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Abstract

We describe the asymptotic behaviour of large degrees in random hyperbolic graphs for
all values of the curvature parameter «. We prove that, with high probability, the node
degrees satisfy the following ordering property: the ranking of the nodes by decreasing
degree coincides with the ranking of the nodes by increasing distance to the centre, at
least up to any constant rank. In the sparse regime o > %, the rank at which these two
rankings cease to coincide is n!/(1+80+0() We also provide a quantitative description
of the large degrees by proving the convergence in distribution of the normalised degree
process towards a Poisson point process. In particular, this establishes the convergence
in distribution of the normalised maximum degree of the graph. A transition occurs at
o= %, which corresponds to the connectivity threshold of the model. For o < %, the
maximum degree is of order n — O(n""H/ 2), whereas for o > %, the maximum degree
is of order n!/@® In the a < % and o > % cases, the limit distribution of the maxi-
mum degree belongs to the class of extreme value distributions (Weibull for o < % and
Fréchet for o > %). This refines previous estimates on the maximum degree for o > %

and extends the study of large degrees to the dense regime o < %
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1. Introduction

The class of complex networks consists of large real-life networks that primarily arise from
human interactions, such as social networks and the Internet, as well as from other fields like
biology [2]. Networks in this class exhibit four essential features: high clustering, the small-
world property, sparseness, and a scale-free degree distribution [11]. Krioukov, Papadopoulos,
Kitsak, Vahdat, and Boguiid empirically showed that these four properties naturally emerge in
graphs constructed on hyperbolic spaces. This led them to introduce the random hyperbolic
graph (RHG) as a model for complex networks [17]. Boguiid, Papadopoulos, and Krioukov

Received 16 September 2025; accepted 16 September 2025.
* Postal address: Département de Mathématiques, Université de Fribourg, Chemin du Musée 23, CH-1700 Fribourg,
Switzerland. Email: loic.gassmann@unifr.ch

© The Author(s), 2025. Published by Cambridge University Press on behalf of Applied Probability Trust.
This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

https://doi.org/10.1017/apr.2025.10035 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2025.10035
https://orcid.org/0009-0008-5359-1648
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/apr.2025.10035&domain=pdf
https://doi.org/10.1017/apr.2025.10035

2 L. GASSMANN

further illustrated this point by providing an embedding of the Internet graph into a hyperbolic
space [6]. For modelling purposes, the model can be tuned through a curvature parameter o
and a parameter v determining the average degree.

It has now been rigorously proven that, in the regime o > %, the RHG exhibits all the prop-
erties of complex networks listed above. Sparseness is proven in [19], the small-world property
is shown in [1], the high clustering is also fully tested [10], [13], [14], and the scale-free degree
distribution of the RHG has been proven in [14]. In this regime, the RHG is a particular case
of the geometric inhomogeneous random graph (GIRG) [8]. In the GIRG model, nodes are
sampled on a torus and inhomogeneity is obtained via power law weights on the nodes, which
determine the connection probabilities. It is established in [8] and [9] that the GIRG model
possesses the main properties of complex networks listed above, thereby reproving, in a more
conceptual way, that the RHG exhibits all the properties of complex networks.

A graph is said to have a scale-free degree distribution when its degree sequence follows a
power law distribution, meaning that, for large k, the number of nodes with degree k behaves
like an inverse power of k. In this case, the graph has a large number of hubs (nodes with
degrees much larger than the average degree). A RHG is typically structured as follows: high-
degree nodes are well connected to each other and serve as hubs for nodes with slightly lower
degrees. These intermediate-degree nodes, in turn, connect to nodes with even lower degrees,
and so on, forming a hierarchical, tree-like structure. In addition to this tree-like organization,
there are also connections between nodes with similar angular coordinates. This structure pro-
vides an intuitive explanation for the small-world phenomenon observed in these graphs, as
short paths naturally emerge by travelling from hub to hub.

Inthe @ < % case, the RHG is no longer sparse nor scale-free. However, the model remains
highly inhomogeneous in the sense that the degree distribution of a node depends heavily on
its position in the hyperbolic space, leading to the presence of a large number of hubs. This
regime is referred to as the dense regime. The value o = % is also the transition point between
the connected and the non-connected regime: for o < %, the graph has a high probability of
being connected, with connectivity being entirely ensured by a few large hubs located near the
centre. Conversely, for o > % the graph has a high probability of being disconnected. In the
critical phase o = %, the probability of connectivity tends to a constant that depends on the
parameter v. This constant takes the value 1 if and only if v > 7 (see [5]).

1.1 Main results

In this paper we are interested in the nodes with the largest degrees, which are the most
important hubs of the graph. Theorem 3.1 proves the ordering of these nodes, namely that,
for k fixed, with high probability, the node with the kth largest degree is the node with the
kth smallest distance to the centre of the underlying space. In the regime o > % Theorem
3.2 even shows that this ordering property holds up to rank n!/(1+80)+o() and fails beyond.
Finally, Theorem 3.3 states the convergence in distribution of the normalised point process of
the degrees towards a Poisson point process. In particular, it establishes the convergence in
distribution of the normalised maximum degree of the graph for all & > 0.

Node degrees in RHGs are closely related to the measures of certain regions of the underly-
ing hyperbolic space. The exact expressions of these quantities are seldom tractable, but since
we are seeking asymptotic results, we only need to approximate them. The approximations
we employ depend on the value of the curvature parameter «, as the asymptotic position of
the closest node to the centre is strongly influenced by this parameter. In the regime o > %
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we use the approximations from [14, Lemma 3.2] (see Lemma 5.3 for another version of this
result and Lemma 8.1 for a refinement). In the two regimes o < % and o = %, We use new

approximations (given by Lemmas 5.4 and 5.5, respectively).

1.2. Structure of the paper

Section 2 contains a presentation of the RHG model. Our main results are given in Section 3.
In Section 4 we prove the convergence of the node radii. Section 5 is dedicated to estimations
of the measure of the balls involved in the connection rule. The results of these two last sec-
tions are used to prove Theorem 3.1 (Section 6), Theorem 3.3 (Section 7), and Theorem 3.2
(Section 8).

2. Definition of the model

2.1. Hyperbolic geometry

Before introducing the RHG model, let us review some definitions and notation concerning
hyperbolic geometry. We refer to the book of Stillwell [21] for a broader introduction to hyper-
bolic geometry. The Poincaré disc, denoted by H, is the open unit disc of C equipped with the
Riemannian metric gp, defined at w € H by

4gc

A= wpe where g¢ is the Euclidean metric on C.
—|w

&=
We denote by dp the distance induced by gy on H. Throughout this paper, we make extensive
use of the polar coordinates to describe points in the Poincaré disc. The polar coordinates of a
point w in H are given by the pair (r(w), 8(w)), where r(w) denotes its hyperbolic distance to
the origin and 6(w) denotes its angle in the complex plane. The quantity r(w) is also referred
to as the radius of w. If x and y are two points of H with respective polar coordinates (r, 6)
and (s, B), the hyperbolic distance between x and y is given by the celebrated hyperbolic law
of cosines:

cosh (dy(x, y)) = cosh () cosh (s) — sinh (r) sinh (s) cos (8 — B). 2.1)

For visualization purposes, we use the native representation to draw pictures of the RHG, as
done in [17]. This means that instead of representing the RHG directly in H, we represent its
image under the mapping o — r(w)e’®™), defined from H to C. This transformation dilates all
distances to the origin, ensuring that every point (r, ) is represented with a Euclidean distance
to the origin equal to its radial coordinate r.

For a point x with polar coordinates (r, #) in H and a radius s > 0, we denote by B,(s) or
Bir,0)(s) the open hyperbolic ball of radius s centred at x. For 0 < r; < r, we define C(ry, r2)
as the annulus with inner radius r; and outer radius r;, i.e. C(ry, r2) := Bo(rz) \ Bo(ry).

2.2. RHG

We now proceed with the formal definition of the RHG G, ,,(n), as defined in [17]. Fix two
parameters « > 0 and v > 0 and, for n € N*, set

Ry:= 2log <E> 2.2)
v
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FIGURE 1. Simulations of RHGs (native representation) with n =500, v =1, o =0.45 (left), « =0.50
(middle), and o = 0.55 (right). The boundary of By(R,) is represented by a black circle and its centre by
a larger dot.

Define a probability measure w, on H such that, if a point (r, 6) (in polar coordinates) is chosen
according to ,, then r and 6 are independent, 6 is uniformly distributed in ( — 7, 7], and the
probability distribution of r has a density function on R given by

« sinh (ar
on(r) := —()1{r<Rn}~ (2.3)

cosh (aR;) — 1

Let X{, X5, ..., X} be a sequence of n independent points sampled from the Poincaré disc
according to the distribution w,, (for brevity, the superscript z in X' will often be omitted). We
denote by G, (n) the RHG with n nodes and parameters « and v. It is defined as the undirected
graph with nodes at the points X7, X7, ..., X}, where an edge exists between two nodes if and
only if their hyperbolic distance is at most R,,. The degree of a node X; in the graph Gy ,(n) is
defined as the number of its direct neighbours in G, ,(n) and is denoted by deg (X;). Since we
focus on the behaviour of large graphs, the value of n will always be considered large, while
the parameters o and v are fixed.

Observe that the n nodes of the graph G, ,(n) are located within By(R,). Moreover, due to
the choice of the measure, the points tend to concentrate near the boundary of By(R,). Also
note that the measure (,,(B,0)(s)) of a ball centred at (r, ) is independent of 6. Therefore, we
omit the angle 6 to shorten notation and instead write u,(B,(s)). Likewise, we write 1, (B,(s) \
Bo(s")) instead of 11,(B(0)(s) \ Bo(s)).

In the special case o =1, w, is the uniform measure on By(R,) associated with the
Riemannian metric gp. In the general case @ > 0, u, corresponds to a uniform measure on
the hyperbolic plane H,, of curvature —a2. More precisely, for fixed « > 0, multiplying the
differential form in the Poincaré disc model by a factor 1/a?, we obtain a hyperbolic plane
of curvature —a”. Choosing a point according to the measure 1, amounts to choosing a point
uniformly in the ball of radius R, of H, and projecting it on H, by keeping the same polar
coordinates. The measure of a ball of radius r in H,, is

2w
—2(cosh (ar) —1);
o

thus, the larger « is, the faster it increases with r. Therefore, the larger « is, the more the points
of the graph G, ,(n) concentrate near the boundary of By(R,). Thus, the maximum degree is
expected to decrease with o (see Figure 1). The degree distribution is also influenced by the
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parameter v. Increasing v makes the domain smaller, which limits the concentration of the
nodes near the boundary of the domain, resulting in a higher expected degree. In the sparse
regime o > %, the expected degree evolves linearly with v [14].

