound for the Kantorovich—
Rubinstein distance conditionally on the history of the graph exploration process

and its coupled tree up to the moment that stub i is about to be traversed.

LEMMA 6.4. Let Gi denote the sigma-algebra generated by the bi-degree se-
quence (D, ,D;7) and the graph exploration process up to the time that outbound
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(inbound) stub i is about to be traversed. Then, provided (D, D,J{) satisfies As-
sumption 2.1, for all n > (4/v)V/¢ and TjE < (v/2)n, we have

En[|25 — % [1Gi] < £(T7),

where
n

4 4ut

6.2) £t =—> (1= T,0)D} Df + L 4 30—,
vn vn

and 0 < & < 1 is the one from Assumption 2.1.

PROOF. We first point out that for i = & the result holds trivially by Assump-
tion 2.1, since
E.[|35 — x5l =1 (Gy. GF) =n”*
For i # @, we have
En[| 35 = xiT|1G] = di (H™, F*) <di(H™, FyY) + di (F,°, F¥).

Since by Assumption 2.1 we have that the second distance is smaller or equal than
n—%, we only need to analyze the first one, which we do separately for the + and
— cases. To this end, write

oo | k 0 0
di(HT FF) =1 (b (j) — fi(ﬂ)‘ =21 > (K- hr(j))’
k=0lj=0 k=0l j=k+1
Z,(T;T) 1 ’
-3 3 Lo (EOR- )
kX(:) Jj Xk;—l; Ln - Ti+ Ln
I (T ) 1 _
_ZZ ’D, 1(D} > k)
k=0r=1 L _T+ L”
(T - DL+ T
a ; (Lp — ;9 L, D Dr
S T o e Ay
_L”_Ti+r:l L _T+ ’

where w, = L' 3"_, D;" D" is the common mean of F,” and F, . Symmetri-
cally,

T,
d\(H{ ,F, (1-7 ))D D + —— .
( TI_Z L, — T Mn

1
Now note that
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and if v, denotes the common mean of G, and G, then

L
— =v, =v—di(G,,GY),
n

which in turn implies that
(Lo~ 1) < (on — T —nd) (G G*)) "

We conclude that, under Assumption 2.1 and for TijE < (/2)n,

n

1
di(H, F*) < ) Dn—n1—¢ > (1 -Z(1%) D Dy

r=1
-I—Ti—jE (m+n"F)+n""
(v/2)n —nl-¢
< =Y (1-T(1) D Dy +

“vn vn
r=1

+3n"¢

foralln > (4/v)V/¢. O

The second preliminary result provides an estimate for the expected value of
the bound obtained in the previous lemma on the set where {Z,iE : k > 0} behaves
typically, that is, without exhibiting large deviations from its mean.

LEMMA 6.5. Define £(t) according to (6.2), and for any fixed 0 < n < 1 and
all m > 1 define the event
m
(6.3) En=({ZF/uw <n"}.
r=1
Then, provided (D, , D;") satisfies Assumption 2.1, there exists a constant Q3 < 00
such that for any 0 <t <vn/2 and any k > 1,

K

En[8<z>]sQ2(;—K+n—8) and B [1ENZEEW] = Qo (i +17° ).

(=

where 0 <& < 1 and 0 < k <1 are those from Assumption 2.1.

PROOF. We start by proving the bound for E,[£(¢)]. Let X, denote either Dj
or D, depending on whether we are exploring outbound stubs or inbound stubs,
respectively. Recall that Z, (¢) is the indicator of node r being inactive at time ¢
in the graph exploration process. Next, note that Z,(0) = 1, E,[Z, ()] =1 — 1/n,
and forany 2 <t < L,,

szt (1- DI 2= (-0 2
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from where it follows that E,[1 — Z,(0)] =0, E,[1 — Z,(1)] = 1/n, and for 2 <

t<L,,
1 X —1
E,1-Z,@®)]<1—-(1—-=)(1--—"£
[ ()] ( n)( Ln_t>

1 1\ X, =2 X, \*
(D22
n nLn—tS:O L,—t
_1 =DX,
“n L,—1t

Now let 0 < ¥ <1 be the one from Assumption 2.1 and note that since [E,[1 —
Z,(t)] <1, then

Eu[1 - T.()] < (Ba[1 - Z,()])* < (%) + (ﬂ)

L,—1t

where we used the inequality (3_; vi)? <3 ylﬁ for y; >0 and 0 < B < 1. It fol-
lows that under Assumption 2.1 and for any 2 <t < vn —n!~¢

>

—Z [1-Z,1)]) D D,

1 _ (t—1r & _ _
< T« E DDy + w(L, =D > (DY) +(Dy)) Dy D;
r=1 n r=1

(6.4) ) Ko1¢
< nn K
T onk (Ly — 1)~
—& —& K
<(V+” Y +n )+ Kt .
- nx (vh —nl=¢ — 1)«

It follows that E,[£(0)] < 3n~¢, E,[E(1)] < 4u,/(vn) + 3n7¢, and for any
2 <t <vn/2 we have

4p
- _ + —e
En[E(1)] <U ;E [l -Z.()]D D + — +3

K

m B Kt _ 4t _
<ZT04+0@mn:® 1+0n %))+ —+3n"°¢
_nK( +O0(n ))+(vn/2)K( +0(n ))+vn+n

tK
< QO(n—K + Vl_8>,

for some constant Qg < o0.
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Next, to compute a bound for En[l(Ek)Z,iEE(t)] letg=1/kand p=¢q/(g—1),
with p = oo if ¢ = 1, and use Holder’s inequality to obtain, for 1 <7 <vn/2,

E.[1(E0)ZEEM)] = — ZE [1(E0ZE(1 = Z,()) D) D
r=1

dut . .
+ %E[I(Ek)z,it] + 30 E[1(E)ZE]

n

= % Z(E[I(Ek)(zki)l’])l/P(En[l — Zr(t)])l/qD:“D;
r=1

At
4 LE[zk 1430 E[ZE].

