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Abstract

We study the large-volume asymptotics of the sum of power-weighted edge lengths
Y eck lel* in Poisson-based spatial random networks. In the regime o > d, we pro-
vide a set of sufficient conditions under which the upper-large-deviation asymptotics
are characterized by a condensation phenomenon, meaning that the excess is caused
by a negligible portion of Poisson points. Moreover, the rate function can be expressed
through a concrete optimization problem. This framework encompasses in particular
directed, bidirected, and undirected variants of the k-nearest-neighbor graph, as well as
suitable B-skeletons.
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1. Introduction

Many real-world networks are not merely a collection of nodes and edges but live in an
ambient Euclidean space. Thanks to seminal research efforts on laws of large numbers and
central limit theorems, we now have good understanding of how characteristics computed from
stochastic models for geometric networks behave on average in large sampling windows, and
how they fluctuate around the mean [16, 17]. However, when envisioning such models to be
used in security-critical applications, it is essential to understand also the behavior during rare
events. The theory of large deviations is designed to deal with such questions. Its achieve-
ment is to reduce the understanding of rare events to the solution of deterministic optimization
problems.

On a very general level, one can think of two radically different causes for a rare event that
we refer to as homogenization and condensation, respectively. In the case of homogenization,
small but consistent deviations throughout the sampling window add up to yield a macroscopic
deviation of the considered quantity. On the other hand, in the case of condensation, there is
a small isolated structure with the property that its configuration is so extraordinary that it is
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Large deviations for graph functionals 35

alone responsible for a deviation that is visible on the macroscopic level. We stress that con-
densation effects are not by any means restricted to spatial random networks but also play an
important role in Erdos—Rényi graphs, branching processes, mathematical biology, and statis-
tical physics [1, 2, 4, 9, 10]. In the classical setting of sums of random variables, this effect is
typical for heavy-tailed models.

For network functionals with finite exponential moments, which includes the power-
weighted edge lengths for a wide range of graphs in the case that the power is strictly
smaller than the dimension, the homogenization can be made rigorous under very general
near-additivity and stabilization conditions [19, 20]. However, on the side of condensation, the
research is far less well-developed. Recently, a breakthrough has been achieved by describing
the large deviations of seeing too many edges in the Gilbert graph [7] based on a Poisson point
process in R?. Loosely speaking, these additional edges are induced by a clique obtained from
putting a large number of points in a small spatial domain.

In this work, we illustrate that condensation phenomena in upper large deviations are not
restricted to the Gilbert graph but occur for a broad class of spatial random networks, includ-
ing most prominently the k-nearest-neighbor graph (kNN). To that end, we study the upper
large deviations of the sum of power-weighted edge lengths, i.e., ), |e|*, where the sum is
taken over all network edges in a growing sampling window and « denotes the power consid-
ered. This is a fundamental characteristic for spatial random networks, which has already been
studied in detail for the Gilbert graph and the directed spanning forest [5, 18].

Speaking of the kNN, for k=1 and very large «, the excess weight is induced by a single
large edge. Although this is no longer the case for general k > 1 and o > d, we show that the
condensate can still be described in terms of a specific spatial optimization problem. Besides
k -nearest-neighbor graphs, our framework also encompasses circle-based B-skeletons in two
dimensions.

The idea of the proof is to adapt and refine a three-step strategy that has already been suc-
cessfully implemented to understand the onset of condensation phenomena in other contexts
[6, 7]. First, the proportion of nodes making a very large contribution to the power-weighted
edge lengths is negligible. We identify these nodes as the condensate. Second, the contribution
from nodes outside of the condensate sharply concentrates around the mean. Finally, analyz-
ing the most likely way that the condensate can cause the excess weight leads to the spatial
optimization problem mentioned earlier.

The rest of the article is organized as follows. Section 2 contains precise statements of
and conditions for our main results on the upper large deviations of the power-weighted edge
lengths. Here, we also describe in detail the spatial optimization problem that determines
the shape of the condensate. In Sections 3 and 4, the theorems connecting the upper large
deviations to the optimization problem are applied to the directed, bidirected, and undirected
versions of the kNN, as well as to two-dimensional circle-based g-skeletons for g > 1. Lastly,
Sections 5 and 6 deal with the proofs of our results.

