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Abstract

In this work, we study the spectrum of the normalized Laplacian and its regularized
version for random geometric graphs (RGGs) in various scaling regimes. Two scaling
regimes are of special interest, the connectivity and the thermodynamic regime. In the
connectivity regime, the average vertex degree grows logarithmically in the graph size
or faster. In the thermodynamic regime, the average vertex degree is a constant. We
introduce a deterministic geometric graph (DGG) with nodes in a grid and provide
an upper bound to the probability that the Hilbert—Schmidt norm of the difference
between the normalized Laplacian matrices of the RGG and DGG is greater than
a certain threshold in both the connectivity and thermodynamic regime. Using this
result, we show that the RGG and DGG normalized Laplacian matrices are asymp-
totically equivalent with high probability (w.h.p.) in the full range of the connectivity
regime. The equivalence is even stronger and holds almost surely when the average
vertex degree a,, satisfies the inequality a,, > 24 log(n). Therefore, we use the regular
structure of the DGG to show that the limiting eigenvalue distribution of the RGG
normalized Laplacian matrix converges to a distribution with a Dirac atomic mea-
sure at zero. In the thermodynamic regime, we approximate the eigenvalues of the
regularized normalized Laplacian matrix of the RGG by the eigenvalues of the DGG
regularized normalized Laplacian and we provide an error bound which is valid w.h.p.
and depends upon the average vertex degree.
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1 Introduction

The spectra of random matrices and random graphs have been extensively studied in
the literature [1-5]. Spectral graph methods have become a fundamental tool in the
analysis of large complex networks, and related disciplines, with a broad range of
applications in telecommunication, machine learning, data mining, and web search. A
first natural random graph model of complex networks is the Erdds-Rényi (ER) random
graph [6] where edges between nodes appear with equal probabilities. This model
has many appealing analytical properties but does not model important features of
many real complex networks. In particular, the ER graph fails in describing clustering
properties of graphs in which the geographical distance is a critical factor, as for
example wireless ad-hoc network [7], sensor network [8], and the study of the dynamics
of a viral spreading in a specific network of interactions [9], [10]. To properly model
such networks, we consider a special class of graphs known as random geometric
graphs (RGGs) [11]. Another very important motivation for the study of RGGs is
their applications to statistics and learning. Many clustering techniques such as the
nearest-neighbor technique in statistics and machine learning are based on the spatial
structure of RGGs [12].

Let us analytically define the RGG studied in this work. We consider a finite set A},
of n nodes,! x 1, ---s X, distributed uniformly and independently on the d-dimensional
torus T¢ = [0, 1]%. Taking a torus T¢ instead of a cube exempts us from considering
boundary effects. Given a threshold r,, > 0, we form a graph by connecting two nodes
xi, xj € &, if the £,-distance between them is at most r,,, i.e., [|[x; — x|, < r, with
p € [1, 00] (that is, either p € [1, 00) or p = o0, see Figure 1(a). Here |.||, is the
£ ,-distance on R defined as

I/p

k k

(ZL | —x;) Ip) for p € [1, 00),
O —x) 1<k <d}for p=oco.

i

lxi —xjllp =
max{| x

For p = 2, the ¢;-distance defines the standard Euclidean distance between two
points in R?. When p = oo, we obtain the Chebyshev distance, i.e., the maximum
of the differences between the coordinates in any dimension of the two points. Such
graphs, denoted by G (X}, rp,), are called RGGs and are extensively discussed in [11].
Typically, the function r, is chosen such that r, — 0 when n — oo. Unlike ER
graphs, the RGG is an inherently harder model to work with since the nature of the
graph induces dependencies between edges.

1 Throughout this work, the nodes of a graph are denoted by their spatial coordinates.
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Fig. 1 Illustration of an RGG (a) and a (DGG) (b) forn = 16

The degree of a vertex in G (&, r,) is the number of edges incident to it. Let ZIC
denote the volume of the d-dimensional unit hypersphere in T¢. Then, the average
vertex degree in G (A&}, rp) is equal to a, = Q(d)nr,‘f [11]. The properties of RGGs,
including spectral properties, often depend on the average vertex degree a,,. Two dif-
ferent scaling regimes for a,, are of interest in this work. The first one is the connectivity
regime in which the average vertex degree a,, grows logarithmically in n or faster, i.e.,
a, = .Q(log(n))2 [11]. The second scaling regime of interest is the thermodynamic
regime, in which the average vertex degree is a constant y, i.e., a, = y [11]. This
regime models real-world complex networks that consist of disconnected components,
e.g., social interaction networks [13] and web graphs [14].

This work focuses on the analysis of the spectra of the normalized Laplacian matrix
of G(X,, r,) in the connectivity and thermodynamic regimes under any £ ,-distance
as d remains fixed and n — oo. To this end, we introduce the set D,, of the n nodes
that are at the intersections of all parallel hyperplanes with separation n~'/¢, see Fig.
1(b), and define a deterministic graph G(D,, r,) by connecting any two nodes x, x}
€ Dyif || x{ — x;. | < ry for p € [1, oo]. For both G(&X),, r,) and G(D,, r,), we
assume that there is at most one edge between any pair of nodes. There is no edge
from a vertex to itself. Moreover, we assume that the edges are not directed.

In the following, we define the normalized Laplacian matrix for G(X,, r;) and
G(Dy, rp).

Let AV (x;) be the set of neighbors of vertex x; in G (X, r,) and NV (x/) be the set of
neighbors of vertex xlf in G(D,, ry). The normalized Laplacian matrices £(4;) and

L(D,) for G(X,, r,) and G(D,, ry), respectively, have entries defined by
xlxj ~x7]

/NGHN()

2 The notation f(n) = §2(g(n)) indicates that f (n) is bounded below by g(n) asymptotically, i.e., 3K > 0
and n, € Nsuch that Vn > ng f(n) > Kg(n).

x[xi ~ x;j]
Xij = 8 — ——m—, Dy)ij = 8 — 1
L%y = o N(x)N(x)) £Duij = & )
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where N(x;) and N(x/) are the sizes of the two sets N(x;) and N (x]), respectively,
and &;j is the Kronecker delta function. The term x [x; ~ x;] takes unit value when
there is an edge between nodes x; and x; in G(&},, r,) and zero otherwise, i.e.,

L X —xjllp Sre, TFE
Xl ~xjl = {0, otherwise.

A similar definition holds for x[x] ~ x}] defined over the nodes in G(D,,, r,,).
Recall that g, denotes the average vertex degree in G (&, r,;) and, is constant and
independent of # in the thermodynamic regime, i.e., a, = y > 0. In G(D,, r,,), the
number of neighbors of each vertex is the same and we denote it by a, = N (xi/ ).
In particular, in the thermodynamic regime N(x/) = y’. Additionally, N(x;, x/) =

2o xlxi ~ xjlxlx; ~xil < a, Vi, j.

