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Abstract
We consider the random hyperbolic graph model introduced by [KPK*10] and then
formalized by [GPP12]. We show that, in the subcritical case oo > 1, the size of the
largest component is asymptotically almost surely n!/?®+°() thus strengthening a
result of [BFM15] which gave only an upper bound of n!/e+°®),
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1 Introduction and statement of result

In the last decade, the model of random hyperbolic graphs introduced by Krioukov
et al. in [KPK"10] was studied quite a bit due to its key properties also observed in
large real-world networks. In [BnPK10] the authors showed empirically that the network
of autonomous systems of the Internet can be very well embedded in the model of
random hyperbolic graphs for a suitable choice of parameters. Moreover, Krioukov
et al. [KPKT10] gave empiric results that the model exhibits the algorithmic small-
world phenomenon established by the groundbreaking letter forwarding experiment of
Milgram from the '60s [TM67]. From a theoretical point of view, the model of random
hyperbolic graphs has an elegant specification and is thus amenable to rigorous analysis
by mathematicians. Informally, the vertices are identified with points in the hyperbolic
plane, and two vertices are connected by an edge if they are close in hyperbolic distance.

A common way of visualizing the hyperbolic plane is via its native representation
described in [BKLT17b] where the choice for ground space is R2. Here, a point of
R? with polar coordinates (r,6) has hyperbolic distance to the origin O equal to its
Euclidean distance r and more generally, the hyperbolic distance d(u, ') between two
points u = (r,,6,) and v’ = (r,/, 6,/) is obtained by solving

coshd(u,u’) := coshr, coshr,, — sinhr, sinhr,, cos(0,—0.). (1.1)

In the native representation, an instance of the graph can be drawn by mapping a vertex
v to the point in R? with polar coordinate (r,,6,) and drawing edges as straight lines
(see Figure 1).
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On the largest component of subcritical RHG

Figure 1: A realization of the subcritical hyperbolic graph Poi, ,(n) with parameters
a=1.1, v =1, n = 1000. The outer circle of the figure corresponds to B(O, R), the inner
dashed circle is B(O, R/2). The size of the largest connected component, in purple, is
|L,| = 51.

The random hyperbolic model is defined as follows: for each n € IN, we consider a
Poisson point process on the disk B(O, R) of the hyperbolic plane. The radius is equal
to R := 2log(n/v) for some positive constant v € R" (log denotes here and throughout
the paper the natural logarithm). The intensity function at polar coordinates (r, ) for
0<r<Rand0<0 <2ris

g(r,0) = Z/egf(r, 0),

where f(r,0) is the density function corresponding to the uniform probability on the
disk B(O, R) of the hyperbolic space of curvature —a?. That is, § is chosen uniformly at
random in the interval [0, 27) and independently of », which is chosen according to the
density function

asinh(ar)
f(r) := ¢ cosh(aR) —1’
0, otherwise.

if0<r<R,

Construct then the following graph G = (V, E): the set of vertices V is the point set
of the Poisson process and for u,u’ € V, u # v/, there is an edge with endpoints u and
u’ provided the hyperbolic distance d(u,u’) between v and v’ is such that d(u,v’) < R,
where d(u,u’) is obtained by solving (1.1).

For a given n € IN, we denote this model by Poi, ,(n). Note in particular that

R
2:7’L7

/g(r, 0)dodr = ve
and thus E|V| = n. In the original model of Krioukov et al. [KPKT10], n points, corre-
sponding to vertices, are chosen uniformly and independently in the disk B, (O, R) of
the hyperbolic space of curvature —a?, but since from a probabilistic point of view it is
arguably more natural to consider the Poissonized version of this model, we consider the
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latter one (see also [GPP12] for the construction of the uniform model). Note also that
conditional upon having exactly n points in the Poisson process we recover exactly the
uniform model.

The restriction a > % and the role of R guarantee that the resulting graph has
bounded average degree (depending on « and v only). If a < % then the degree
sequence is so heavy tailed that this is impossible (the graph is with high probability
connected in this case, as shown in [BFM16]). Moreover, if o > 1, then as the number of
vertices grows, the largest component of a random hyperbolic graph has sublinear order
(see [BFM15, Theorem 1.4]).