The Poissonised RHG Qg";) (n) is obtained by choosing the nodes according to a Poisson
point process with intensity measure nu,, instead of choosing n points according to the mea-
sure (t,,. All the results proved in this paper also hold for the Poissonised model. In the proof of
the non-ordering result (3.2), the use of a classical Poissonisation/de-Poissonisation procedure
allows us to avoid some technicalities by using the properties of Poisson processes.

3. Results

3.1. Ordering of large degrees

We denote by X;’ Y X&), cee, X(”n) a reordering of the nodes of Gy, (n) by increasing radius,
ie. r(Xf’l)) < r(XE’z)) <...< r(XE’n)). To shorten notation, we often omit the superscript n. Our
first result shows that this ranking of the nodes coincide with the ranking of the nodes by
decreasing degree, at least up to any constant rank. We say that an event occurs with high
probability if its probability tends to 1 as n — oo.

Theorem 3.1. For fixed a« >0, v >0, and k€ N*, the following event occurs with high
probability:

deg (Xfl)) > deg (sz)) >...>deg (ka)) > deg (Xz'i)) foralli> k.

In the regime o > % we will even prove the following result, which provides an estimate of
the rank at which the ranking of the nodes by increasing radius and the ranking of the nodes by
decreasing degree cease to coincide. We believe that similar polynomial rank orderings hold in
the other regimes, but we choose to present this refined result only for the case o > % to avoid
additional computations.

Theorem 3.2. Let us fix o > % v > 0, and a sequence a, — 00. Define

1
P=13gq @ Fn'= n’ log (n)*.

We have, with high probability,
deg (X?l)) > deg (X(”Z)) >...>deg (X(nk,,)) > deg (X("i)) for all i > ky, (3.1)
and there exists i € [nf, nPa,] such that
deg (XZ»)) <deg (XZ‘H))' (3.2)

If we choose a, =log (n), the result shows that, with high probability, the ordering of the
degrees holds up to rank n#~°(1) and fails before rank nf+°(1). This proves the optimality of
the exponent 8 as the ordering exponent.

The ordering results above show that the position of a node in the underlying hyperbolic
space is a precise estimate of its position in the hierarchy of hubs. This is natural, as the
degrees of the k closest nodes to the centre stochastically dominate the degrees of the n — k
following nodes. However, this observation alone is insufficient to prove our ordering results,
since having more connections than these n — k nodes requires competing with a polynomial
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number of nodes. For example, in the random recursive tree model, similar ordering results do
not hold: the root has the highest expected degree but does not necessarily have the highest
degree (see [12]). In RHGs we use the fast decay of degree with distance to the centre to show
that the k (or k) closest nodes to the centre can compete with the remaining n — k (or n — k)
nodes.

3.2. Convergence of large degrees

For every subspace E of the compactified real line [—00, c0], we denote by M),(E) the space
of locally finite point measures on E. A point process on E is a random element of M,(E)

(see [7], [15], and [20] for details on point processes). We denote by ‘i)’ the convergence in

distribution (or weak convergence) of point processes in M, (E). We also use the notation ‘ﬁ> ’
for the convergence in distribution of random variables or random vectors. For x € [—00, 00],
we write &, for the Dirac measure at x.

We want to describe the asymptotic behaviour of the point process of node degrees
Z;;l Sdeg (xXn)- We consider this point process as an element of M,((0, co]). Since the inter-
val includes +oo0, this point process captures information about the largest degrees of the
graph. Given that the expected value of the maximum degree goes to co with n, we normalise
the degree process by a quantity depending on the expected value of the maximum degree.
This quantity heavily depends on the curvature parameter «. As with connectivity, a transition

occurs at @ = l cfora < 5 1 the maximum degree is of order n — O(n®*1/2), whereas for o > é,

the max1mum degree is of order n'/®)_ This compels us to treat the three regimes o < é,

o= 5, and o > i separately. The result below states the convergence in distribution of the nor-
malised point process. We recall that, for 8 > 0, a random variable Z follows the distribution

Weibull(B) if, for all z>0, P[Z<z]=1— e_Z’S and it follows the distribution Fréchet(p) if,
forallz>0,P[Z<z]= et

Theorem 3.3. Let us fix o, v > 0 and denote by D™ the maximum degree of the graph G, (n).
We have the following convergences.

e forua < %,

n
d .
D St deg (xty—m) —— Mg in Mp((—00, 0)), (3.3)

n—od
i=1
where 1y, is the Poisson process whose intensity measure has density g1, given by

g1(y) =212 y| forally e (00, 0].

In particular,

aN—Dy  a .
TV W m Welbull(Z)

° Foroz—j

Z%mmw—ﬁezmmwnx (3.4)

n—oo
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where g, is the Poisson process whose intensity measure has density g, given by

Vih)

() = v|(V]—/12)/(y)| sinh ( ) forally € (0, 1],

where V3 is the diffeomorphism from [0, 00) to (0, 1] defined by

1! h(r) — x~2
Vip):= — / arccos | max | — 1, M dx forallr>0.
T Jo sinh (r)

In particular,
nilD;f‘x L) V1,2(2 arcosh(Exponential(2v) + 1)).
n—oo

o foroa > %,

n
d .
D 1/ geg xry ——> Ngs inMp((0, 00)), (3.5)

n—oo
i=1
where 14, is the Poisson process whose intensity measure has density g3, given by
8300 =2a(Cav)™y ™7 forall y € (0, 00],

where Cy := 20 /7 (0 — %). In particular,

Dy~ d .,

— 5 Fréchet(Qu).

Ca\)nl/(Za) n— 00
Remark 3.1. Convergence in distribution of a sequence of point processes (P,)neN towards
a point process P in My((a, b]) (with a, b € [-00, o0]) is equivalent to the convergence in
distribution of the vectors (Y7, Y5, ..., ¥}) towards (Y1, Y2,..., ¥x) in R* for every positive
integer k, where Y| > Y} > ... > Y} are the k largest points of P, and Y1 > Y2 > --- > ¥; are
the k largest points of P (assuming that /P almost surely has infinitely many points). One gets
a similar characterisation of convergence in distribution in M,([a, b)) by inverting the order.
Convergence in distribution in M,(E) can be characterised in many other ways, such as via the
convergence of evaluation functions or the convergence of Laplace transforms (see [7], [15],
and [20]).

In the regime o > % Theorem 3.3 refines the estimate of n'/@0+°() for the maximum
degree given in [14]. It also supplements the description of the scale-free degree sequence
presented in the same paper by describing precisely the sequence of the k largest degrees for k
fixed. Also note that, in the regime o > 1 a more general result can be found in [3], where the
convergence towards a Poisson point process with a power law intensity is proven for a general
class of scale-free inhomogeneous random graphs. By refining the proof of the representation
of the RHG as a GIRG from [8], it can be shown that the RHG in the regime o > % is indeed
part of the more general model considered in [3]. This provides an alternative proof of Theorem
3.3 for o > % Note that this result would not hold directly for GIRGs, even with unspecified
limit distributions, because the O notation appearing in the definition of the edge probabilities
may allow large degrees to oscillate instead of converging. Also note that, in the present paper,
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we propose proof strategies that work for both the sparse regime o > % and the dense regime
1

o< 7-

Inthe @ < % and o > % cases, we obtain extreme value distribution limits for the maximum
degree D). This is not surprising, as D)™ is the maximum of a weakly correlated sequence
of variables. However, a difficulty in proving a formal result using a standard extreme value
theorem (see, for example, [18] and [20]) arises from the fact that the distribution of the typical
degree depends on n. Nevertheless, we can still use extreme value theory to give an intuitive
explanation of the limit distributions of D™ as follows. In the regime o > %, the limit distri-
bution is easy to interpret since the degree of a typical node converges to a power law with
exponent 2« + 1, which belongs to the domain of attraction of Fréchet(2«). In the regime
o< %, the degree distribution does not converge, but since the largest degrees are attained by
nodes that are close to the centre, we can focus on a variable D,, distributed as the degree of
a typical node in the annulus C(0, n%~1/2+¢), with & > 0 small. A direct computation using
Lemma 5.4 shows that (n — D,)n~(1/2te+e) converges in distribution towards the inverse of a
power law with exponent 1, which belongs to the domain of attraction of Weibull(2). Similar
arguments using polynomial normalisations cannot hold in the regime o« = % as, in this regime,
the highest degrees are too much influenced by the geometry of the model. The influence of the
geometry can be seen in the function V,,(2arcosh( - +1)) appearing in the limit and explains
why we do not obtain an extreme value distribution in this case.

In a soft version of the RHG model [6], the threshold rule for connection is replaced by
the following connection rule: conditionally on their positions, the two nodes X; and X; are
connected with probability

1
T 1 +exp (du(Xi, Xj) — Ry)/(2T))’

Pij

where T > 0 is a temperature parameter. We recover our initial model by taking the limit 7 — 0
in the soft model. We believe that the results of Theorems 3.1 and 3.3 remain valid in the soft
model (with different limit distributions in Theorem 3.3), as the expected degrees of the nodes
should stay of the same order in the soft model. In the o > % case, this can be proven by
combining [3] and [8]. The computation of the limit measures in the soft case would require
replacing volume estimates with estimates of the integrals of the connection probability, so as
to approximate the expected degrees of the nodes under the new connection rule.

