arXiv:1709.01085v2 [math.PR] 27 Jul 2018

Degree correlations in scale-free null models

Clara Stegehuis

Eindhoven University of Technology

October 16, 2018

Abstract

We study the average nearest neighbor degree a(k) of vertices with degree k. In many
real-world networks with power-law degree distribution a(k) falls off in k, a property ascribed
to the constraint that any two vertices are connected by at most one edge. We show that
a(k) indeed decays in k in three simple random graph null models with power-law degrees:
the erased configuration model, the rank-1 inhomogeneous random graph and the hyperbolic
random graph. We find that in the large-network limit for all three null models a(k) starts
to decay beyond n{"=2/("=1 and then settles on a power law a(k) ~ k™73, with 7 the degree
exponent.

1 Introduction

Complex networks are often studied through mathematical analysis of null models that can match
the network degree distribution. For scale-free networks, this degree distribution follows a power
law. In many real-world networks, like the Internet, social networks and biological networks, the
power-law exponent 7 is found to be between 2 and 3 [1[19,[28//42]. In such scale-free networks,
high-degree vertices called hubs are likely present, and give rise to scale-free properties such as
ultra-small distances and ultra-fast information spreading. The hubs also crucially influence local
properties such as clustering and the occurrence of subgraphs . Clustering can be
measured in terms of the probability c¢(k) that a degree-k vertex creates triangles. Both empiri-
cally and theoretically it was shown that c(k) falls off with k, and hence that hubs
are less likely to take part in triangles.

Whereas triangles and even larger subgraphs require to study the correlation between at least
three vertices, we study in this paper the degree correlation between pairs of two vertices in terms
of a(k), the average degree of a neighbor of a vertex of degree k. According to several studies ,
this degree-degree correlation is an essential local network property, because it also falls off with
k and can largely explain the fall-off of c(k) [9L[15,[38]. We provide support for this statement, by
identifying an explicit relation between a(k) and c(k) for large k. But the main goal of this paper
is to explain the full spectrum & +— a(k) for all &k, and to provide theoretical underpinning for the
widely observed a(k) fall-off.

There exist a vast array of papers, empirical, non-rigorous and rigorous, on a(k) EI,
132,[35361[41l[44]. The function k +— a(k) describes the correlation between the degrees on the two
sides of an edge, and classifies the network into one of the following three categories . When
a(k) increases with k, the network is said to be assortative: vertices with high degrees mostly
connect to other vertices with high degrees. When a(k) decreases in k, the network is said to
be disassortative. Then high-degree vertices typically connect to low-degree vertices. When a(k)
is independent of k, the network is said to be uncorrelated. In this case, the degrees on the two
different sides of an edge can be viewed as fully independent, a desirable property when studying
the mathematical properties of networks. But the fact is that the majority of real-world networks
with power-law degrees and unbounded degree fluctuations (7 € (2,3)) show a clear decay of
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Figure 1: a(k) for the Youtube friendship network [30]

a(k) as k grows large [31,136]. Figure [1] illustrates this for the Youtube friendship network [30].
Hence, scale-free networks are inherently disassortative, and hubs are predominantly connected to
small-degree nodes. In complex network theory, such a well established empirical fact then asks
for a theoretical explanation. Typically, this explanation comes in the form of a null model that
only matches the degree distribution and has the empirical observation as a property, in this case
disassortivity, or more specifically, the essential features of the curve k +— a(k).

The popular configuration model [11] generates random networks with any prescribed degree
distribution, but only results in uncorrelated networks when including self-loops and multi-edges.
Hence, the configuration model can never explain the a(k) fall-off. We therefore resort to different
null models that, contrary to the configuration model, generate random networks without self-loops
and multi-edges. The resulting simple random networks are therefore prone to the structural
correlations that come with the presence of hubs. We study a(k) for three widely used null
models: the erased configuration model, the rank-1 inhomogeneous random graph (also called
hidden variable model) and the hyperbolic random graph. We show that these models display
universal a(k)-behavior: For k sufficiently small, a(k) is independent of k. Thus, in simple scale-
free networks, small-degree vertices have similar neighbors. We then identify the value of k as of
which a(k) starts decaying. An intuitive explanation for the a(k) fall-off is that in simple networks,
high-degree vertices have so many neighbors that they must reach out to lower-degree vertices,
because networks typically only contain a small amount of high-degree vertices. This causes the
average degree of a neighbor of a high-degree vertex to be smaller. Thus, single-edge constraints
may cause the decay of a(k).

2 Main results

We first define the average nearest neighbor degree a(k,G) of a graph G in more detail. Let
(D;)ie[n) be the degree sequence of the graph, where [n] = 1,...,n. Furthermore, let Ny denote
the total number of degree k vertices in the graph, and N; denote the neighborhood of vertex i.
The average nearest neighbor degree of graph G is then defined as

1
a(k,G) = FNI“Z Z D;. (1)
i:Dy=k jEN;
Note that it is possible that no vertex of degree k exists in the graph. We therefore analyze
1
a:(k,G) = ——— D;, 2
46 = it 2, 2D ?
7 e ]ENz

where M. (k) = {i € [n] : D; € [k(1 —e),k(1 + ¢)]}. We will show that in the models we
analyze, M. (k) is non-empty with high probability, so that a.(k) is well defined. Note that



a(k,G) = ag(k,G). We now analyze a.(k,G), first for the erased configuration model in Subsec-
tion 2.1 and then for the rank-1 inhomogeneous random graph and the hyperbolic random graph
in Subsection 2.3

2.1 The erased configuration model

Given a positive integer n and a degree sequence (Di,Ds,...,D,) such that the sum of the
degrees is even, the configuration model is a (multi)graph where vertex ¢ has degree D; [11]. We
start with D; free half-edges adjacent to vertex j, for j = 1,...,n. The configuration model is

then constructed by pairing free half-edges uniformly at random into edges, until no free half-
edges remain. Conditionally on obtaining a simple graph, the resulting graph is a uniform graph
with the prescribed degrees. This is why the configuration model is often used as a null model
for real-world networks with given degrees. When the degree distribution has an infinite second
moment however, the probability of obtaining a simple graph tends to zero as n grows large (see
e.g., [22, Chapter 7]). In this setting the configuration model cannot be used as a null model
for simple real-world networks anymore. The erased configuration model is the model where all
multiple edges are merged and all self-loops are removed [13]. Where the configuration model has
hard constraints on the degrees but does not create a simple graph, the erased configuration model
generates a simple graph while putting soft constraints on the degrees. In particular, we take the
original degree sequence to be an i.i.d. sample from the distribution

P(D=k)=ck " (1+0(1)), whenk — oo, (3)

where 7 € (2,3) so that E[D?] = co. We denote E[D] = . When this sample constructs a degree
sequence such that the sum of the degrees is odd, we add an extra half-edge to the last vertex.
This does not affect our computations. We denote the actual degree sequence of the graph after
merging the multiple edges and self-loops by (D”);c[n], and we call these the erased degrees.