! Note that the above formal definition of the normalized Laplacian in (1) requires
G(&,, ry) and G(D,, ry) not to have isolated vertices. To overcome the problem of
singularities due to isolated vertices in the thermodynamic regime, we follow the
scheme proposed in [15]. It corresponds to the normalized Laplacian matrix on a
modified graph constructed by adding auxiliary edges among all the nodes with weight

< > 0. Specifically, the entries of the normalized Laplacian matrices are modified as

Do~ Y o R I~ x! + o
xlxi ~x; 1+ LDy = 8 — x[x; x./] n_
VNG +a)(N(xj) +a) (a] ¥a)(a +a)

The corresponding matrices are referred to as regularized normalized Laplacian matri-
ces [15]. Observe that fora = 0, (2) reduces to (1). The matrices ﬁ(Xn) and ﬁ(Dn) are
symmetric, and consequently, their spectra consist of real eigenvalues. We denote by
{fii,i =1,..,n}and {)A»,, i=1, n} the sets of all real eigenvalues of the real sym-
metric square matrices LX) and E(D ) of order n, respectively. Then, the empirical
spectral distribution functions of L'(X ) and E(D ) are defined as

LX)y = 8 —

2

5 1< N 1< .
FL(X”)(x)=;Z:I{m§x}, and Fw")(x):;gjl{xisx},

where [{B} denotes the indicator of an event B. The goal of this work is to show that
F£Dn) js a good approximation for F£(¥) when n is large in both the connectivity and
thermodynamic regimes. For that, we use a methodology that relates the asymptotic
behavior of two sequences of matrices.

The rest of this paper is organized as follows. In Sect. 2, we provide an overview
of related work. In Sect. 3, we present the main results of this work. In Sect. 4,
we show how the results presented in Sect. 3 on the relation between the spectrum
of RGGs and DGGs are obtained, and how to use the DGG structure to provide
analytical approximations of the RGG eigenvalues. Numerical results are given in
Sect. 5 to validate the theoretical results by comparing the limiting eigenvalue dis-

@ Springer



Journal of Theoretical Probability

tribution (LED) obtained analytically and by simulation. Finally, conclusions and
implications are drawn in Sect. 6.

2 Related Work

The spectral properties of random matrices are fundamental tools to predict and analyze
complex network behavior. The work in [16] investigates the combinatorial Laplacian
spectra of RGGs and shows that the spectrum consists of both discrete and continuous
parts. The discrete part of the spectrum is a collection of Dirac atomic measures at
integer values. The work in [17] shows that the Dirac atomic measure appear mainly
due to the existence of symmetric motifs> that occur abundantly in RGGs compared
to ER graphs. Other works also analyzed the symmetric motifs in RGGs and studied
the probabilities of their appearance (see e.g., [18]).

Several works analyzed the spectra of Euclidean random matrices given by H, =
f({lxi — x;|2) when n and d grows large and function f(-) belongs to a given class
[19], [20]. However, the obtained results cannot be applied to our problem as we
assume that the dimension d stays fixed. The work in [20] also studies the LED of
Euclidean random matrices H, when the dimension d remains fixed. It shows that
under some conditions the LED of H, converges almost surely to a Dirac atomic
measure at zero. However, the results in [20] require the continuity of function f and
they cannot be applied to the step function considered in this work.

Regarding spectral properties of the adjacency matrix of (RGGs), in [21] and [22],
the authors show that the spectral distribution of the adjacency matrix has a limit in
the thermodynamic regime as n — oo. Due to the difficulty to compute exactly this
spectral measure, in [21], the author proposes an approximation for it as y — oo. In
[9], a closed form expression for the asymptotic spectral moments of the adjacency
matrix of G(&,,, ry) is derived in the connectivity regime. Then, an analytical upper
bound for the spectral radius is derived in order to study the behavior of the viral
infection in an RGG. Furthermore, in [23], the author shows that in the connectivity
regime, the spectral measures of the transition probability matrix of the random walk
in an RGG and in a DGG with nodes in a grid converge to the same limit as n — oo.
However, the author in [23] does not study the full range of the connectivity regime and
in the proof of this result, a condition is enforced on the average vertex degree a,, using
the concept of the minimum bottleneck matching distance. The condition enforced on
ap in [23] implies that for € > 0, the result holds only for RGGs with an average
vertex degree a, that scales as £ (log®(n)y/n), £ (log%"’e (n)), £2 (log!*<(n)) for
d =1,d =2 andd > 3, respectively.

To the best of our knowledge, explicit expressions for the LED or the eigenvalues of
the combinatorial Laplacian and normalized Laplacian for RGGs are still not known
in the full range of the scaling laws for the average vertex degree a,, in the connectivity
regime, nor in the thermodynamic regime. Compared to [23], in this work we study
the spectrum of £(A},) in the connectivity regime for a wider range of scaling laws
of the average vertex degree a,, or equivalently a wider range of scaling laws of the

3 Symmetric motifs are subsets of nodes which have the same adjacencies.
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radius r,‘f and under any £,-distance, p € [1, oo]. More specifically, for d > 1, we
show that the LEDs of the normalized Laplacian £(X},) for RGGs and for DGGs
converge to the same limit when a,, = £2(log(n)). Moreover, we study the spectrum
of ﬁ(Xn) in the thermodynamic regime. To overcome the problem of singularities
due to isolated nodes in the thermodynamic regime, we investigate the normalized
Laplacian on a graph modified by adding auxiliary edges among all the nodes with a
certain weight. The corresponding normalized Laplacian is known as the regularized
normalized Laplacian [15].

3 Main Results

In this section we present the main results of our work for both the connectivity and
thermodynamic regimes. To this end, we introduce the Hilbert—Schmidt norm, also
known as week norm, and defined as

1
IAllus = —trace(A T A).
n

The following Theorem 1 summarizes our main result in the connectivity regime.
It shows that the spectrum of the RGG normalized Laplacian matrix converges in
Hilbert—Schmidt norm almost surely (a.s.) to the spectrum of the DGG normalized
Laplacian matrix in the connectivity regime as a,, > 24log(n), i.e.,

LX) — L(Dp)lus — 0 a.s. fora, > 24log(n), 3)
n—oo

whereas the convergence holds w.h.p. for a, = clog(n) and ¢ < 24.

Theorem 1 In the connectivity regime, i.e., for a, = §2(log(n)), the spectrum of the
RGG normalized Laplacian matrix L(X,,) converges to the spectrum of the DGG nor-
malized Laplacian matrix L(D,) with convergence rate depending on a, as follows:*

O (1/n), ap = clog(n)andc < 24,
(@) (l/n"/u_l) R ap = clog (n)andc > 24,
an —
P{H.C(Xn) — LD s > t} — O(l/n(lzlog(n)) ‘), an > log"t€ (n) and

a, = o(n) withe > 0,

@] (ne_”/lz) , an = 2(n).

Proof See Appendix D. O

Theorem 1 shows that when a, > loglJr€ (n) for € > 0, the rate of convergence
of P{IL(X)) — L(Dw) g > t}is O (1/n(@n /12108 =) n particular, it shows that,
when a, = clog(n), for ¢ > 24, the convergence rate is O (l/nc/lz_l), and when

4 The notation f(x) = O(g(x)) as x — oo indicates that there exists a positive real number K and a real
number xq such that | f(x)| < Kg(x) for all x > xq. Additionally, f(x) = o(g(x)) as x — oo indicates
that for every positive constant € there exists a constant xq such that | f(x)| < eg(x) for all x > xq.
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¢ < 24, a slower convergence rate holds which scales as O (1/n). When the graph is
dense, i.e., a, = §2(n), the convergence rate is O (ne’”/ 12) . Notice that the almost
sure convergence in (3) follows from Theorem 1 and the Borel-Cantelli Lemma, e.g.,
[24], for a, > 241og(n).