3.2.1. Landau’s notation. In this paper, we use the Landau notation 0 and O to describe the
asymptotic behaviour of certain quantities as the number of nodes # tends to co. Specifically,
we use a version of this notation that allows us to express uniformity in some other variables
Y1, Y2, ..., Yq. More precisely, for (J,),eN, a sequence of subsets of RY and two functions
f.g: Nx R4 — R, we write

g(naY)ZOyeJn(f(naY)) lf V8>O’ El”lOavninO,VyEJna |g(n7 Y)|§Elf(”7)’)|’
and we write
g(na )’)Zoyeln(f(n’ Y)) lf EC>0, EHO,VnanV}’GJn» |g(n7 )’)| Sclf(n9 Y)|

Note that the subscript ‘y € J,,” indicates that the comparison holds uniformly for y in the set
Jy, as n tends to co. To simplify notation, this subscript is specified beforehand and omitted in
most cases. When f and g are functions of the variable n only, we keep the same definitions.
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4. Convergence of the radii

The particularity of RHGs, compared with graphs constructed in Euclidean spaces, is that
the degree of a node strongly depends on its position in the underlying space, specifically on its
radius. In this section we study the asymptotic behaviour of the radii of the closest points to the
centre by proving the convergence of the point process of the radii Y -, Srexmy in M ([0, 00)).
Since the interval includes 0, this point process captures information about the smallest degrees
of the graph (see Remark 3.1). As in Theorem 3.1, normalisation by the expected value of the
smallest radius is required.

Proposition 4.1. We have the following convergences.

e forua < %,

n
d
S 12— — in M,([0, 00)),
Z nt/2=e (X T M P([ )
i=1
where 1., is the Poisson process whose intensity measure has density y1, given by
2v2a

y1(u) =2« u foralluel0, c0).

’

B[—

e foro=

n

d .
E Srexm) — in M([0, 00)),
i=1

where 1., is the Poisson process whose intensity measure has density y, given by
) u
(1) = v sinh <§> for all u € [0, 00).

e foro > %,

n
d .
Z SHXM)—(1=1/Qa)R, — 2 in My, ([—00, 00)),
i=1

where 1, is the Poisson process whose intensity measure has density y3, given by

/)

y3(u) = ave*  forall u € [—o0, 00).

Proof. We introduce the functions y1, y», and y3 exactly like in the statement of Proposition
4.1. For E a subspace of [—00, o], let us write C;('(E) for the set of continuous, real-valued
and non-negative functions on E with compact support. We begin with the a < % case. Fix
e C;('([O, 00)). By a simple change of variables, we get

RE[o(n"/2~* HXI))] = n /0 (/2 p(r) dr

_/oo o o sinh (ocun"‘_1/2)111/24%1

- cosh (@R,) — | tusnt/2-ek,) it
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Using the fact that sinh (x) ~ x for x close to 0 and that cosh («R),) ~ %(n/ V)2 for large n, we
get by the dominated convergence theorem,

nElp(n'> = rX)] —— fo Py (u) du. 4.1)

Note that the above states that the measures nP[n!/ 2_‘J‘r(XE’) € -] converge vaguely on [0, co)
towards a measure with density y; with respect to the Lebesgue measure. For all n € N*, we
denote by W, the Laplace functional associated with the point process Y ;| 8,1/2-« rXT) and we
denote by W the Laplace functional associated with n,,. Since the variables r(X}), ..., r(X})
are independent, it follows from (4.1) and a classical computation that, for all f € C}?([O, 0)),
W, (f) = Y(f) (see [20, Proposition 3.21] for a detailed computation). This is sufficient to
establish the desired convergence in distribution for o < %

Inthe = % case, for ¢ € C;g([O, 00)), we have

sinh (r/2)
2(cosh (R,/2) — 1)

nElp(r(X{)]=n /0 @(r)

o]

— A o(r)ya2(r) dr,

l{rert} dr

n—oo

where the convergence follows from approximating cosh (R, /2) by n/(2v) and applying the

dominated convergence theorem. Thus, we can conclude exactly like in the o < % case.

In the o > % case, a simple change of variables gives, for ¢ € C;g([—oo, 0)),

1 % 1
nE|:(p<}’(le) — (1 — Z)Rn>i| =n/0 (P(r — (1 — Z>Rn>:0n(r) dr
Ru/Qa) ansinh (a(u+ (1 — 1/20)R,))
Zf o(u du.
—(1=1/2)R, cosh (aR;,) — 1

“4.2)
Moreover, there exists K > 0 such that, for all sufficiently large n € N* and all u € R,

an sinh (e(u + (1 — 1/2a)Ry))

o) cosh (@R,) — 1 < Ko(u) exp (ou).

The bound above is integrable on R. Applying the dominated convergence theorem to (4.2)
and using the fact that cosh (x) ~ e*/2 and sinh (x) ~ e*/2 for large x, we get

nIE[go(r(X'f) - <1 — %)Rn>i| 2 /OO e(u)ys(u) du.

We conclude exactly like in the o < % case. U

5. Measures of the connection balls

A node in the RHG G, (n) is connected to all other nodes that are at a distance smaller than
R, from it. Thus, conditionally on the position of the node X, the degree of X follows a binomial
distribution with n — 1 trials and success probability 1,,(B-x)(R,)). The previous section gives
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/ Bx(Ry) Bo(R,)

FIGURE 2. Depiction of a ball Bx(R,) (native representation).

a good understanding of the radii of the closest nodes to the centre (X(1)). In order to obtain
information about the degrees of the closest nodes to the centre, we now study w,(B,(Ry))
as a function of r. Unfortunately, this quantity cannot be expressed by a tractable closed-form
formula. However, since we are principally concerned with the asymptotic behaviour of G, ,, ()
as n — 00, it is sufficient to provide approximations of this quantity.

Before dealing with quantitative results, we state the following lemma, which gives an intu-
itive inclusion between hyperbolic balls. Its proof follows readily from [4, Lemma 2.3]. The
fact that w,,(B,(R,,)) decreases with r shows that the expected degree of a node X is a decreasing
function of r(X). Indeed, we can see in Figure 1 that the ball Bx(R,,) is not entirely contained in
the domain By(R,,). If we let #(X) increase, then more mass is lost outside the domain By(R},),
leading to a smaller expected degree. This strongly suggests that the nodes with the highest
degrees are likely to be located near the origin of the underlying space.

Lemma 5.1 (Lemma 2.3 of [4].) For all a, v >0, n€ N*, and 0 <r <r <R, the following
holds:

B 0y(Rn) N Bo(Ry) C Byr,0y)(Ry) N Bo(Ry).

In particular, the function r — pu,(B-(R,)) is decreasing.

Now, to get quantitative results on 1, (Byx)(R,)), we first give an integral expression of
un(Br(Ry,)) for r € [0, R,). In the following definitions, we take o > 0 and we fix an integer
n € N*, We also take r and y in [0, R,). Using polar coordinates for points in the Poincaré disc,
we define the set 1,(r) by

I(r):= {0 €0, m]: (y, ) € B(r,0)(R)}-

It follows from a direct use of the hyperbolic law of cosines (2.1) that I,(7) is a non-empty
interval containing 0. Thus, defining 6,(y) by

0,(y) := sup I,(r),

we get

1 (R
un(Br(Rn))=; /0 0, pn(y) dy. (5.1)
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N
\\

‘ B{I'.[n [ h’u )

FIGURE 3. Representation of 0,(y) (in a Euclidean setting).

Figure 3 provides a graphical representation of the angle 6,(y) (in a Euclidean setting to ease
the representation). Let us fix r € [0, R,). We want to compute 6,(y) for y € [0, R,,). It is clear
that Bo(R, — r) C B0y (Ry), so

0,(y)=n forallyel[0, R, —r]. (5.2)

When y > R,, —r, the point (y, 6,(y)) is at a distance R, from the point (,0), so by the
hyperbolic law of cosines (2.1), we get

. cosh (r) cosh (y) — cosh (R,,) _
€0 G0N = " n () sinh ) forally €l = ) Y

One may check that (5.2) and (5.3) can be rewritten as

cosh (r) cosh (y) — cosh (R,)
sinh (r) sinh (y)

0,(y) = arccos <max < -1, )) forall r,y € [0, R,). (5.4)

To estimate the degrees of the closest nodes to the centre (X(1), X(2), . . . , X(x)) (With k fixed),
we need an estimate of w,(B,(R,)) that holds for r in intervals containing the radii of these
nodes with high probability. The convergence of the radii given in Proposition 4.1 shows that

the choice of this interval highly depends on the value of «: going from small radii when o < %

to large radii for o > % This requires treating the three regimes separately.

In the a > 4 case, we recall the following crucial estimate for the angle 6,(y) from [14,

2
Lemma 3.1].
Lemma 5.2. Suppose that o > % Forre[0,R,)andy € [R, —r, Ry),
0,(y) = 2eRn=I2(1 + O(Rr=)).

It is shown in [14] how this estimate can be combined with (5.1) to approximate quantities
related to the measure of the ball 5,(R,,). In the following lemma, the first estimate is a weaker
but more convenient version of the approximation of the quantity w,(B,(R,) \ Bo(x)) given in
[14, Lemma 3.2]. The second estimate shows that most of the mass of 3,(R,) is contained in
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the part of the ball that is outside of the disc of radius (1 — )R, This is in line with the fact
that most of the nodes of G, , (n) concentrate near the boundary of By(Ry,).

Lemma 5.3. Suppose that o« > % and set Cy := 20 /(0 — %). Fix n > 0 and a sequence (uy)
that diverges to +oo. For r € [uy, R,) and x € [0, (1 — n)R,], we have

[n(Br(Ry) \ Bo(x)) = Cae™""*(1 + o(1)). (5.5)
Fix e € (0, 1) and set R, := (1 — €)Ry,, we have, for r € [eRp, Ry),
(B (Ry) N Bo(RE)) = O(e™ "/~ ¢@=1/DRny, (5.6)

Proof. Since the measure w,, is supported on the ball By(R,), the estimates of [14, Lemma
3.2] can be rewritten as follows.

e Forx <R, —r,
(B (Ry) \ Bo(x)) = Coe™/(1 + O(e™ @1/ - e77y). (5.7)

e Forx>R, —r,

_ - a—1/2 _ —(a—
pn(Br(R)\ Bo(x)) = Coe 21— [ 14+ —LZe72 |e~ (@~ 1/DR—0)
(Br(Ry) \ Bo(x)) = Cye ( ( + m e e

(1+ 0@ +e " Re0@=3/2)y) = (5.8)
The proof of (5.5) follows by observing that, for r € [u,, R;) and x € [0, (1 — )R], the O
terms and the term e~ @~ /2= appearing in (5.7) and (5.8) are of order o(1).

For the proof of (5.6), we begin with the following equation, which is obtained in a similar
fashion to (5.1) and is valid for all r € [0, R,,),

1 (R
wn(BA(R,) N BO(RZ)) = ; /(; 0, pn(y) dy.