Now note that

(E[WEOZH)DP < (hn?)P E[ZE) P = “k”n<ﬁ)w
- (%)KE[Zf]nK”.

Combining this inequality with (6.4) gives, for 1 <t <vn/2,

E.[1(E0)ZEE®D)]

gE[i;f](”K"m7 S &1 - Z.0]) D} D} +4—+3 )

vk vn

. Kukn (4 K, t* .
< B[z (0 o) + oo+ 06|
+ )

e
/o k —£
= QO:u (nK(l_n) +n >9

for some constant Q( < oo. Noting that En[l(Ek)ZkiS(O)] < E[Zki]Sn_g =
O (t*n=*) completes the proof. [J

The third technical lemma provides an estimate for the expected number of
stubs that are discovered during step k£ + 1 of the graph exploration process, on the
set where the coupling holds uniformly well up to step k. This bound is the key
component that will enable the induction step in the proof of Theorem 4.1.
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LEMMA 6.6. Let Ey be defined according to (6.3). Fix 0 <3 <1,0<y <
min{é«, e} and define
m
65 Cu=(IAEN(AF)] = 2507,

r=1

AFO(AD) =277

Then, provided (D, , D;}) satisfies Assumption 2.1, there exists a constant Q3 < 00
such that for all 1 <k < (1 — §)logn/logu,

En[l(ck n Ek)(|AiE+1 n (Af+1)c| + ‘AlchJrl N (AI?H)LD]
< Q3Mk(,u/<kn—x(l—2n) + kl’l_g),

where 0 < ¢ <1 and 0 < k <1 are those from Assumption 2.1.

PROOF. Let F;, denote the sigma-algebra generated by the bi-degree se-
quence and the history of the exploration process up until step m — 1 is completed;
note that this includes the value of Z:. Define

Uk+1 = En[l(ck N Ek)(’Alirl n (Alirl)c‘ + ‘Alirl N (Alil)ty)]

and £(¢) according to (6.2), then condition on Fj to obtain that

6.6) uk+1=En[1<cmEk>E Y GE-xTE Y &

icAfnaf ieAFnAd)e

gl
7|

To analyze the conditional expectations, we first note that fori € AZ—L N A,f[ we must
have that TijE < Yki. Moreover, on the event C; N E; we have that

67) +En[1(CmEk>E DO M S

ieAFNAT ieATN(AD)"

VE=YZE < (14n7) Y 2F <200y <2 = 1) 2y,
i=l i=1 i=1
which for the range of values of k in the lemma satisfies yy = o(n) as n — oo.

It follows by Lemma 6.4 and the tower property that on the event Cy N Ey, the
conditional expectation in (6.6) is bounded from above by

> EEGH)IF]+ A 0 (A7) u

icAinAf
< ZEEL[E(YE) I Fe] + A 0 (A7) |1
< ZEE,[E0IF] + [AE 0 (AF) |,

where we used the observation that £(¢) is nondecreasing and TijE <Y ki < k.
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Similarly, the conditional expectation in (6.7) is bounded from above by

En[ YO -ADT+H Y A ]:k}
ieA; icAFN(AF)e
< Y BJJE(O)IF] + |A; 0 (A |
ieAki

< ZEE,[E(GE)IF] + | Af 0 (A |
< (L+n7") ZEE, [EGoIFe] + |AE 0 (A |1,

where in the last step we also used that Z; < (1 + n_V)Zk on the event Cy.
Noting that C; N Ex € Cx—1 N Ex_; gives

1 < Ea[1(Ck N EQ) (24 n7Y) ZEE, [E i) | Fi]] 4 s

< 3B, [1(ED ZEE )] + pu.
By Lemma 6.5, we have that

SE[1EDZEE00) =30a (3 +n7°)

1 —k(1-2 -
< Q/Z(M( —Hc)kn Kk ( n) —i—,ukn 5)
for some constants 05, Q) < oo. Let ry = Q’zuk(u’d‘n_"(l_zn) +n~¢) and iterate
the inequality ux41 < ry + uug to obtain

k

i1 k
1 < Y W g+
j=1

k
— ZMJ—IQ/ZMk—H—] (Mx(k—i-l—])n—/c(l—Zn) +n—£) +;Lku1
j=1

Qéuk<

k
MK(k‘l*l*]‘)n*K(]*zn) + kng) + Mkul

j=1

k

pr— +kn_8)+uku1.

Noting that
ur =Enf|i5 — x5l <n~*

completes the proof. [

The last preliminary result before the proof of Theorem 4.1 is an analysis of
the coupling when the branching process becomes extinct, which is most likely to
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occur when the out- or in-component of the node being explored in the graph is
small.

PROPOSITION 6.7. Fix0<d<1,0<y < mln{(SK e} and define for k > 1
the event Cy according to (6.5). Let W = limg_ o0 7F v/ (v,uk Y. Then, provided
(D, , D)) satisfies Assumption 2.1, there exists a constant Q4 < 00 such that for
alll1<k<({1—-4)logn/logu,

P, (CS, WE =0) < Qqn—e</(Hete),

PROOF. We start by pointing out that if g = 0 the probablhty that the branch-
ing process {Z ¢ -k > 1} becomes extinct is zero unless ZE =0 [see Theorem 4 in
Athreya and Ney (2004)]. Since in our construction of the coupling zZE L =Z 75, we
may assume from now on that ¢g* > 0.