2. Model and main results

To assist the reader, we start by loosely collecting some of the most important nota-
tion here. Let d > 1 be the dimension. By |x| we denote the Euclidean norm of x € R?. For
e=(x,y) € (RY)?2, we set |e| := |x — y|, which is interpreted as the length of an edge between
x and y. Given three points x, y, z € R4, we denote the absolute value of the angle of the triangle
spanned by x, v, and z at the point y by Zxyz. Further, B.(x) := {y € R?: |y — x| < r} denotes
the Euclidean ball with radius r > 0 centered at x € R?, and for a Borel set C C R? we will use
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|C| to denote the d-dimensional Lebesgue measure of C. The symbol 9 refers to the bound-
ary operator that can be applied to a subset of R. The ceiling function [-] and floor function
L-] will appear and are given by [f] := min{m € Z :m >t} and |¢]| := max{m € Z : m <t} for
te€R. By N and Ny, we denote the space of all locally finite subsets of R?, where elements
of the latter must additionally contain the origin 0 € R?. For a configuration ¢ € N and a set
CCRY, by ¢(C) we mean #(p N C), the number of points in ¢ that are within C. Throughout
the paper, Q,, := [—n/2, n/2]%, n > 1, represents a cubical observation window.

In the following we describe the general graphs that we study. For ¢ € N, the pair G(¢) :=
(¢, E) represents a directed graph, along with a set of edges E:= E(p) C {(x,y):x#y € ¢}
on the vertex set ¢. In particular, we stress that the edges are drawn according to some general
construction rule that does not depend on the specific point configuration, and the edge set is
determined once we fix ¢ and does not require any randomness. For ¢ € Np, we let

E(@):={z€¢:(0,2) € E(p)} ey
denote the set of out-neighbors of the origin and
Ep(p):= E@)Uixep:0€&(p —x) +x} 2

all out- and in-neighbors of 0. Whenever convenient, we use Ex(¥) := E(¥ — x) + x for the
out-neighbors of x € ¥ € N instead.

In this work, we study the upper large deviations of the sum of a-power-weighted edge
lengths in the box @, for o > d. For ¢ € N, that is the quantity

1 1
HiGG)= — 37 lel=— 37 "

e=(x,y)eE z€€(p—x)
XEPNQy xepNQy

Hence, by defining the score function féﬁ)(df) = ZZE £ |z]* for ¢ € N, we can also express
H\ 3 (G(p)) as

. 1 .
H 4 (G(p) = DD £ — ). 3)
xX€PNQy

If we represent the nodes of a directed graph by a Poisson point process X € R with inten-
sity 1, then G(X) plugged into the representation in (3) embeds our problem in the setting of
general limit results in stochastic geometry, where a score is assigned to each x € X encoding
the contribution to the total power-weighted edge lengths.

Moreover, we note that a directed graph naturally gives rise to two further spatial networks,
namely an undirected network, where an edge is put between two nodes x, y if there is a directed
edge from x to y or a directed edge from y to x, and a bidirected network, where an edge is put
between x, y if there is a directed edge from x to y and a directed edge from y to x; see [16,
Section 2.3]. To extend our results to these networks as well, we henceforth work with a score
function & (@) that, for ¢ € Np, may take one of the following three forms:

Sé?r)(f/’) = D ves(p) K%
Ep)i= JEML(@) = X sy 2% + SI9T{0 € £ — 1)
Bt @)1= Yregp 21910 € E(@ — 1)}
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In words, the definition of Sﬁfwéir means that if x is an out-neighbor of 0 but not an in-neighbor,

then the edge length |x| contributes fully to the score at 0, whereas it is not considered for the
score at x.
We proceed by denoting the corresponding functional for ¢ € N by

1
HP@)=— ) £ -, @)

x€pNQn

and if we plug in the Poisson point process X for the random point configuration in (4), we
abbreviate the result as
H, = HY(X). ®)