Using (5.2), it follows that, for r € [eR,, Ry),

1 [k
By Ro) 0 Bo R ) = pn(Bo(Ro — 1)+ — /R 6,9)pu(y) dy.

For the first term, we have, for r € [eR,,, R;),

_cosh (a(R, — 1)) — 1

Bo(R, — — —0(e =0 —r/2—e(a—1/2)R,
tn(Bo(Ry — 1)) cosh @Ry — 1 (e™™)=0C( )

and for the second term, Lemma 5.2 yields, for r € [¢R,,, R;),
1 & Ry
_ / 0,(y)pn(y) dy =0 / eRu=r=)/2a(y=Ry) dy | = O(efr/Zfs(otfl/Z)Rn).
T Ry—r Ry—r
We conclude that (5.6) holds in the regime r € [eR,, R,). O

In the o < % case, we give the following approximation of w,(53,(R,)). Our estimate holds
for r in intervals J,, whose bounds tend to 0 more slowly than n~!. By the convergence result of
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Proposition 4.1, the radii of the closest nodes to the centre are of order n*~!/2, so the approxi-

mation is valid in an appropriate regime for estimating the expected degree of the closest node
to the centre. Since we look at small values of r, it is not surprising that u,(B,(R,)) is close to
1. Here, we provide additional information on the rate at which this quantity decreases with .
The result is stated for all possible values of «, as this comes without extra cost.

Lemma 5.4. Fix o > 0 and define a sequence of intervals (J,,) by J,, := [ay, b,], with na,, — 0o
and b, — 0. Then, for r € J,, we have

pn(Br(R)) =1 — % +o(r).

Proof. Letr e J,. By (5.1) and (5.2) we get

Ry

1
penB Ry =1~ — /R (7 = 6,00 pu) d. (5.9)

n—r

Now, to find a good approximation of 6,(y), we use (5.3). Note that b, — 0, so we can approx-
imate all the hyperbolic terms in r that appear in the identity given by (5.3). This yields, for
reJpandye[R, —r, Ry),

(1+ 001 +e™2) — (R 4 e~f)

0 = 5.10
cos (6-(y)) N ) (5.10)
Moreover, it holds that
e <e Rt = o).
Since na,, — +00, it follows that
e =o(r?).
Substituting this in (5.10) yields, for r € J, and y € [R, — 1, R),),
R, —y
cos (6,(y)) = - + O(r). (5.11)
For r € J,,, we define
1 (R R,—y
U@ =1-—— m —arccos | — on(y) dy. (5.12)
T R,—r r

Let us show that U,(r) is a good approximation of u,(B,(R,)). Since the function arccos is
%-Hélder, it follows from (5.11) that, for r € J,, and for y € [R, — 7, R)),

r

0,(y) = arccos <— Ry —y) + O(\/;)
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Combining this estimate of 6,(y) with (5.9) yields, for r € J,,,

Ry
Un(Br(Ry)) = Upn(r) + O<\/;/ Pn(y) dy)
R,—r
= Un(r) + O™/ (5.13)
Now, it remains to estimate U,(r). Let n € N* and r € J,. Integrating (5.12) by parts gives

Up( =1 1 " 1 cosh(aRy) = cosh (a(Ry — r2)) i
T Jo 1—22 cosh (aR;,) — 1

Furthermore, the mean value theorem yields, for r € J,, and z € [0, 1],

cosh (aR;,) — cosh (x(R,, — r2))
cosh (a@R;,) — 1

=arz(1+o0(1)),

SO

U =1 arf z
Nn=1-—— _—
" T Jo A/1—=22

or
=1-— +0r€Jn(r)~
b

(I + 0rey,,ze0,11(1)) dz

Combining this with (5.13) yields
ar
mn(Br(R))=1— ; + OrEJ,,(r)-

This completes the proof. O

In the = % case, the radii of the closest nodes to the centre (without normalisation) con-

verge in distribution (see Proposition 4.1); thus, we need to approximate w,(5,(R;)) for fixed
r. This is the purpose of the following lemma.

Lemma 5.5. Suppose that o > 0 is fixed. Then,

Mn(Br(Rn)) Tw> Va(r) uniformlyforr € [Oa OO)’

where Vy is a decreasing diffeomorphism from [0, 00) to (0, 1] defined by

/ < < cosh (r) —x_l/“))
Vo(r) = arccos [ max 1, dx forallr>0. (5.14)
sinh (r)

Proof. Let us fix « > 0 and r > 0. For all n € N* and x € (0, 1), we define &, (x) as the only
positive real number such that

cosh (ahy(x)) — 1
cosh (a¢R;,) — 1 -

By the change of variable x = (cosh (@y) — 1)/(cosh («R;;) — 1) in (5.1), we obtain

1 1
Un(Br(Rn)) = — / 0y (hn(x)) dx. (5.15)
T Jo
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Let us fix x € (0, 1). By the definition of A,, we have

1
hn(x) =Ry, + —oga @ 4 o).

Combining this with the expression of 6,(y) given by (5.4) yields

_ 1/
0, (hn(x)) —> arccos (max <— 1, M))
e sinh (r)

Thus, by dominated convergence, the functions r — w,(B,(R,)) converge pointwise towards
the function V,, defined by (5.14). The fact that V,, is a decreasing diffeomorphism from
[0, +00) to (0, 1] follows directly from its expression. Combining this with the fact that
the functions r +— w,(B;(R,)) are decreasing and take values in (0, 1], we conclude that the
convergence is necessarily uniform on [0, c0). U

We conclude this section by providing estimates for the volume of balls centred at the origin.
These volumes are much easier to obtain than those of the balls studied earlier, as integrating
the density p,, directly gives, for all r € (0, R,),

cosh (ar) — 1

un(Bo(r)) = cosh @Ry —1°

Approximating the hyperbolic terms, we get the following estimates.

Lemma 5.6. Let us fix @ > 0 and a sequence u, — 0. We have, for r € [0, u,],
1a(Bo(r)) = (ar)’e R (1 + o(1)). (5.16)
Let us fix o > 0 and a sequence v,, — 0o. We have, for r € [v,, Ry),

n(Bo(r)) = e R (1 + o(1)). (5.17)

6. Constant rank ordering (proof of Theorem 3.1)

The results of the two previous sections give enough information on the degrees of the clos-
est nodes to the centre to proceed with the proof of Theorem 3.1. Indeed, the convergence of
the (normalised) point process of the radii, as stated in Proposition 4.1, also gives estimates for
the radius gap between consecutive nodes, r(X(;+1)) — r(X(;)). This, combined with the volume
estimates of the previous part allows us to get a lower bound on the difference of the expected
degrees of the nodes X(;) and X(j) with i < j. The following lemma provides a way to translate
this information into a bound on the probability that X(;y has a smaller degree than X;. Note
that the two variables A and B are not required to be independent. Thus, A and B may be legiti-
mately replaced by two node degrees that we want to compare. In the following, we denote by
Bin(m, p) the binomial distribution with parameters m € N* and p € [0, 1].

Lemma 6.1. Let A ~ Bin(n, a) and B ~ Bin(n, b). If 0 < b < a then

(a— b)zn)

]P’[AfB]SZexp(— 3
a
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Proof. By splitting at n(a + b)/2, we get

a+b

P[AfB]SIP’[BZn i|+IP’|:A§n

:1@[33 (1 + az_bb)nb:| —HP’[AS (1 - az_ab)na:|.

For Z ~ Bin(n, p) and u = np, we recall the multiplicative Chernoff bounds

a+b]

PIZ> (1 +8)ul<e ™/ forall§>0,
P[Z < (1 —8)ul<e /2 forall § €[0, 1).

Since (a — b)/2b >0 and 0 < (a — b)/2a < 1, we can use these bounds to obtain

— b)2 AV
P[AfB]fexp(—%)—i—exp(—%)

(a-bﬁn)

§Zexp<— A
a

This proves our claim. (]
We are now ready to prove Theorem 3.1.

Proof of Theorem 3.1. Let us fix k € N* and define the ordering event O,, as
deg (X(1)) > deg (X)) > ... > deg (X)) > deg (X;)) foralli> k.

We want to show that the complementary O¢, of this event has probability converging to 0. We

start with the o < % case. The o > % case can be handled in a similar fashion, but we do not

present it here, since the result in this case follows from the stronger statement of Theorem 3.2

(proved without using Theorem 3.1). We deal with the o = % case at the end of the proof.
Define the localisation event L, and the gap event G, by

Ly = {tn < r(X)) and r(Xx)) < 7},
Gy := {foralli <k, r(Xi+1)) — r(Xg)) > hn},

where the sequences (), (r,,), and (A,) are defined for n € N* by
ty = n""2log ()7, o= n®""?log (n), An = 0" log ()7L

By the convergence result stated in Proposition 4.1 and the characterisation of convergence
in distribution in M,([a, b)) given in Remark 3.1, we know that the vector (nl/ 2_"‘r(X(,-)),
i <k+ 1) converges in distribution in R* towards the vector of the k first points of the point
process 7y,. In particular, the normalised variables nl/2—e r(X(1)) and nt/ 2_"‘r(X(k)), as well
as the differences n!/ 2_"‘(V(X(,;s_l)) — r(X())), for 1 <i <k, converge in distribution. Since
ty =o0(n*~Y2), n*=12 = o(r,), and A, = o(n®~1/2), it follows that

P[L, N G,] — 1.
n—00
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Thus, it suffices to show that

PlO, N L, N G,] — 0. (6.1)
n—oo

If the event O, occurs then there must exist two indices i < j such that i <k and deg (X(;)) <
deg (X(j). If the event L, N Gy, also occurs, these indices also satisfy

th =rXe) <r, and rXj) —rXe) = g

Thus, the probability to control can be bounded as follows (note that the bound does not refer
to the reordering of the nodes):

P[OS N L, N G,]
<P[Ei#j, tn <r(Xi) < ry, r(Xj) — r(Xi) = A, deg (X;) <deg (X))].