Stable random variables. The limit theorem of a(k,G,,) for the erased configuration model
contains stable random variables. A random variable follows a stable distribution if for any positive
numbers a; and ag, there exists a real number b; = by (a1, a2) and a positive number by = by(aq, az)
such that

a1 X1+ as Xy 4 b1 + b X, (4)

where X; and X, are independent copies of X. Stable random variables can be parametrized
by four parameters, and are usually denoted by S, (o, 8, ) (see for example [43, Chapter 4]).
Throughout this paper, we will only use stable distributions with ¢ = 1,5 = 1,4 = 0 and we
denote S, = S,(1,1,0) to ease notation.

We now state the main result for the erased configuration model:

Theorem 2.1 (a(k,G) in the erased configuration model). Let (Gy)n>1 be a sequence of erased
configuration models on n vertices, where the degrees are an i.i.d. sample from . Take €, such
that limy, o0 €n = 0 and lim,_ oo n~ " Vke, = 0o and let T' denote the Gamma function.

(i) For k < n(7=2/(7=1),

2/(r—1)
ac,(k,G,) a1 (200G —347)  (n(r—1)
RV Ty ey B u <(T G- cos 1 Str_1y2: (5)

where S(-_1)/2 is a stable random variable.
(ii) For n(T=2/(0—1) « | < nt/(T=1)

Qe,, k,Gn) P .
# — —C/J/2 F(Q — T). (6)
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Figure 2: Hlustration of the behavior of a(k,G,,) in the erased configuration model

Remark 2.1. The convergence in also holds jointly in k and n, so that for m > 1 and
1<k <ks<- - <kp<nlr=2/(=1)

2/(r—1)
(aan(klaGn)a--~7a6n(k'm7Gn)) a1 2CP(% - %7—) . 77(7-_ 1)
nG-1/G-1 p\Fo)B-n O\ "1 Se-npet (1)

where 1 € R™ is a vector with m entries equal to 1.

Figure [2| illustrates the behavior of a(k,G,,). First, a(k,G,) stays flat and does not depend
on k. After that, a(k,G,,) starts decreasing in k, which shows that the erased configuration
model indeed is a disassortative random graph. Theorem shows that n(7=2/("=1) gerves as
a threshold. Thus, the negative degree-degree correlations due to the single-edge constraint only
affect vertices of degrees at least n(7=2/(7=1)_ This can be understood as follows. In the erased
configuration model the maximum contribution to a(k,G) (see Propositions and comes
from vertices with degrees proportional to n/k. The maximal degree in an observation of n i.i.d.
power-law distributed samples is proportional to n'/("=1) w.h.p. Therefore, if k < n(7=2/(7—1)
such vertices with degree proportional to n/k do not exist w.h.p. This explains the two regimes.

For k small, a(k, G,,) converges to a stable random variable, as was also shown in [44] for k fixed.
Thus, for k small, different instances of the erased configuration model show wild fluctuations.
The joint convergence in k of Remark shows that a(k,G,,) still forms a flat curve in k for one
realization of an erased configuration model when k is small. In contrast, a(k, G,,) converges to a
constant for large k-values, so that different realizations of erased configuration models will result
in similar a(k, G,)-values.

2.2 Sketch of the proof

We now give a heuristic proof of Theorem Conditionally on the degrees, the probability
that vertices with degrees D; and D; are connected in the erased configuration model can be

approximated by [23]
1 — e PiPi/un, (8)

Let v € M., (k), and let X;; denote the indicator that vertex i is connected to v. The expected
degree of a neighbor of v can then be approximated by

ac, (k,Gn) m k' Y DiP(Xjy = 1) m k™" Y Dy(1 — e Pik/im), (9)

i€[n) i€[n]

The maximum degree in an i.i.d. sample from scales as n'/("=1) w.h.p.. Thus, as long as
k< n(m=2/=1 we can Taylor expand the exponential so that

1
ac, (k,Gn) ~ — > D}, (10)

pr i€[n]



Because (D;)ie[,) are samples from a power-law distribution with infinite second moment, the
Stable Law Central Limit Theorem gives Theorem u(l)
When k> n(7=2/(7=1 e approximate the sum in @ by the integral

o0 3—71 o
%%ﬂmmm*/a#m—wwwmwwﬁ*@) / YT - e Y)dy,
1 k e/ (um)

using the degree distribution and the change of variables y = zk/(un). When k < n, we can
approximate this by

n\3—1 [ n\3—7
ac, (k,Gn) ~ e () / Y-y =t (7)) TR-7. (D)
0
The proof of Theorem (ii) then consists of showing that the above approximations are indeed
valid. We prove Theorem [2.1] in detail in Sections [3.2] and

2.3 Two more null models

We now turn to the rank-1 inhomogeneous random graph (or hidden variable model). This model
constructs simple graphs with soft constraints on the degree sequence [91|16]. The graph consists
of n vertices with weights (h;);c[). These weights are an i.i.d. sample from the power-law distri-
bution . We denote the average value of the weights by u. Then, every pair of vertices with
weights (h, h’) is connected with probability p(h, h’). In this paper, we take

p(h,h') = min (hh'/(un), 1), (12)

which is the Chung-Lu version of the rank-1 inhomogeneous random graph [16]. This connection
probability ensures that the degree of a vertex with weight h will be close to h [9]. We show the
following result:

Theorem 2.2 (a(k, G,,) in the rank-1 inhomogeneous random graph). Let (G,)n>1 be a sequence
of rank-1 inhomogeneous random graphs on n wvertices, where the weights are an i.i.d. sample
from , Take £, such that lim,_ oo £, = 0 and lim,_oo n™ /" Vke, = co and let T denote the
Gamma function.

(i) For 1 <k < n7=2/(r=1),

2/(r-1)
Qe,, (k7 Gn) a 1 201—‘(3 — %7) 7T(T _ 1)
nB-/-D <(T G- Str—1y/2: (13)

where S(-_1)/2 is a stable random variable.