The following Theorem 2 presents our result for the thermodynamic regime. The
spectrum of the regularized normalized Laplacian of an RGG can be asymptotically
approximated in Hilbert—Schmidt norm by the spectrum of the regularized normalized
Laplacian of a DGG. In particular, we show that the Hilbert—Schmidt norm of the error
is bounded with high probability by an explicit positive constant that depends on the
average vertex degree a, = y, i.e.,

P{I£@) - LD s > 1} — 0.

where ¢ > 0 is an explicit positive constant.

. . . 1+1/
Theorem 2 In the thermodynamic regime, with y > %, d > landt >

2
Bnd20)y e o following bound holds

n(y+a)?
. . 320(n — 1)®
2
P lILc) — Lon s > 1f = 50—
where 9 = 0@ [1 + 2y — 47]’]
Proof See Appendix C. O

This result implies that for n — oo and for every ¢ >
holds

Sy . ..
Gt the following limit

Tim PLIZ) — £@plEs > 1} =0,

Informally, this entails that for any chosen positive 7 satisfying the above inequality, as
n — o0, the Hilbert-Schmidt norm || £(X,,) — L(D,) || IZ—IS is not greater than ¢ with high

probability. Therefore, in the thermodynamic regime, we can approximate F' LX) by

F£MPn) ith an error bound of £ that holds with high probability when n — 0o and
a — 0. It is worth noting that this error bound, valid with high probability, is small
when a, = y is large.

Based on Theorem 1, we can use the LED of £(D,,), the normalized Laplacian
matrix for a DGG defined by the Chebyshev distance to determine the LED of the
normalized Laplacian in the connectivity regime as n — oo. Corollary 1 provides
the expression of the eigenvalues of £(D,). Similarly, Theorem 2 indicates that the
LED of ﬁ(Dn) provides an analytical approximation of the LED of f()(,,) in the
thermodynamic regime as n goes to infinity. The expression of the eigenvalues of
L(D,,) are derived in Corollary 2.
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Corollary 1 In the connectivity regime, i.e., a, = $2(log(n)), for RGGs defined by the
Chebyshev distance, a;,, > %, d > 1, and letting o — 0, the eigenvalues of L(D,)
are given by

d

1 sin(%Z (@) + D4y 1
g = 1= = [ — iz +—, )
a, s1n(#) a,

s=
withmy, ...,mg € {0, .N—1}.In(4),n =N a/, = 2k, +1)¢ — L and k, = |Nr,].
Then, in particular, as n — o0, the LED of L(D,) converges almost surely to the
Dirac measure at one.

Proof See Appendix E. O

Corollary 2 In the thermodynamic regime, for RGGs defined by the Chebyshev dis-
tance, y > %, d > 1, as n — oo, the eigenvalues of L(D,) are approximated
by

R 1 osinr fs () + DY 1 —asy, g,
A = I1

=1-
' +a sin(7 fs) ' +a

(&)

s=1

where s € {1,...,d}, mg € {0,...,N} and f; = % in Q N[0, 11 with Q denotes
the set of rational numbers. Also, y' = (2 Lyl/dj + D4 —1and 8f,...fs = 1 when
1. -, fa = 0 otherwise 4, . ¢, = 0.

Proof See Appendix E. O

4 On the Relation Between the Spectra of Laplacians for RGGs and
DGGs

In this section, we analyze the asymptotic behavior of the RGG normalized Laplacian
matrix in the connectivity and thermodynamic regimes. In particular, we provide all
intermediate results that led to our main results presented in Sect. 3. To this end, first
we present a well-known methodology to reduce the asymptotic spectral analysis of
RGG Laplacians to the asymptotic spectral analysis of DGG Laplacians by introducing
the concept of asymptotic equivalence of sequences of matrices. Then, we derive a
fundamental bound on ||£A(X,1) - ﬁ(Dn) ”%s to establish the asymptotic equivalence
between the two matrix sequences {ﬁ(Xn)} and {ﬁ(Dn)}.

In the following we introduce the definition of asymptotic equivalent sequences of
matrices and its implications on their eigenvalue spectra.

Definition 1 [25] Two sequences of n x n matrices {A,} and {B,} are said to be
asymptotically equivalent if the following conditions are satisfied.

1. A, and B, are uniformly bounded in strong (and hence in weak) norm:

”An”v ”Bn” <M<oo, n=1,2,..
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2. A, — B, =D, goes to zero in weak norm as n — 00
lim [|A;, —Byllus = lim [Dy,lus = 0.
n—oo n—oo

The asymptotic equivalence between two sequences of matrices implies also the
convergence to zero of both the Levy distance between the distributions of the eigen-
values of the two sequences of matrices and the mean squared Euclidean distance or
error between pairs of ordered eigenvalues of the two matrices as follows from the
next lemma.

Lemma 1 Let A and B be two n x n symmetric matrices with ordered eigenvalues
Ay oeey Ay and 11, ..., n, respectively. Then, the following inequalities hold:

1. Wielandt—Hoffman Inequality [26]

1 n
=3 I — mil* < A = Blljs.
n k=1

2. Inequality on the Levy distance (Theorem A.38, [1])
L*(F}, F) < |A = Blis,

where L(FA, FB) denotes the Levy distance between the empirical distribution
functions F;L“ and Ff of the eigenvalues of A and B, respectively.

We observe that both £(A}) and £(D,) are uniformly bounded in strong norm
since the spectral radius of any normalized (and also regularized) Laplacian matrix is
bounded by 2. Therefore, to prove the asymptotic equivalence of the two sequences
{[,(X )} and {ﬁ(D )}, in the following Lemma 2, we provide an upper bound on
I [Z(X ) — £(D )||HS which holds with high probability for any a,, in the connectivity
and thermodynamic regimes.

LPmma 2 Ford > 1, the Hilbert—Schmidt norm of the difference between ﬁ(Xn) and
L(D,) is upper bounded as follows:

2
[xi ~ ]+
A A ) (X i ) b
1£(X,) — LD s < E:Z:mun+axNuﬂ+a> @ TP

2 (Z N(x;, x) + ¢ > N;) + wa), + a2>
2b i n i

T . ©

2
e+ (£ VNG T
i
where b = na, + a* + 2ua,.
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Proof See Appendix A. O

In the thermodynamic regime, for d > 1, an upper bound for ||/3(Xn) — ﬁ(D,,) ”IZ{S
is obtained by setting a, = y’, where y’ is a positive constant. When the graph is
connected as in the connectivity regime, it is not necessary to utilize the regularized
normalized Laplacian and it is sufficient to consider the normalized Laplacian which
is obtained from the regularized normalized Laplacian by setting « = 0 in (1). Then,
in the connectivity regime, the upper bound in (6) reduces to the following:

- 5 )C, ~ xj] L
LX) — L(Dn) s < ZZ N@x)N(x;)  a

23 N(x;, x)

2
" na, <Z «/N(x,'))