Analogously to the events E,, and C,, defined in (6.3) and (6.5), we now define
form >1

(1A% 0 (a)] =0,14% N (AF)] =0},

o
3

I
DL

\
Il
—

(6.8)
m A
= (Z7/05) =n"),
r=1
where A+ = ?‘;1 jfjt(j)(qj[)j_1 < land t =«/(1 4+« + ¢&). Now note that
P, (CS, WE=0) <P, (CEN 1) + P(IE, WE =0),

where the last probability is independent of the bi-degree sequence. Next, use
Lemma 6.1 to see that conditionally on (W =0}, Zki/(vi()ni)kfl) is a mean
one martingale, where v* is the mean of g% and A* is the mean of f* (g% and
f* defined according to Lemma 6.1 using g* and £, respectively). It then fol-
lows from Doob’s inequality that

P(I, WE=0) < P(IFIWE =0) < (vE/25)n T
Next, write

k
Pu(Ci N Ix) <Pu(B{NIx) <> Pu(B—1 N Bf N I)

r=1

and note that the event B,_| implies that ZijE = Zli forall1 <i <r — 1. In ad-
dition, since AT < 1 we have (AF)"t1p=7 < 1 forr, £ |1 logn/|logkilj. The
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observation that Zli is integer valued then gives that the event B,_1 N I; implies
that ch_1 = Q;t_l =0 forall » — 1 > r,. Since for any r > 1, we have

AEn (A% = ) il((i,j)e(Af)cH > ik

icd* nat  Jj=l ieA Nz )
(6.9)
— Z ()fei:l: _ Xi:l:)-l— + Z )fei:t’
ieAr nA7 i€ N(Az )"
and
©10) [AFN(AT) = X -+ X oA
ieA® NAE ieA® N(AE e

then P, (B,_1NBfNIy)=0forallr, +2 <r <k.For 1 <r <r, + 1, we obtain
using (6.9) and (6.10) that

B (Bt 1 BE N 1) < Ba(|AE 0 (43| + [ AF 0 (A5)] = 1, Boi 1 1p)

:P"( Z |XijE - )%ii| >1,B,1 ﬂIr—l)-

s At
€A

Now let F, denote the sigma-algebra generated by the bi-degree sequence and the
history of the exploration process up until step » — 1 is completed; note that this
includes the value of Zri. Also define Gj to be the sigma-algebra generated by
the bi-degree sequence and the exploration process up to the time that outbound
(inbound) stub i is about to be traversed; note that fori e Af‘_l we have F,_| C G;.
Applying Markov’s inequality conditionally on F,._1, we obtain

Pn( > I A= 1B m,_l)

ieﬁil
< En[l(Br_l o) Y Bl - xﬁufr_l]}.
ieAil

To analyze the conditional expectation, recall that TijE is the number of stubs (out-
bound for 4 and inbound for —) that have been seen up until it is stub i’s turn to
be traversed, and use Lemma 6.4 to obtain

Enllx5 = 2 15 1] = Eul[Ea[| x5 = 27 11G1 Fr-1] < Eu[E(T5) | Fr ]
Recall that on the event B,_; we have ZfE = Zi forall 1 <i <r — 1 and, there-

fore, fori e A;t_l, TijE < Yrjt_1 = Yri_1 = Zf;ll Zii. Moreover, on the event I, _
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we have )?ri_l < Z,:]l aHr—1pT < n*/(1— %), and it follows from Lemma 6.5
that

(B, BN 1) <Ey 10 3 B0/ = 35) 7]
iefiil
=Ey[1(,-1)Z,2,€(n7 /(1 - 1%))]
< (W) TR [EMT /(1 - 2))]
T ==Y
LRSS T

= QZ()":E)r_lnr< nk
= 0((x*)'n™*7),

where the last equality is due to our choice of 7. Thus, we have shown that

r+1
P, (C{, WE =0) = 0<n—” > +n—f> =0(n ).

r=1

O

We are now ready to prove Theorem 4.1, which in view of Proposition 6.7,
reduces to analyzing the event that the error in the coupling is large conditionally
on the branching process surviving.

PROOF OF THEOREM 4.1. Let W¥ = limy_, o 2,?/(‘),#‘) and for each
m > 1 define the event C,, according to (6.5). Now note that
P, (CS) <P, (CE, WE =0) + P, (CE, WE > 0),
where by Proposition 6.7 we have
P, (Cp, W =0) < Qqn™*/(IH+9)
for some constant Q4 < o0.

To analyze IP,(Cy, W* > 0), we proceed similarly to the proof of Proposi-
tion 6.7 by setting n = (6« — y)/(4k) € (0,8/4) and defining the events E,,
and B,,, m > 1, according to (6.3) and (6.8), respectively. Define also s, =
min{k, [clogn/log ]}, with 0 < ¢ < min{k (1 — 21)/(1 + «), €}, and note that
C¢< C B for any r > 1. We start by deriving an upper bound as follows:

P, (CS, WE > 0)

<P, (C{ N Ex, WE > 0) 4 P(Ef)
<Pu(Cs,—1 N C{ N Ex, WE > 0) + P, (CE_y N Eg, W* > 0) + P(EY)
<Pu(Cs,—1 N C{ N Ex, W* > 0) + Py (B _y N Ey) + P(E)

sp—1

< > Pu(Br—1 N BE N Ex) 4+ Py (Cs,—1 N CE N Ex, WE > 0) + P(ES).
r=1
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Note that Doob’s inequality gives P(E}) < (u/v)n~". Also, if we let 7, denote
the sigma-algebra generated by the bi-degree sequence and the history of the ex-
ploration process up until step r — 1 is completed, the same steps used in the proof
of Proposition 6.7 give that for 1 <r <s, — 1,