Using a union bound and writing P(x, x,)[ - ] for the conditional probability with respect to
(X1, X2), we finally get

PLOS N L, N G,]
<’ B[P, x,)[ deg (X1) < deg (X2) {1, <r(x1)<ry. r(Xa)—r(X1)>An})-

Conditionally on the couple (X1, X»), the variables deg (X1) and deg (X») have binomial distri-
butions with n — 2 trials and probabilities ., (B, x,)(Rr)) and p,(Bx,)(R,)), respectively (we
neglect the potential connection between X; and X, since it does not contribute to the inequal-
ity between their degrees). Given that p,(B,(x,)(R,)) is larger than 1, (B(x,)(R,)) (see Lemma
5.1), we can apply Lemma 6.1 to bound the conditional probability of the previous display. It
follows that

P[O;, N L, N G,] < max 2n exp

mx (_(n—2>(un<le<Rn>)—un(B‘yz(Rn)»Z)’ 62)
51,52

8,“/1(851 (Rn))

where the maximum is taken over the couples (s, s2) belonging to the set
Eyi= {(s1,52) € [0, R)*t ty <51 <1y 52— 512 hn).

Using Lemma 5.4 to approximate the volume of the balls un(ij(Rn)) forj=1, 2, we get
K > 0 such that, for large n and (s1, $2) € Ep,

_ 2
(n = 2)(n (B, (Ry)) — n(Bs,y(Ry))) > Knkﬁ — Kn® log (n)_z.
8/1«n(8s1 (Rn))

Substituting this in (6.2) yields

P[OS N Ly N Gy] < 2n2e Kn*" o)™ __, ¢ (6.3)

n—0o0

This proves (6.1) and concludes the proof of this case.
Now, let us proceed with the o = % case. We take ¢ > 0 and for all §, A > 0, we introduce
the set

LA, 8):={r=0: Vo(r) — Vo(r + 1) > 6},
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where V,, is the function defined in Lemma 5.5. In the present case, we define the localisation
event L, and the gap event G, by

L, := {foralli <k, r(Xg) e L(A, 8)},
G, = {foralli <k, V(X(H—l)) — r(X(,')) > A}

The convergence stated in Proposition 4.1, together with the characterisation of convergence
in distribution in M ([a, b)), given in Remark 3.1, implies that the vector (r(X(;)), i <k+1)
converges in distribution towards the & first points of the point process 7,, . In particular, the dif-
ferences r(X(i+1)) — r(X(;)) for 1 <i <k, also converge in distribution. Therefore, by choosing
A > 0 small enough, we can ensure that, for large enough n,

P[Gi] <e.

Since the function V,, is strictly decreasing, we find that, for every A > 0, the set | J s=0 LA, 8)
covers the entire interval [0, +00). Hence, if § > 0 is also chosen sufficiently small, the prob-
ability that the & first points of the limit process 17,, are not in L(A, §) is less than ¢. It follows
that, for large enough n,

P[L;] < 2e.
Therefore, it remains to prove that
PlO;, N L, N Gy] —2 0. (6.4)
Proceeding exactly as we did for proving (6.2) in the previous case, we get

( _ (n = 2)(un(Bs; (Rn) — 1an(By, (R")))2> (6.5)
81,(B5, (Ry)) -

where the maximum is taken over the couples (s, s2) belonging to the set

P[OS N L, N G,] < max 2n* exp

(s1,82)

E,:= {(s1,50) € [0, Ry)*: 51 € L(A, 8), 52— 51> A}

By the definition of £(X, §) and the uniform convergence of w,(B,(R,)) towards V,(r) (see
Lemma 5.5), it follows that, for sufficiently large n,

8
pn(Bsy (Rn)) — pn(Bs, (Rn)) = 5 forall(si, s2) € Ep.

Substituting this in (6.5) and bounding u,(By, (R,)) by 1 proves (6.4) and concludes the proof
of this case. u

7. Convergence of the degrees (proof of Theorem 3.3)

The key to proving the convergence of the largest degrees is to show that the degrees of
the closest nodes to the centre concentrate around their conditional expected values, given the
positions of the corresponding nodes. This implies that the point process of the degrees is
comparable to the image of the point process of the radii under the mapping r — w,(B,(R,)).
The conclusion then follows from the convergence of the point process of the radii.

Proof of Theorem 3.3. Let us begin with the o > % case. The convergence of the normalised

degree process towards a point process P will be stated if we prove that, for all &, the nor-
malised vector of the k highest degrees converges in distribution to the vector of the k largest
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points of P (see Remark 3.1). By Theorem 3.1, with high probability, the vector of the k high-
est degrees is the vector of the degrees of the k closest points to the centre (in the same order).
Thus, to prove the convergence of the normalised degree process towards a point process P, it
suffices to prove that, for all £,

— d
n~ /20 (deg (X)), deg (X)), - . deg (X)) —— (N1, V2. ..., Yo, (7.1)

where the variables Y| > - - - > Y} are the k largest points of the point process P. For all s € R,
we set

o) P B R\ Bo(s)
T T = a(Bo(s))

{s€l0,Rn)}

and we define the vectors AY, &;’z, and W} by

Ay = (deg (X(1)), deg (X(2)) . . . , deg (Xx))),
Ay = (deg(X(1)), deg(X(2)) - . . , deg(Xx))),
Wi = ((n — Dpa(r(Xp))), 1 <i<k),

where (Te;/g(X(k)) denotes the number of neighbours of the point X, that are in the annulus
C(r(X)), Rn). We first show that n_l/(z"‘)AZ can be approximated by n_l/(z"‘)W,’f and in a
second step we prove the convergence of n~!/ (za)W]f.

Since the difference A} — &;’{’ is bounded by £, it is clear that

n @A — xiy L, (1.2)
n—oo

For all i, conditionally on X(;), the n — i nodes with radius larger than r(X(;)) are independently
and identically distributed according to the restriction of w, to the annulus C(r(X)), Rn).
Thus, conditionally on X(;), the variable deg(X(;)) is distributed according to the binomial
distribution

Bin(n — i, p,(r(X(;))))- (7.3)

Let us fix K > 0 and denote by L, the event that all the variables r(X(;), i <k belong to the
interval [(1 — 1/20)R, — K, (1 — 1/20)R, + K]. Let us fix ¢ > 0. By the convergence of the
radii stated in Proposition 4.1, we can choose K > 0 such that, for sufficiently large n, the
event L, occurs with probability greater than 1 — . By the volume estimates (5.5) and (5.17),
we know that there exists K’ > 1 such that, on the event L, for large n and i < k, we have

1 —_~
Enl/<2°‘> < E[deg(X5)) | Xl < K'n'/@®, (7.4)

Let us fix § > 0. Denoting by PP;, the probability measure conditioned on the event L,, it
follows from (7.3) and (7.4) that, for large n and i <k,

P, [[deg(Xp)) — (n — ypn(r(Xy))| = n'/¥)s]

SE[deg(X)) | X(i)]}

<P, [ﬁ*cg(xup — Eldeg(Xq)) | Xl > p
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Combining this with a Chernoff bound and using (7.4) again yields
P, [1deg(Xq) — (n = Dpa(rXp)| = n'/ 98] —— 0,
From this and (7.2) we conclude that

n /@A _ yym) % 0. (1.5)

Now, it remains to prove the convergence in distribution of the vector n~!/ Q‘”W,ﬁ’. For this
purpose, we remark that

1
n~COWE =g, (r(X(i)) - <1 - 2—) Ry, 1<i< k>, (7.6)
o
where for all n, the application g, is defined from R¥ to R by

1
on(zi 1<i<k):= (n—1/<2“><n — D)pn (Zi + (1 - 2—) Rn> Ll<is< k).
o

By the volume estimates (5.5) and (5.17), the applications ¢, converges uniformly on every
compact of R¥ towards the function ¢ defined by

@i, 1 <i<k)y:= (T(), 1 =i<k),
where the application 7 is a diffeomorphism from [—oo, o0) to (0, oo] given by
T(z):= Couv!'~1/2Me2/2,

Let us denote by Z; < - - - < Z the k smallest points of the point process n,, (see Proposition
4.1 for the definition of y3). By the convergence of the radii stated in Proposition 4.1, the vector
(r(Xy) — (1 —1/2a)R,, 1 <i <k) converges in distribution to (Z;, 1 <i <k). Consequently,
from (7.6) and the continuous mapping theorem (see, for example, [16, Theorem 5.27] for a
version of the continuous mapping theorem with mappings depending on n), we obtain

/Gy ﬁ o(Z, 1<i<k). 1.7)
Combining (7.5) and (7.7) with Slutsky theorem finally gives
n VoA L oz 1<i<k).
n—oo

This proves that (7.1) holds for all k, with the limit measure 7,, o T =1 Thus,

n

d _ .
§ 8110 deg x> s © T U in M, ((0, oo)).
i=1

By classical results on transformations of Poisson processes, the point process 7, o T is
a Poisson process with an intensity measure whose density g3 with respect to the Lebesgue
measure is given by

T—l
iy I

= = 20(Cuv)*®y 22! forall y € (0, oo].
IT/(T1 ()] *
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This concludes the proof of (3.5). Now to state the convergence of the maximum degree Dj™,
observe that, for all z > 0,

n
P[n~ 1/ pre < 71 = IP[ D St/ geg (xm) (@, 001 = o}
i=1

m P[ng,((z, 00]) = 0],

where the last convergence follows from the convergence in M,((0, co]) stated in (3.5). A
straightforward computation allows us to compute the limit above. This gives the limit of the
cumulative distribution function of n~!/@® D and yields

LI RN
W m réc et( O[).

This concludes the proof of this case.
The proofs for the two other regimes follow the same method. We omit the parts that are

too much similar to the proof of the previous case.

Inthe o = % case, we are interested in proving convergence in distribution of the vector

n~(deg (X(1y), deg (X(2)) . . . deg (X))

We define the functions p, and the vectors A} and W} as in the previous case. Using the
convergence of the radii stated in Proposition 4.1, along with the volume estimates given by
(5.17) and Lemma 5.5, we fint that, conditionally on the position of X(;), with high probability,
the expected value of deg(X(;)) is comparable to n. Thus, by copying the proof of (7.5), we get
in this case

nil(AZ L) .o
n—oo
It remains to prove the convergence in distribution of the vector n~! Wy For this purpose, we
remark that
n W = 0n(rX), 1<i<h), (7.8)
where the application ¢, is defined from le_ to R'j_ by
¢n(zi, 1 <i<k):= (pu(zi), 1 =i <k).