We provide an upper bound for the probability that the Hilbert—Schmidt norm of
the difference between the DGG and RGG regularized normalized Laplacian matrices
is greater than a certain value ¢, for any a,,.

e 1+1/
Proposition1 Ford > 1, a, > 2;21{1_117 andt >

ity holds:

8(n+2w)a, +4a>
n(an +05)2

, the following inequal-

2
B 14 — £OIRs > 1] sP[Zan ~NGp > ’"(“;‘“}

i

+2P[
+2P‘

Proof See Appendix B. O

> _NGj) —nay

i

tn(an + a)2 — 402
> ——————— —nay
8(1+2)

ZN(x,-) —nap| >

i

16

tn(ap + o) ]

In the following, we show that the RGG and DGG normalized Laplacian matrices
are asymptotically equivalent with high probability in the connectivity regime, i.e.,
an, = $2(log(n)), as n — oo. For this purpose, it is sufficient to prove that || £L(X},) —
E(D,JH%S — 0 as n — 400 with high probability, since the normalized Laplacian
matrices L£(X},) and L(D,,) are uniformly bounded in strong norm.
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Proposition 2 In the connectivity regime, i.e., a, = §2(log(n)), ford > 1, a, >

241+1/p 8
ST PE€ [1,00] and t > o we have

[ 3200 — 1) an(1 — L)
IP’{IlE(Xn) — LDy} > t} < min [M”Z# 6 exp (_ - @ )} |
)

where 9 = 0@ [1 + 2a, — ﬂ].

n
Proof See Appendix C. O

Observe that the right hand side (r.h.s.) in (7) tends to zero as n — +oo for any a,
in the connectivity regime. Then, for any fixed ¢, it is possible to choose n > ng to
obtain a probability

PlIcct) — £ s > 1]

arbitrarily small. Consequently, as n — oo, the value ||L(X,) — E(Dn)||12_[s is not
greater than a fixed ¢ > 0 with high probability. Hence, the difference of the RGG and
DGG normalized Laplacian matrices goes to zero in weak norm with high probability
and the two matrices are asymptotically equivalent. As a result, using Proposition 2,
we obtain our main result in Theorem 1.

For the thermodynamic regime, we obtain the main result in Theorem 2 by applying
directly Proposition 1 and setting a, = y and o > O.

Since the LEDs of the normalized Laplacian for G (&, r,) and G (D,,, r,) converge
to the same limit as n — oo for any chosen £,-distance and the convergence holds
in the full range of the connectivity regime, i.e, a, = $2(log(n)), then, we use the
structure of the DGG to approximate the eigenvalues of the regularized normalized
Laplacian matrix for G(&},, r,) in the connectivity regimes. Theorem 2 enables a
similar but looser approximation in the thermodynamic regime.

In the following, we derive the eigenvalues of G(D,, r,), when the geometric
graphs are defined based on the Chebyshev distance. Let us consider a d-dimensional
DGG with n = N nodes defined by the Chebyshev distance. Then, the degree of a
vertex in G(D,,, ry) is given as [16]

a, = 2k, + 1) =1, with k, = [Nr,],

where |x] is the integer part, i.e., the greatest integer lower than or equal to x. Note
that when d = 1, the Chebyshev distance and the Euclidean distance coincide.

In the following Lemma 3, by using the expression of the eigenvalues of the adja-
cency matrix for a DGG under the Chebyshev distance [16], we approximate the
eigenvalues of the regularized normalized Laplacian for G (X}, r;;) when the number
of nodes n is fixed and for any a,.
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Lemma 3 When using the Chebyshev distance and d > 1, the eigenvalues of fﬁ(Dn)
are given by

. 1 Lsin(%E @+ DY) 1 —ady
g = 1= — [ — - . ®)
(a, + o) i sin(=~) (a, + o)
withmy, ...,mg € {0, ..N — 1} and 8,5, ,.. . m, = 1 when my, ..., mq = 0 otherwise
Smyomg =0.In(8),n =N, a/, = 2k, + D? — 1 and k, = |Nr,].
Proof See Appendix E. O

Lemma 3 is utilized along with the almost sure asymptotic equivalence of the two
matrix sequences {L(&X},)} and {£(D,)} to obtain the LED of { £(&},)} in the connectiv-
ity regime in Corollary 1. Additionally, it is exploited to determine an approximation
of the LED of {ﬁ(X,,)} with controlled quadratic error in the thermodynamic regime.

5 Numerical Results

In this section, we validate our analytical results obtained in Sect. 3 by numerical
computations. More specifically, we compare the simulated and the analytical spec-
tra of the regularized normalized Laplacian matrix of RGGs in the connectivity and
thermodynamic regimes.

Figure 2(a) illustrates the empirical spectral distribution in the thermodynamic
regime of a realization for an RGG with n = 30000 vertices, « = 0.001 and the
corresponding DGG. The theoretical distribution is obtained from Corollary 2. We
notice that the gap that appears between the eigenvalue distributions of the RGG and
the DGG is upper bounded as in Theorem 2.

Here, we provide an additional example in the thermodynamic regime to quantify

the error between FLX) and FEPW) for different values of y when the random
graphs are defined by the Chebyshev distance.

(1) Wheny =100 and @ = 1073, d = 1 thenas n — oo
PLIL@) — £DIEs > 0.019] 0.

(2) Wheny =120 and @ = 1073, d = 1 thenas n — oo
PLI£,) — LDl > 0.015] - 0.

From these examples, we notice that for y = 100, the LED of the regularized
normalized Laplacian in the RGG can be approximated by the LED of a DGG with
an error bound of 0.019 when @ = 1073. Then, as we increase the average vertex
degree y from y = 100 to y = 120, the error bound decreases. Therefore, the larger
the average vertex degree y is, the tighter the approximation becomes.
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Empirical CDF

- Simulated DGG
—— Simualted RGG

0.8 % Analytical CDF for DGG

0.6+
x
L
0.4+
0.2}
0 1 1 I 1
0.6 0.8 1 1.2 1.4
X
(a)
1 T =
—— Analytical CDF for a DGG n=500
= =Simulated RGG n=500
0.8 Analytical CDF for a DGG n=30000
|| % Simulated RGG n=30000
0.6
X
-
0.4r
0.2
0

(b)

Fig.2 Comparison between the simulated and the analytical spectral distributions of an RGG for d = 1

In Fig. 2(b) we compare the spectral distribution of a DGG (continuous lines) with
the one for an RGG for an increasing number of nodes n (dashed line for n = 500
and star markers for n = 30000) in the connectivity regime. We notice that the curves
corresponding to the RGG and the DGG match very well when n is large confirming the
asymptotic equivalence provided in Proposition 2. Additionally, it becomes apparent
that by increasing n, the eigenvalue distribution converges almost surely to the Dirac
measure at one. This behaviour confirms the result obtained in Corollary 1.
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6 Conclusion

In this work, we studied the spectrum of RGGs in both the connectivity and thermo-
dynamic regime. We first study the asymptotic equivalence of the sequences of the
regularized normalized Laplacian matrix of a DGG and RGG and obtained an upper
bound on the Hilbert—Schmidt norm of the difference between the regularized normal-
ized Laplacian matrix of RGG and DGG. In the connectivity regime, as n — 00, we
showed that the DGG and RGG regularized normalized Laplacian matrices are asymp-
totically equivalent with high probability. Then, using the structure of the DGG, we
found that the LED of the RGG normalized Lapalcian matrix converges to the Dirac
measure at one in the full range of the connectivity regime. In the thermodynamic
regime, we showed that the LED of the RGG regularized normalized Laplacian matrix
can be approximated in Hilbert—Schmidt norm by the LED of the DGG regularized
normalized Laplacian matrix with an error bound which is valid with high probability.
Then, with the regular structure of the DGG, we provided an analytical approximation
for the eigenvalues of the RGG regularized normalized Lapalcian matrix.