(ii) For n(m=2/(=1) « | < pt/(7=1)

aE; (k,Gp) N cu? T . (14)
3Tk =3 B3—7)(r—2)
Theorem is almost identical to Theorem The proof of Theorem exploits the deep
connection between both models, and essentially carries over the results for the erased configuration
model to the rank-1 inhomogeneous random graph. The similarity can be understood by noticing
that in the erased configuration model the probability that vertices ¢ and j with degrees D; and
D; are connected can be approximated by which is close to min(1, D;fj ), the connection
probability in the rank-1 inhomogeneous random graph. Similar arguments that lead to @D show
that a., (k,G,) can be approximated by

ac, (k,Gp) = k™' hymin(hik/pm, 1)da. (15)

i€[n]



This sum behaves very similarly to the sum in @, so that the only difference between Theorem [2.1
and is the limiting constants in @ and . The main difference between both models is that
in the rank-1 inhomogeneous random graph the presence of all edges is independent as soon as the
weights are sampled. This is not true in the erased configuration model, because we know that a
vertex with sampled degree D; cannot have more than D; neighbors, creating dependence between
the presence of edges incident to vertex i. We show that these correlations between the presence of
different edges in the erased configuration model are small enough for a(k, G,,) to behave similarly
in the erased configuration model and the rank-1 inhomogeneous random graph.

The third null model we consider is the hyperbolic random graph. This model was introduced
in [29] and samples n vertices on a disk of radius R = 2log(n/v), where the density of the radial
coordinate r a vertex p = (r, ¢) is

sinh(ar)

olr) = acosh(aR) -1 (16)

with @ = (7 — 1)/2. The angle of p is sampled uniformly from [0,27]. Then, two vertices are
connected if their hyperbolic distance is at most R. The hyperbolic distance of points u = (74, ¢,)
and v = (ry, ¢,) is defined by

cosh(d(u, v)) = cosh(ry) cosh(r,) — sinh(r,) sinh(r,) cos(0y, ), (17)

where 6,,, denotes the relative angle between ¢,, and ¢,,. This creates a simple random graph with
power-law degrees with exponent 7 [29]. The parameter v fixes the average degree of the graph.

The hyperbolic random graph creates simple sparse random graphs with power-law degrees,
but in contrast to the erased configuration model and the rank-1 inhomogeneous random graph,
can at the same time create many triangles due to its geometric nature [141/29]. In both the rank-1
inhomogeneous random graph and the erased configuration model, the connection probabilities of
different pairs of vertices are (almost) independent. In the hyperbolic random graph, this is not
true. When u is connected to v and u is connected to w, then v and w should also be close to one
another by the triangle inequality. However, if we define

t(u) = elB=ra)/2 (18)

then we show that we can approximate the probability that two randomly chosen vertices u and
v are connected as

P (Xuo = 1| t(u),t(v)) = min (% cos L (1 — 2(vt(u)t(v) /n)?), 1), (19)

which behaves similarly as the connection probability in the rank-1 inhomogeneous random graph.
Furthermore, by [7, Lemma 1.3], the density of 21In(¢(u)) can be written as

Py (@) = T5Ee” T2 (1 4 0(1)), (20)
where the o(1) term is with respect to the network size n. Therefore,
P (t(u) > 2) =P (2In(t(u)) > 2In(z)) = 2777 (1 + o(1)), (21)

so that on a high level the hyperbolic random graph can be interpreted as a rank-1 inhomogeneous
random graph with (#(u))ye[n) as weights (see |7, Section 1.1.1] for a more elaborate discussion).

The next theorem shows that indeed the behavior of a(k, G,,) in the hyperbolic random graph
is similar as in the rank-1 inhomogeneous random graph:

Theorem 2.3 (a(k, G,,) in the hyperbolic random graph). Let (G,,)n>1 be a sequence of hyperbolic
random graphs on n vertices with power-law degrees with exponent T and parameter v. Take €,
such that lim, o0 €, = 0 and lim,, oo n~ YT Yke, = 0o and let T denote the Gamma function.



(i) For 1 <k < n(7=2/(r=1),

B 2/(r—1)
@z, (K, Gn) 4, i ( 2 L(5 — 37)cos (W(T4 1)>> Sr-1)/2; (22)

nB—7)/(r—1) r \3-71

where S(-_1)/2 is a stable random variable.

(i) For n(7=2/7=1) « | < pl/(7=1)

—1)2 2—1 [
aan (k7 Gn) i} V(T 1) (1) / xl—‘r min <]‘ Cos—l(l _ 21,2), 1) dl’ (23)
0

n3-Tk7—3 (r—2)m \2v ™

2.4 Discussion

Universality. The behavior of a(k) is universal across the three null models we consider. The
erased configuration model and the rank-1 inhomogeneous random graph are closely related. They
are known to behave similarly for example under critical percolation [4,5], in terms of distances [40]
when 7 > 3, and in terms of clustering when 7 € (2, 3) [39]. The hyperbolic random graph typically
shows different behavior, for example in terms of clustering [14,[21], or connectivity [7,/8]. Still,
the behavior of a(k) is similar in the hyperbolic random graph and the other two null models.
In all three null models, the main contribution to a(k) for k > n(7=2/("=1) comes from vertices
with degrees proportional to n/k (see Propositions and . In the hyperbolic random graph,
we can relate this maximum contribution to the geometry of the hyperbolic sphere. A vertex
i of degree k has radius r; ~ R — 2log(k). Similarly, a vertex j of degree n/(vk) has radius
r; = R—2log(n/(kv)) = 2log(k). Then, r; = R—r;, so that the major contributing vertices have
radial coordinate proportional to R — r;.

Expected average nearest neighbor degree. In Theorems we show that a(k,G,,)
converges in probability to a stable random variable when k is small. Thus, when we generate
many samples of random graphs, we will see that for fixed k, the distribution of the values of
a(k,Gy,) across the different samples will look like a stable random variable. We can also study
the expected value of a(k,G,,) across the different samples. For the erased configuration model
for example, using similar techniques as in the proof of Theorem ii), we can show that (see
Section

1o Ela(k,Gu)

im ————

Jm R = —cp* (2 - 7). (24)

The difference between the scaling of the expected value of a(k,G,,) and the typical behavior of
a(k,Gy) in Theorem [2.1{(i) is caused by high-degree vertices. In typical degree sequences, the
maximum degree is proportional to n'/("=1_ Tt is unlikely that vertices with higher degrees are
present, but if they are, they have a high impact on the average nearest neighbor degree of low
degree vertices, causing the difference between the expected average nearest neighbor degree and
the typical average nearest neighbor degree. Thus, the expected value of a(k,G,,) is not very
informative when k is small, since Theorem shows that a(k, G,) will almost always be smaller
than its expected value when k is small. Also note that including &, in is not necessary, since
the expected value is not affected by the event that no vertex of degree k is present.