By the volume estimates given by (5.17) and Lemma 5.5, the applications ¢, converges
uniformly on every compact of R’jr towards the function ¢ defined by

0z, 1 <i<k):i= (Vipz), 1 <i<k).

Thus, combining (7.8) with the convergence of the radii to 7, exactly as we did in the « > %

case, we obtain

n
d .
Z 81 deg (x™) —o M,((0, 1]),
i=1
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where 7 is a Poisson process with an intensity measure whose density go with respect to the
Lebesgue measure is given by

ViAo

Vi)

ga(y) = 2P
TR

= u|(V1_/12)/(y)| sinh ( ) for all y € (0, 1].

This concludes the proof of (3.4). The convergence of the normalised maximum degree n~! Dy

follows by a direct computation exactly like in the o > % case.

In the o < % case, we are interested in proving convergence in distribution of the vector
n~ @2 (deg (X(1)) — n, deg (X2)) — n, . .. deg (Xgy) — ).

Because of the additional normalisation by n, we shall define the vectors AZ and W,f in a
different manner in this case, by letting

A} = (deg (X(1)) — n, deg (X(2)) — n .. .deg X)) — n),
Wi = ((n = D(pa(rXe) — D), 1 <i<k).

Using the convergence of the radii stated in Proposition 4.1, together with the volume estimates
given by (5.16) and Lemma 5.4, we find that, conditionally on the position of X, with high
probability, the expected value of deg(X(;)) — n is comparable to —n®*+1/2_ Thus, by copying
the proof of (7.5), we get in this case

n_(aH/z)(AZ L) LN 0.
n—oo

It remains to prove the convergence in distribution of the vector n~@+1/ 2)W]£’. For this purpose,
we remark that

n I = 0!y, 1<i<h), (7.9)
where, the application ¢, is defined from Ri to R by
gz L <i<k)= (" “HD0— a2 — 1), 1<i<h).

By the volume estimates given by (5.16) and Lemma 5.4, the applications ¢, converge
uniformly on every compact of R’jr towards the function ¢ defined by

G, 1<i<k)y:=T(z), 1<i<kh),

where T is a diffeomorphism from [0, 4+00) to (—o0, 0] given by

a
T(2):= -

Thus, proceeding exactly as in the o > % case, we obtain

n

d .
E 8n‘<°‘+1/2)(deg(xlf’)—n) —Moo n in Mp((—o0, 0D,
i=1
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where 7 is a Poisson process with an intensity measure whose density g; with respect to the
Lebesgue measure is given by

Y1 (Til ) 2 2a
810) = ——————=21"v™"|y| forallye (—o0,0].
IT/(T~ ')
This concludes the proof of (3.3). The convergence of the normalised maximum degree follows
by a direct computation exactly like in the o > % case. O

8. Ordering/non-ordering transition (proof of Theorem 3.2)

From the proof of Theorem 3.1, we observe that the key quantities determining the ordering
properties of the node degrees are the differences between the volumes of successive balls,
,un(BX(l.) (Rp)) — ;L,,(Bx(i +])(Rn)). We expect the ordering to break around the first i for which
this difference is sufficiently small. The following lemma is a refinement of Lemma 5.3 that
allows us to obtain fine estimates on these differences.

Lemma 8.1. For o > % there exists ro > 0 such that, for r € (ro, Ry),
0 CD! —r/2 —(a—1/2)r —r
EMH(B}’(RH)) =-5¢ (1+0(e +re ")),

where Cy := 20 /(0 — %) (as in Lemma 5.3).

We explain in Remark 8.1 why this estimate is necessary for proving Theorem 3.2 when «
is close to % We defer the proof of this lemma to the end of the section and proceed directly
with the proof of Theorem 3.2.

Proof of Theorem 3.2. In this proof K stands for a positive constant (depending only on o
and v) whose value may change throughout the proof. We define the sequence (k;,), as in the
statement of the theorem, by k, := nf log (n)~2*, where B:= 1/(1 + 8a). The proof of the
two assertions (3.1) and (3.2) are done separately.

8.1. Ordering up to rank &, (proof of (3.1))

The proof of (3.1) follows the same general idea as the proof of Theorem 3.1, but in a more
precise form. The argument is divided into three steps. The first two steps consist in localising
the k, first nodes and showing that there are large gaps between their radii. Actually, this is
done by proving that two specific events, L, and G,, occur with high probability. In the third
step, we show that, under the event L, N G,, there are large differences between the expected
degrees of the &, first nodes. The conclusion then follows from a Chernoff bound.

Step 1: Localisation of the k, first nodes. Let w,, := log (log (n)) and define the localisation
event L, by

L, := {t, <r(Xq)) and r(X(,)) < 14},
where

1
= (1 — —)Rn —w, and r,:=1t,+ E log (n).
200 o

Let us prove that, with this choice of #,, and r,, the event L, is realised with high probability.
We already know from Proposition 4.1 that ¢, < r(X(1)) holds with high probability. On the
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other hand, we note that »(X(,)) <r, holds if and only if the number of nodes in the ball
Bo(ry) is larger than k,,. The number of points falling in this ball has a binomial distribution
with expected value

npn(Bo(rn)) ~ vnP log ()™ > k.
Using a Chernoff bound it follows that r(X(,)) < r, holds with high probability, so

P[L,] — 1.
n—0oo

Step 2: Proving the existence of large gaps between the ky, first nodes. We define the gap
event G, by

Gy = {forall i <k, r(Xt+1)) — r(Xu) = A1 (X))},
where, for all n, the function A, is defined by
An(s) := e Bn=9p=B+D forall s > 0.

Let us prove that with this choice of A,, the event G, is realised with high probability, which
will prove that the radius gaps between the n” first nodes are relatively large.

The first k, + 1 nodes (i.e. X(1), X(2), - - . » X(k,+1)) can be sampled in the following way.
First, sample n nodes in By(R,) according to the distribution w,, select the closest to the centre
as X(1) and erase the (n — 1) other points. Next, sample (n — 1) points according to the restric-
tion of 1, to the annulus C(r(X(1)), R,), choose the closest to the centre as X(2) and erase the
other ones. Repeat this process until the (k, + 1) first nodes have been sampled (at step (i + 1)
sample (n — i) points in the annulus C(r(X(;)), R,), choose the closest to the centre as X(; 1)
and erase the other ones). Considering this process, we get

kn
PG, Ll <) PIZ} #0, Ly,

i=1
where the random variable Z}' counts the number of points falling in the annulus C(r(X(;),

(X)) + A (r(X(3)))) at step (i41). Conditionally on the position of X(;, the variable Z
follows a binomial distribution with (7 — i) trials and probability p!' given by

. un(C(r(Xi), r(X(iy) + An(r(Xi)))
. n(C(r(X(i)), Rn))
__cosh (a(r(X)) + An(r(Xi))))) — cosh (ar(X())
cosh («R;) — cosh (ar(X(;)))

For r(X() <r, and as n— oo, the denominator is asymptotically equivalent to e*Rn/2.
Moreover, for r(X(;)) > t,, we have A,(r(X(;))) = o(1). Applying the mean value theorem to
the numerator, it follows that, for large enough n and 1, < r(X;)) <1y,

Pl < Kan(r(X))) exp (@(r(X) — Ry)) = Kn~ P+,
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Writing Py, [ - ] for conditional probability with respect to the variable X;), we get

kn
PIG, N Lyl <Y B[Py, [} # 011y, <rx ) <r,)]
i=1

< kn(1 — (1 — Kn~FTDym)
~ Klog(n)~2*
n—oo

—> 0.
n—oo

Since L, occurs with high probability, we conclude that

PIG,] — 1.

n—00

Step 3: Comparing the successive expected values of the degrees. Let us denote by O,, the
ordering event described in (3.1). By the previous two steps, it remains to prove that

P[OS N L, N Gy,] ——> 0. (8.1)

n—o0

Proceeding as we did for proving (6.2) in the proof of Theorem 3.1, we get the upper bound

PLO;, N L, N G,] < max 2n? exp

(51,82)

_ . 2
<_(n 2)(ttn(Bs, (Ru) = pn(Byy (Rn))) ) (8.2)

Sﬂn(B,\‘l (Rn))
where the maximum is taken over the couples (s, s2) belonging to the set
E, = {(s1, s2) €0, Rn)z: th <81 <rp, $2— 81> Au(s1)}.

We are now interested in bounding the fraction appearing in the exponential term. For (51, 52) €
E, and n large, we have

529

Mn(le (Ryp)) — ,un(Bsz Rp)) =— / aﬂn(Br(Rn)) dr
s
1 N
> K(1 + O™ @1/ 4 p,e7Mny) / e "2 dr
S1

= Ke S1/2(1 — e~ (2751)/2),

where the second line follows from Lemma 8.1. Using (5.5) to estimate the denominator in the
expression below, it follows that, for (s1, s7) € E, and large n,

(n— 2)(Mn(le (Rn)) — Mn(Bsz(Rn)))z < Kneﬂl/z(l - e*(SZ*Sl)/z)z
Sﬂn(le (Rn)) -
> Kne 20, (rn)%, (8.3)

Moreover, straightforward computations give

ne™"2 = Kn'=P2% log (!> and  An(ra) = Kn"? log ()"
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By choice of 8, we have (1 — 8)/2«a = 4. Thus, substituting the above in (8.3) and combining
with (8.2) gives

P[OS N L, N G,] < 2n” exp (— K log (n)/>72%) — 0.
n—

This proves (8.1) and concludes the proof of (3.1).

Remark 8.1. Instead of using Lemma 8.1 to bound the numerator in (8.3), one might consider
using the volume estimate of w,(B,(R,)) from [14, Lemma 3.2], which is recalled in (5.2).
However, for a € (1/2, (7 + +/33)/16), the error terms appearing in this estimate are larger
than X, (r,), which is not sufficiently precise for our purposes. The estimate of the differential
of w,(B,(Ry)) in r, given by Lemma 8.1, is more suitable for measuring volume differences of
balls with close radii.