Acknowledgements This research was funded by the French Government through the Investments for the
Future Program with Reference: Labex UCN @ Sophia-UDCBWN.

Funding Open Access funding enabled and organized by Projekt DEAL.

Data Availability The authors declare that the data supporting the findings of this study are available within
the article. Specifically, data for figures are provided with the paper.

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Appendices
A Proof of Lemma 2

To upper bound the Hilbert-Schmidt norm of the difference between the regularized
normalized Laplacian matrices £(&,) and L(D,,), we first give the following lemma.

Lemma4 Ifa; > 0 and b; > 0 for all i, and there exists an a; > 0, then
n
n Z ai
ﬁ i=1

> bi

i=1
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By using Lemma 4, we upper bound the Hilbert-Schmidt norm of the difference
between L(X),) and L(X;,) as

A A 1 A A 2
1£X) = £@y)ls = Trace | £(x,) = £Dy) |

Iy xlxi ~xj]+ A et 2
n o= | VNG + NGy + o) /(a, +e)lay +a)

2 L w\2
_ZZ (xlxi ~x;1+ %) +(x[x,-~xj]+z)
n s (N(x;) + o)(N(x;) + o) (a, + a)2

(xDxi ~x;1+ )(x[x ~xj]+%)
ZZ (a + ) NG + NG Fa)

We notice from the last equation that > x[x; ~ x 71 = N(x;) corresponds to the
J
number of neighbors of vertex x; in the RGG, and similarly ) x[x] ~ x}] =
J
corresponds to the number of neighbors of vertex x/ in the DGG. Let b = na,, +

2aa) + a® and N(x;, x) =2 xlxi ~xjlxlx] ~ x;.]. Then, by applying Lemma 4

J
we obtain the following upper bound.

2 <Z N(x;, x)) + % > N(x;) + aa, + az)

R R 5 b
LX) — L(Dp) s Sn(a,g mv i 3
n(al, + o) <Z N(x;) + Ol)

(xIxi ~x;1+£)°
T ZZ NG + (NG + @)

Using the triangle inequality, the result follows.

B Proof of Proposition 1

In this appendix, we provide an upper bound for the probability that the Hilbert—

Schmidt norm of the difference between the matrices ﬁ(Xn) and LE(D,,) is greater than

8(n+2a)a, +4a
than 7 > == === o)

and Lemma 6.

. To prove this result, we first present the following Lemma 5
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141/p
2d i h

Lemma5 For any chosen £ ,-distance with p € [1,00], d > 1 and a,, > 571

following inequality holds

>
ay = 2d41+1/p°

C))

where ay, is the average vertex degree of G (Xy, ry) and a, is the degree of each vertex
in G(Dy, ry).

Proof First, we show that (9) holds under the Chebyshev distance. Let an RGG and a
DGG be obtained by connecting two nodes if the Chebyshev distance between them
is at most r,, > 0. Recall that the Chebyshev distance corresponds to the metric given
by the £-norm. Then, the degree of a d-dimensional DGG with n nodes formed by
using the Chebyshev distance is given by [16]

d
a, = <2Ln1/dr”j T 1) —1

(ZLal/dJ + 1)d— 1,

where |[x| is the integer part, i.e., the greatest integer less than or equal to
X.
For p = 0o, we have

ap 1/d d
Tt < a, < a, < 2da, <=>a,,<2d(2La J+1) —2d

1/d d
— (ay +2d) < 2d(2La |+ 1) .
1/d 1/d . .
Notice that |a,’” | > (a,’" — 1), then it is sufficient to show that

d
(an +2d) <2d (2(a1/d 4+ 1) > (ap +2d) < 2d (Zal/d )

d
1+1 <[ 1
T\ Te) =\ )

By taking the log in both sides of the last inequality, yields

1o I
m(—+—)<dn(2-—).
n(2d+an)_ n( a;“)

Consequently, under the Chebyshev distance, (9) holds for a, > 25—{1.
Next, we show that (9) holds under any £,-distance, p € [1, oo]. Let b, and b,
be the degrees of an RGG and a DGG formed by connecting each two nodes when

d'/P||x; — x jlloo < . This simply means that the graphs are obtained using the

Chebyshev distance with a radius equal to ——. Then, the degree of the DGG can be

I
di/r
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written as
d
b, = (2 Lb,l/dj +1) 1.

2d
When p = oo, we have that (9) holds. Therefore, we deduce that for b, >

2d —1

)

we get

<b

/
ne

R

Note that for any £,-distance with p € [1, 00) in R?, we have
1
i = xjllp < d"Pllxi = x;jlloo-

Then the number of nodes a;, in the DGG that falls in the ball of radius r,, is greater

or equal than b}, i.e., b}, < a,,. Therefore,

by an ’ /
ﬁ = 2le/[7 < bn < an.
241F1/p
Hence, for a, > ————, we get
2d — 1
ay, ,
2d+p = o

2d1+1/p ’
2d—1 > 9 >

Lemma 6 For any chosen £ ,-distance with p € [1,00],d > 1, a;, >
(2

——, we have
14\t
4(n+2a)a;l+40(2 8 (n + 2) a, + 4o 8 (n + 2a) a, + 4o
t > max 2 S 2 >t > 3
n(a), + o) n(a, + ) n(a, + )
o?  a?
Proof For « sufficiently small, we let c = — =~ — then we have,
ay, .
|:4(n +2a)d, + 4% 8(n+2a)ay +4a2}
t > max ,
n(al, + a)? n(a, +a)?
4[(n +2a) 4 ¢] 8[(n+2a)+ §]
~ t > max ,
apn(l + c)? apn(l + c)?
. An ,
Therefore, if - < ay < a,, then
2d1+;
, 4 8
an<an¢>—/<—<—.
n ap dn
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If a, > a, and a, > .
24"

Now, we prove the main result presented in the proposition.

p {L3 (Fﬁ(X"), Fﬁ<Dn>) - t}
X[x, ~ x] + g)2 b
=P ZZ (NG +o)(NG)) + o) nd) +a)

o 2 (Z N(xi, x}) + £ 3" N(x;) + aa), +a2)
i i

_ >t
n(a), + a)?

