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Abstract

We study a geometric version of first-passage percolation on the complete graph, known as
long-range first-passage percolation. Here, the vertices of the complete graph K, are embed-
ded in the d-dimensional torus T¢, and each edge e is assigned an independent transmission
time T, = ||€||%d E., where E, is a rate-one exponential random variable associated with the
edgee, | - ”T‘,i denotes the torus-norm, and « > 0 is a parameter. We are interested in the
case a € [0, d), which corresponds to the instantaneous percolation regime for long-range
first-passage percolation on Z¢ studied by Chatterjee and Dey [14], and which extends first-
passage percolation on the complete graph (the « = 0 case) studied by Janson [24]. We
consider the typical distance, flooding time, and diameter of the model. Our results show
a 1,2, 3-type result, akin to first-passage percolation on the complete graph as shown by
Janson. The results also provide a quantitative perspective to the qualitative results observed
by Chatterjee and Dey on Z¢.

Keywords (Long-range) First-passage percolation - Typical distance - Flooding time -
Diameter

Mathematics Subject Classification Primary: 60K35 - Secondary: 60C05

1 Introduction and Main Results

The study of first-passage percolation was initiated by Broadbent and Hammersley [13] and
has since attracted an enormous wealth of attention and interest, first on infinite graphs such as
74, and later also on finite (random) graphs. In this paper, we study long-range first-passage
percolation on the complete graph; a geometric analogue of first-passage percolation on the
complete graph.
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First-passage percolation on the complete graph was first studied by Janson [24], where the
edge-weights are independent and indentically distributed exponential random variables. Jan-
son identified the leading asymptotics for the edge-weighted distance between fixed vertices,
the flooding time (the maximum weighted distance over all pairs of vertices (u, v) with u
fixed), and the diameter (the maximum weighted distance over all pairs of vertices), as well as
more precise second-order behaviour. Later, this work was extended in, among others, [1, 7,
22, 23]. For the study of non-exponential edges, we refer to [6, 8, 15—-17], where first-passage
percolation on the complete graph with edge-weights of the form E®" is analysed. Here, E
is an exponential random variable and (s,),eN is a sequence that (possibly) depends on the
number of vertices n. We note that these articles generalise some of the work for exponential
edge-weights, where s, = 1 foralln € N.

There is also a large body of work on first-passage percolation on random graphs. Results for
the Erd6s-Rényi random graph consider, among others, the typical distance, hopcount (the
number of edges on the shortest edge-weighted path between two vertices), and the flooding
time [10, 19, 21].

In many scale-free graphs, there is a clear distinction between graphs with degree distri-
butions with finite- and infinite-variance degrees in terms of the behaviour of first-passage
percolation. When the degrees have infinite variance, many such graph models are explosive
in that the typical weighted distance between vertices converges in distribution to a finite ran-
dom variable. The term explosion is taken from the closely related theory of age-dependent
branching processes. When this condition is not met, or the degrees have finite variance,
first-passage percolation is conservative, in the sense that the weighted distances diverge
with the number of vertices in the graph.

In the configuration model, the explosive and conservative settings have both been studied
in detail in, among others, [2—4, 9, 11], as well as in preferential attachment models [25, 26].
Finally, in spatial models such as the scale-free percolation model and geometric inhomoge-
neous random graph model, both the conservative as well as the explosive setting have been
studied [20, 30], too.

In this paper, we study first-passage percolation on the complete graph, where the vertices
are embedded on a d-dimensional torus Tﬁ of volume n, and where each edge e has an
edge-weight 7, := ”e”%d E., where @ > 0 is a model parameter and the E, is a rate-one

exponential random variable. One could consider this as first-passage percolation with a
penalisation of long edges. The model is known as long-range first-passage percolation. An
infinite-size version of this model, essentially a ‘complete graph on 7%, has been studied
by Chatterjee and Dey in [14], who identified multiple phase transitions in the long-range
parameter « for the behaviour of first-passage percolation. Related to this model, a degree-
penalised version of spatial scale-free random graphs has recently been studied by Komjathy
and co-authors in [27-29], where multiple phases are discussed based on the penalisation
strength.

Main Contributions. We study the typical distance, flooding time, and diameter of long-
range first-passage percolation when the spatial dependence is weak, i.e. when @ < d, which
Chatterjee and Dey call the instantaneous percolation regime. They prove the qualitative
result that, from any fixed vertex v € Z¢, any other vertex in Z¢ can be reached within distance
t almost surely, forany r > 0[14]. Here, we study the finite-size setting on the complete graph,
where we provide a quantitative counterpart to their results for the three aforementioned
quantities. In particular, our results extend those of Janson [24] on the complete graph, which
is the particular case o = 0.
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1.1 Model

In this section, we define the model and fix notation.

Notation. For n,d € N, let 'H‘ﬁ be the discrete d-dimensional torus of volume n. That is,
Tﬁf = [—n'/4/2, n'/4 ;21N 74 Tt will be convenient to consider Tﬁf as an equivalence relation
on Z4, where x is equivalent to y when x — y € n'/¢Z?. Then, we define the torus co-norm

llullrg = min |[x||zq,

where x runs over all elements in Z¢ that are equivalent to « and || - || ;¢ denotes the Euclidean
infinity norm. In a similar way, we can then define the torus p-norm on ']I‘if by

lullgg,, = min [lxlize .

where again x runs over all elements in Z¢ that are equivalent to u, and

d

1/p
I¥lize, = (D7)

i=1

is the p-norm on Z¢. From now on, we omit the subscript ’Jl‘g for the norm when the context
is clear, since we always work with the torus p-norm. Furthermore, we do specify which
p norm we use, since the results and proofs holds for all such norms, possibly by varying
constants that do not alter the results.