In order to describe the large-deviation asymptotics for the upper tails of H,, we require that the
graph and the score function satisfy some additional properties. Our conditions are designed
with the (un-/bidirected) kNN and a version of the B-skeleton in mind as prototypical exam-
ples; see Section 3. It will become apparent that some of the conditions are substantially more
delicate than the ones appearing for weak laws of large numbers or central limit theorems on
Poisson functionals [15, 16]. This is because for many of the spatial random networks satis-
fying weak laws of large numbers or central limit theorems, such as Delaunay tessellations
(DTs), Gabriel graphs (GGs), and relative neighborhood graphs (RNGs), the upper large devi-
ations will be markedly different from those of the kNN. In all of these graphs, the excess
in the large deviation tail may be determined by configurations with a growing number of
nodes. For instance, the DT, GG, and RNG can, with significantly high probability, exhibit a
large total sum of power-weighted edge lengths by having more than a negligible proportion
of edges almost parallel to each other. Nevertheless, we have decided to present our results in
a general framework for two reasons. First, we can pinpoint precisely the requirements that
are not satisfied by the standard examples mentioned earlier. Second, if one aims to establish
upper-large-deviation asymptotics for a specific class of networks, the conditions give a clear
view of the points at which additional arguments will be needed to prove the desired result.

We next state the conditions rigorously, then provide a detailed discussion to explain more
precisely their meaning and impact. We have not attempted to aggressively minimize the num-
ber of conditions, because in doing so we would risk making our statements less accessible.
The conditions are the following:

1. & is scale-invariant: T1E(¢p) = E(Ty) for all ¢ € Ng and 7 > 0.

2. Adding a new point affects only a bounded number of nodes: there exists cgy > 0 such
that for every y e R? and ¢ €N,

#xep: €@ -0 #E(9 Uy —xh} < crn. (FIN)
3. & has bounded large-edge density: there exists cpn2 > 1 such that for all M > 0 and
¢ €N,
#{xepnBy(0): max |y|>M} <crne. (FIN2)
ye€lp—x)

4. Proceeding in the vein of [16], we introduce a stabilization condition for G. This con-
dition is based on a collection of cones S;, i <I;, with apex 0 whose union covers
the whole space and which do not have parts of their lateral boundary parallel to any
coordinate axis of R?. Then, for a constant cg7a > 0 and ¢ € Ny, we put

Si(@) := csTa inf{r > 0: ¢(S; N B;(0)) > csTA}-
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We say that G is stabilizing if there exists cgta > 1 such that for every n e Ny
there exists No > 6 Cn such that (i) 6 € U<z, (Si N Bs,p(0)) =: B, (ii) #0 < IcsTa,
and (iii)

Eo(n) = Eo(y U A) forall €y N Bwith ¢ D6 and all finite A CR?\ B, (STA)

where Ey(-), the set of in- and out-neighbors of the origin, was defined in (2).

5. For every m > 1, there exists a subset N, € N of finite configurations consisting of pre-
cisely m elements which is a zero-set with respect to the dm -dimensional Lebesgue
measure, and which has the property that for ¢ € N\ N, consisting of m elements,
the set of out-neighbors & is continuous. Setting N := U,;>|N,,, this means that for
a finite ¢ € N\ WV, there exists § > 0 such that for every x, y € ¢ and every sequence
(Zw)wap C B5(0),

y+zy €& (Iw+zw:wee}) ifandonlyif ye&(p). (CON)

This assumption excludes finite configurations for which the graph is sensitive to small
shifts of single or multiple nodes.

6. There exists cjyF > 0 with the following property: let 1 € N with #¢ > cjnp and 0 € N.
We demand that

EW)CEWUB) ifandonlyif EW)CEW U} forallyeo. (INF)

In words, if the configuration 6 is such that no edges are removed by adding an element
from 6 to ¢, then adding the entire set 6 also does not remove any edges (and vice versa).

Each of these properties stays true if we increase cgN, CFIN2, OF csTA. Thus, we can set

Cmax ‘= Max{CcpgG, CFIN; CFIN2; CSTA» CINF)}

and use it instead, where cpgg represents a bound on the maximal node degree that is deduced
in Item 4 below.
We now provide more detailed explanations for the conditions and their necessity:

1. The scale-invariance is a fundamental ingredient for controlling the asymptotic behavior
of long edges. This condition is satisfied by a variety of spatial networks, such as the
DT, the GG, and the RNG.

2-3 The condition (FIN) is violated by the DT, the GG, and the RNG. Moreover, if a graph
does not fulfill the condition (FIN2), then configurations may be possible with many
points having very large edge lengths. The RNG does not satisfy (FIN2) (and, therefore,
neither do the DT and the GG). In this case, it is possible to have many nearby points
with large combined edge lengths, by having two layers of points almost parallel to each
other, as we elaborated in the paragraph after Equation (5).