Figure 3| illustrates this difference in terms of the mean and median value of a(k, G,,) over many
realizations of the erased configuration model, the rank-1 inhomogeneous random graph and the
hyperbolic random graph. Here indeed we see that the expected average neighbor degree is scales
as a power of k over the entire range of k, where the median shows the straight part of the curve
from Theorem Thus, it is important to distinguish between mean and median of a(k,G,)
when simulating random graphs.
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Figure 3: a(k,G,,) for different random graph models with n = 10°. The solid line is the median
of a(k,G,) over 10* realizations of the random graph, and the dashed line is the average over
these realizations. The dotted line is the asymptotic slope k™ ~3.

Vertices of degree k The definition (1)) assumes that a vertex of degree k is present. For
large values of k, this is a rare event, by . Indeed, vertices of degree at most n'/™ are present
with high probability in the erased configuration model, whereas the probability that a vertex of
degree k > n'/7 is present tends to zero in the large network limit [44]. We avoid this problem
by averaging a(k, G,) over a small range of degrees. Another option is to condition on the event
that a vertex of degree k is present. Our proofs for k < n(7=2/(7=1) for the erased configuration
model can easily be adjusted to condition on this event. For k larger, we leave the behavior of
a(k,Gy,) conditionally on a vertex of degree k being present open for further research.

Fixed degrees. In the proof of Theorem we show that the fluctuations that come with
the stable laws for small k are not present when we condition on the degree sequence. Thus,
the large fluctuations in a(k, G,,) for small k are only caused by fluctuations of the i.i.d. degrees,
weights or radii. For a given real-world network, the network degrees are often preserved, and
many samples of erased configuration models or inhomogeneous random graphs are created with
the observed degree sequence. In this fixed-degree setting, the sample-to-sample fluctuations of
a(k) are relatively small.

Relation with local clustering. The local clustering coefficient c¢(k) of vertices of degree k
measures the probability that two randomly chosen neighbors af a randomly chosen vertex of
degree k are connected. In many real-world networks as well as simple null models, ¢(k) decreases
as a function of k [91/24,37,/39,/42]. The relation between the decay rate of ¢(k) and the decay rate
of a(k) has been investigated for the rank-1 inhomogeneous random graph, where it was shown
that c(k) < a(k)/k [38). Using recent results for ¢(k) on the erased configuration model and
the rank-1 inhomogeneous random graph, we can make the relation between c(k) and a(k) more
precise. When k > v/n, ¢(k) in the erased configuration model satisfies [24]

c(k) = T2 = 7)2 3 75 25 (1 4 0.(1)). (25)

Then, by Theorem when k> \/n,

k) = = Z (1 + 0r(1). (26)

Intuitively, we can see this relationship in the following way. Pick two neighbors of a vertex with
degree k. By definition, these vertices have degree a(k) on average. Since k > \/n, by Theorem
a(k) < y/n. Therefore, the probability of two vertices with weight a(k) to be connected is
approximately 1 — e—alk)®/un a(k)?/un. Since the clustering coefficient can be interpreted as
the probability that two randomly chosen neighbors are connected, the clustering coefficient should
satisfy c(k) ~ a(k)?/un when k > y/n. In particular, the decay of the clustering coefficient should
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Figure 4: The neighbors of a vertex of degree k have average degree a(k)

be twice as fast as the decay of the average neighbor degree. Analytical results on ¢(k) on the
rank-1 inhomogeneous random graph show that is also the correct relation between clustering
and degree correlations in the rank-1 inhomogeneous random graph [39]. Future research might
explore the relation between c(k) and a(k) in other null models, such as the hyperbolic random
graph or the preferential attachment model. It would also be interesting to see if the difference
between expectation and typical behavior that is present in a(k) also occurs for the local clustering
coefficient c(k).

Correlations in the hyperbolic random graph. The relation between a(k) and c(k) in the
rank-1 inhomogeneous random graph and the erased configuration model is based on the fact that
in these two models, the connection probabilities of pairs of vertices (i,7), (i,k) and (j, k) are
(almost) independent. In the hyperbolic random graph, the geometry causes a strong dependence
between these connection probabilities. If vertices j and k are neighbors of ¢, they are likely to
be geometrically close to one another due to the triangle inequality. This makes the probability
that j and k are connected larger than in the rank-1 inhomogeneous random graph or the erased
configuration model. These correlations do not play a role when computing a(k), since a(k)
only involves the connection probability of two different vertices. When computing statistics of
the hyperbolic random graph that include three-point correlations, the equivalence between the
hyperbolic random graph and the rank-1 inhomogeneous random graph may fail to hold, as in the
example of c(k).

Interestingly, the number of cliques was also shown to be similar in the hyperbolic random
graph, the rank-1 inhomogeneous random graph and the erased configuration model [20], even
though cliques clearly involve three-point correlations. Cliques in the hyperbolic random graph
are typically formed between vertices at radius proportional to R/2 [20], so that their degrees
are proportional to /n |7]. These vertices form a dense core, which is very similar to what
happens in the erased configuration model and the rank-1 inhomogeneous random graph [27].
In the erased configuration model, many other small subgraphs typically occur between vertices
of degrees proportional to v/n |26]. It would be interesting to see if the number of these small
subgraphs behaves similarly in the hyperbolic random graph.

3 Average nearest neighbor degree in the ECM

In this section, we prove Theorem ﬂ For k = o(ng), we couple the degrees of neighbors of
a uniformlir chosen vertex of degree k to i.i.d. samples of the size-biased degree distribution in

Section When k> n%?, this coupling is no longer valid. We then show in Section ﬁ that
a specific range of degrees contributes most to a., (k, G,,).