Let G, denote the complete graph with vertex set ’H‘z ,ie. G, = (11‘;5 ,&Ex) where &, =
{{u,v}:u #v e T;{}, and we study long-range first-passage percolation on it: Fix « > 0
and assign to each edge e € &, an edge-weight T, := ||e||* E,, where (E,).cg, is a collection
of i.i.d. rate-one exponential random variables.

1.2 Main Result

We start by introducing the main objects of study. For two vertices u, v, let I1, ,, denote the
set of all self-avoiding paths from u to v. We define the transmission time between u and v
as

Xyu,p = min E E..
ﬂenu,ue

We also define
Ry:= ) lull ™. (L.D)

ueTﬁ

u#0

Our main result is as follows:

Theorem 1.1 (1,2,3 times log n/ R, for long-range first-passage percolation on the torus) Fix
d eN,a €[0,d). Let U and V be two distinct vertices in ']I‘z, sampled uniformly at random,
and let u € ’JI‘Z be some fixed vertex. Then,
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R
vy — 55 1; (1.2)
logn
R
max Xu,v—n i) 2; (1.3)
veTd logn
R
max X, ,— i})3; (1.4)
u,veTd logn

where (1.3) holds for any u € ’]I’fl.

Remark 1.2 (Interpretation main result) As our proof will indicate, Theorem 1.1 can be inter-
preted as follows. The typical distances in (1.2) originate from a continuous-time branching
process approximation of the neighborhood growth. This approximation kicks in on scale
1/R,, i.e. after rescaling the edge-weights by a factor 1/R,,. Further, the vertices realizing
the maxima in (1.3) are fraps, meaning that their closest neighbor is at distance (logn)/R,
away. Thus, the v that realizes the maximum in (1.3) is one of these traps, while the u and v
realizing the maximum in (1.4) are both traps. Even though our proof does not follow these
lines, this intuition is very useful. It would be of interest to try to turn the above intuition into
a proof. <

Remark 1.3 (First-passage percolation on the complete graph) When o = 0, all edges have
an exponential weight with rate one, so that the spatial embedding of the vertices does not
play a role. In this setting, we recover first-passage percolation on the complete graph and
our results are in line with those of Janson [24, Theorem 1.1]. Our proof for the lower bound
on the flooding time and diameter in (1.3) and (1.4) follow that of Janson [24]. All other
bounds rely on a large-deviation analysis of the exploration processes from two sources. <«

Remark 1.4 (More general distance functions) The results of Theorem 1.1 also hold when
using a distance function r: R — R such that r is (eventually) decreasing and
1/d

n
/ r(x)xd! dx/logn — oo
1

as n tends to infinity, where we assign an edge e the weight E, /r(||e||). In particular, r (x) =
£(x)x~% with £ a slowly varying function (i.e. £ such that lim,_, o £(cx)/£(x) = 1 for any
c>0)and o € [0, d). «

1.3 Discussion and Open Problems

In this section, we discuss the structure of the proof of the main result, discuss the quantity
R, and state some open problems.

The proof. Our proof is organised as follows: In Sect.2, we perform a large-deviation
analysis for typical distances that allows us to prove the upper bounds in (1.2), (1.3) and
(1.4): In Sect.2.1, we discuss the continuous-time branching process approximation of the
neighborhood growth, Sect. 2.2 discusses the growth rate of this exploration process, Sect.2.3
performs a large-deviation analysis for upper bound on the diameter in (1.4), while Sect.2.4
extends this large-deviation analysis to prove upper bounds on the flooding time in (1.3) and
on the typical distances in (1.2). Having established all upper bounds, we move to the lower
bounds in Sect.3. We prove the lower bound on typical distances in (1.2) in Sect.3.1, the
lower bound on the flooding time in (1.3) in Sect. 3.2, and the lower bound on the diameter
in (1.4) in Sect.3.3.
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The Limiting Constant. The dependence of R,, which appears in Theorem 1.1 and is
defined in (1.1), on n can be made explicit. With relative ease, one can show that there exists
a limiting constant R = R(d, p, o) := lim,_, R,n~1=%/D when o < d. This implies R,
is of the order n'~*/¢ and provides a quantitative limit for the results in Theorem 1.1. An
interesting question is what the value R is for different choices of d, p, and «.

In Appendix A we provide an integral representation for R for any dimension and any norm.
Moreover, we explicitly identify R (or provide a recursive approach how one can do so) for
p = land p = oo and all dimensions, as well as for dimensiontwo and any p € [1, co)U{oo}.

Comparison to Long-Range Percolation. In long-range percolation on Z, there is a
number of phase transitions for the typical distance (also referred to as chemical distance)
between, say, the origin and a ‘far away’ vertex x. In this model, non-nearest neighbour edges
between vertices x, y € Z¢ are created independently with probability 1 — exp(8r(x — y)),
where r(x) ~ |x|7% as |[x| — oo for some s > 0. Here, Benjamini et al. [5] show that
the model has finite diameter [d/(d — s)] when s < d. Our parameter « can be thought of
as the parameter s in the long-range parameter model. We choose to be consistent with the
notation in the work of Chatterjee and Dey on long-range first-passage percolation in [14] and
thus use « rather than s. The results presented here are similar to the long-range percolation
setting in the sense that the diameter of the torus is bounded, and in fact converges to zero
with n. The latter is due to the fact that we consider an edge-weighted distance, where the
random edge weights have support in (0, co), so that optimal paths use edges with vanishing
edge-weights, whereas the graph distances studied for long-range percolation are always at
least one. We refer the interested reader to the article of Biskup and Krieger [12] for a more
in-depth overview of results for chemical distances in long-range percolation.