4 In contrast to the stabilization conditions in [11, 16], we use a very specific class of
stabilization regions B based on cones. Nevertheless, it is still encompassed by more
examples of spatial networks (such as RNG). Our variant of the stabilization condition
allows not only for arbitrary modifications of the configuration outside the stabilization
region /3, but also for the addition of points from the original configuration n within B.
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Our stabilization condition (STA) implies an alternative weaker version that is encom-
passed by even more examples of spatial networks (such as DT and GG), which is closer
to the notion of stabilizing appearing in [11, 16]. Namely, keeping the notation S; from
(STA) and all assumptions made there, we can define a stabilization radius

R :Nop— [0, 0], ¢+ mz}x Si(p), (6)
i<ly
so that for all finite A C R? \ Brx+(0), setting X* =X U {0}, we have

Eo(X*) = Eo( (X* N BR(X*)(O)) u A). %

Defining stabilization by demanding the existence of an almost surely finite random
variable, the stabilization radius R(X™), such that (7) is fulfilled is very similar to
stabilization as it occurs in [11, 16].

Additionally, (STA) yields a bound on the maximal node degree. In particular, when
choosing cpeg = lycsTa, We see that #Ey(¢) < cpeg for all ¢ € Ng. The implied uni-
formly bounded node degree helps to limit the number of edges that can contribute
substantially to the power-weighted sum of edge lengths.

The requirement that the lateral boundaries of the cones must not be parallel to any of
the axes is of a technical nature and necessary in the proof of Lemma 10. There we
use a weak law of large numbers for Poisson functionals from [16, Theorem 2.1] which
does not allow for points to be considered in the functional without their own scores
contributing to the total sum. This can cause issues if we desire to compute probabilities
which involve cones containing only a limited number of nodes up until a certain radius,
if the respective apex of the cone is close to the boundary of the observation window, as
happens in the proof of Lemma 10. Here, we imagine that there might be some room to
improve (STA) and drop the requirement about the lateral boundaries of the cones. For
instance, one could try to be more lenient in a weak law of large numbers and also allow
the consideration of points whose scores do not contribute. Another option would be to
try to make use of the fact that [16, Theorem 2.1] allows for inhomogeneity of the points
in some finer arguments. However, it is not clear whether there are interesting examples
of graphs that fulfill all the other conditions but do not allow for lateral boundaries of
the cones that are not parallel to any of the axes in (STA).

5. In the theory of large deviations, it is common to make continuity assumptions in order
to obtain asymptotically matching upper and lower bounds for the probability of rare
events. For instance, for the kNNs we want to avoid configurations where two distinct
pairs of points have the same distance.

6. The bound c|NF is necessary to ensure that the optimization problem introduced later that
determines the rate of the large deviations is indeed meaningful. In the simplest case, we
would like to avoid situations in which there is a region such that adding a single point
anywhere in it does not interfere with any existing edges, but adding a second point to
the region suddenly deletes one of the original edges. This could happen, for example,
in the directed kNN with k =2 if the initial configuration consists of fewer than three
points.

Before introducing the deterministic optimization problem connected with the upper tails,
we illustrate in Figure 1 how the upper large deviations of H,, feature a condensate for the
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TR
Yy .. 1 \J,\

FIGURE 1. Two configurations that result in a typical sum (left) and an exceptionally large sum (right)
of a-power-weighted edge lengths with o =15. In each configuration, the three vertices inside an
observation window with the most distant nearest neighbor are highlighted.

nearest-neighbor graph. There appears to be one large edge that carries the entire excess
weight.

The rate function in the large-volume asymptotics will be given as a solution of an
optimization problem. To make this precise, we define the influence zone

A, V)= {y e R : E(¥) € E(W U {y}) for some x € ¢ U Uze, E(¥)} ®)

for configurations ¢ C ¥ € N. Loosely speaking, the cost of observing a certain configuration
¥ in the large-volume limit comes from the requirement that the influence zone may not con-
tain any additional Poisson points. For instance, in the case of the kNN, the influence zone
describes the region of points such that adding another Poisson point would change one of the
k nearest neighbors either of an element of ¢, or of a point that is itself one of the k nearest
neighbors of some element of ¢.