3.1 Preliminaries

We say that X,, = O (b,,) for a sequence of random variables (X,,)n>1 if | X, |/by, is a tight sequence
of random variables, and X,, = 0,(by,) if X, /b, 240, We often want to interchange the sampled



degree of a vertex i, D; and its erased degree D{*”. By [13, Eq. A(9)]
Dy = Dyi(1+ 0x(1)), (27)

when D; = o(n). Let L,, denote the total number of half-edges, so that L,, = >, D;. We define

the events

n={|Ln —pn| < ng/T} An ={IM,,| = 1}. (28)
1

J,
By [25, Lemma 2.3], P(J,) — 1 as n — oo. By |13 Theorem 2.1]

k(1+en) B
|M,, (k)| = cn/ 27 7dz(1+ 0:(1)) = Cn 'k e, (1 + 0:(1)), (29)
k(l—ey)

for some C' > 0, so that P (A,) — 1 for k < n'/ (7= by the choice of &, in Theorem [2.1
In the rest of this section, we will often condition on the degree sequence. For some event &,
we use the notation Py, (€) =P (€ | (D;)e[n)), and we define E,, and Var,, similarly.

3.2 Small k: Coupling to i.i.d. random variables

In this section we investigate the behavior of a., (k,G,,) when k = o(n(7=2/(7=1)) We first pick
a random vertex v of degree k. We couple the degrees of the neighbors of v to i.i.d. copies of the
size-biased degree distribution D}, where

N k
P (D) =k) =7 > Loty (30)
" i€[n]

We then use this coupling to compute ac, (k, Gp).

Proof of Theorem [2.1)(i). We first condition on the degree sequence (D;);e[n. Let v be a vertex
of degree k. In the erased configuration model, neighbors of v are constructed by pairing the
half-edges of v uniformly to other half-edges. The distribution of the degree of a vertex attached
to a uniformly chosen half-edge is given by D} . However, the degrees of the neighbors of v are
not an i.i.d. sample of D} due to the fact that the half-edges should attach to distinct vertices,
because the neighbors of v should be distinct vertices. We now show that we can still approximate
the degrees of the neighbors of v by an i.i.d. sample of D} by using a coupling argument. Denote
the degrees of the neighbors of v by By,..., B, in the order in which we encounter them. Let
Yi,..., Y, beiid. samples of D} . These samples can be obtained by sampling uniform half-edges
with replacement and setting Y; = D,/, where v; denotes the vertex incident to the ith drawn
half-edge. We use a similar coupling as in [6, Construction 4.2] to couple the B; to Y;. Let (v})iex
denote vertices attached to & uniformly chosen half-edges (with replacement) and set Vo = wv.
Then for ¢ € [k] the coupling is defined in the following way:

o If v) ¢ V,_1, then B, = Y; and v; = v,. Set V; = V;_1 Uv,. We say that B; and Y; are
successfully coupled.

e If v/ € V;_1, we redraw a uniformly chosen half-edge from the set of half-edges not incident
to Vi—i. Let v; denote the vertex incident to the chosen half-edge. Set B; = D,, and
V; = V;_1 Uv;. We then say that B; and Y; are miscoupled.

Thus, informally, we select k£ uniformly chosen half-edges, and look at the vertices they point to.
If these vertices are all distinct, we have successfully coupled the neighbors of v to an i.i.d. sample
of D}. If not, we need to redraw some of these half-edges to ensure that all neighbors of v are
distinct. We now show that the coupling is successful with high probability. By [6, Lemma 4.3],
the probability of a miscoupling at step i can be bounded as

i—1
s=1

10



where F; = 0(Bj,Y;);e};) denotes the sigma-algebra containing all information about the Y; and
B; variables encountered up to step ¢. Thus, the expected number of miscouplings up to time ¢,
Nmis(t), satisfies

t i—1
1
" oi=1s=1
When B, is successfully coupled, E, [B; | succesfully coupled] = E, [D;] = >, D?/L,. When

B, is not successfully coupled, it is drawn in a size-biased manner from the vertices that are not
chosen yet. Then

. D2 e D
E, [Bs | Fi—1, miscoupled] = ZZ¢VS < > ien]
Ligv, Di Zze[nl Di =3 ev, D

ZieVS D; ) . (33)

= 1+
Eie[n] D; ( Zie[n] Di_EieVsD

Since Dpax = Op (nl/(T_l)), Zievs D; = O (snl/(T_l)) for all possible F;_1. For t large, we
obtain from that

P(D?>1) =P (D> i) = —t1772(1 4 o(1)). (34)

Using we can use the Stable Law Central Limit Theorem (see for example [43, Theorem 4.5.2])
to conclude that

, 2/
n2/0 D) (e T(§ — ) cos (20572

where §(;_1)/2 is a stable random variable. Thus, as long as s = 0(7”L(T_2)/(T_1))7

B [B,] = 0.(L;' " D) = 0, (n®-0/-). (36)

i1€[n]

Sr-1)/2; (35)

Then, for k = o(n(T*Q)/(Tfl))

B 1 -
= o (e _ 2 22=
En [Nows(K)] = -+ £-O- (n )Z; i—1) (k n ) . (37)
Thus, as long as k = o(n%f)7
Eyp, [Nmis(k)] = 0:(1). (38)
Then, by the Markov inequality
P, (Nmis(k) =0) =1 =P, (Nmis(k) > 1) > 1 —E, [Nmis(k)] =1 — 0p(1). (39)

Thus, when k = o(n(T_Q/(T_l))), we can approximate the sum of the degrees of the neighbors of
a vertex with degree k by i.i.d. samples of the size-biased degree distribution. Because D{* =
D;(1+ 0:(1)), conditionally on the degree sequence

ac,, (k, Gn) = m > > D= [ > D}-”’} = (14 0:(1))E, |:DNV,C(U)} :

i:€M.,, (k) JEN; JENV;,

where Vj, denotes a uniformly chosen vertex in M. (k), and Ny, (U) is a uniformly chosen neighbor
of vertex Vj,. Here the second equality holds because the average nearest neighbor degree averages
over all neighbors of vertex j, and the third equality holds because it also averages over all vertices

11



in M., (k), together with the fact that Dy, = k(1 + o(1)) and D{"” = D;(1 + 0,(1)) uniformly in
i. With high probability, we can couple the degrees of neighbors of a uniformly chosen vertex of
degree in [k(1 —€,), k(1 + £,)] to i.i.d copies of D}. Then, conditionally on the degree sequence,

ac, (k, Gp) = (14 0:(1))Eq [Df] = (1 +0:(1)) L, Y Di. (40)

1€[n]

Note that this expression is independent of k. Combining this with results in

B 2/(r—1)
asn (kyGn) i> 1 (26_7-)1—\(3 _ %7—) cos (71—(7—41)>> S(‘r—l)/?' (41)

nB-7)/(r-1) w\(r—1)(3
The fact that is independent of k proves the joint convergence of Remark O
3.3 Large k

Now we study the value of a., (k, Gy,) when k> n(7=2)/("=1) We show that there exists a range
of degrees W} (§) which gives the largest contribution to ac, (k, Gy,). For ease of notation, we write
a, (k) for ac, (k,Gy) in this section. We define

Wy (8) = {u: Dy € [0n/k,n/(6k)]}, (42)
and we write

1 or 1 o
w®) = innm 2= 2 Pt inmen 2o 2 D

M., (k) JEWS(5) I e, (k) j¢WES)

=0, (kv erf (5)) + ae,, (kv Wr]f (5))a (43)

where a., (k, WF(5)) denotes the contribution to a., (k) from vertices in Wk (3), and a., (k, W, (¢))
the contribution from vertices not in W¥(5). In the rest of this section, we prove the following

two propositions, which together show that the largest contribution to a., (k) indeed comes from
vertices in WF(4).