Notation: We say that an event holds asymptotically almost surely (a.a.s.), if it holds
with probability tending to 1 as n — oo. Given two sequences (ay),>1 and (b, ),>1 taking
values in R and such that b,, # 0 for n large enough, we write a,, = o(b,,) to mean that
|an|/|bn] — 0 @as n — oo. Also we write a, = O(b,) if |a,|/|b,| is bounded away from 0
and oo as n — oo, and a,, = Q(by,) if |a,|/|bn| is bounded away from 0 as n — co.

Result: In this paper we study the size of the largest component of the graph in the case
a > 1. In [BFM15, Theorem 1.4] it was shown that its size is a.a.s. at most n!/**+o(1),
The main result of this paper is the following improvement, finding the exact exponent:

Theorem 1.1. Fixa > 1 and v > 0 and let G = (V, E) be chosen according to Poi, , (n),
and Ly C G be the largest connected component of G. There is a constant C' > 0, such
that, a.a.s., the following holds:

n2s (logn) ¢ < |Li| < n3s (logn)© .

Remark 1.2. We cannot hope for Theorem 1.1 to hold for any o > 1 with probability
at least 1 — n~¢ for some ¢ > 0. Indeed, the expected number of vertices v with r, <
(1—¢)(1— 5-)R (or equivalently ¢, > R (15 +¢)) is, by Lemma 2.3, O(ns(35722)y = o(1),
and hence the probability to have such a vertex is also of the same order. If such a
vertex exists, by Lemma 2.5, its degree is (for some constant ¢; > 0) a.a.s. at least
cyn(1=9)/(e)te — p1/(2e)+e" for some ¢’ > 0. As before, the degree is a lower bound on
the size of the component, and therefore we get with probability n=¢(¢) (where cle) =0
as € — 0) a component of order at least nl/(2)+<" for some ¢ > 0, and we cannot hope
for stronger concentration.

Related work: The size of the largest component in random hyperbolic graphs was first
studied in [BFM15]: it was shown that for a > 1 it is at most n'/*t°(1), whereas for a < 1
the largest component is linear. In the same paper the authors also showed that fora =1
and v sufficiently small there is a.a.s. no linear size component, whereas for « = 1 and v
sufficiently large a.a.s. there is a linear size component. In [FM18] the picture was made
more precise: for a = 1 there is a critical intensity such that a.a.s. a linear size component
exists iff v is above a certain threshold. Also, for a < 1, for fixed «, the size of the largest
component is increasing in v and, for fixed v, it is decreasing in «. Furthermore,
in [BFM16] it was shown that for « < 1/2 the graph is connected a.a.s., whereas for
a = 1/2 the probability of being connected tends to 1 if v > 7, and the probability of being
connected is otherwise a monotone increasing function in v that tends to 0 as v tends to
0. For the case 1/2 < a < 1, it was shown in [KM19] that a.a.s. the second component
is of size O((logn)'/(1~*)), whereas, for a = 1/2 and v sufficiently small, it is ©(logn)
with constant probability, and for o = 1 it is a.a.s. Q(n®) for some b > 0. More generally,
starting with the seminal work of [KPKT10], further aspects of random hyperbolic graphs
have been discussed since then: the power law degree distribution, mean degree and
clustering coefficient were analyzed in [GPP12, FvdHMS21]; the diameter was computed
in [FK18, KM15, MS19], the spectral gap was analyzed in [KM18], typical distances
were calculated in [ABF17], and bootstrap percolation in such graphs was considered
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in [CF16]. The authors of [BFK16] calculated the size of balanced separators, i.e., small
subsets of vertices whose removal yields subgraphs of roughly the same size, and they
also compute the treewidth of random hyperbolic graphs. Finally, cliques in hyperbolic
graphs were studied in [BFK18] and the vertex cover problem was studied in [BFFK20].
Recently, a more general model of geometric inhomogeneous random graphs has been
introduced, see for example [BKL17a, BKL19, KL20] and the references therein.

Organization of the paper: In Section 2 we recall some well known properties of the
random hyperbolic graph. Section 3 then describes the construction of the main tool of
our proof: the separation zones. The existence of these zones shows that there is no long
path of vertices with all vertices having roughly the same radial coordinates. Finally, in
Section 4 we use the separation zones to control the size of the connected components
of the graph which leads to the result of Theorem 1.1.