]Pn(Br—l N Brc N Ek)
<E |10 ¥ E[EFE)|F]]
ieﬁil
=Ea[I(E,—1)Z; | E(VE )] S Ba[L(E, ) Z, E(" "/ (u = 1))]
(" /(= 1)) _€>

o T

< Qzur_1<
where we used that on the event E,_j we have Y= | < Zf;ll win® <nu" /(1)
and that £(¢) is nondecreasing, followed by an application of Lemma 6.5. We then
obtain that
r(14«)
Pn(Br,1 N Brc N Ek) = O(M + Mrl’l_8),

which implies that

sn—1 sp(14k)
Zl IP>11(Br—1 N Brc N Ek) 0(m + Ms”n 8)
—
— 0(nc(1+K)—K(1—217) +nc—a).
We have thus shown that, as n — oo,
P, (CS, WE > 0) <P, (Cs,—1 N CE N Eg, WE > 0)
+ O(n—n + nc(l—Hc)—K(l—Zn) + nc—a)’

with all the exponents of n inside the big-O term strictly negative. To analyze
the remaining probability, we first introduce one last conditioning event. Set 1 <
u = ' P with b = min{(1 —8)/2, (¢ — ¥)/2, (k8 — y)/4}/(1 = 8) € (0, 1/2), and
define

Js, = inf Z " = 1}.
Now write
Py (Cs,—1 N C§ N Ex, WE > 0)
<Pu(Cym1 NCENEN Jy,) + P(JE, WHE > 0)

k
< Y Pu(Croi NCENEx N Jy,) + P(JE, WE > 0).

r=sp
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By Lemma 6.3, we have
P(JS, W™ >0) < Q1 (™ + /)* > 1(g* > 0))
= O(n*c0=b 4 n—aicbl(qi > 0)),

where ot = |logA¥|/log i1 > 0.

To bound each of the remaining probabilities, IP,(C,—1 N Cf N Ex N Jg,), use
the union bound followed by Markov’s inequality applied conditionally on F;_1,
to obtain, for s, <r <k,

Py (Cro1NCENERN Jy,)
<P, (|AF N (AF)|> ZFn 7, Croi NE N U,
+Pu(|AF V(A | > Zn 7 i NN Uy,
<Pu(JAF N (AF) | > u'n ™", Croi N Eroy)

+IP>,1(|A£': N (Ari)c| >u'n™",Crm1 NE-_)

n}/ N c *+\C
< SE[1Crm1 N E—DE[|AE 0 (A7) + 45 0 (A5 1 5]

It follows from Lemma 6.6 that

nY
Pu(Cro1 NCENER N y,) < Q3— -/ (W n 0720 4 pn %),
u

which in turn implies that, as n — oo,

k
> Pu(Cro1NCENE N g,

r=sp
k k
= O<ny_”(1_2”) S ) Yy r(/,L/u)’)
r=sp r=sp
— O(H)/—K(I—ZH)(MI-H(/M)]C +ny—8k(M/u)k)
— O(Hy—K(l—Zr))—i-(l—(s)(b-H{) +ny—8+(1—8)b logn)
— O D2H=Db |y et (1=Db 150 ).

Since all the exponents inside the big-O term are strictly negative, this completes
the proof. [

6.3. Distances in the directed configuration model. In this section, we prove
Proposition 5.1, Proposition 5.2 and Corollary 5.4. As mentioned in Section 5,
Propositions 5.1 and 5.2 together yield Theorem 5.3. As a preliminary result for
the proof of Proposition 5.1, we first state and prove the following technical lemma.
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Throughout the remainder of the section, we use x A y to denote the minimum of
x and y.

LEMMA 6.8. For any nonnegative x,xo > 0, y;, z; > 0 with z; < x for all i,
and any m > 1, we have

m . m
+ X0 Zi ( Zi)yl 1
X0 —X) — - max 1—— —exp! —— s
( 0 ) 2 1<i<m ()C —Zl)2 l_[ X p X0 ;)’121
|x — xol
~ (x Axg)

PROOF. For the upper bound, note that

m N\ Vi m .
H(I—Z—’) :exp[Zyilog(l—Z—l)}<exp{——2ylzl}
i=2 X i—1 X i—1
|x — xol
<exp{——zylzl} )

i1 X0 A X

where in the second step we used the inequality log(1 —¢) < —¢ for ¢t € [0, 1) and
in the third step we used the inequality

S X —x X —x
oS/ — e=Shmo| < > - ol _ | ol

e_S/Slx — xg| < supte” <
>0 & (x A xo)
for any S, x, xg > 0 and some & between x and xg.

Similarly, using the first-order Taylor expansion for log(1 — ¢), we obtain
c? c n c ( ) c?
2x2(1 - )2 xo  (§7)? TSI e

for any ¢ < x, 0 < &’ < ¢/x, and &” between x and xg, which in turn yields the
inequality

log(l —c/x)=———

log(l — ¢/x) > —— — — (xg —x)T ¢
og(l—c/x)z2————=xo—x)" — ——.
g - x9 x2 0 2(x —¢)?

It follows that

m

. m 2
A YiZi )’lZz + YiZ; )
1 —_ > — [ S
| | ( E ) exp{ E < (xo —x)" + }

32
i=1 i=1 2(x = zi)

>exp{__zy,z,}

i=1

 —““ 72
—expi—gzyizi}Z(yl “( —X)++y17’>

i=1 2(x —zi)?
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X0 X0 <i
> eXp{——Zyzzl} - 5o —x)" — = max

= 2 1<i=m (x — ;)% O
We are now ready to prove Proposition 5.1.