Proposition 3.1 (Minor contributions). There exists & > 0 such that for k > n(7=2/(7=1)

lim su E [asn(k’ W’r]f(a))]
s (n/RPT

Proposition 3.2 (Major contributions).

ac, (k, Wk M -

We now show how these propositions prove part (ii) of Theorem

=0(6"). (44)

Proof of Theorem (ii). By the Markov inequality and Proposition
ac, (k, W} (9))

=0, (67). 46
(n/k)3_T P ( ) ( )
Combining this with Proposition results in
Qe (k) P 2— /1/5 1— -
—n T T(1—e ")dx + O: (7). 47
(n/k)ng —>C,LL s x ( € ) T+ 1”( ) ( )
Taking the limit of § — 0 then proves the theorem. O

The rest of this section is devoted to proving Propositions [3.1] and

12



3.3.1 Conditional expectation

We first compute the expectation of a. (k, W,’f (6)) when we condition on the degree sequence.
Lemma 3.3. When k> n(7=2/(7—1),

1

% — e PR En) (14 0,(1)). (48)

E, [aan (k7 Wk

Proof. 1t suffices to prove the lemma under the event J, from (28), since P(J,) — 1. Thus we
may assume that L,, = un(1 + o(1)). Let X;; denote the indicator ¢ and j are connected. By

1
E, [a. k = DP, (Xyw = 1 4
A AT PV (9)

By [23| Eq. (4.9)]

DD, + D2D,

Pn (Xuv = 1) =1- eDuD”/Ln +0 < 12

) = (1P Pr/E) (14 0,(1)),  (50)

where the last step follows because D, € n/k[d,1/6] and by (27) D, = k(1 + 04(1)) when v €
M., (k). Further using that D = D, (1 + 0:(1)) ,we can write (49)) as

E, [agn (k, Wff(é))] gﬂ i o:(1 )T Z Z _ e Duk/Ly eOTP(Du/Ln))

( ) v:EMc,, (k) ueWk(6)

1
% Z e_Duk/LneoP(Du/Ln))(l +0H»(].))
u€W}r (9
1 _
E Z — e Duk/Ln)(1 4 0,(1)) (51)
ueWk(s
for k < n, which proves the lemma. O

3.3.2 Convergence of conditional expectation

We now show that E,, [a., (k, W¥(6))] as computed in Lemma converges to a constant when
we take the i.i.d. degrees into account.

Lemma 3.4. When k> n(7=2/(7=1)

]En [asn (k,Wﬁ((S))] P 2 r 1/6 1—7 —z
e o — cu /5 71 —e ")da. (52)

Proof. Define the random measure

1
M®la,b) = > Lip,clabiunsi}- (53)

u€[n]

Since the degrees are i.i.d. samples from a power-law distribution, the number of vertices with
degrees in interval [a,b] is binomially distributed. Then,

1 1

n —_ . P
1 bun/k b
= ——— cx Tdx = / cy” Tdy =: Ma, b, (54)
(:un)l_TkT_l /aun/k a

13



where we used the change of variables y = xk/(un). By Lemma
D, (1 — e Puk/Ln
B [0, (5, WE()] = Z<VAO ; (1+0:(1))
Duk (1 _ o—Duk/Ln
1—e
— @Zuewﬁ(‘;) un ( )(1 +O]P’(1))
k k
MQ—T,,,L?)—T 1/6
— [ e a0+ o). (55)
5

Fix n > 0. Since (1 — e~ ") is bounded and continuous on [§,1/§], we can find m < oo, disjoint
intervals (B;)ic[m) and constants (b;);c[m) such that UB; = [§,1/0] and

‘t(l — e_t) — Zbi]l{tGBi}

i=1

<n/A([8,1/4)), (56)
for all t € [5,1/5]. Because M™ (B;) —s A(B;) for all i, M™(B;) = O, (\(B;)). Then,
1/6 1/6
| / K1 — e=dM ™ (1) — / 11— e aA(D)
5 5
1/8 m
<| / H1—e ™) = bilep ) dM (1)
g i=1

1/5 m
+ ’ -/5 t(1— e*t) _ Zbil{tEBi}dA(t)‘

i=1
Y (B - M)
< nM™([6,1/6])/A([0,1/0]) +n + 0:(n). (57)
Using that M ™ ([5,1/6]) = Oy (A([8,1/6])) proves that
1/5 B ) b [0 . v L
/5 t(1—e ")dM™(¢) —>/6 t(1—e ")dA(t) = 0/6 T (1 — e ")dz, (58)
which proves the lemma. U

3.3.3 Conditional variance of a(k)
We now show that the variance of a., (k, W’ (§)) is small when conditioning on the degree sequence,
so that a, (k, WF(5)) concentrates around its expected value computed in Lemma

Lemma 3.5. When n(7=2/(0-1) « k < nt/(7=1),

Vary (a., (k, W3 (9))) e,
En [ac, (k, WE(3)))?