2 Preliminaries

From now on, we suppose « > 1. In this section we collect some properties concerning
random hyperbolic graphs. For notational convenience, for any point v = (r,, 8,) of the
ball B(O, R) we define ¢, = R — r,, the radial distance to the boundary circle of radius
R (instead of the distance to the origin O), and we identify a vertex v of the graph G
with the coordinate pair v = (¢,,0,) (this choice was made already in previous articles,
see for example [CF16]). Moreover, the angles are defined modulo 27, and the distance
between two angles | — ¢’| is a short hand notation for min(|0 — ¢’|,27 — |6 — ¢'|). For
simplicity, we suppose throughout the paper that R is an integer.

Define by 64(d;,d2) the angle at the origin between two points at radial distance d,
and ds respectively from the origin, that are at hyperbolic distance d from each other
(see Figure 2).

do

O < ba(dr.d2)

Figure 2: The angle 64(d1,d2)

By the hyperbolic law of cosines of (1.1),

cosh d; coshds — cosh d)

9d (dlv d2) = arccos ( sinh d1 blnh d2

Clearly, 04(d1,dz2) = 84(d2,d;). In fact, we need only a handy approximation for 0z (ds, d;):
Lemma 2.1 ([GPP12, Lemma 3.1]). If0 < min{d;,d2} < R < d; + ds, then
Or(dy,ds) = 2€%(R_d1_d2) (1 + @(eR_dl_dQ)).

A direct consequence of this lemma is the following corollary:

Corollary 2.2. For any R > 0, there is a function

0,R/2? — R*

6% .
(tl,tg) — 0R (tl,tg)

such that
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« OF (t1,ty) = 26’%(34142)(1 + @(ef(thlftQ)))
* two vertices u,v € V such that ¢, + ¢, < R are connected by an edge iff |0, — 0,| <
07 ().

Throughout, we will need estimates for measures of regions of the hyperbolic plane,
and more specifically, for regions obtained by performing some set algebra involving a
few balls. For a point p of the hyperbolic plane IH?, the ball of radius p centered at p will
be denoted by B,(p), i.e., By(p) := {¢g € H? : d(p,q) < p}. Also, we denote by p(S) the

measure of a set S C H?, i.e., u(S) := / f(r,0)drdé.

S
Next, we collect a few standard results for such measures.
Lemma 2.3 ([GPP12, Lemma 3.2]). Let r € (0, R] and denote t = R — r. Then

p(Bo(r)) = ve (1 4+ 0(1)) = =" (1 + o(1)).

We also use classical Chernoff concentration bounds for Poisson random variables.
See for instance ([BLM13] page 23).

Lemma 2.4 (Chernoff bounds). If X ~ P(\), then for any x > 0,

2

P(X>XM+z)<e 2059 and P(X <A—z)<e 2070,
In particular, for x > ),
P(X>2r)<e 1.

Lemma 2.4 together with Lemma 3.2 of [GPP12] yield the following result:

Lemma 2.5. Let V be the vertex set of a graph chosen according to Poi, ., (n), and let
v be a vertex with t, > C'log R for C' sufficiently large. Then, there exist constants
0 < ¢, < co, SO that a.a.s. cezts < [V N B,(R)| < coe3ty,

3 Construction of the separation zones

In this section we explain how to construct the separation zones. The high-level idea
is as follows: in sectors of about the same angle we find separating regions without
vertices at the angular boundary of the sector, whereas the zones in the middle of the
center typically contain vertices. These separating regions on the angular borders of
the sector therefore work as a natural boundary for the geometric region where the
vertices of a connected component can be. In order for a connected component to span
a very large angle, it would have to contain a vertex close to the origin, but since this
region is typically also empty of vertices, no big connected component can exist. A
similar separator concept was introduced in [BFK16]: the authors showed therein that
for the given range of o > 1, there exist subsets of vertices of constant size such that in
the remaining subgraph all components are roughly of the same size (the size of such
separators given by the authors in [BFK16] is more interesting in the regime where
there exists a large component, but their idea is similar to ours here). We explain the
concepts now in more detail: we first define the following sectors

5(01,92) :{(t,H) ‘ 0<t< Rand 6 §9<92}
and the annuli
Lt th)={(t0) |t <t<ttand0<O<2r}.

We first observe that the number of vertices contained in a not too narrow annulus of a
ball centered at the origin is roughly of the same order as the total number of vertices
in the whole ball. This is formalized in the following (which is a simple consequence of
Lemma 2.3):
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Observation 3.1. Forany 0 < ¢t~ <t < R/2

E[[VNLE 1) =ved 0 (1—e 1) 4 o(1)).