Open Problems. For the complete graph, i.e. fore = 0, Janson [24, Theorem 1.1] discusses
the fluctuations around the main asymptotics in (1.2) and (1.3), while the fluctuations around
(1.4) were identified by Bhamidi and the first author in [7]. It would be of interest to extend
that analysis to our spatial setting. Janson also considers the hopcount H,, ,, i.e. the number
of edges on the shortest edge-weighted path between u and v, as well as max, crd H,,, in
the complete graph. Addario-Berry, Broutin, and Lugosi consider max,, ,crd Hy,y in [1]. It
would be interesting to see if these results can be extended to the spatial setting.

It would also be of interest to see whether the result on the typical distance, as in (1.2), can be
proved to hold for fixed vertices u and v, rather than vertices selected uniformly at random.
Though we expect this to be the case, the proof of the lower bound crucially depends on the
uniformity of these two vertices (in fact, it suffices if one is uniformly chosen, by translation
invariance). The upper bound does apply in full generality. In the complete graph setting, i.e.
for « = 0, independently of which vertices have already been explored, the next vertex that
is to be explored is uniform among all unexplored vertices. This is only true in the spatial
setting when the vertices U and V are uniform themselves. It seems to us that understanding
the distribution of the set of explored vertices, and how close it is to the uniform distribution
(among all sets in Tff of size equal to the number of explored vertices), is important to
enable one to prove (1.2) for fixed vertices. We expect this understanding to also be crucial
in analysing the other statistics mentioned above.

Further, it would be of interest to extend the results in this paper to other edge-weight
distributions or transmission times. For example, Bhamidi and the first author in [6] consider
the natural example of a power of an exponential distribution, and identify the continuous-
time branching-process approximation of the first-passage percolation exploration, which
might yield a starting point for the present spatial problem.
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The case o > d is studied in detail on the d-dimensional lattice by Chatterjee and Dey
in [14]. They determine three additional regimes (thatis, o« € (d, 2d), a € (2d,2d + 1), and
o > 2d + 1) in which the edge-weighted distance between the origin and a vertex x € Z¢
with ||x|| = m grows as a function of m. Since the distance grows with m in these regimes,
we expect analogous behaviour for the typical distance on the torus that we study here, with
m replaced by n'/¢. The flooding time and diameter when & > d should be of the same
order as the typical distance. Indeed, the time to escape traps, i.e. the vertices that realise the
maxima in (1.3) and (1.4) (as mentioned in Remark 1.2), are of order logn. On the other
hand, the typical distances grow much faster than log n when o > d (as proved by Chatterjee
and Dey in [14]).

2 Large Deviations Approach for Distances: Upper Bounds

In this section we analyse our distances in 'H‘g under the random metric. We start by proving
the upper bound in (1.4) in Theorem 1.1. For this, we use a large deviations approach, similar
to Janson [24]. At the end of this section, we show how this argument can easily be extended
to the upper bounds in (1.2) and (1.3) in Theorem 1.1.

2.1 Long-Range First-Passage Percolation as an Exploration Process

We can view the exploration process of long-range first-passage percolation process on G,
started from any vertex u € T, as a birth process T, (u, ). Any vertex in this birth process
has a unique spatial location in T,‘f. Here, T,,(u,0) = 1 and forany j € [n — 1] and ¢t > 0,
when T, (u, t) = j, a birth takes place at rate

j—1 j—1
A, :=Z<Rn —va,- —vzn*‘*), 2.1)
= )

where v; denotes the i vertex born in the birth process T, (u,t) and v9 = u. Here, the
argument of the outer sum equals the rate at which the vertex v, gives birth to the next
vertex. It follows that A ; is random. When the j birth takes place, conditionally on A ; and
Vi, e, Vi,

Y20 llz =il J
P(U[ = Z|AJ3 U], Tt vj—]) = 77 Z € Tn\{v()s cet Uj_]}.
J

Then, observe that, foreach £ € {0, ..., j — 1}, the vertices vg, ... V¢—1, Vg1, ..., Vj_] are
at least as far away from v, as the j — 1 closest vertices to vy. The sum of the weighted
distances of these j — 1 closest vertices equals R;. Using this thus yields the bounds

J(Ry —Rj) < Aj < jRy. (2.2)
We thus find that for all j = o(n) almost surely, since & < d,
JRa(1 = O((j/m)'™%) < Aj < jRy. 2.3)
Moreover, if we let E; ~ Exp(A ), and, for j € [n — 1],

Eju ~Exp(j(R, — O('™%)),  Ej 1 ~Exp(jRy),
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where the (E; 1) jen—17 (tesp. (E; v) jen—17) are independent, then E; ; < E; < E; y for
any j = o(n), where X < Y denotes that the random variable X stochastically dominates
the random variable Y. As a result, the time until j = o(n) vertices have been discovered
stochastically dominates, and is stochastically dominated by, a sequence of independent
exponential random variables with deterministic rates that are also controllably close to one
another.