PROOF OF PROPOSITAION 51. LetO <y < min{x§, €}, and construct the
pairs of processes {(Zl~+, Zi+) :1>0}and {(Z;7, Z;) : i > 0} according to the cou-
pling described in Section 4.2, independently of each other. Now define the event

[k/21+1 A
G= () (250 -n")<Z5 <251 4+n77),
m=1

Zn(l=n"")<Zy <Z (1 +n77))

and note that since {(Zl-+, 21-4') 21 >0} and {(Z;, 2[_) :1 > 0} are independent,
then Corollary 4.2 gives P, (£;) = O (n™ ") for some a; > 0.
Next, use the triangle inequality to get

k+1 _
zt 7
P, (H, >k)—E|:exp{_Z [i/214i/2] }]’

vn
Sktlz+ 7~
(6.11) ]P’n(Hn>k)—En[exp{_ i=2 £7i/2] um}]‘
vn
k+1 —~+ —
+|E [exp{—zi:Z ZimZipy H
vn
(6.12)

i 2 m 2,
_E[exp{_ i=2 21212 m

vn

We start by bounding (6.12), for which we use the independence of {2;r } and
{Zi_ } from the bi-degree sequence (D), D)), and the inequality [e™* — ™| <
e~ |x — y| for x, y > 0 to obtain

il Zhm 2, il Zim 2y,
En[exp{_ i=2 21/ 212 }]_E[exp{_ i=2 “1i/2] Lz/zj}”

vn vn
Skl gzt ZT skl z+ 7=
) [exp{_ i=2 £[i/2] Ll/ZJ}_eXp{_ i=2 £[i/2] Lt/ZJ}H
- vn vn
1 Sp(1—n~7)2 [LE _ 4+ Ao
= n_vEn[l(gk)eXP{_—m } 25 mZhn — 2 m 2 )
=2

P ().
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where S = Z Z F: /2] Z. /2l Since on the event £ we have that forall 2 <i <
k+1,

R + 7= V4 ZE 2
(=207 +n" )25 Z oy S Zim Ziny S (WA 2077 07 )25 Z o)
then foralln > 1,

_ _ 3n7Y
Z 7

128 mZ iy = Zim 2| <307 2 25y < G i 2y

[i/21
It follows that (6.12) is bounded from above by

307 [ {Sku—n—y)z

M g e ln”
1—n—7)2" © vn

3e"'n .
oos ]+ Rue) = 5 + B,

where we used the observation that sup,.ge *x = el

We now proceed to bound (6.11). From (5.4), we have that

k41 47i/21 ZE/ZJ
Pu(H, > k) =E, |:1(<5ﬂk+1 <L) H H (1 - m)}

i=2 s=0

where %% is defined via (5.3). Recall that from Assumption 2.1 we have |L, —
nv| < n'=¢ and, therefore, {Fh+1 < nb} C{St1 <Ly} forany 1 —6 <b <1
and all sufficiently large n. Now note that

k+1 77 zt
2 [i/21
En[l(yk—&-lfnb)l_[(l_LLlit/Sj]{l) :|§]Pn(Hn>k)
n +

i=2
k41 7~ zt
21\ Z1is21
- En[]_[ (1-4m) }

i=2 n
Using Lemma 6.8 with x = L,, and xo = vn gives
|Ln — vn|

P.(H k) <, [e=Sk/(vn)
n(Hy > k) < n[e ]+Ln/\(vn)

=E,[e" /] + 0(n™*).

Similarly, using Lemma 6.8 with x = L, — %+ and xo = vn we obtain

Py (Hy, > k) > E, [e_sk/(vn)l(yk—i-l = ”b)]
- En[l(yk—l—l <nb

vn

- _ +
) g~ L+ Fea) }

va Lt/2J ]
m —

_E, [ (S <)

>E, [efsk/(”")] - Pp(Fhs1 > nb)
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'~ 4+t un n®
S La—nP? 2 (L, —2nP)
=E,[e 5O — P, (Fiy1 > 1) — 0(n™17D),
Finally, note that using Markov’s inequality we obtain

Pu (L1 > nb) <P (EF) 4 Pu(-Fis1 > nb, &)

[k/2]
<P, (&) + P( Z (Z;L + Zj_)(l +n77) > nb>
j=1
1+ /21
B+ Y B2+ 2]
j=1

— O 4 M),

where in the last step we used the observation that Zrk/ 21 E [ZJr + Z 1=
Zg.kz/l vl = O(M[km). Since k < 2(1 — §)logn/(logw), then ,u”‘m =
O (n'~?) and the result follows. O

We now proceed to prove Proposition 5.2, which shows that the expression
derived for the hopcount in Proposition 5.1 can be closely approximated by
an expression in terms of the limiting martingales of the branching processes
{Z,:r 1k >0} and {Zk_ : k > 0}. Note that this result is independent of the bi-degree
sequence (D), D;) since it involves only the coupled branching processes.

PROOF OF PROPOSITION 5.2. Fix 0 <€ < «/(2 4+ 2«) and set m, = [(1 —
€)logn/logu]. We start by noting that for 1 < k < m, the inequality |e™* —
e Y| <|x —y|forx,y >0 gives

1 k+1 . . Ul/«k .
E|exp _E_X;Zﬁ'/ﬂZLi/QJ —exp{——W w }
1=

(w—Dn

1 k+1 A+ N V/_,Lk _ N
=k ;;Zri/zwzum_mw W
1k vuk n _
f_n; Z5 o E Ll/ZJ] T—l)nE[W JE[W™]
ket

k
__ZVZMD/NJFU/ZJ 2 U ElwHE[W]
i=2 (M_l)n
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k+1 k+2 k my

Cwn\GT  u—1) Ta=D T -1

as n — oo, where in the second equality we used the observation that [i/2] +
|i/2] =i foralli eN, and E[W~] = E[W*]=1 (since f* and f~ have finite
moments of order 1 + «). It remains to consider the case k > m,,.