2
n(al, + o) (Z VN + a)

(xlxi ~x;1+ ) b t
=F _ZZ<N<xl ) FoONG) ta) @ ta?| 2

2b

2 <Z N, x) + 5 NGy +aay + (x2> t

+ P _ 1 1 S —
n(al, + a)? 2 2

n(a, + a) <Z N + oz)

Define,
o 2 (Z NQxi, x) + § 3 N(xy) + aay, +a2>
- n(a), + a)? B 2 ’
n(aj, + ) (Z m)
and

ZZ X[xz"‘x/]"‘ ) b
(NGi) +)(N(xj) + o) n(a, + )|’

t t
In the following, we upper bound P {A > 2 } and P {B > 2 }
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t
First, we write P {A > z} =

- 2<ZN(x,-,xi’)+%ZN(xi)—i-aa;L—i-az)
i i

n(a, +a)? 2
n(a, + «) (Z N(x;) + a)

N~

a +ao N(x;, x) 4+ %Y N(x; +ota/+a2:|
(n )I:Xl: (l z) nzl: (l) n >ll’l(a;l+a)2

2 4b
b <Z./7N(xi) +a)
2
@ - —(d e ¥ .
@plp (Zm) (@ + a) |:Xi:N(x,,xl) +- Xi:N(x,)
tn(a, + a)? z
bad, +0?] > Mt (ZW)

_ (b M)(Zm)

o 2
> (a, +a) |:ZN(xi,x,{) + - ZN(xi) +aa, +a :“ .
1 1
Note that 3~ N(x;, x) < na,, and N(x;) < n. Then, in step (a) for n sufficiently
i
large, we remove the absolute value because
N(x;, x)) + £ S N(x;) + ad’, + o2
lZ (xi, x;) ”lZ (xi) " <na;,+an+aa;,+a2

(e (g

(1 +l+ﬂ+“—2/)
<1

< —
(1 + £ 4 & )nza
1 2 1 2 1
4 40 +8
Notice from the last equality that, n(dy, + o) sbhot> + - ot 5 *n
n(a), +a)
Then,
4na), + 4o’ + 8aa), (10)

1
PlA> -} =0 for t >
2 n(a), + a)?
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t
We continue further by bounding P {B > 3 } =

xle]]+ )2 b t

! ZZ (N(xz)+06)(N(xJ)+a)  n(a), +e)? 72

xlxi ~xj1+ 2)? (x[xi ~xj1+ 9)?
—P
ZZ ((N(xl)+a)(N(x])+a) (an +)?

t}
>_
2

X[xiij]+g)2 (X[xiij]+%)2 t
=" ZZ ((N(xl) +a)(N(x;) + o) (an + )? T3

(X[xi~xj1+;)2 - b
(an + a)? n(ay +a)?

1 (x[xi ~x;1+ %)? b t
'y |
n = (a, + a)? n(a, +a)?| 4

Let

|1 (v ~ a1+ 2)° b
Bi = nz; (ap, + a)? _n(a;l—i—a)2 ’

i

and

ZZ Olri ~x1+ 87 (v~ xy] + 8)?
(NG + @) (N(xj) + ) (an + )2
t t
Now, we upper bound the two probabilities P {Bl > Z} and P {Bz > 1 }

. 4na +4a®+8ad! . t
First, for 1 > 23t wo write P{B) > - § =
n(a),+a) 4

3 (xlxi ~ x;1+ %) b t
=P _ZZ (an + @)? _n(a,’1+a)2 -

a\2  bla, +a)? nt(a, + o)?
=P Z;(X[’C"NWHZ) T @t | 4

|

nt(a, + o)* — 4o

— nay \ . 11
4(1+2) e (

n
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Step (a) follows from Y >~ (x[x; ~ x;]1+ %)
i

substituting the value of b.

We continue further by upper bounding the term P {

B —
2>

tF

2 _ (1 + 27“) ZN(x,-) + o2 and
1

B (xlx;i ~xj]1+ 9)? (x[x;i ~xj]1+ 9)? tn
=" ZZ <(N(x, YFONG)+a)  (an+a)? ) 73
B Olxi ~x1+ 872 (lxi ~x1+ 8%
=P Zi:zj:(N(x)+a)(N(x1)+a) ZZ @ +a)? 4
(x[xi ~ x;]1+ %)? (x[xi ~ x;]1+ %)? _
ZZ (N(x,)+(x)(N(x])+(x) 4

+P ZIIZ

Define

(an + 05)2

(x[xi ~ x;1+

a2
)

(xLxi ~x;1+ %)?

(an +)?

R

Oclxi ~ x;

—ZZ

(xlxi ~x;]+

(N(x) + o) (N(xj) + )’

)2

CZZZZ

(N(xi) + Ol)(N(xJ) +a)

R

(an + oz)2

tn t
In the following, we upper bound P {Cl > 7 } and P {Cz > Zn} .

t
We start first with P {C 1> Zn }

_ (X[XINX]]-F (X[szx] + ) til
_P[ZXJ: (an +@)? ZZ(N(x,>+oc)(N<x,>+oz> 4,
1+ 2%) Y N(x;) + o
- — & (an +a)? 4
— YN +na ) 3 (N(xj) + )
i j
al(d+2 N(xi)+0l:|
_p ZZ(X[XiNXj]+%)2’ [(a n); _
a — £ (an + a)? 4
P n | EXN@E) +a) ¥ (NEj) +a)
i J
L+ 2) S N@y) +
® Z(x[xi~x,-]+%)2 a[<“ >Z ) o o
- — (an +a)? 2)

n {((‘, +2) X N@) +a] > (NGxj) +a0)
i j
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Step (a) follows from Lemma 4 and step (b) from (é + %)ZN(}C,-) + o >
i

7 NG +a.

¢ 2 n%(a, 2
P{Cl >n}:P (n—l—Za)ZN(x,')— a(an + ) > n(an + @) — na?
4 ; > N(x;) + no 4
J
ala, +a)?

<P{(m+2a)

Z N(x;) — nay,

1

+ |(n 4+ 2a) na, —

ZN(xj) + no
J

n%(a, + a)? 2}
e

a(ay + o)? - n?(ay, + o) — 4no?

> N(x) + no 8
J

Z N(x;) — na,

<PJ{|(n+2a)na, —

2

tn(a, + a)2 — 4g? }
>
2
8 (14 =)

Let

(12)

C3=P{

ZN(X:') —na,| >

tn(ay + o)? — 40 }
2 9
8(1+2)

and

alay +)?

D= |n+20)na, — ——|.
Y N(x;) +na
J

P{D >

tnz(an + oc)2 — 4na? }
8

a(a, + a)2 tnz(an + ot)2 — 4na?
>
Y N(x;) +na 8
J

a 2 _ 1,2 2
(5) P { |:(n+2a) na, + dna tn8 (@n + o) :| X (Z N()Cj) + na) >a(ay + a)z} .