2.2 Growth Rate of Exploration Process

We describe our first-passage percolation process started from a vertex v € ’JI‘ﬁ via the random
metric induced by the random edge-weights. We define

B,(t) :={ueT: X,, <1},

as the (random) ball of radius ¢ around v with respect to the transmission-time metric. That
is, B, (t) denotes all vertices in Tnd that can be reached within time ¢ from v. Let us also
define (tx)ken, by Tk :=inf{t > ©—1: [By(t)| =k + 1}, k € N, and 79 = 0. It is clear that
the intervals 7z — 74— for k € N are exponentially distributed with rate A, conditionally on
Ay. Since Ay ~ kR, follows from (2.3) for k not too large, we have the following lemma,
which controls the fluctuations of the times at which the first-passage percolation process
discovers vertices in T¢:

Lemma 2.1 (Distributional limit of 1) Fix @ € (0,d). Let k = k(n) be such that k — o0
and k = o(n). Then,

Ryt —logk i> A,

where A is a Gumbel random variable. In particular, when k = nf (1 + o(1)) for some

B €(O,1),
2 o8 (2.4)

Ryt — Blogn —d> A, and thus 1% R
logn
Lemma 2.1 proves more than we will need below, since it also identifies the fluctuations of
7. One can interpret the Gumbel limiting variable A as log(1/E), where E is exponential
with rate 1. This variable E is the limit of e * Z;, where (Z;),>0 is the Yule process that arises
as the distributional limit of the (rescaled) (| B, (t/Ry)|):>0 discovery process.

Proof Let (Ej)ren be a sum of i.i.d. exponential random variables with rate one. It holds
that 741 is equal in distribution to

k

i E;
Tk+1 = ZTI’

j=1"7

where we recall A; from (2.1), the (random) rate at which the first-passage percolation
process spreads from j vertices to j + 1 vertices. As a result, we can write

k
E;
Ryti+1 — logk =Zij Z

k
1 1
+J/+ &+ n,§1 A R J

1
J

where we use that logk = Hy + y + 1/(2k) — &, where Hj is the harmonic sum, y is
the Euler-Mascheroni constant, and & is an error term such that g; € [0, 1/ (8k2)]. We now
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combine the first three terms, which contribute to the limiting random variable, and write all
deterministic terms that tend to zero with k as o(1), to obtain

k
EJ—

For the first sum, we have that as k — oo,
k _ 1 J 00
Z — Z

where A is a Gumbel random variable. For the second sum, we use (2.3) to obtain

+y +Z’ ’E,+o(1)

L A,

JRy—Aj < jRj_1 = Oy,

Moreover, using that A; = jR,(1 — o(1)) almost surely for any j = o(n), as follows
from (2.2), we obtain for some constant C > 0,

ko k
JRn — A ¢ —a/d
Z jng R ; !

It thus remain to show that sum is smaller than € R, with high probability for any ¢ > 0 to
conclude that the sum on the left-hand side converges to zero. So, using a Markov bound,
k 1 k
i~ME; > ¢R, | < —/d — Ok /R,) = o(1
;J j >R, —gR,,;J (k' /R,y = o(1),

since k = o(n) (as R, = (R + 0(1))n'~%/4 when « < d). So, for any k that diverges with n
such that k = o(n),

Ryti+1 — logk —d> A.
The desired result then follows since logk — log(k + 1) = o(1). ]

2.3 Large Deviation Analysis for Upper Bound Diameter

We have, for any ¢ > 0,

IP( max X,, > (3+2e)R, 10gn> < Z P(Xuv > (3 +28)R, ' logn)

u, ve’]I“
u,veTd

<n? max P(X,, > 3+2¢)R, " logn).

u,veTd
We now bound the transmission time between u and v from above by

T+ 1) + min Tyy. (2.5)

an
X€B, (T, yeBy (1)

Here, ‘L'an) denotes 1, for a FPP process started from v € ’]l’d Note that both ra(: ) and T(;")

satisfy (2.4) in Lemma 2.1 (so also jointly), but they aremdependentlf B, (Ta‘;))ﬂB (nﬁ;)) =

holds. Indeed, if B, (r;“)) N By (r(”)) = @ holds, then the time for the exploration processes
of u and v to both reach size a, plus the shortest edge between their respective explored
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vertices, is a possible way to connect u and v, and thus an upper bound for the transmission
time. If, on the other hand, B, (r,ﬁlj) N Bv(té;)) # @, then the third term in (2.5) equals zero

almost surely, and the transmission time between u and v is no more than the time it took for
both exploration processes to reach size a,. As such, we obtain the upper bound

n? max Pl + 10 + min Tey > (3+2¢)R, ' logn
u,veTd xeBu(réz)),yEBu(fé,U,))
3+¢)logn . clogn
< n® max |:[p><ra<u> +r > ¥> +F . Tz 3 ]
u,UETg n n Rn xeBu(r,iﬁ)),yEBu(T(EZ)) Rn

(2.6)
Let us bound the second probability on the right-hand side first. The minimum contains
(an+1)? many terms. As such, by bounding the spatial distance between any x € B, (rlﬁ‘:l)) and
y € By(z,") fromabove by Cn'!/ 4 for some sufficiently large constant C > 0, the minimum is
stochastically dominated by an exponential random variable with rate (a, + D2(Cnl/dy— =
(c3C™* + o(1))n' =%/ Hence,

]P’( min Tyy > aRn_l log n) < exp(—(c%C_“R_ls +o(1))logn) = o(n™2),
x€Bu(ti).yEBy (1)

2.7
where the final equality holds when ¢; > /2RC%/(e(1 — a/d)). Observe that this upper
bound is independent of the choice of u, v € TZ. It thus remains to upper bound

P(r" + 7" > 3+e)R, " logn).