Suppose from now on that k > m,, and note that

k k+1 y—2
< C=2 W " -
n—1 & w—

and, therefore, using |[e ™

we obtain

—e | <|x —y| for x, y > 0 and the triangle inequality

1 k+1 - N v,uk +y—
E|exp —%_X;szwzwzj _eXp{_(,u—l)nW v }
1=

<]

1 k+1 - .
eXP{_; > Zfi/21ZLi/2J}

i=my
(6.13)
p kel
—exp{—— Z MZ_ZWJFW_]H
ni:m,,
1 ma ST Vﬂm"_z +
(6.14) +E[E l; Zri/zszi/ZJerW v }

where (6.14) is of order O(n™°) as shown above. To bound (6.13), let Wki =
fki/(vuk_l), set n = €/2, and define the events B = {W+TW~ > 0},

+ + + + + -
% _[Lmn%?;gl(wj >0)|WH = wE/ W <n1) forr > [ma/2),

and C; = Cf?kﬂ)m N CRkJrl)/ZT Next, use the inequality |e™> — e™¥| <

e~V |x — y| for x, y > 0 to obtain

1 k+1 . . v k+1 5
— — _l’_ —
exp{—%.Z Z[i/21ZLi/2J} —exp{_; Z wTWTW }H

i=my i=my

E|:1(B NCr)

k+1
v ; _ —
< E|:1(Bmck)exp{—E Z /'LZWH'_/Z]WU/MU —n 77)]

i=my,
v k+1
i (Wt W T
e 2 W Wi Wiy =W W )H
i=mpy
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3vn”" v & n
< E|expl ——— W Wi n (1 —n—
= " 2n p 2n i:Xm:,,M Wi (L =n7")

k+1
L
X > W Wiy Wum]

i=my

3n~" . 3n~"
sup e

e VT E—— XS
p (I —=n=") y=o u(I—n=m
where we have used the observation that on the event 3 N C; we have
+ — +y— + +w— +w— -
Wi Wiy = WIWT S Wi oy = WEW g + W W — W
+ — — —_ —
= Wi Wiggn ™"+ (L)W Wiy

—_ + —_
<3n7"WrimWii g

and that sup, - xe * =e~ 1. Also, by using that [e™ —e™Y| <1 forx,y >0, we
obtain
1 k+1 k+1
+
E|:1(BmC,f) exp{ > Zfz/21 Llm}—expi Z ww ”]
l—mn i=my

<P(Wt>0,(C (k+1)/21) )+ P(W™>0,(Clusnn))

To bound the last two probabilities, set u = u¢@+)/ €€ ¢ (1, 1), define the

event D* = {inf >, /2) Z;—L/uf > 1}, and note that for any r > |m,, /2],
P(WE>0, () < P(WE>0,(CH nD*) + P(WE >0, (DF))
r
< Y P(WS—Ww¥>nT"WS, DY)

Jj=lma/2]

+ P(WE >0, (DF)).
By Lemma 6.3, we have that

P(W* >0, (DF)) < Q1 (U™ /2 4 (uyp)*  m/21 (g% > 0)),

for some constant Q| < oo, where At = bl ifi(i)(qi)i_l €[0,1) and o* =
|log A*|/logu > 0 if g* > 0; and for the remaining probabilities we use the rep-
resentation (6.1) for W+ — WjlL and Lemma 6.2, applied conditionally on Zf, to
obtain

+ + — + +
P(|W; = W=[>n""W;, D)

<P<‘Z ‘>n ”Zi Zi>u1>

1eA/i
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<ol (ot o))

7*
= Quue BV 11" 12 =) g
J

nn(l+K)
< Q1 E[WE — 1)) ———

’

uki

where {Wii} are i.i.d. random variables having the same distribution as W+ =
lim, _s oo ZrjE /u”, and Q14 is a finite constant that depends only on «. It follows
from our choice of u and 7 that

P(WE>0,(CH))

Lot 2 Flmp /2] (%
-0 Z — 4oy Klma/2] (u/p)* Lmn/ Jl(q -~ 0)
j=lmn/2] '

— O(nn(l-f-K)M—KLmn/zJ + (u/lu)aiLmnﬂJ 1 (qi > 0))
=0(n™ +n—ai(1/2—€(l+l()/lc)1(q:|: > 0)).
Hence, as n — o0,

1 k+1 k+1
exp{—— > Z[lm le} —exp{—; don Wrw— }H

i=m, i=m,

|:1(B)

— O(n—n +n—a+(l/2—e(l+/<)//<)1(q+ - 0) +n—a_(l/2—e(l+/<)//<)1(q— ~ 0))

Finally, on the event B¢ we have

1 k+1 v k+1
E[I(BC) exp{ > ZF!/ZTZLI/ZJ} —exp{—— > ,u’W_WJr} ]
i=m, I’ll.:mn
—E[l(B tns21 Z 2y > 0) exp{—— > ZhimZ E/zJ} - lu
(6.15) =
=P (B a2 g2y > 0)
<P(W™=0, Z[m m >0+ P(W™ =0, ZI__m 121> 0).

By Lemma 6.1, conditionally on W+ =0, {cht : k > 1} is a delayed branching
process with offspring distributions (g, f*), as defined in the lemma, having
means vt and AT < 1, respectively. Moreover, by Theorem 4 in Athreya and Ney
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(2004), Wt =0 implies that either qjE > 0or Zf =0. Therefore, from Markov’s
inequality we obtain

5+
P(W*=0,Z, 1 >0)
< E[zi:nn/ZJ lW:i: _ O]l(qi > 0) _ vi()\i)l‘m"/%_ll(qi - 0)
_ O(n—(l—e)llog}»il/logul(q:l: - 0)) _ O(n—(l—e)ai](qi - 0))‘
We conclude that as n — 0o,

e p ke
A A [ E——
E[CXP{_%.Z Zﬁ/zwzu/zj} _eXP{_; > HWEW }H

i=my i=my

_ O(n_f/z + n—a+(1/2—e(1+/<)//c)1(q+ > 0)

+n—a‘(l/2—e(l+/<)//<)1(q— > 0)) 0

The last proof in this section is that of Corollary 5.4, which computes an ex-
pression for the probability that two randomly chosen nodes are connected by a
directed path.