J

=P{|(n+2a)na, —
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2
Step (a) follows from the inequality (n + 2«) na, > M. Notice that
> N(xj) + na
J
8 2 4a?
8 (n + 2a) na, + 4na® < tn’(a, +a)? <t > (n + 20) ay + 4 . Then,
n(a, + a)?
tn? 2 —dna? 8(n+2 4o’
plps M@t —dnat| 5, 80t 20)a, +da (13)
8 n(a, + Ol)z

Finally, we upper bound the remaining probability

m] (Xlxi ~xj]+ %) (xlxi ~x1+%?
P{C2>4}_P{lzgmuiwa)m(xj)w)lZ; T4

(an + 05)2

(xlxi ~xj14 %) Oclxp ~x;1+ %)
_p . .
{ZZ; (N(xj) + @) (N(xj) + a)

_Zz(X[xi ij]_l,_%)z . tﬂ
i (an““’l)z 4
2 2
(@ (xlxi ~xj1+ %)? (xX[xi ~xj1+ 2)?
<P - = _
_Zz(x[xi~x,-1+%>2>t3
T (an + @)? 4
b Zz(x[xi~xj1+%)2_Zz<x[xi~x,-]+%)2>Ln (14)
T (N +)? TT (@t ? 4

t
Step (a) follows from applying Cauchy-Schwarz inequality. Then, P {Cz > Zn} <

tn
>_

4

a2 1 1
P ZX]: (X[x" NfoZ) ‘(N(x,-)+a)2 " (ap +a)?

2
<P |@ + @ - (NG + | > M]

2
=P Zlan — N@)I* + 2(ay +°‘)Z|an NG| > M}

4

tn(a, + o)?
<P Zlan—N(x,')|2>M}+
i

8
ZP{

(15)

Z N(x;) — na,| >

tn(a, + )
16 '
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Finally, P {C; > 4} is upper bounded by the sum of (12) and (13). We Use this

tn

result combined with the upper bound of P {Cz > I} given in (15) to upper bound
the term P { B, > £ }. Then, apply the new upper bound with (10) and (11) to upper

bound (1) and with Lemma 6, we get Proposition 1 follows. O

C Proof of Theorem 2 and Proposition 2

In this Appendix, we show that the LED of the regularized normalized Laplacian for
a DGG is a good approximation for the LED of the regularized normalized Laplacian
for an RGG in both the connectivity and thermodynamic regimes.
To upper bound the terms obtained in Proposition 1, we use the Chebyshev inequal-
ity. Notice that Y N(x;)/2 that appears in Proposition 1 counts the number of edges
]

in G(X,,, r,). For convenience, we denote Y N(x;)/2 as &,. In order to apply the
i

Chebyshev inequality, we determine the variance of the number of edges, i.e.,Var(§,)
in the following lemma.

Lemma 7 (Variance of &,) When xi, ..., x, are i.i.d. uniformly distributed in the d-
dimensional unit torus T4 = [0, 1]
m=Dr,a (d)\2.,.d
Var (&,) < —— 2 [9 +2(n —2)(6D) rn].
n
6@ m -1 4
n n

Proof The proof follows along the same lines of Proposition A.1 in [27] when extended
to a unit torus and applied to i.i.d. and uniformly distributed nodes. O

Let 9 = 0@ [1 +2a, — 4%] In the following, we upper bound the probabilities

given in Proposition 1 using Lemma 7 and the Chebyshev inequality. We start by
upper bounding the first term as follows:

tn(a, + «)* — 42
P ZN(x,-)—nan > 5 — nay
{ ; A1+
tn(a, + o)? — 40
=P 1§, — E&, | > (@n )Za — nay
8(1+22)

82 (1 + 2)* Var(g,)
[tn(a, + @) — 4a? — 8(1 + 27"‘)nan]2
82 (1+22)* (n— 1)o

= = . (16)
n[m(a, + o)? — 4o — 8(1 + 27‘3‘)1161,,]

<
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|

Finally, we upper bound the last term as

and

tn(a, + o) _ 322Var(&,)
16 = 2n2(a, + a)?

Z N(x;) — na,| >

322 -1 an
T 2n3(a, +a)?’

2 2 )
P{lzm(xi) —an|* > M} <P <lZ|N(xi) _Cln|> > M

P<Z|N(xi)_an| - M}.

2v2
Then,
2
(an +Ol)\/E}
=2P{§, — E§, Wn THIVTEL
{E Enl > ™G
64(n — v

NETE "

Corollary 2 for the thermodynamic regime is obtained from upper bounding the
terms in the r.h.s of (1) in Proposition 1 obtained in (16), (17) and (18). In addition,
by letting « — 0, the provided upper bounds hold in the connectivity case.

In the following, we propose a tighter upper bound for the Levy distance between

FEDn) and FEE) in the connectivity regime. More precisely, the following upper
bounds are tighter when the average vertex degree scales as £2(log'*€(n)) or for
ap = clog(n) when ¢ > 24.

First, observe that the number of nodes that fall in an arbitrary interval of radius r,
follows a binomial distribution. Then in order to derive the distribution of N(x;), we
need to derive the distribution of the nodes that fall in a ball centered in x;. To derive
the distribution of N(x;) in the connectivity regime, we throw at random a node which
will be in a random position and we are left with n — 1 nodes. Then, we take a ball of
size 2r,, centered around the thrown node. If we throw randomly the remaining n — 1
nodes, then, N(x;) will be a random variable binomially distributed with parameters
n—1,09r),ie.,

—1
P(N(x;) = k) = (" . )(9“’%,,)"(1 — 0Dy k=1 for k=0,...,n—1.
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To upper bound the terms in the r.h.s of (1) given in Proposition 1, we introduce
upper bounds for a binomially distributed random variable X appropriate for large
deviations. These results play a key role to establish the relation between F LX) and

Lemma 8 ( [28], Theorem 2.1, page 26) Let X ~ Bin(n, p), EX = np, then

l2
P{XZEX+I}SGXP(_2(IEX——|—1‘/3)>’ t>0.

Lemma9 ( [28], corollary 2.3, page 27) Let X ~ Bin(n, p), EX =npand(0 <t <
3/2, then

)
P{|X — EX| > tEX} <2exp (—;EX) .

We upper bound the first term in the r.h.s of (1) in Proposition 1 by using Lemmas

8
8 and 9 as follows. For r > —, we have

dn
PI

;) — nay

2 2
tha nta
> 4"—nan} {E IN(x;) an|>T”—nan}

) ta,zl
<nP{IN(x;) —aul > — —an

4

ta?
<nP {N(x,-) > Tn}

t
+ nP {N(xl) < 2a, — %}

—4)2
<nexp | — (tan ) . (19

2 2
16(5 -2 +2)

Step (a) follows from {Z Zi
i
n [IN(x;) — ayl.

< Y |zi| and step (b) from > IN(x;) —an| <
; ;

Now, instead of upper bounding the two last probabilities given in Proposition 1,
we go back to Appendix B and upper bound (14) by letting « — 0.