Again, we aim to obtain an upper bound that is o(n~2), independently of u and v, so that
combining this with (2.7) in (2.6) yields that max, ,erd Xy,p is at most (3 + 25)R,,‘1 logn
with high probability, for any fixed ¢ > 0. To this end, we replace 7.’ by 7,”, which is the
time it takes to reach a, vertices from v when all edges incident to the vertices in Bu(ra(:) )
are removed. As this leaves fewer possible edges to reach vertices (and fewer vertices to

v

be reached), rén) =< 'fflz) Let us write (z j)?”: o for the vertices that are explored by u, in
chronological order. That is, z; is the it vertex explored by u (with zg = u): Xuz; > Xuz
fori e [j — 1] and Xu,zj < X,z forany k > j. Then, conditionally on B, (7:;;)), we know

that ’fé;) is a sum of a,, exponential random variables (E i) jelan]» Where

Jj—1 Jj—1
Ej~ Exp(Z <Rn - Z lzi —zell™ — Z llze — w||_a>>-
i=0

L= i;zéﬁ weBu(r,ﬁjj’)

Similar to (2.2), for each j € [a,] we bound this rate from below by considering the 2a,, + 1
closest vertices to z; for each £ € {0,..., j — 1}. This yields a sequence of independent
exponential random variables (E) je[q,] such that E; < E; for each j € [a,], and

E; ~Exp(j(Ry — Ragy+1)),  J € lan — 1.

By (2.3) and since 2a, + 1 = o(n), it follows that the rate eg\uals jR, (1 —o(1)), where the

o(1) is independent of j. We can thus couple ?,;:’f with the (E) je[q,] such that

dan
) .
T, = Z Ej;.
j=1
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Similarly, as discussed in Sect. 2.1, we can stochastically bound 7.’ from above by the sum

of the random variables (E; ) je[q,], Which are independent of the (E i) jelan]- Combined
with a Chernoff bound with s = cR,, and ¢ € (2/(2 + ¢€), 1), this then yields

dn an >
P(zl) + 1" = B+ )R, logn) <n T TE [eSEf«U] []E [esEf]

j=1 =1

An

_ —(B3+e) JRy(1 —o(1)) 2
=n"oF H(jRn(l—o(l))—s)

j=1
an c
<n G exp (2 _—
p( ; i1 —o(D) —c)
= exp(—c(3 + ¢) logn + 2clog(ay) + o(logn))
— n—c(2+a)+0(l).

By the choice of c, this upper bound is o(n~2). Combining this with (2.7) in (2.6) finally
yields the desired result. This proves the upper bound on (1.4) in Theorem 1.1. O

2.4 Large Deviation Analysis for Upper Bounds Flooding Time and Typical Distances

We next extend this analysis to upper bounds on the flooding time in (1.3), and on the typical
distances in (1.2).

Upper bound on flooding time. A similar approach, now taking ¢ € (1/(1 + ¢), 1) and
ue ']I‘Z fixed, gives

P| max X, , > 2+ 2£)Rn_1 logn | < nmax IP’(XL,,U > Q2+ ZS)Rn_l logn)
veT? veT?

v#EU v#uU
< O(nl—(l—h‘))c—}—a(l)) +0(n—1) — 0(1).

This proves the upper bound on (1.3) in Theorem 1.1. O

Upper bound on typical distance. ~Again using a similar approach, for distinct u, v € T¢
and with ¢ € (0, 1),

P(xu,u > (1+2e)R;! logn) <Pl +0 + min Tuv = (1 4+26)R; Hogn
x€By(t),yeBy(x{Y)

=Omn™).

As this holds for any distinctu, v € Tg and the upper bound is independent of the choice of u
and v, this also extends to the typical distance between U and V, two distinct vertices selected
uniformly at random. This proves the upper bound on (1.2) in Theorem 1.1. In particular,
while we state (1.2) in Theorem 1.1 only for two uniform vertices, the upper bound actually
holds for all fixed pairs as well. O
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3 Lower Bounds on Distances

Having established all upper bounds in Theorem 1.1, we continue with the lower bounds.
We analyse the lower bound on the typical distance in (1.2) in Sect. 3.1, on the flooding in
(1.3) in Sect. 3.2 and on the diameter in (1.4) in Sect. 3.3.

3.1 Lower Bounds on Typical Distances

Let us start by explaining how we proceed. To analyse the distance between two vertices,
selected uniformly at random from ’]l'ff , as in (1.2), we show that their exploration processes
are disjoint up to time (1 —¢) % R !log n with high probability. This implies that their typical
distance is at least (1 — &) R, og n with high probability.