PROOF OF COROLLARY 5.4. Fix 0 <§ < 1/4 and set w, = 2(1 — §)logn/
(log ). Our analysis is based on splitting the probability that the hopcount is finite
into two terms:

Py (Hy < 00) =Py (Hy < wy) + Py(wn < Hy < 00),

where for the first probability we will use the approximation provided by Theo-
rem 5.3. Intuitively, the second term corresponds to an event that should be negli-
gible in the limit, since it is unlikely that if there exists a directed path between the
two randomly chosen nodes it will not have been discovered after w, steps of the
exploration process.

First, note that from Lemma 6.1 we have

o
sT=1->"g50(¢%)  withg* = P(Z{ =0 for some k > 1),
t=0

and since W+t and W~ are independent, sTs~ = P(WTW~ > 0). As in the pre-
vious proof, let B = {WTW~ > 0} and write

k
E[exp{—LWJFW_”
(= Dn

= E[exp{—(uv_L];)nWjLW_}l(B)} + P(B°).
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Next, use the triangle inequality followed by an application of Theorem 5.3 to
obtain

|Pn(Hn <OO)_S+S_|
=< “Pn(Hn <wp) — P(B)| + Pp(wn < Hy < 00)

;

Py (Hy < wn) — 1 + E[exp{—LﬂWW‘”’

<
- (n—Dn

n ’1 _ E[exp{—ﬂW"‘W_” - P(B)‘ 4 Py(wn < Hy < 00)
(n—Dn
< E[exp{—ﬂW’LW_}l(B)} +Pp(wn < Hy <00) + 0 (n~ ")
(n—Dn

for some c; > 0, as n — o0.
To analyze P,(w, < H, < 00), use the expression in (5.4) to see that for any
k>0,

P,(k < H, < 00)

k+1 7o NZf
. _ Li/2] \ 1A
<E, |:1(Z((k+1)/21ZL(k+1)/2J >0) | I(l - L—n) }
i=2

(6.16)

Note that the same steps in the proofs of Propositions 5.1 and 5.2 give that (6.16)
is equal to

k
I\+ A VIL —+ — — —b
E[l(z((k+1)/2WzL(k+1)/2J >0)exp{—7W w ” +0(n“+n7")

(n—Dn
<E et 1B | 4 P 0, 5°
=Bl = VW IB | Py m Pl > 0 )
+0(n*4n7?)

for some constants a, b > 0 and all 0 < k < w,,. It follows that

1-26
. wWtw— } I(B)}

Py (H, <00) —sTs™| <2E [exp{— o

A

Ay _ .
+ P(Zi(o,+nmZlwiny2) > 0. BY)
+ O(n_min{a’b’cl}),

where we have used the observation that u®» > n2(1=9), A

Next, use Lemma 6.1 to see that conditionally on W* = 0 the process {Zki k>

1} is a subcritical delayed branching process with offspring distributions (3%, f*),
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defined in the lemma, having means v and AT < 1, respectively. It then follows
from the union bound and Markov’s inequality that

Z (n+1)/2)

- B . .
= P(Zianm 2 LW =0)+ P(Z(, 110 21, WT =0)

<(1- s+)v+(k+)r(wn+1)/21—1 +(1- Sf)vf()hf)L(wn+l)/2J—1

P(Z] 11 > 0,59

= 0(71_(1_‘3)“f+1(q+ >0)+n" 177 1(g7 > 0)),

where a® = |log AT |/log i provided ¢g* > 0.
Finally, to analyze the remaining expectation define the event D = {W+ >
n 14w > n_1/4} and note that

1-28
E[exp{—v:_ 7 W+W_}1(B)]

1-26

< E[exp{—‘z_ 1 W*W‘}I(D)} + P(BN D)

v 1/2-25 c
fexp{—i-n }+PBHD
(w—="1 ( )

<PO<Wr<n V)4 PO<W <n V) 4o@m.
The proof of Lemma 6.3 gives that P(0 < W <n™ /%) =0m~'1(g* =0) +
ne 41(g* > 0)), which completes the proof. [

6.4. Thei.i.d. algorithm. This last section of the Appendix contains the proof
of Theorem 3.1, which shows that the i.i.d. algorithm in Section 3.1 generates
bi-degree sequences that satisfy Assumption 2.1 with high probability.

PROOF OF THEOREM 3.1. With some abuse of notation with respect to the
proofs in the previous sections, define the events

B, = {dl (G,J{, G+) <n"%,d (G;, Gf) < nfe} and
n
Ey=12_((D7) + (D)D" Dy < Ken .

i=1

Assume, without loss of generality, that K, > E[(27) +(2M)) 27212 H,.
Next, note that

P(,) < P(By) + P(E; N By)
+ P(max{d\(F,", FT),di(F,,F7)} >n~%, B, NE,).
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We start by showing that P(B;;) — 0 as n — oo. To this end, let G; and éf{
denote the empirical distribution functions of Z,,...%,” and @fr s @:[ , Te-

spectively; note that although (A},f is well-defined regardless of the value of A,
G,f, FnjE are only defined conditionally on the event ¥, = {|A,| < n'=%}. Fur-
thermore, since E[|2~ — 21 |V/(1=0] < (E[|2~ — 27 |*])(1-0/0+K) < o, the
Kolmogorov—Marcinkiewicz—Zygmund strong law of large numbers gives

AV
Pl lim —=0)=1,
n—oo nlf(s
and hence, P(¥,) — 1 asn — oo.

It follows from the triangle inequality and Theorem 2.2 in del Barrio, Giné and
Matran (1999) [see also Proposition 3 in Chen and Olvera-Cravioto (2015)], that

E[d\(Gy. G¥)] < E[di(Gy, G) W] + E[d1 (G, GF)|W,]
1
P(¥y)
for some finite constant Ks. Moreover, on the event ,,,

~ 1 oo
dl(GI»GI)=—/
nJo

=

(E[di(GE, GE)1(w,)] + Ksn~?)