~ R
Ples §l e DRI R g
i

{ 1 NGy ¢ }
<nP _ ) f
N(x;) a2 4
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2N .
=nPa? —N(x)? > M}

4

Plcs> 2t =np a2 N ~)2]+%[ NG =
2 =n n Xi 4 An Xi 4

2 ) ta’ An
<nP | |a; —N(xi) }>?”}+nP[|an—N(x,->|>7}
3 d
¢ —
<nP —N(x,-)2>%—aﬁ}+nP{an—r,‘lj—N(x,~))>an2r”}
d tag 2 d
+nP {Nx;) >a, —r, + ?‘f‘an_an‘}"’n

an

) 1 2 —rf
=nP{—Nx;)" > 3 " a; t +nP{|N(x;) — EN(x;)| > 5
tay J
+nP { N(x;) > EN(x;) + ry +a; —a,+r,

8 t
Then, applying Lemma 8 and 9, we have fort > —, P {C2 > Zn} <
Qn

(20)

)
(an — rd) —3ay, [,/%an—kl—l—i—%]
2nexp| —————— ) +nexp i
12 2[2—%+,/§an+1]

Finally, taking the upper bounds found by using the Chebyshev inequality in (16),
(17) and (18) combined with the upper bounds found by using Lemmas 8 and 9, i.e.,
(19), (20) all together, then by applying Lemma 5 and letting @« — 0, Proposition 2
follows. O

D Proof of Theorem 1

Since Proposition 2 holds under the conditions that ¥ < 6@a, (% + 2) and r >

w, we apply these conditions on (7). Then,

d 1
3200 — Dy 3209 400 4009 (- +2)

A < < =
tn’a? tna  na,d!+1/p nd!*1/p

)
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and
. 3 ! B an ° .
exp (% [1 - m]) nm[lfﬁ},]
Consequently,
IED{IIE(Xn) — LD} > t} i 400 (ai + 2) ¢
HS ndI /P ’ n#@(ﬂ)[l_ﬁ]—l

When a, = clog(n) and ¢ > 24, then B < A and the rate of convergence
is O (l/nc/lz_l), whereas, when ¢ < 24, the rate of convergence is O (1/n). For
€ > 0and a, > log' ™ (n), the rate of convergence is O (1/n@/12102(")=1) When
the graph is dense, i.e., a, scales as £2(n), the LED of the normalized Laplacian
matrix of the RGG converges to the Dirac measure at one with rate of convergence
(@) (ne‘”/ 12). Hence, from the result in Proposition 2 follows that the LEDs of the
normalized Laplacian matrix for G (X}, r,,) and G (D,,, r,) converge to the same limit
as n — oo under any chosen £ ,-distance in the definition of the graphs, and the
convergence holds in the full range of the connectivity regime, i.e, a, = §2(log(n)).

O

E Proof of Lemma 3
In this appendix, we provide the eigenvalues of the regularized normalized Laplacian
matrix for a DGG using the Chebyshev distance. Then, the degree of a vertex in
G(Dy, ry) is given as [16]

a, = 2k, + 1) =1, with k, = [Nr,],

where |x] is the integer part, i.e., the greatest integer less than or equal to x. The
regularized normalized Laplacian can be written as

A 1 o
LD, =1- A— 117, A
(Pn) (a, +a) n(a), + o) (A)

where I is the identity matrix, 17 =[1,...,1]7 is the vector of all ones and A is the
adjacency matrix defined as

A= | L i =Xl =1, i and p €[, o],
Y710, otherwise.

When d = 1, the adjacency matrix A of a DGG in T' with n nodes is a circulant
matrix. A well known result appearing in [25], states that the eigenvalues of a circulant
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matrix are given by the (DFT) of the first row of the matrix. Whend > 1, the adjacency
matrix of a DGG is no longer circulant but it is block circulant with N¢~1 x N?-1
circulant blocks, each of size N x N. The author in [16], pages 85-87, utilizes the
result in [25], and shows that the eigenvalues of the adjacency matrix in T¢ are found
by taking the d-dimensional DFT of an N¢ tensor of rank d obtained from the first
block row of (A)

2mi
Mmpoomg = Dy hdexp(—wm.h>, 1)
1

where m and h are vectors of elements m; and h;, respectively, with my, ...,my €
{0,1,...,N — 1} and ¢y, ... p, defined as [16]

0, for k, < hy,...,hg <N—k, —1orhy,..hy =0,
Chl hd _ { or n < 1 d n or 1 d (22)

""" | 1, otherwise.

The eigenvalues of the block circulant matrix A follow the spectral decomposition
[16], page 86,

A =F"AF,
where A is a diagonal matrix whose entries are the eigenvalues of A, and F is the

d-dimensional DFT matrix. It is well known that when d = 1, the DFT of ann x n
matrix is the matrix of the same size with entries

1
Fpx = —exp(—2nimk/n) for m,k =1{0,1,...,n — 1}.
) ﬁ

When d > 1, the block circulant matrix A is diagonalized by the d-dimensional DFT
matrix F = Fn, & ... @ Fy,, i.e., tensor product, where Fy, is the Ng-point DFT
matrix.

Notice that all the matrices in (A) have a common eigenvector that is (\/Lﬁ s Jiﬁ)
and this eigenvector coincides with the first row and column of F. Then, (%, e L)
n NG
is also an eigenvector of L(Dy,).
The regularized normalized Laplacian can be expressed as
£(D,) = FiAF— —% 117
YT @t ) n(a, +a)
( S T ) F
(a,, + a) n(a,’1 + )
= ( :w elTe1> F
(a, + a) n(an + o)
HALF (23)
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where e; = (1,0...0) and A| = (I — A - e

whose diagonal elements are the eigenvalues of /j(Dn). Then, from (23), the deriva-
tion of the eignevalues of £(D,) reduces to the derivation of the eigenvalues of the
normalized adjacency matrix A’.

The normalized adjacency matrix A’ is defined as

e]—el) is a diagonal matrix

. 1
D)

By using (21) and (22), the eigenvalues of A’ for a DGG in T¢ are given as

N-1
1 27imh
/
s = () Zfoexp <_ N >

n hi,..., h
Sl ( 27n'mh) 1
Sy (TR
hi ha=kp+1 (a + Ol)
1 Nk -1 27imh 1
TS 2. ew(-Tg T @ +a)
n hi,..., hg=kp+1 n
I e Sl s 1
/ —_— J—
)\'ml ----- mq (a/ +a) 1_[ ( 21')71_;-71) (a/ +(¥)
n s=1 —1+4+e N n
1 (efz"”r’v” (k) _ e;z"&””k") 1
(apt o) El <_1 +e—2'";;s”) (@, +a)
li[ sin("% (2k, + 1)) 1
T (@, + @) 4 sin("37) (a, + @)

Then, we conclude that the eigenvalues of L(D,) for n finite are given by

. . li[ sin(5F Cky + 1) 1 — 8my.my
T (a), +ot) ol SUE Y (ay + @)

i =1- fﬁlmm“al+1ﬂm> L= abpy,.mq
mi,....mgqg — (a + a o Sln(msn) (al{l + a)

= 1 when my, ..., mg = 0 otherwise

,,,,,

.....
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In particular, as « — 0, the eigenvalues of £(D,,) in the connectivity regime are
given by

A =1-— —, 24
— s (24)

1 li[sin('”g,” @, + Dy
a

withmy, ...,mg € {0, ..., N — 1}.

In the thermodynamic regime, for s € {0, ..., d} we let f; = "ﬁ then as n — oo,
fs € QN 0, 1] where Q denotes the set of rational numbers. Therefore, for y > 1,
the eigenvalues of L£(X,) can be approximated by the eigenvalues of L(D,) given as

d .
1 l—[sm(nfs(y/—f—l)l/d) 1 —adys 1

- - . (25
' +a) sin(m fy) ' +a)

Afrofa =1

s=1

where y' = (2 Lyl/dJ +1?—1and 8¢,...f2 = 1 when fi, ..., fa = 0, otherwise
8f1,enfa =0
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