Let U be vertex selected uniformly at random from T¢ and let v € T¢ fixed. First, we write

P(Xy,0 < 2tn) < P(U = v) + P(By (12) N By(ty) # S| U # v)

1
~+P(3weT?: By(t, Byt
n+ (we wiwE Byty),w e u(n)lU#v) 3.0

IA

1 ~
;—{— ZP(XU,wSlva,wStn|U7év)’

weTd

where X v,w 18 the time for an exploration process started from v to reach w outside of By (%),
i.e.on Tg\BU (t,). Since Xy > X;,w, where X, 4, is a copy of X, ,,, independent of X/ 4,
we obtain the upper bound

1 1 1
;4‘ Z IPD(XU,w <1 | U 7& U) ]P)(Xv,w =< tn) =< ;‘i‘ Z njE“Bw(tn)”P(Xvw =< tn) .
weTd weTd
(3.2)
By translation invariance, E [| By, (#,)|] = E[|Bo(#,)|], where 0 denotes the origin. We thus
arrive at

1 1 1 1 2
- + mE [IBo ()] Z]r:d ]P’(vaw < tn) = Y + mEHBO(tn)H .
we n

Finally, we use that by the upper bound in (2.2),
2 -
E[|By(t)|]* < (e®)" =n'"*, 3.3)
to arrive at the desired result that
-1 _ —
P(Xy,, < (1 —&)R, ' logn) =P(Xy,, < 2t,) = o(1).

An almost analogous argument can be used to yield the same result for two uniform vertices
U and V as well. This proves the lower bound for (1.2) in Theorem 1.1. ]

3.2 Lower Bound on Flooding Time

In this section we prove a lower bound on the flooding time, and is an adaptation of the idea
for a lower bound on the diameter for the case « = 0 by Janson in [24].
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Fix v € Tﬁ and ¢ > 0 small, and take some set A C Tﬁ\{v} such that ny = |A| = [n!%]
and let B = ']I‘ff\A. We enumerate the vertices in A in an arbitrary order, so that we can
write A = {uy, ..., u,,}. Abusing notation, we write i € [n4] when we mean u; € A.

We define, fori € [n4], the random variable U; := minyep Ty;,. That s, U; is the transmis-
sion time from u; to B. We alsosetb = (1 — 249)Rn’l lognandp; :=) " pllui—vl]™%,i €
[na] Foralli € [n4], itreadily holds that u; < R,.Furthermore, independently of i € [n4],
since o < d,

i =Ry — Y lluj — |7 = Ry — Ry = Ry(1 — O~/ D), (3.4)
veEA

v#EU;

so that w; = R, (1 — O(m*1=%/D)) where the O term is independent of i € [n4]. Now, for
i € [na], define
1
fi(x) ;= —— log (e*hm +(1 - efhm)efu,-x).
M .

1

By [24, Lemma 2.1], it follows that f; (U;) 4 (Ui|U; < b),i.e. fi(U;) has the same distri-
bution as Uj;, conditionally on the event U; < b.
Now, fix some k € [n4] and let

fiUy) ifi <k,
U =U;+b ifi=k,
U; ifi > k.

If we let & := {Uy > b, U; < b forall i < k}, then, conditionally on &, Ul.’ has the same

distribution as U;, by the memoryless property of the exponential distribution. As the U; are
independent, the distributional equality also holds jointly. Similarly, we set

T Tu,-v - U; + Ui/ ifi € [na], v € B,
wiv Tuv otherwise.
Equivalently, Tv/u’. = TL:iv. Again, by the memoryless property and since 7;;, — U; is inde-
pendent of Uj, it follows that, conditionally on &, Tlf,v has the same distribution as 7,,,. In
an equivalent manner we define X ;’M forv,u € ’]I‘g , which, for each pair v, u € ’H‘ﬁ, we can
think of as equal in distribution to X, ,, conditionally on &.
Suppose the following holds:
U{ > -2e)U; foralli € [na],
Tuii = 3R, ' logn foralli € [na]\{k}, (3.5)
Xy = (1 =26)R;  logn.

First, we observe that
T/

uv

> (1 —-2e)T,y forallv #u. (3.6)

To see this, we need only consider u € A, v € B. Suppose u = u; for some i € [n4]. Then,
by the first line of (3.5),

Ty = Tup = Ui + U] = Ty — 26U; > (1 = 28) Ty,
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as U; is the minimal edge-weight between u; and B. As X, , > (1— 28)R;1 log n, itimplies
that for any path (ux = u;,, u;,, ..., u;, = v) it holds that

W=> Tu = (1—2e)R, " logn.
j=1
We then set W' := Zf‘:l Ty, u; to be the conditional weight of this path. If u;, € A,
then W/ > Tuku;l > 2Rn_1 logn by the second line of (3.5). If instead u;, ¢ A, then
Toewi, = Tupu;, + b and

Ugitj
W >b+(1—-20)W > (1-2e)R, ogn + (1 —2¢)*R; logn > (2 — 6¢)R;, ' logn.
It thus follows that, for k € [n4],

P(Xyu > (2—68)R, ' logn| &) =P(X),, > (2—6¢)R, logn) > P((3.5) holds for k).

V,Uk

We can then write

P(max Xpu > (2 —66)R;! logn> > IF’(U{XW > (2 —68)R;! logn}>
ueTd

ucA

>P| | Ko = @—62)R; logn} N &
kelnal

Since the events & are disjoint, we can write the union as a sum and introduce N to be a
uniform element of [n 4], so that u y is a uniform element of A. Then, we obtain

nAP({Xyuy = 2 —68)R, " logn} N Ex) = naP(Xyuy = 2 —6)R, logn | En) P(En)

na
=P(Xyuy = 2= 62)R, ' logn|Ex) Y P(Ek)
k=1

na
> IP((3.5) holds for N) Y "P(&) .