To be able to apply (CON) in Section 5.2, we set D(p) := {y € R :pU{y} e Ngy11} for
a finite ¢ € N\ N as well as D), := {¢ e N:#y =m, |D(y)| > 0} for m € N. Letting N, :=
N, UD,, and N = Um=1N, 2 N, we then define the set of admissible configurations over
which we optimize. These are configurations whose total contributed power-weighted edge
lengths exceed 1, i.e.,

B:= (g, ¥): 9 S¥ eN\N', onp <#Y <00, Y EX(Y —0) > 1}. ©)

XEQ

The most likely realizations in the large-deviation asymptotics are then the result of a delicate
trade-off. We search for configurations that lead to a small influence zone A but simultaneously
exhibit edges that are long enough to be in the admissible set B.

Now we can state the main theorem, where [y := E[é(“‘)(X U {0})] denotes the expected
edge length contribution of one vertex.

https://doi.org/10.1017/apr.2023.10 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2023.10

Large deviations for graph functionals 41

Theorem 1. (Upper large deviations.) Let o > d and r > 0. Let the directed edge set £ be
scale-invariant and satisfy (FIN), (FIN2), (STA), (CON), and (INF). Then

1
lim —— log P(H, > g +r)=— inf |A(g, ¥)|r¥<. (10
/ (9.¥)€B

nToo nd2 o

The statement of Theorem 1 indicates the necessity of a power larger than the dimension.
The usual speed for large deviations caused by homogenization in the situation of functionals
of this type of spatial random network is n?. If, for « < d, the equality in (10) were still sat-
isfied, then we would have a faster speed than in a homogenization regime, which is not very
reasonable and already gives a hint as to why our arguments require o > d.

Next, we are going to assert that if the optimization problem has a strictly positive solution,
then with high probability, only a negligible proportion of nodes is responsible for the entire
excess when conditioned on the unlikely event. In some cases, we can prove a sharper state-
ment in the sense that only finitely many points carry the excess weight. To make this precise,
we introduce additional notation. For configurations ¢ € ¢ € N, we will consider the order
statistics of S("‘)(I/f —X), x € ¢. Thatis, we let Z(i)(w, ¥r) denote the i th-largest element among
{E@ (Y — X)}rep. In the case g =X N Q, and ¥ =X, we abbreviate Z\ := ZO(X N Q,, X)
for i > 1. Besides that, recall the definition of the floor function |7]| := max{m € Z : m <t} for
t € R. In Theorem 2 we add a further condition, demanding that the volume of the influence
zone does not become arbitrarily small even if we are using many nodes.

Theorem 2. (Condensation conditioned on rare event.) Under the same conditions as in
Theorem 1 and the additional assumption that inf(, yyep |A(@, ¥)| > 0, the following hold:

(a) Lete €(0,(1 —d/a)/(2a)) and § > 0. Then
P ‘(rnd)_l >z 1‘ ) ‘H,,>ua+r %% 0.
i</
(b) Additionally, assume there exists mo > 1 such that for every § € (0, 1),

inf _|A(p, ¥)I < inf lA(p, ). (1D
(¢.¥)eB (@ V)EB, Xicmy ZO(p. ) <1-8

Then, for every § > 0,

]P’( (™Y 2z~ 1) =5 ‘H,, > il +r> %90,
i<mg

The condition (11) implies that any optimal configuration consists of at most mp nodes. As
will be shown in Section 4.1, the nearest-neighbor graph (NNG) for large « is an example of a
graph satisfying (11).

Remark 1. Theorem 1 can also be applied if, instead of X, we consider a Poisson process Y
with intensity n#¢ for some B < 1. Scaling ¥ by n™# yields a Poisson process with intensity 1,
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and the window becomes Q,i-s. The mean is given as E[E(“)((n_ﬂY) U {0})] =n" g,
finally yielding upper tails of the form

1 1
A S _ v @y _
A 10gP<nd+ﬂ(a_d) > x)>““+’)
xe¥YNQ,

1 1
T (o) _ _ . d/a
=lim o logP(nd_ﬂd > Y x)>ua+r>— oIE 1AG, I,
XEXﬂQn]_ﬂ

where in the last line we applied Theorem 1 with ' =n!=#.