Xn:(l(_@i_ + 1 <x)—1(2 <x))|dx

i=1

1 oo
=—/ Y U7 <x <97 +1i)dx
0o

|An|
n

1 o0

— Y
izt

< no.

Since the analysis of di(G,,, f}; ) is the same, we obtain

E[d\(GE, GF)|w,] < (n° + Ksn™?),

P(¥y)

from which it follows that as n — oo,
P(BS) <n(E[d\(G}, GN)] + E[di(G,,G7)]) = O(n~**).

Next, to analyze P(E; N B,), note that 7; x; = 0 and, therefore,

> (D7) + (D)) D}

= z":((@i_ + )+ (2 + x))NZ + ) (27 + )
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| A

Z “+u+ (PN NPT+ D+ D)

Z{((-@i_)K +(Z))9 D7 + (DD + D) + (27 + 7))

Now set ¥; = (27)¢ + (Z))2 97 — He and W; = w(Z;" 27 + 71 +
Xi (.@i+ 2. + %;") to obtain

n n
P(ESNB,) < P(Z Yi + > Wi > (K¢ — Hon, By|¥,
i=1 i=1

1 n
< IO P(Z Yi >n(K, — HK)/Z)

i=1

n
+ P(Z Wi > n(K. — Hc)/2, By xpn).
i=1

Since n~! >_i7_1 Yi — 0 almost surely by the strong law of large numbers, the first
probability converges to zero as n — oo. For the second probability, use Markov’s
inequality to obtain

) _ 2E[W11(¥, N By)]

P(Z Wl‘ >n(K,< - HK)/2’ Bn v — P(\pn)(KK _ HK) :

i=1
Now note that
E[Wi1(¥, N By = E[E[v{(Z, Z)}_ 1(2y 2 + 2,)1 (¥, N B,)]
+ E[EDI{(2 . ZY_ (27 9 + 27) 1 0 By)]

1

e
= E[L—”(%@ﬁ + 21, N Bn)]

4 [i—(@l D+ I7)1 (W, N By )]

[ 2 —I—@l +9; 1(B, )]

=

9, 9 .@ 7k
B9 9+ 9 + 5]
where in the last step we used the observation that on the event B, we have
Ly =nv, >n(v —n~%), since |v, — v| < di(G,}, G"). Hence, we have shown
that P(E,;, N B,) — 0 asn — oo.



TYPICAL DISTANCES IN THE DIRECTED CONFIGURATION MODEL 1789

For the size-biased distributions, note that

1 1

0
a1

ZlD >x)D+dx
L, vn

—i—/ anl@ > X) —14+Ft(x)|d
1ol N
o A ;(I(D >x)D;" = 1(27 > x)27)|d

ZD D++/ ‘ ZX+(x)
VU, “

0,0)
Z(l(@f <x<9 + ri)@;r + (27 > x)xi) dx,

where X (x) = 1(Z7 > x)%;" /v — 1 + F(x). Now recall that |[v, — v| <
d1 (G}, G*) and note that n=! " DYD < K,., which yields that on the event

B,NE,,

L, z _
Y @I+ 7))

V— v,
+
n2v(v —n=¢) =

di(FF FT) <

v(v —n=%)
[ ‘ ZX+<x)

Since the case dy(F,, F™) is symmetric by setting X; (x) = 1(.@1-+ >x)9;/
v—1+4+ F~(x), it follows that

dx.

P(d\(FF, F%)>n"%, B,NE,)

: V= v IWLy WS o
: P(‘ljn)P< V(v —n—¢) m;(tl@i +xi%;)
+f ’ in(x) dx >n 8)

- n® (K¢E[di(G},GM)] n E[1(V) Ly (11 Z} + x127)]
- Py, v(v—n—%) nv(v —n—%)
ZXii(x) :|dx)

1 fo© "
+—/ E
n.Jo i=1
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_ 0<n3+g+ E[l(\pn)Ln(ﬁ@l—'—‘f‘Xl@l_)]

nl—e
1 00
+n1—5/0 E|: ]dx).
To bound the middle term in the last expression, note that
E[1(V) Ly (112} + x127)]
= E[l(q’n)Ln(E[TlH@f» QI'JF)}?:l]@lJr + E[XIH-@f’ @i+)}?:1]@;)]
= E[1(W,)(10:12; + 1801 27)] <n' PE[2F + 27).

To complete the proof, choose 1/(1 — ¢) < p < 1 + «, use the monotonicity of
the norm || X ||, = (E[1X|P])/? and apply Lemma 6.2 to obtain

1 o0 1 o0
L[ me L |
nl=¢ Jo — nl=¢ Jy —

> XE) DX
i=1 i=1

n

XF(x)
1

i=

dx
p
1 o0
< [T(@mElxE ) 7 ds

1/p 00
_ (va) nl/PfHe/O ||UX?E(x)||pdx,

for some finite constant Q, that depends only on p; note that our choice of p
implies that n!'/7~1%¢ — 0. It only remains to verify that the integral is finite. To
do this, first use Minkowski’s inequality to get

vX{@l, =112 >x)2" - E[(Z2” >x)77]|,
<2 > x)@+ ||p +E[1(Z2™ > x)@"'].
Furthermore, for x > 1,
(2~ > ) 7%, = (E[(Z~ > x)(Z)')"" < (E(@~ /%)™ (@)
— (E[(@—)H'K(@+)P])1/Px—(1+K)/P’
while for 0 < x < 1,
|12~ >x)7"|, =12 =)7*|, < (E[77(2")"])"".
It follows that

[ Ivxt el dx < (E197(@%)) /7 + E[7797)

I /IOO(E[(@—)H-K(@+)p])1/px—(l+lé)/l7 dx < 00.

The proof for X (x) is obtained by exchanging the roles of 2~ and 2. O
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