R/2

Proof. By applying Lemma 2.3 and the fact that the total intensity is ve'*/* we get

E[[VALE,th ] =E[[VNBo(t)|\|VNBo(t")|]
=ve? " (1+40(1)) — ve? " (14 o(1))
)

= Ve%_at7(1 et o(1)). O
We then construct for each coordinate pair (to,6) € (0, R/2) x [0,27), a zone that

separates points to the left from points to the right in {(¢,0),t < ¢y }. More precisely,

define for ¢ty < R/2 and 6, € [0, 27), the following separation zone (see also Figure 3):

Alto,00) = { (t,0) | t < toand |0 — 6| < 07 (t,) }.

We thus have the following observation (angles in the following observation are
chosen to be the smaller angle with respect to the given reference angle 6y):

Observation 3.2. Suppose V N A(tg,6p) = 0. Let v,w € V N L(0,ty) with 6, < 6y < 6,
and max(|6, — 0ol |0 — 00|) < |0, — 0,|. Then |0, — 0, > 0%(t,,t,), i.e., v and w are not
connected by an edge.

Proof. The function #%(t,,t,) is increasing in both of its arguments, hence we may
assume that ¢, = t,, = ty3. For this choice, v and w are connected by Corollary 2.2
iff |0, — 0, < 0%(ty,to). However, since A(tg,0) = 0 and 0, < 6, < 6,, we have
|0, — 0, > 20 (t0, 1), i.e., v and w are not connected by an edge. O

Figure 3: A separation zone. The two points v and w are not close enough to be connected
by an edge.

To use the previous observation, we need separation zones which do not contain any
vertices. We prove below that this happens with high probability.

Lemma 3.3. There is a constant ¢ > 0 which depends only on o and v such that for any
t<R/2,
P (3 €{0,...,cR}, VNA{t,2j0% (t,1)=0) >1—e .

Proof. Consider the event

E={3j€{0,...,N}L,VNA({t2j0% (t,1) =0}

ECP 26 (2021), paper 14. https://www.imstat.org/ecp
Page 6/14


https://doi.org/10.1214/21-ECP380
https://imstat.org/journals-and-publications/electronic-communications-in-probability/

On the largest component of subcritical RHG

for some N that we will choose below. We recall that the set A(t, 270 (¢,t)) is included
in the sector

For different values of j, these sectors are disjoint, and thus the random variables
|V N A(t,2j6% (t,t))| are independent, they follow a Poisson distribution with intensity

E[|V N A(t,0)|], and hence
— N+1
P (E) = (P(|VNA®0)>0)Vt = (1 - e—EHVﬂA@vO)H) .
Since t < R/2, Corollary 2.2 and Observation 3.1 give
201 (i,4) : .
E([[VNA(0)]] < Z =5 E[IVNLi-10)]
1<i<(t]
< Z 467%+i1/6R/267a(i71)(1 —e (1 +0(1))
1<i< ]
=dv(e®—1) Y e V(1 40(1))
1<i<[t]
(e —1)e~ (=)

By choosing N = cR for a constant ¢ > 0 sufficiently large, the lemma follows (observe
that the angle 67 (i, i) is small enough to have 2N6% (i,4) < 27 for large R and then such
N clearly exists). O

We next introduce a helpful structure of layers that had in a similar way been
introduced in [BKL17a] for an efficient sampling of geometric inhomogeneous random
graphs. In more detail, we consider the following layers starting from the boundary of
Bo(R): set

4
Vi>0, t; = (O‘ +3i> log R.
a—1

Let thax = iR be the distance to the circle of radius R roughly corresponding to
the largest ¢ for which we can find an element of V' and set ¢;,,x = min{i > 0, ¢; > tymax }-
Note that

tmax < R/2, imax < Rand tpax <t < tmax + 3log R.

— Y?max —

We also set t_; = 0 and we define, fori,j € {0,...,imax }, the angle
0;5 = 0" (i, 1))
and the consecutive layers
Ei - ,C(tifl,ti).

The following observation is standard; it follows again from Corollary 2.2 and Observa-
tion 3.1. Its proof is analogous to the proof of Observation 3.1; and it is therefore left
out.