Remark 2. Another interesting graph to examine in terms of a condensation phenomenon is
the directed spanning forest (DSF). Very loosely speaking, this graph draws an edge from a
node to the closest other node that has a higher value in the dth coordinate; see [8]. This graph
does not satisfy the condition (FIN) required for the upper large deviations and condensation.
Furthermore, in the given form of the DSF, this would be one of the few common examples
where (STA) is violated because of the lateral boundary part. Nevertheless, we suspect the
total power-weighted edge lengths for o > d for the DSF to admit upper large deviations with
a condensate that might even involve the same optimization problem as appears in Theorem 1.
One would need a more generous concentration bound that does not rely on (FIN) to prove
Lemma 7, and as pointed out in the explanation of (STA), we are also confident that it is
possible, with finer arguments, to drop the lateral boundary condition from (STA). Here, this
issue could even be avoided if the search process of the DSF for the closest point were not
parallel to one of the axes.

Remark 3. We limit ourselves to the study of the functional representing power-weighted edge
lengths of spatial random networks in terms of its upper large deviations. Even the consider-
ation of this functional for a power larger than the dimension restricts the class of admissible
graphs heavily. Nevertheless, we believe that there may be room to improve this and, on top of
the graph, to generalize the functional as well. An idea would be to consider functional-graph
combinations that, for a node to have a large score, would require a relatively large region
to contain no points or only a limited number of points. This would include the total sum of
power-weighted edge lengths for the kNN and S-skeleton. Apart from the functional we have
studied, an example that would fit this description could be the sum of power-weighted circum-
radii of the simplices in the DT. However, if, as in this specific example, we study condensation
phenomena for functionals that we apply to the DT, we would run into other issues that were
described in the explanations of our conditions.

3. Applications of Theorem 1
We verify that the (un-/bidirected) kNN and suitable S-skeletons satisfy the conditions in

Theorem 1.

3.1. k-nearest-neighbor graphs

In the kNN, a directed edge is drawn from each node to the k > 1 points that are closest
in Euclidean distance. As explained in Section 2, this definition gives rise to undirected and
bidirected kNNs. For j < k, we define the distance from the origin to the jth closest point in a
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configuration by
D;:No— [0, 00), ¢+ inf{r > 0: ¢(B,(0)) >j+ 1}.
This leads to the set of the k nearest neighbors of the origin,
E:No— N, ¢ {x€ 9N Bp,(»(0)}\ {0}. (12)

We will use the lexicographical order to determine the k nearest neighbors of a node in
case more than k neighbors are potential candidates. In the following, we quickly verify the
conditions in Theorem 1:

1. & defined as in (12) is scale-invariant.

2. The bounded node degree [22, Lemma 8.4] entails (FIN) with cpy = cpeg, since all
nodes that are affected by adding a new vertex to the configuration must be part of an
edge with the new vertex.

3. Let ¢ € Nand M > 0 be arbitrary. For ease of presentation, we consider k = 1 first. Each
vertex x € ¢ N Byy(0) incident to an edge longer than M defines a ball of radius at least
M, centered at x, that does not contain any other vertices in its interior. Hence, scaling
the radii by 1/2 gives rise to a family of balls that are pairwise disjoint, each having
radius at least M /2. Thus, the number of nodes within By;(0) that are incident to an edge
larger than M is at most |Bap(0)|/[Ba/2(0)] = 44
Now, let k > 2 be general and set ¢’ = ¢. Starting with a node

x € arg max {|y|:y € E(p —z) and |y| > M},
z€@'NBy(0)

we delete all points in ¢’ that are within the interior of Bpy,(p—x@®) \ {x}, which are
at most k — 1, and mark x as already dealt with. We repeat this procedure recursively,
ignoring nodes in the index of the arg max that are already marked, until all nodes
in ¢’ N Byy(0) are either marked or not associated with an edge of length exceeding M.
Then, by the same arguments as in the case k = 1, the interiors of the balls Bp, (' —x)/2(x)
are pairwise disjoint for x € {z € ¢’ N By(0) : |y| > M for some y € E(p — z)}, and

#ze o' NBy(0): |y > M for some y € E(p — z)}

is bounded by 4¢. Moreover, for every marked node left in the thinned configuration
¢’ N By(0), we have deleted at most k — 1 nodes from ¢, and thus we deduce that the
total number of nodes in ¢ N By;(0) incident to an edge of length exceeding M is at most
cFIN2 = k49, which yields (FIN2).