8.2. No ordering beyond rank nP (proof of (3.2))

The proof is divided into four main steps. Before proceeding with these, we first introduce
some notation and a Poissonised version of (3.2), which will serve as an intermediate result. Fix
an arbitrary sequence (a,) diverging to +o00. Observe that if (3.2) holds for a given sequence
(ay) then it also holds for any sequence larger than (a,). Thus, without loss of generality, we
may assume that a, <log (n). This assumption on (a,) will be used implicitly in the proof
when establishing certain bounds. Let w), := log (a,,) and define

1
f = (1 - Z)Rﬂ + g log(n)+w, and r,:=1,+w,.

n

Recall that we aim at finding an index i € (nf, nPa,] such that deg (XE’I.)) < deg (X(i +1)). In order
to gain some independence between the degrees of the nodes, we first prove an analogue of
(3.2) for the Poissonised model Qa""’*v(n). It turns out that, for i € [nf, nfa,], the nodes X and

/

X(i+1) have radii that are approximately located in the interval [#),, r},]. Thus, the counterpart of

the non-ordering event (3.2) for the Poissonised model g};?iv (n) can be written as follows.

o With high probability, there exist two nodes v and v' in the graph G’} (n), such that
t;l <r(v)<r()< r,; and deg(v) 4§, <deg o), (8.4)

where the sequence (8,,) is defined by 8, := vne="n/2 = Kn2Pe=1/2,

In the first three steps of the proof, we work within the Poissonised model Qg";, (n) to estab-
lish the Poissonised statement. The final step of the proof is a de-Poissonisation procedure that
gives the result for Gy ,,(n) from the result for gg?i‘) (n). The extra gap of size §, that appears in
the Poissonised statement is crucial for this de-Poissonisation step.

Let us fix a small ¢ € (0, 1) and set R}, := (1 — &)R,,. For x € By(R,,), we denote by BI(R,)
the part of the ball B,(R,) that lies beyond the circle of radius R?, i.e.

Bi(Rn) = B(Ry) N C(Rf,, Ry).
The ¢ degree of a node X is the number of nodes (excluding X itself) contained in B%(R,). It is

denoted by deg, (X). Since the nodes of ggfi,(n) are concentrated near the boundary of By(R),),
the ¢ degrees provide good estimates of the actual degrees of the nodes. Therefore, we first
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FIGURE 4. Depiction of the closeness event C,,. By condition (8.5), for all i, the radius gap r(v}) — r(v;)
is small, ensuring that deg, (v;) < deg, (v}) holds with a probability bounded away from 0. By condition
(8.6), the portions of the balls B,,(R,) and B,/(R,) that lie beyond the circle of radius R;, are all disjoints,
ensuring the independence of the correspondi'ng ¢ degrees.

focus on the ¢ degree rather than degrees directly, as it is easier to get independence results
concerning the ¢ degrees.

We can now proceed with the four steps of the proof. The first step consists in finding a
number ¢, — oo of pairs of points (v, V') in the Poissonised graph gg?; (n) that have a positive
probability of satisfying (8.4). In the second step, we use the independence property of the
Poissonised model ng’i,} (n) to show that, with high probability, at least one of these candidate
pairs satisfies a version of (8.4) in which the degree is replaced by the ¢ degree. In the third step,
we show that the error induced by replacing the degree with the & degree is sufficiently small. It
follows that (8.4) holds with high probability. The fourth and final step is the de-Poissonisation
procedure.

Step 1: Finding good pairs of candidates for the couple (v,v’). For all n, set A}, := n2Pe—awy
and denote by C, the following event (see Figure 4).

e There exist two sequences (V)<< and (vg)ls,-sc,, each containing ¢, nodes of gf;?; (n),

such that vy, ..., v¢,, v/l, e, vén are pairwise distinct and, for all i,
6 <r(v) <r(v) <r(vp)+ i, <r. (8.5)
We also require that, for all x and y distinct in {v{, ..., v¢,, V. ..., vén},
By (Ry) N By(Ry) = B. (8.6)

Let us prove that this event is realised with high probability. We prove in the following
two steps of the proof that, when this event occurs, there is a high probability of finding two
nodes satisfying (8.4). We define m,, := wflnzﬂ and take ¢, = o(w},) such that ¢, — oo. For all
1 <j=<my,let I} := [t, +jh,, 1, + (j+ DAy). Note that all of these intervals are contained in
[t,, ;). We denote by A7 the event that there exist at least two nodes of Gg”),(n) with radial
coordinates in the interval I]“. The number of nodes having a radial coordinate in the interval
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I]’-1 follows a Poisson distribution with parameter np]'-’, with p}’ given by

. cosh (a(t, + (G + DAy)) — cosh (a(t, + ji,))
P = cosh (aR,) — 1

> Ke®tnRn) — gp=(+D),

It follows that
PIA?] > Kn™?P.

Moreover, the events A]’? are independent, so the number of indices 1 <j <m, for which the
event AJ’.’ occurs dominates a binomial distribution with m,, trials and an expected value equiv-
alent to Kw),. Since ¢, = o(w},), it follows that, with high probability, we can find ¢, indices
Jj for which the event Aj’f is realised. We conclude that, with high probability, there exist two
sequences made of distinct nodes (v;)1<i<¢, and (v;)lgifcn satisfying condition (8.5) of the
event G,,.

Let us prove that these nodes also have a high probability of satisfying condition (8.6). First
remark that, by the estimate of 6,(y) (given in Lemma 5.2), if ¢ is small enough then

R,—7, —RE oy R
6y (RS) =2 exp (%)(1 + O(efn=t=Riyy 5 0.
n— o0

Thus, we may assume that ¢, was chosen such that c,%@,;l (R7)— 0.

Sample all the nodes appearing in C(#,, r,,) and suppose that there exist two sequences made
of distinct nodes (v;)1<i<c, and (v))1<i<c, in C(1,,, r;,) that satisfy condition (8.5) of the event C,,.
Suppose that the angular coordinates of the nodes of these sequences have not been sampled
yet. Note that it is valid to suppose this as condition (8.5) only concerns the radial coordinates
of the nodes. We now sample the angular coordinates of these nodes one by one. Each time we
sample a new angular coordinate, the probability that it differs by less than 26, (Ry) with an
already sampled angular coordinate is upper bounded by (2c,, /)8y (R;,). Thus, the probability
of getting a pair of angular coordinates that differ by less than 26, (R;) is upper bounded
by (402 /7)0y (Ry,), which tends to 0 by our choice of ¢,. Thus, with high probability, all the
angular coordinates of the nodes vy, ..., ve,, V], ..., v’Cn differ by more than 26, (R;).

For 1 <i<cy, the angle of the smallest cone (with apex at 0) containing Bﬁi (Ry) is
20,v;)(R). Since 1), < r(v;), Lemma 5.1 implies that this angle is at most 26’,; (R?). The same
holds for the nodes vg. It follows that the sequences (v;) and (vg) also satisfy condition (8.6),
with high probability. Thus,

P[C,] —= 1. 8.7)

Step 2: Finding a pair of nodes (V,V’) with r(V) < r(V') such that deg, (V) is small and

deg, (V') is large. Let us sample all the nodes that fall in the annulus C(#),, ). Since the event

n'n
C,, depends only on the point process of the nodes restricted to this region, we can suppose that
the points in this annulus are such that the event C,, occurs. We denote by P, the probability
measure conditioned on the event C,,.

For all K > 0, we define n(K) by

n(K)=liminf  inf  P[Poi(a)>a+K+/al,
neN* a > npn(B, (Rn))
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where Poi(a) denotes a Poisson variable with parameter a. Using (5.5) and (5.6), one checks
that, if & is chosen sufficiently small, then nu, (B, (R,)) — 00 as n — oo. By the central limit
theorem, 1(K) is then equal to the probability that a standard normal random variable exceeds
K. In particular, n(K) > 0.

Select two sequences (v;)1<i<¢, and (v;)lfigcn as provided by the event C, (choose them
according to a fixed rule to ensure measurability). For 1 <i < ¢, since r(v;) <r), it follows
from Lemma 5.1 that

(B, (Rn) 2 npan(BE, (Ru)) = n(pun(By, (Ra)) = ttn(Byy (R) O Bo(RE)).  (8.8)

If & is chosen small enough then ), > ¢R,,. Thus, we can use the approximations given by (5.5)
and (5.6) to get, uniformly in 1 <i <c,,

nn(B (Ry)) = Kne™'/% = K5,

(the sequence (§,) is defined below (8.4)). It follows that, for a possibly different constant
K >0, we have, forall 1 <i<c,,

Pe, [ deg, (v}) = npn(B5(Ry)) + 28,1

> Pc, [ deg, (V;) > nﬂn(B‘i/ (Rp)) + K, /nl/Ln(B‘z (Rn))] (8.9

Moreover, for all 1 <i < c,, conditionally on the event C,, and on the position of v}, the vari-
able deg, (v ) follows a Poisson distribution with parameter ann(BE (Ry)). Since r(v ) <) and

wn(B(Ry)) is decreasing in r, this parameter is at least nun(B (Rn)) Thus, combining (8.8)
with (8.9) provides a constant K > 0 such that, for large enough nandforall 1 <i<c,,

Pc,[ deg, (v) = niin(Bj (Ra)) + 28,] = # (8.10)

With a similar argument, we get 77 > 0 such that, for large enough n and 1 <i < ¢y,
Pc,[ deg, (vi) < npun(B, (Ry))] = 1. (8.11)

Conditionally on the event C, and on the positions of the nodes (v;)1<i<c, and (v;) 1<i<cp»
the variables deg, (v1), ..., deg, (v.,), deg, (v;.), ..., deg, (vé.n) are independent. Indeed, once
these nodes are fixed, their ¢ degrees correspond to the number of points of a Poisson point
process in By(R,) \ Bo(R;) falling into certain predetermined regions: by condition (8.6) of
the event C,, these regions are disjoint (see Figure 4). Since ¢, — oo and both n(K) and 7
are positive, it follows that, with high probability, there exists an index 1 <i < ¢, for which
the events in (8.10) and (8.11) occur simultaneously. Define iy as the smallest such index and
set (V, V)= (v;,, on). We verify that this defines a random vector (V, V') on an event of high
probability. The definition of (V, V) out of this event is not relevant.

Step 3: From deg, to deg. The previous step would allow us to conclude immediately if we
were comparing the ¢ degrees deg, of the nodes instead of their actual degrees deg. Thus, it
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remains to show that deg, is very close to deg. To achieve this, we introduce the following
subsets of the ball By(R):

B(Ry) := Be(Ry) \ (C(ty, 1) UC(R;, Ry)), (8.12)

B{(Ry) := Bx(R,) NC(1, 1) (8.13)

For a node X, we write deg’ (X) (respectively deg” (X)) for the number of nodes (excluding X)
that are contained in By (R,) (respectively By (R,)). Note that, for any point x, the ball B,(R,)
is the union of the balls B%(Ry,), B(R,), and B} (R,). Thus, the degree of X can be decomposed
as follows:

deg (X) = deg, (X) + deg’ (X) + deg” (X).