Observation 3.4. For any 7,5 € {0,...,imax },
E[[VNL|]= ves ~oti-1(1 4 o(1)) and 6;; = 2¢~ 3 (R=ti=t;) (1+ (e (B=ti=tiy),

We now finish the construction of the separation zones. Intuitively, one may think
of separation zones as regions equally distributed over By (R), but it seems easier to
define these regions depending on positions of vertices. On a high level, the idea is
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as follows: we first divide the disk into layers (concentric rings). Each layer is then
divided into sectors by packing separation zones as close to each other as possible (the
number of zones depends on the layer). More formally, for every i € {0,...,imax }, St
K. = [2m/(3¢RY; ;)] where c is the constant given in Lemma 3.3. Forevery 0 < k < k!,

we find the (k + 1)-th separation zone to be the closest (to the right) empty region to the
angle 3cRk0; ;. More formally, define for 0 < k < k!

§"* =min{j € N | V N A(t;, (3¢Rk +25)0; ;) =0},
where min () = co. We assign A** then to be the closest region to 3cRk; ;:
AP = A(t;, (3¢RE +25%)0; ,),

where we set A = () in case it turned out j** = cc. The set A"* represents the (k+1)-th
separation zone of layer i. For notational convenience, we also set A% Fmax = 440 We
could have A** = A“**+1 and the two sets might not even be well defined. We will
thus use Lemma 3.3 to show that asymptotically almost surely none of the two things
happens.

In order to state the next lemma properly, we define the following (pseudo)distance
between separation zones:

VA, B C Bo(R), d(A,B) =inf{|0 —¢'| | (t,6) € A, (¢,0') € B}.

As indicated before, the separation zones described indeed are well defined, i.e., they are
more or less equally distributed around the whole disk, as the following lemma shows:

Lemma 3.5. Let ¢ be the constant given in Lemma 3.3 (depending only on o and v).
Then the event £x defined by

max?

Er = {V0 <i < imax, V0 < k < klyoy, A" # 0 and cRO;; < d(AYF, APFHY) < 5cRO; ; }
occurs a.a.s.

Proof. Let c be the constant given in Lemma 3.3 and consider the event

Fr={V0<i<imax, VO <k <kl 3j€{0,...,cR}, VN A(t;, (3cREk +25)0;;) =0} .

max’

Clearly, Fr C &g and it is sufficient to bound P (F ). Then, for R large enough, using
the definition of k!

max’

P(Fr)< > P(Vje{0,...,cR},V N A, (3cRk+2§)0;;) # 0)
0<i<%max
0<kh<klyas
= > kP (Vi €{0,...,cR},V N At:,20;:) #0)

0<i<imax

0<i<imax
R

o 1
<C; Z e2"lie RSC’ge 3R

0<t<imax
Since the last quantity goes to zero as R tends to infinity, the lemma is proven. O

Hence, a.a.s. the distance between two consecutive separation zones A** and A»*+1
is always of the order R0, ;. The idea is that every path of connected points from a vertex
in V N B; i, to another vertex in V N B; ; with k£ # ¢ has to go through an intermediate
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3CR91"¢ 3CR9¢’1'

Figure 4: The separation zones

vertex that is closer to the origin, i.e., points cannot be connected “below”. In order
to make this more precise, define now, conditional upon &g, the area B; ;, between two
separation zones (see also Figure 4): for 1 < k < k? et

7
max’ 1

Biw={(t.6) € Bo(R) | t<t,

and sup {0 | (t,0) € A1} <0 <inf {0 (t,0) € Ai”“}}

and Bo = {(t,6) € Bo(R) | t <t
and sup {6 | (t,0) € A¥*mex"1} <0 or 0 < inf{d](t,0) € ,4%0}},

Rewriting Observation 3.2 we obtain the following observation, assuming that we
indeed found the separation zones, that is, we have Abrk # 0.

Observation 3.6. Suppose A" # (). Letu € VN B, and v € V N B, , with k # ¢. Then
u and v can only be connected by a path that has at least one intermediate vertex w € V'
such that ¢,, > ¢;.

Proof. Note that t,,t, <t;. Then by Observation 3.2, u and v are not connected by an
edge. Since this holds for any & # ¢ and any u, v, there can be no path between « and v
containing vertices w € V such that t,, < ¢; (see also Figure 5). O

Figure 5: The green points are connected while the red ones are not.