4. Considering only the undirected kNN, from [15, Lemma 6.1] it follows that we can find
a collection of cones such that R can be used as stabilization radius in the weaker sense
of (STA) with cgTa := k+ 1. Now, for ¢ € Ny, let P; denote the set of the cg7a closest
points to the origin in ¢ N (S; \ {0}). If the intersection does not contain cgya points,
then let P; = ¢ N S; \ {0}; if there are more than cgta candidates, let the lexicographical
order decide which of the farthest-away candidates to include in P;, and put 6 := {x €
P;i:ie{l,...,1;}}. Then [22, Lemma 8.4], which asserts that the undirected kNN has
bounded node degree, and its proof imply that we can choose the cones in such a way
that for this choice of 6, the condition (STA) is satisfied. Further, because (STA) only
incorporates &, the condition (STA) follows for the undirected, bidirected, and directed
kNN.
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Qi? f‘U

FIGURE 2. Illustration of an edge in the B-skeleton and a random simulation of the S-skeleton with
B=12.

5. The continuity condition (CON) is satisfied with

Ny = {peN:#p=mand |w— x| =|y—z| > 0 for some w, x, y, 7 € ¢ with {w, x}
#{y, 23}

as the set of configurations containing m nodes, where there are pairs of nodes with
equal distances.

6. We choose c|NF := k + 1 to ensure that each node has k neighbors. Then (INF) is satis-
fied, since for ¢ € Ng with #¢ > c|NF, a node in the set £(¢) only vanishes when a vertex
is added within the interior of the ball Bp,(,(0). Adding more vertices can only cause
more differences.

3.2. B-skeletons

B-skeletons are geometric graphs that are popular in applications in pattern recognition [12]
and machine learning [21]. The two-dimensional B-skeleton, 8 > 1, has an edge between two
nodes x and y if there is no vertex that has an angle, generated by the two lines to x and y,
that is larger than y := arcsin (87!). In other words, there is an edge if the union C(x,y) of the
two disks with radius 8|x — y|/2 and having x and y on their boundary does not contain any
other vertices; see Figure 2. This construction rule determines the set of neighbors £. Note that
this definition also makes sense for 8 = 1, leading to a spatial network known as the Gabriel
graph.

Although the B-skeleton can also be defined in higher dimensions, we henceforth restrict our
attention to the two-dimensional B-skeleton, for two reasons. First, the two-dimensional case
already covers the vast majority of applications of 8-skeletons. Second, as we will see below,
even in the two-dimensional case, the verification of the condition (FIN) requires delicate
geometric arguments. Although we believe an extension to higher dimension is possible, this
would entail an even more tedious geometric analysis. Since the focus of our article is on
presenting novel probabilistic aspects of large deviations in a geometric context, it would not

https://doi.org/10.1017/apr.2023.10 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2023.10

Large deviations for graph functionals 45

be appropriate to devote several pages of trigonometry arguments to the verification of the
conditions in three and higher dimensions.

We now verify that the §-skeletons satisfy the conditions of Theorem 1. To that end, we state
an auxiliary result capturing the stabilization properties of S-skeletons needed for the condition
(STA). Since the B-skeleton is intrinsically an undirected graph, we henceforth consider all
appearing edges as undirected in order to make the presentation more accessible.

Lemma 1. (Stabilization for 8-skeletons.) For 8 > 1, there is a collection of cones (S;)1<i<I,
satisfying the requirements of (STA) with cgta = 2.

Proof. We choose the cones S;, i < I, sufficiently thin and not axes-parallel so that for any
r > 0, the angle generated by starting from the origin, proceeding to any point in S; N B,(0), and
ending at any point in S; N 9B,(0) exceeds y. Now, if x € ¢ is the closest point to O contained
in S;, then Z0xy > y for every y € S; with [y| > |x| and x # y. Thus, there cannot be an edge
between the origin and y.

To construct 6, we first let P; denote the point closest to the origin in ¢ N (S; \ {0}), if the
intersection is non-empty (resolving potential ties by choosing the lexicographic minimum).
Then we put 6 := {P;: ¢ N S; # @} U {0}.

Leveraging Lemma 1, we now verify the conditions 1 and 4-6. The application of
Theorem 2 for the -skeleton is verified in Section 4 below.

1. & for the B-skeleton, where 8 > 1, is scale-invariant.
4. This is the content of Lemma 1.

5. The continuity condition (CON) is satisfied with
Ny = {p e N:#p =mand ¢ N IC(x, y) # {x, y} for some x, y € ¢}

as the set of configurations containing m nodes, where there are two nodes that have a
vertex on the boundary of the union of disks illustrated in Figure 2.