Proof. Again, it suffices to prove the lemma under the event J, and A,, from . We write the
variance of a., (k, WF(5)) as

1
k) er er
Vara (ac, (b W O) = e 2= 2. DD
En i,jEMe,, (k) u,vEWEk(5)
X Py (Xiw = Xjo = 1) = Pp (Xiw = 1) Py (X, = 1))
(14 0:(1))
k2|M€n(k)|2 o Z Z
i,j€Me,, (k) u,veWk(5)
X (Pn (Xiu = va = 1) - Pn (Xlu = 1) Pn (va = 1)) . (60)

(59)
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Equation splits into various cases, depending on the size of {i,j,u,v}. We denote the contri-
bution of |{4, j,u,v}| = r to the variance by V™ (k). We first consider V* (k). We can write

P, (Xiw=Xj» =0) =P, (X;p, =0)P,, (Xj, =0 X;o, =0). (61)

For the second term, we first pair all half-edges adjacent to vertex i, conditionally on not pairing to
vertex u. Then the second term can be interpreted as the probability that vertex j does not pair to
vertex v in a configuration model with L, —D; = L, (140(1)) vertices, where the degree of vertex j
is reduced by the amount of half-edges from vertex 4 that paired to j. Similarly, the new degree of
vertex v is reduced by the amount of half-edges from vertex ¢ that paired to v. Since the expected
number of half-edges from 4 that pair to vertex j is O(D;D;/L,) = Djo(n=("=Y/(7=1)) [18], the
new degree of vertex j is D;(1 + 0,(n=("=2/("=1)) "and a similar statement holds for vertex v.

Thus, by
P, (Xiw = Xjo = 0) = e~ DiDu/Lng=D;Dy/Ln (1+ Ouh(n—("'—2)/(7'—1))). (62)
This results in

P (Xiu = Xjp = 1) zl—Pn(Xm:O)—IP’ (Xju = 0) 4+ P, (Xiu = X;, = 0)

=14 (—e T —e T e T T ) (14 op(n T/ (7)Y
= (1= e Pub/Iny(1 — = PoF/En) (1 4 0,(1)), (63)

where the last equality holds because D,k = O(n) and D,k = O(n) for u,v € Wk (). Therefore

VO (k) = m Z Z DuDy(1 — e~ Pub/Lny(1 — o= Pok/Ln)(1 4 0,(1))

1,JEMc,, (k) u,veW}(8)
= DuDy (1= e Pt En) (1 — e Pet/En) (1 + 0,(1))
- Z 0p (k_QDuDU(l _ e—Duk/Ln)(l _ e—ka/Ln))

u,vEWk(8)
2
= 0, (En [ac, (6, WE@)]) (64)
where the last equality follows from Lemma Since there are no overlapping edges when

{i,4,u,v} =3, V®(k) can be bounded similarly.
We then consider the contribution from V' which is the contribution where the two edges are

the same. By Lemma we have to show that this contribution is small compared to n6=27%276,
We bound the summand in as
D2 (P (Xiu = 1) = Py (Xsu = 1)°) < D2. (65)

Thus, using that on A4, |M. (k)| > 1, V® can be bounded as
2
@ < D2 D2 77,7 k NI
[ kQ‘ME (k) Z Z k2|Me Z 4 |Wn( )’ (66)
ZEME"(k) ueWpk(8) ueW’“(é)

Since the degrees are i.i.d. samples from (B), |W}(0)| is distributed as a Binomial(n, C(n/k)'~7)
(0)] =0 ( (n/k)"~ T) This results in

V® =0, (n* kTP, (67)

which is smaller than n%~27k27=6 when k > n%, as required. O
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Proof of Proposition[3.4 Lemma [3.5] together with the Chebyshev inequality show that
ac,, (k, Wy (9))

P
1. 68
By fae, (EWEO)] (0%)
Combining this with Lemmas [3.3] and [3:4] yields
k 1/5
aa;g]i’Tanf)) l> CMZ—T/(S xl_T(l — e ")da. (69)
U

3.3.4 Contributions outside W} (9)

In this section, we prove Proposition and show that the contribution to a, (k) outside of the
major contributing regimes as described in is negligible.

Proof of Proposition[3.1, We use that P, (X;; = 1) < min(1, DLifl ). This yields
VE(8))] = Ve < 2 in (1, 52
E [a., (k, W(6))] = E [En [a, (k, W (5))]] < ZE | Dmin (LLT)IL{DEV’VN)}

dun/k k o k
= / 2!~ min (1, —x)dx +2 277 min (1, i)dx. (70)
k Jo pn k J (k) pn

For ease of notation, we assume that ;1 = 1 in the rest of this section. We have to show that the
contribution to from vertices u such that D,, < dn/k or D,, > n/(dk) is small. First, we study
the contribution to for D,, < dn/k. We can bound this contribution by taking the second
term of the minimum, which bounds the contribution as

dn/k 5377
/ 22 Tdx = (k/n)™—3. (71)
0 T—3

Then, we study the contribution for D,, > n/(ke). This contribution can be bounded very similarly
by taking 1 for the minimum in

o0 57-72
E/ 2t Tdr = (k/n)™3. (72)
k n/(Jk) T—2
Taking x = min(7 — 2,3 — 7) > 0 then proves the proposition. O

3.4 Expected average nearest neighbor degree

For k > n(7=2/(7=1) it is easy to see that E[a(k,G,,)] satisfies ([24). Indeed, Proposition
together with Lemma and taking the limit of 4 — 0 establish

For k small, note that the limit in Theorem i) has infinite mean, so that a similar scaling as
in Theorem [2.1[i) cannot be expected to hold for E [a(k, G},)]. To prove Theorem [2.1{i), we used
that the maximal degree scales as n'/("=1) with high probability. When computing the expected
average nearest neighbor degree however, the rare event of the maximal degree being larger than
n'/(7=1) forms a major contribution to E [a(k,G,)]. In fact, we can follow the exact same lines as
the proofs of Proposition and Lemma so that also holds for k small.

4 Proofs of Theorem 2.2 and 2.3

We now briefly show how the proof of Theorem can be adapted for the rank-1 inhomogeneous
random graph and the hyperbolic random graph to prove Theorems and We denote by
P,, the probability conditioned on the weights in the rank-1 inhomogeneous random graph or
conditioned on the radial coordinates in the hyperbolic model.
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4.1 Inhomogeneous random graph

First, we show how to prove Theorem i). Similar to , in the rank-1 inhomogeneous random
graph the degree of a vertex with weight h, Dp, satlsﬁes Dy = h(1 + 0:(1)) when h > 1 [39).
Furthermore, the largest weight is of order n'/("=1) with high probability. Thus, when h <
n(T=2/=1 wh.p. p(h,h') = hh'/(un) for all vertices. When u € M., (k), hy = k(1 + 0:(1)), so
that conditionally on the weight sequence

1
asn(k):m > ZDP (Xiuw=1)

ueMEn (k) ZE ]

hik h?
1+O]p Z h 1+0w( )) 727 (73)

'LG [n] 1€[n] s

which is equivalent to because the weights are also sampled from (3). This proves Theo-
rem [2.2(i).
Similarly to 7 we define for the rank-1 inhomogeneous random graph

WEN(S) = {u s hy € [5um/k, jn/(5)]}. (74)

Then it is easy to show that Proposition also holds for the rank-1 inhomogeneous random
graph with instead of W[ (). We use that P, (X;; = 1) = min(h;h;/(un),1). Because the
weights are sampled from , also holds for the rank-1 inhomogeneous random graph, so that
Proposition indeed holds for the rank-1 inhomogeneous random graph.