4 Covering component

On a high level, the advantage of separation zones is that it is impossible to stay in the
same connected component going from right to left (or the other direction) remaining
always at the same radius or going towards the boundary. We will thus construct, starting
from a certain vertex, a covering component, that is, a component which covers a.a.s.
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the whole connected component of the vertex, if this vertex is the one closest to the
center of its connected component. Roughly speaking, it is constructed in an iterative
way and contains vertices that are ‘close’ in angular distance to a vertex already in the
covering component, where ‘close’ depends on the radial coordinate of the vertex.

We describe now in detail the iterative construction process of the covering compo-
nent. Suppose that the event £ holds. This happens a.a.s. according to Lemma 3.5.
Consider a vertex v € V and let £; be the layer of v. If i = 0, we define C, = {v}, else,
for 0 < j <@ < imax, We set

Gi,j(v) =Vn ,Cj n S(@U — 201',]',91, + 291‘,]‘)

and (see also Figure 6)

CU:{U}UL_J U cu

71=0ue®; ;(v)

Figure 6: Construction of C, = {v, u, w1, ws}, for v € L top-down: first u is added since
this vertex lies in ©2 1 (v), in red, then w; since it is in ©3¢(v), in red too, and finally w,
is added since it lies in ©1 o(u), in blue.

Finally, denote by k the unique integer such that v € £;NB; ;. The covering component
of v is defined as

cc,= |J Cu

WEVNLINB; &

We also denote by Conn(v) the connected component of v. The following lemma
shows that the covering component of v indeed covers the connected component of v if v
is the closest vertex of the center in this component.

Lemma 4.1. A.a.s. for any v € Bo(R), if t, = max{t, | u € Conn(v)}, the connected
component of v is included in CC,,.

Proof. Suppose that the event £ holds. This happens a.a.s. according to Lemma 3.5.
By contradiction, consider a vertex u in the connected component of v that is not

contained in CC,,, and a shortest path v = vy, ..., v,, = u. Hence, there exists a smallest
k > 1 such that the vertex vy, is not in CC,,.
For any ¢ € {0,...,m}, denote by i, the index of the layer containing v, and suppose

there exists k' < k such that ¢, > i;. Among them choose the largest k’, so that

Vee{k'+1,...,k}, ip <ir (see Figure 7).
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Bik,s

Figure 7: The whole path after v; is contained in a unique zone B5;, .

By Observation 3.6, it is not possible to construct a path between vertices of different
zones of level 7, if this path does not contain a vertex w such that ¢,, > ¢;,. Hence,
the v, are necessarily in the same zone as v, named B;, ; in Figure 7. Therefore, the
angle between vy, and v cannot be larger than the angle between vy and vy 41 plus the
angular width of B;, ,, that is,

100 = Oui | < 0y + 5RO, < 20;, 4,

ik ki

and thus v, € Cvk, C CC, which is impossible. Thus necessarily v = vy is in the same
layer as vy or in a layer closer to the boundary. Since v is by hypothesis the vertex such
that t, = max {t, | u € Conn(v) }, we must have v € £;, . Therefore, by Observation 3.6,
v and v, must be in the same zone B;, s for some s and thus v, € CC,,. O

Lemma 4.2. Define K = 128v. A.a.s.,

tittj
2

V0 < j <@ <imax, YU € L;, 10;;(v)] < max(8R, Ke —otj-1)

Proof. For each 0 < j < i < ipax, let d;; = max(4R,641/etiJ§tj_atj*1) and divide
layer £; into [7/(26; ;)] sectors S,(j’j) of angle (at most) 46; ;. Recall that for any
ke {1,...,[n/(20;;)]} the cardinality |S,(j’j) NV N L,| is Poisson distributed with
expectation

E|[Is{ nvng,l| <40,B(V 0 L)

and according to Observation 3.4, if R is large enough,

titty

it
40i,jE [|Vﬂ£3|] S 41/6§7atj71 . 267%(}%7”7”) = 81/6 2 —atj—1 S dl,J/Q

So, for any such sector S,gi’j), for any 0 < j < i < imax, from Lemma 2.4 we have
P (|S£}J) nvnN ,Cj‘ > di,j) S e_d’i'j/4 S 6_R.
By a union bound over all [7/(26; ;)] sectors S,gi’j) and then over all 4, j, we have

P (ao << i <imae, 31 < k< [1/(20:)], 1S9 NV AL > dm->
< > In/26)]e

OSj<iSixnax

Recall that for R large enough, 1/6; ; < ez(R=ti=tj) < ¢R/2 and 4. < R. Thus, for some
universal constant C' > 0,