Let us first estimate the error induced by the term deg’. If ¢ is small enough, we can use (5.6)
and get ¢’ > 0 such that, for large enough n,

i (Byy(Ry)) < nitn(By(Ry) N Bo(RE)) < n™> ne /2 < n=4's?

(the sequence (8,) is defined below (8.4)). Since B;,(R,,) does not intersect the annulus C(1,,, r;,),

n>'n
we find that, conditionally on C,, and on the position of the node V, the variable deg’ (V) follows
a Poisson distribution with parameter nun(B{/(Rn)). Thus, by Chebyshev’s inequality,

Pe, [deg’ (V) < nen(By(R) + 1 8,1 —— 1. (8.14)
n—oQ
With a similar argument, we also prove that

P, [deg' (V') = npa(Byy(Ry)) — ¢ 8,] — 1. (8.15)
n—oo

Now, concerning deg”, a direct computation gives, for r € [0, R,,),
nun(C(t), 1)) = o(n” log (n**). (8.16)

Since deg” (V) is smaller than the number of nodes that fall in the annulus C(z),, r},), it follows
from Chebyshev’s inequality that

Pc,[deg” (V) < nP log (n)**] —— 1. (8.17)
n—oo
Combining the definition of V with (8.14) and (8.17), it follows that, with high probability,

deg (V) =deg, (V) +deg’ (V) +deg” (V)
< npn (B (Ry)) + niin(By (Ry)) +n~¢ 8, + n log (0.

Since B§,(R,) and By, (R,) are disjoint subsets of By(R,) and since 8, = n2f+o) e finally
obtain, with high probability,

deg (V) < npn(Bv(Rp)) + 0(8p). (8.18)
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Likewise, combining the definition of V’ with (8.15) and (8.16) and using the fact that By (R,)
is the union of the balls B}, (R,), By, (R,), and By, (Ry), it follows that, with high probability,

deg (V') > deg, (V') +deg’ (V')
> nptn (B (Rn)) + 284 + ntn (Bl (Ru)) — n=¢ 8,
> npun(By/(Rn)) — npn( (;/(Rn)) + 28, — n_g/aw

It follows from (8.13) and (8.16) that nun(BQ}/(Rn)) = 0(8,,), so we finally obtain, with high
probability,

deg (V') = npin(By (Ry)) 4 28, + 0(8,).- (8.19)
On the other hand, using the fact that r(V') — r(V) < A/, Lemma 8.1 yields
nitn(By (Ry)) = npn(By/(Ry)) < Kne™/21), = 0(3,).
Combining this with (8.18) and (8.19) proves that, with high probability,
deg (V) + 8, < deg (V). (8.20)
Since #, < r(V) < r(V') <1, this concludes the proof of (8.4).

Step 4: de-Poissonisation. Let us now explain how to transfer the result from the Poissonised
model Q;‘jiv(n) to the original model G, ,(n). We use a standard procedure that consists in
coupling the original model with the Poissonised model by sampling the points of Gy (1) in
the following manner: sample the graph Gg°,, (1) and call N,, the number of nodes in this graph.
If N, > n, randomly remove (N, — n) nodes from the graph. If N, <n, add (n — N,) nodes,
independently sampled from By(R,) according to u, and connect all pairs of nodes that are
within distance R,,. The resulting graph follows the same distribution as G, (n) and is referred
to as the de-Poissonised graph.

For a node x that appears in both the Poissonised and de-Poissonised graph, we denote its
degree in each graph by deg (x) and deg(x), respectively. Fix ¢ > 0 small enough. The random
variable N, follows a Poisson distribution with parameter . Thus,

P[|N, —n| > n'/?**] —— 0.
n—oo
From this, it follows that, with high probability, the nodes V and V' are not removed during
the de-Poissonisation procedure. For the remainder of the proof, we work on the event that
Vand V' _are not removed. In the case where N, < n, conditionally on the position of V, the
variable deg(V) — deg (V) follows a binomial distribution with (n — N,) trials and probability
parameter p,(By(R,)). Thus, with high probability,

deg(V) — deg (V) = n'/? 2 1, (B, (Ry) < Kn?P 26712 0/25, = 0(8,),

where the last equality holds if ¢ is chosen sufficiently small (because 8 < %). In the N, >n
case, we can also prove with similar arguments that the de-Poissonisation reduces the degree
of V' by at most 0(8,,). Therefore, we finally conclude from (8.20) that deg(V) < deg(V’) holds
with high probability. In addition, straightforward estimates, using the fact that #, < (V) <
r(V') < r), show that in the de-Poissonised graph the ranks of the nodes V and V' in the ranking
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of the nodes by increasing radii are in the interval [n?, n? afl‘”], with high probability. It follows
that (3.2) holds with high probability (the power 3« is not problematic, as the sequence (ay,) is
an arbitrary sequence diverging to +00). (]

Let us conclude by proving Lemma 8.1.

Proof of Lemma 8.1. We recall the integral expression (5.1) of w,(B,(Ry)):

1 (R
wn(Br(Rp)) = — / 0r(Y)ou(y) dy.
T Jo

Using the expression of 6,(y) given by (5.4), we get

er

il'Ln(Br(Rn)) = l JnrMpn(y) dy,

ar T JR,—r
where  f, ,(y) := (39/0r) arccos (¢, (y)), with ¢, (y):= (cosh (r) cosh (y) — cosh (R,))/
sinh () sinh (y). Since the angle 6,(y) is decreasing in r (see Lemma 5.1), the integral above is
always well defined in R U {—o0}. The contribution of the integral over (R, — r, R, — r + 1)
requires special treatment, because the quantity f, -(y) diverges as y approaches (R, — r). We
show at the end of the proof that this contribution is O(e™*") (which can be incorporated into
the first error term of the formula given in the statement). More precisely, we prove at the end
of the proof that, for r € (r9, R;),

Ry

d 1
3 pn(Br(Rn)) = — / TnrMen(y) dy + Oe™). (8.21)
r b4

R,—r+rg

For now, let us estimate the integrand for r € (79, R;) and y € (R, —r + ro, R,). A direct
computation gives

cosh (R,,) cosh (r) — cosh (y)
sinh ()2 sinh (y)/1 — ¢, ()2

Using cosh (x) = e*(1/2 4+ O(e~>*)) and sin (x) = e*(1/2 4+ O(e~%)), it follows that

fn,r())) =

2€R"_r_y(1 4 O(e—Zr) 4 O(ey—R,,—r))

Jur()=— - (8.22)
" (14 02 +e=2))/T — ¢y ()2
If ro is chosen large enough, using 1/(1 +x) =1 4+ O(x) for |x| < %, we get
2eRn =1 4+ O R ") + 0(e™2))
Jnr)=— . (8.23)

vV 1- Cn,r()’)2

Note that we used the fact that y — R, — r > —2r to get rid of the O(e~ %) term. A similar
computation gives, for r € (r9, R,) and y € (R, — r + 19, Ry),

cnr)=1=2ef"7 4 0@ +e72).
Thus, if rg is chosen large enough, we have
1 o~ (Ru—r—)/2

— (1 + O(eRn_r_y))_

VvV 1- cn,r(y)2 2
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Substituting this into (8.23) yields, for r € (rg, R,) and y € (R,, — r + ro, Ry),
)= =TI O@ER ).
Estimating the hyperbolic terms in p,(y), it follows that
Frr@oa() = —ae! 27122 (] 4 O@eRr =) 4 O@e™*F)). (8.24)

Solving the integral in (8.21) using (8.24), without taking into account the error terms, gives
a (R 1/2—a)Ry—r/2 (a—1/2)y Co _1p 1/2
__/ (/2= R=r/2(e=1/2y gy — S =2 | oe(a=1/2ry)
T JR,—r+rg 2

Ifa# % then the integral over the first error term gives

Ry
19} f e(1/2—0{)R,,—r/2€(ot—1/2)yeRn—r—y dy — O(e—3r/2) + O(C—ar).
R,—r+rg

In the @ = % case, the addition of the error term re™" in the statement makes it correct. The

integral over the second error term (corresponding to the O(e~ %) term of (8.24)) is of order
O(e~"/?=Rn) which can be incorporated into the first error term of the result. Thus, the
computation of the integral appearing in (8.21) yields the correct estimate.

It remains to prove (8.21). This requires a bound on the speed of divergence of the function
Jn.r(y), as y approaches (R, — r). To obtain this bound, we first need to bound c,_(y), for y in
the neighbourhood of (R, — r). In the following, K stands for a positive constant whose value
depends only on «, v, and ry and may change throughout the proof. For two functions f and g,
we denote by f A g (respectively f Vv g) the minimum (respectively maximum) of f and g. Using
the formula cosh (a + b) = cosh (a) cosh (b) + sinh (@) sinh (b) and the mean value theorem to
bound the difference cosh (r + y) — cosh (R,,), we obtain, fory € (R, — r, R, — r + r9p),

cosh (r 4+ y) — sinh (r) sinh (y) — cosh (R,)
sinh () sinh (y)
> K(y— (Ry = r)) ™0™ — 1.

Cn,r(Y) =

Since (R, — r) —y > —rp, we finally get

Cn,r(y) > (K(y —(R,—r)—1AQ0.

On the other hand, for ro and large enough n, approximating the hyperbolic terms by
exponentials gives, for y € (R, — r, R, — r + rp),

Cn,r(y) <1-K.
Thus, forye (R, — r, R, — r +rp),
1 1 1
< \% .
Vi 002 ~ V1I-(0-K? 1= (K(y—(Ry—r)—1)A0)2

It follows that the function 1/4/1 — ¢, (y)? is integrable over the interval (R, —r, R, — r +
rp) and the integral is bounded by a constant that does not depend on n. From this and the
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approximation of f; ,(y) given in (8.22) (which also holds for y € [R, — r, R, — r + ro]), we

get
Ry—r+rg
[ hpn) dy= 0uRy 4 ) = O,
Ry—r
This completes the proof. O
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