We now sketch how to adjust the proof of Proposition [3.2] to prove an analogous version for
the rank-1 inhomogeneous random graph, which states that

ac,, (k, Wy;™(9))
(n/k)>=7

Following the proofs of Lemmas we see that these lemmas also hold for the rank-1 in-
homogeneous random graph if we replace the connection probability of the erased configuration
model of 1 — e~ PiPi/Ln by min(h;h;/un,1). Note that for the rank-1 inhomogeneous random
graph the contribution to from 3 or 4 different vertices is 0, because the edge probabilities in
the rank-1 inhomogeneous random graph conditioned on the weights are independent. From these
lemmas, follows. This then shows similarly to that

1/5
N cpT / 2177 min(z, 1)d. (75)
5

aan(k) P o—F > 1—r . B CMZ_T
(k== * /0 v min(e, )de = a5 (76)

which proves Theorem [2.2((ii).

4.2 Hyperbolic random graph

We first provide a lemma that gives the connection probabilities conditioned on the radial coordi-
nates in the hyperbolic random graph.

Lemma 4.1. For a hyperbolic random graph, the probability that v and v are connected condi-
tionally on the radial coordinates can be written as

P, (Xyp =1) = min (711_ cos 1 (1 — 2(vt(u)t(v)/n)?), 1> (14 0:(1)). (77)

Proof. Suppose vt(u)t(v)/n > 1. Then,

wtTv)/2
vt(u)t(v) _ vele=(rutre)/ _ Ee—(ru—&-rv)/Q’ (78)

n n v
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so that r, + 7, < 2log(N/v) = R. Thus, by

cosh(d(u,v)) = cosh(r,) cosh(r,) — sinh(r, ) sinh(r,) cos(0)
< cosh(ry, + 1) < cosh(R), (79)

so that the distance between u and v is less than R and w and v are connected.

Now suppose that vt(u)t(v)/n < 1, so that r, + r, > R. We calculate the maximal value of
0., such that v and v are connected, which we denote by 6}, . When the angle between v and v
equals 0, , the hyperbolic distance between u and v is precisely R. Thus, we obtain, using the
definition of the hyperbolic sine and cosine

eR _ efR el — e Tu gl — g~ Tv elv L e Tu gl L g~ v .
5 = 5 5 - 5 5 cos(0y,). (80)
Because t(u) is dlstrlbuted as the maximal type scales is O, (n/("=1). Therefore, ™=~ =
(t(v)/t(u))? = O, (n?/(7=1). Also7 e ® = 0(n™?) so that (80) becomes
%eR = e (1 = cos(6},)) + O (nQ/(T_l)) . (81)

We then use that by the definitions of t(u), ¢(v) and R

e = o (elrereTI2) eR(mﬁ(u)t(v)) : (82)
This yields for that
1 —cos(0,) = 2(%)2 + Op (n_QZ?Ut(un)t(v)) ; (83)
so that
0r, = cos 11 — 2(vt(u)t(v)/n)*) (1 + 0:(1)). (84)

Because v and v are connected if their angular coordinates are at most 6, and the angular
coordinates of u and v are sampled uniformly, we obtain that

P, (Xuw=1) = % cos (1 — 2(vt(u)t(v)/n)?)(1 + 0:(1)). (85)

O

Using this lemma, we now prove Theorem

Proof of Theorem[2.3 We first focus on k < n(7=2/(=1)_ By [20, Eq. (21)], E,, [D.] = ZZ=2t(uw).

m(T—2)
Thus, by [12, Theorem 2.7 and Lemma 3.5] D,, = ZE: gt( )(14+0s(1)) when ¢(u) > 1. Therefore,

when u € M, (k), t(u) = :é: ;;k(l +0:(1)) when k > 1. Since the types are distributed as (21)),
the largest type is O; (n'/("=Y). Therefore, if u € M., (k), then t(u)t(v)/n = o0,(1) for all v.
Taylor expanding shows that for t(u)t(v) < n

2ut(u)t(v)

™n

Thus, similarly as in we obtain with ¢ = 7/(2v),

Pn (Xuv = 1) = (1 + O]p(l)). (86)

(r— )2
e, () = (14 0:(1) 277 21))k i — (1 +a) Y téi . (87)
i€[n] i€[n]

Combining this with the distribution of the types proves Theorem i) (which is the same
as Theorem [2.2|(i) where p is replaced by ¢ and ¢/(7 — 1) by 1).
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We now investigate the case k > n(7=2/("=1)_ Similarly to ([@2), we define for the hyperbolic
random graph

W,te(8) = {u : t(u) € [6¢n/k, Cn/(5k)]} (88)
with ¢ = 7/(2v). Using that cos™(1 — 222)/m <  combined with Lemma[d.1} we obtain
P, (Xup = 1) < min (t(uw)t(v)/(Cn),1). (89)

Combining this with the fact that the t(u)s are sampled from a distribution similar to shows
that also holds for the hyperbolic random graph, apart from a multiplicative constant. From
there we can follow the same lines as the proof of Proposition (3.1

We can also prove an analogous proposition to Proposition which states that

e e G e eeaan o

Because the connection probabilities conditioned on the radial coordinates in the hyperbolic model
are given by Lemma [I.1] a variant of Lemma [3:3] holds which states that

E, [a., (k, Wr(5))] = k:f(TT_—lQ)) Z t(u) min <1 cos (1 = 2(vt(u)t(v)/n)?), 1) (14 0p(1))

0
ueW}k (9)

Similarly, a variant of Lemma [3.4 holds for the hyperbolic random graph, replacing the connection
probability 1 — e~PiPi/(t7) of the erased configuration model by and replacing the constant
¢ from by its equivalent constant for the hyperbolic model of 7 — 1 and p by ¢ (see (21])). Fur-
thermore, because conditionally on the radial coordinates, the probabilities that two distinct edges
are present are independent, Lemma [3.5] also holds for the hyperbolic random graph. Therefore,
similar steps that lead to then show that

(Z;%;?T — V((TT__;)z: (2%)277 /000 2'~7 min (71r cos (1 — 22?), 1> dz (91)

which proves Theorem [2.3((ii). O
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