P (ao < <i<ima, 31 <k < [1/20:)], 1S9 VL) > di,j) < OR%e /2 = o(1).
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Hence, since for each vertex v € V N L;, the set @M(v) can intersect at most two
adjacent sectors S/, we have
P (30 <7 <% < max, JveVn £i, |®i,j(v)‘ > Qdiﬁj) = 0(1). O
Lemma 4.3. There is a constant K5 > 0, such that, a.a.s.
V0 < i < imax, Y0 € L;, |CCy| < Koe2totsti,

Proof. Upper bound for |C,|: recall first that Lemma 4.2 says that, for K = 128v, the
event
70415_1 1) }

happens a.a.s. We proceed by induction on ¢ and prove that, on the event A4, for any
0 <4 <'imax,

A:{V0§j<i§imax, Yo € VN L, |0:,(v)] < max(8R, Ke ™

Vi <i, Y eVNL, |Cy <2Ke™F 4.1)

Since for any v € V N Ly, C, = {v}, the result is obvious for i = 0. Suppose now it is
true for some 0 < i < iyax. We fix some v € V N L, 1, and we will obtain a bound on C,
by summing over all vertices in layers with indices below i + 1 and take their C,,’s:

Gl <[{o}l+ D> > la]

0<j<iu€B;y1,5(v)

<1+ > 1+ Y Y ek

uE@Hl 0(’0) 1<5<e u€®i+1 j( )

—1+|@z+10 |+ Z |@z+1j ‘2K€
1<5<s

L+1+ 0 t0+t

<1+ max(8R,Ke™ =z 1) 4 Z max(8R, Ke

1<5<i

7+1

Lt 2Ke 2

Recall that¢t_; =0 and for¢ > 0, t; = (% + 3i) log R. Thus, for large R,

z+1+ 0

max(8R, Ke —ot-1) = Ke

ti+1+to
2

and

to+tit1

2 (gRetj_éi“ + Ketimati-1)

max(8R, Ke S5l —at;- 1)2Ke

—2K6 2 (8R2(] i)—3 + KR 3(a— 1))

This leads to the following bound for |C,:

tottit1
|Cv| <l+e 2 + 2K

16K , RTiof3
Kt —--— —_—
VR(1 — R—3/2) 1 — R—3(a=1)

For R large enough, we then have |C,| < 2Ke 5
bound of (4.1) for any v by induction.

i+1. This proves the

Upper bound for |CC,|: Fori € {0,...,imax }, denote by I'; the set

Fi:{veVﬂﬁi

o] < 5cRO; } .
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According to Observation 3.4, there is a constant K depending only on v and ¢ such that
for R large enough and i € {0, ..., imax },
R

E[|Ti|] = 10cRO; ;E[|V N L;|] < KRe™3(B-2k) g5 —ation — K Reti—atiz1

Thus, E[|T;]] < KRelo < %e%fo. Now, since |T';| is a Poisson variable, Lemma 2.4 says
that

P (|F1| Z e%to) S e—e%to/S.
Therefore,

P (&nn {3 € 0, imacts € {1 ki } VN LN B 2 B })

mex g s
< . P(Fi > *tO)
- ; ’726R9i7i—‘ | | = e

which tends to 0 as R goes to infinity.
Finally, a.a.s., for any « > 0 and any v € V N £L;, the cardinality of CC, satisfies

ttg .
[CC.| < max |Cu| max [VNLiNBl < 2K e o3t = 920t it
weVNL; k<Kl ..
and the lemma follows by choosing K> = 2K. O

Proof of Theorem 1.1. According to Lemma 4.3, there is a constant K5 > 0 such that,
a.a.s.

tmax+3log R
2

ma&<|Conn(v)| < ma&<|CCv| < Kpetotstimax < o2tot — edst(aBr+3)log R,
ve ve

(4.2)

By Lemma 4.1 we obtain the upper bound for |L,| in the theorem.

For the lower bound, by Lemma 2.3, for any function w tending to infinity with n
arbitrarily slowly, u(Bo(rmax +w)) > 1/n, and hence a.a.s. we find a vertex v with
ty > tmax — w. In such case, the degree of v is, by Lemma 2.5, s a.a.s. between
cre(tmax—w)) and cyes (tmax—w)) (for some constants ¢; < cy), and thus, a.a.s. of the order
nzato@/n) The degree of a vertex is a lower bound on the size of its component, and

hence Theorem 1.1 follows. O
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