k=1
3.7

Let us first argue that the sum is 1 — o(1). As the events & are disjoint and the random
variables (U;);c4 independent,

na ny nyg nA
YPE) =P J& | =1-P| (& | =1 -PW; <bforalli €ng]) =1-[][PW; <b).
k=1 k=1 k=1 i=1
Now, as b = (1 —2&)R; ' logn, U; ~ Exp(i;), and w; = R, (1 — O(n=#U=4/Dy) by (3.4),
where the O(n—¢1=*/4)) term is independent of i, we obtain
nA na
1-[[PwW; = b) =1-] ] (1—exp(—p;b)) = 1—exp(—n*~DFT0Wp 1) = 1 —exp(—nTD).
i=1 i=1
(3.8)
We use this in (3.7) to arrive at

P(max Xou>Q2— 65)R;l log n) > (1 — o(1))P((3.5) holds for N) .

ueTd
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To show that the probability on the right-hand side converges to one, it suffices to show that
the events in (3.5) hold with high probability, uniformly in k € A, which we do now.
Fix k € [n4]. For the first line in (3.5), we have

P(U{U{ <(- 2£)Ui}> <Y P(U < (1 =20)U;) = > P(fi(Up) < (1 —26)U5).

icA i€A i<k

where the last equality follows since U/ > U; for all i > k by (3.5).
It now follows from [24, Lemma 2.1] and (3.4) that the right-hand side can be upper bounded
by

ZP(Ui = b/ —26) — 1/ i) = Zel—bu,-/(l—%) < gl PRAI=00T)/(1-26) _ (1

i<k i<k

since bR, /(1 — 2¢) = logn and n4 = o(n), and where the right-hand side is independent
of the choice of k € A. As a result, the first line in (3.5) also holds for a uniform element
N € [n A]-

For the second line in (3.5), with & € A fixed,

_ logn B
P - U{Tukui<3Rn110g”} =1—exp(—3 Ifn Z ek — ui ] a)
ieA\{k} icA\(k)
3lognR — o(l)
R na—1 = 0(1),

n

where the penultimate step uses the same idea as in (2.3) and where the upper bound holds
uniformly in k and thus also for k = N.

Finally, the third line of (3.5) requires that the typical distance between a uniform element
uy from A and v is atleast (1 —2¢)R,; 1log n with high probability. The lower bound on the
flooding time in Sect. 3.2 tells us this holds if we had a uniform vertex from T¢ rather than
from A. However, this argument is readily adapted to work for u as well. Namely, using u
instead of U in (3.1) and (3.2) (where we don’t have to condition on uy # v since v ¢ A)
yields for #, := (1 — 2) 1 R; ! logn,

P(Xuyw <2) < Y P(Xuyw < ta) P(Xoow < 1)

weTd

1
D P(Xyw < ta) o ELBu () N

weTd

We can simply bound E [| By, (t,) N A|l < E[|By(t:)|] = E[|Bo(t,)|], where 0 is the origin.
As aresult, we obtain the upper bound

i _ L 2 L 1-2¢ __
nAE[IBo(ln)I] Z P(Xpw < tn) = nAE[IBo(tn)I] < ! =o(),

d
weT4d

where we use (3.3) in the penultimate step. This proves the third line of (3.5) and concludes
the proof of the lower bound for the flooding time. O
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3.3 Lower Bound on the Diameter

This section proves a lower bound on the diameter, and uses a similar approach and the same
definitions as in Sect. 3.2.
Fix k € [n4] and suppose that the first two lines of (3.5) hold, while the third line is replaced
with X
Yy = ir;'%)é Xu0 =2 —¢e)R,  logn. (3.9)
vEUL

Indeed, the statement in (3.9) holds with high probability by what is discussed in Sect.3.2,
while (3.5) was already proved to hold with high probability.

We then claim that it follows from the first two lines of (3.5) and (3.9) that

> (3 —7¢)R, ' logn.

Y, :=max X, ,
Ta e

n

v;éuk
Since Y, > 2 — .s)Rn_l log n by (3.9), there exists a path (ux = u;y, u;,, ..., u;,), such that
W= ZTuijilu,.j > (2—¢)R, ' logn. (3.10)
j=1

Consider such a path, and its conditional weight W’ = Zl}:l T, i If i1 € [n4], then
y Ij7 ’j

W’ > Ty, = 3R logn by the second line in (3.5). If iy ¢ [n4], then Tu/kui1 = Ty, +b,
and

W > b4(1-26)W = (1-2¢)R;  logn+(1—26)(2—¢)R, ' logn = (3—7T¢)R, ' logn,

where the second and third step follow from (3.6) and (3.10), respectively. It thus follows
that this lower bound on the conditional transmission time holds for any path from uy to u;,,
so that Y,é > Xl/lkui[ >3- 78)R;1 logn. If we let Cy , denote the event that the first two

lines of (3.5) and (3.9) hold, we have thus shown that
P(Yx = 3 —7e)R, logn | &) =P(Y, > (3 —7e)R, ' logn) > P(Cy.) -

We next use the fact that the events (£ )re[n,] are disjoint to obtain the lower bound

nA
P( max X,, > (3 —7e)R," logn) > Y P(Yi = 3—Te)R, logn | &) P(&)

u,veTd =
na
: -1
> krEr%}lri]]P’(Yk > (3—7Te)R, " logn | &) ];P(é‘k)
=(1-o001 in P(Ckn),
(1-o(1)) min (Ckn)

where the final step follows from (3.8). Since we have already verified that the event Cy ,,
holds with high probability independently of the choice of k € A, we conclude that the right-

hand side converges to 1 as n — oo. This proves the lower bound for (1.4) in Theorem 1.1.
O
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Appendix A The Limiting Constants

In this appendix we investigate the limiting constant
R =R, p,a) = lim R,/n'~%/4,
n—oo

when o < d, where we recall R, from (1.1). By switching from summation to integration
and using a variable transform x = n!/4y, we obtain

Ry = (1+o(1)) Ixll,® dx = (1 4 o(1))n'~ “/”’/ lwl;* dw.
[_%nl/d Lp1/dya [_%’%]d

Using symmetry and again using a variable transform y = 2w, we arrive at

Ry = (1 + o(1))2%n! /4 /[0 ol dw = (o2 /O Il dy,

y [0,
It follows that
R(d,p,a)ZZ“/ Iyl dy.
[0,114

s

Then, it is immediate that R(d, p,0) = 1 foralld € N and p € [1, 00) U {oo}. It thus
remains to consider o € (0, d). For p = oo, we can use that

o0
/ e 4t = a7 T (),
0

to write

2¢ o
R(d, 00,0) = % /0 ” / (o1 o=t max{y1.....ya} dedy, - - dyg

_ a—1 et max{yi,...,yq} d .dy,d
yi- Vd t Al
F(a) / /o 114 D

2%\
= / —1// / e Y dy; - --dygdt.
() i In
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Let us define the inner integrals as

1 1 1
I(d,1t) ;:/ / / e~ dyp - --dyg.
0 Jya 2

By evaluating the innermost integral and observing that (1, ¢) = 1 — ™!, we obtain
d
1 1 1 ; 1
Id,t)y=—-1d—1,1)— —e! =... =14y et
D) ¢ ( ) t(d-1 ; d—=0!

-1

—d —t

-(1-25)

Jj=0

The part between brackets equals the probability that a rate ¢+ Poisson random variable is at
least d. Via a rate-one Poisson process we can see that this probability equals the probability
that a Gamma(d, 1) random variable is at most ¢. Using this in (A.1), we arrive at

2¢d) [ ! 1
R, o0, a) = pe—d-1 / x4 le™ dxdr
0

I'w) d-1)!
2%d © d—1_.—x * a—d—1
= x“ e t dedx (A.2)
I'(a) X
2¢ d o d
= / ¥ e ¥ dx = 2¢,
Na)d —«a d—o

For p € [1, co) a similar approach yields

d p—
=2 [ (55) o

.14 N5
d

= “/plex —t drdy; - - -dyy
F(“/P)/[Am./ p Zy,) Y Y

i=1
2% o0 /p—1 d p
- 14/P= / exp( —t ) y )dyp---dysdz.
[(a/p) /0 (0,13 p< ; l )

We use the variable transformation z; = ¢ yf to then obtain

a 00 rq d
R, p,a) = / o/r=! /—f””z””*le*dz dt (A3)
I'(a/p) Jo op

2ozp—d oo
= 1=ty (1/p, 1y dt,
I'(ee/ p)

where y(1/p,t) := fot z!/P=le=2 dz is the lower incomplete gamma function.

We are unable to explicitly evaluate this integral in full generality. Ford = 2 and @ € (0, 2),
however, an explicit expression of R in terms of the hypergeometric function can be obtained
for all p € [1, co). Namely, the integral in (A.3) can be written, using integration by parts,
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as

[ 2 0
|5 rvap ]+ 52 /0 1@y (1 p, i Pl dr

(A4)
2 oo
T / t@=D/P=ly (1/p, t)e™" dt,

2—«a 0

where the last step uses that lim; g =Py 1/p,t) = p and a € (0, 2). Now, Gradshteyn
and Ryzhik [18, 6.455.2] show this equals

2p? o 11
P/ pmamr (L2 1+ -, 0),
2—« p p 2
where o F1(a, b, c, z) denotes the hypergeometric function, defined for |z| < 1 as

o T@+mc+mro) 2"
2F1(a,b,C,Z)~—n§0 L@@ +n) n!

Substituting this into (A.3) finally yields

21+a(1-1/p) o 11
RQ2, p,a) = 2F1<1,—,1+— 7). (A5)
p

2 — p 2

We also observe that the limit of p — o0 on the right-hand side yields the same expression as
for R(d, 0o, @) in (A.2). Since the supremum-norm corresponds to the limit of the p-norm as
p — 00, it follows that (A.2) also follows from (the derivation of) (A.5) and the dominated
convergence theorem.

In the case of general dimension d, one interesting observation is the following: let My, , be
the maximum of 4 i.i.d. Gamma(l/p, 1) random variables and let fj, denote its probability
density function. Then,

y(1/p, )" =T(1/p)'P(My,, <1).
As aresult, using integration by parts on the right-hand side of (A.3) (as in (A.4)) we obtain

_ 2ar(l/p)dp—(d—l) 00 (—d)/p
R, p,a) = Fa/p)d —a) /o t Iuy ,(t)dt
2T (1/p)p=@=V [ (ozfd)/pil
I'(e/p)(d —a) d.p '

Using that the density fu, , is given by
Futg, ) =dFr®* fr @),

where fr is the density of a Gamma(1/p, 1) random variable, we can rewrite

o0
B[] = /0 1D Fr () fr(e) di

_dl((e— (d - 1))/P)P(F/ oA r).
r'(1/p) i=I
where IV is a Gamma((e« — (d — 1))/p, 1) random variable, and (1“,-)1‘-1;11 are i.i.d.

Gamma(1l/p, 1) random variables. While these provide analytic and probabilistic expres-
sions for R(d, p, «), they do not allow us to simplify the formulas further.
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