6. To remove a B-skeleton edge e, only one node in C(e) is sufficient. Hence, cjnp = 1.

In the rest of this section, we verify conditions (FIN) and (FIN2).

For ej, e; € R? and the edge e:= (e1, e2) with |e] —ez| >a >0, we define the point
between e; and e, that has distance a from e; by h,(e) := ej + (ex — e1)a/|e|. Further, let
M(e) be a point at distance S|e|/2 to both e; and e>. In other words, M(e) represents the center
of one of the two disks whose union comprises C(e); see Figure 2. In some cases, we will need
to make a specific choice between one of the two options, and then we will state this clearly.
Finally, let Ap)(e) be the triangle formed by M(e) and e.

Lemma 2. (Disjoint regions for B-skeletons.) Let ey, e2, f1, /> € R2 pe pairwise distinct, and
assume that e = {ey, ez}, f = {1, f2} € E({e1, e, f1, f2}). Then the following hold:

(i) fdoes notintersect Apey(e);

(ii) there exists a constant cdisj = cdisj(B) € (0, 1/2) such that if |e| A |f| = a for some a > 0,
then

Bega(n(€)) 0 Beggjalln () =

forallme[a/2, le| —a/2] and m' € [a/2, |f| — a/2].
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FIGURE 3. Illustration of the statement of Lemma 3, including the inserted node relevant for (FIN). The
extended line between f] and M(f) is tangent to the disk segment.

We postpone the proof of Lemma 2 to the end of this section, and elucidate how to verify the
condition (FIN2). First, instead of bounding the number of nodes in Bj;(0) incident to a long
edge, we may bound the number of disjoint long edges with one endpoint in Bys(0). Then, we
apply Lemma 2 for every pair of such disjoint edges e and f witha := M, m € {a/2, |e| — a/2},
and m’ € {a/2, |f| — a/2}, depending on which choice of m and m’ makes the points £,,(¢) and
hyy () closer to By(0). Hence, having k> 1 disjoint long edges with an endpoint in By;(0)
leads to k disjoint disks with radius cgjsjM that are contained entirely within B2y7(0). Thus, the
number of such edges is at most |B2y(0)|/ 1Begis; m(0)| =1|B2(0)|/ 1Begis; 0)].

Finally, we verify the condition (FIN). To achieve this goal, note that the number of edges
that can arise from y € R? is limited by the bound on the node degree. Hence, it remains to
consider the number of edges removed by adding the point y. In particular, the number of
disjoint edges removed is sufficient. Here, a key observation is that if e, f are disjoint edges
with y € C(e) N C(f), then this implies a very particular relative configuration for e and f. More
precisely, the edges e and f do not intersect, and the triangle Ay(e) does not contain an endpoint
of f and vice versa. Hence, if we consider the cones Sy(e) and Sy(f) with apex y obtained by
extending these triangles, then there are only three options: (1) Sy(e) N Sy(f) = {y}, (ii) Sy(e) €
Sy(f), or (iii) Sy(f) € Sy(e). In the latter cases, we say that e and f are related. Since the angle
at the apex of each of these cones is at least y, the number of equivalence classes of related
edges is at most 2 /y.

Hence, to complete the proof of the condition (FIN) it suffices to bound the number of
elements in each equivalence class. For this step, we need two further results. To state them,
we set T := arccos (,8_1).

Lemma 3. (Exclusion of short edges.) Let e1, e2, f1, > € R? pe pairwise distinct, and assume
that e := {e1, e2}, f := {f1, 2} € E{{er1, e2, f1, fo}) and that |f| <tan (t)|e|. Furthermore, let
y € C(e) be such that f crosses Ay(e) between e and y. Then'y € Ay (f).

The configuration in Lemma 3 is sketched in Figure 3. Next, forp e N, y € R2 ande e E(p)
with y € C(e), we define

ERec(p, y, ) := {f € E(p) : §,(e) S Sy(f) and y € C(f)} 13)

as the set of recorded edges.
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Lemma 4. (Size bound for recorded set.) There exists cedges = Cedges(B) > 0 such that for any
@ €N, e € E(p), and y € R? with y € C(e), we have #Ergc (¢, y, €) < Cedges-

Note that once Lemma 4 is established, the condition (FIN) is verified, since then the total
number of deleted edges is at most ceqges27 /¥ . Hence, it remains to prove the auxiliary results
Lemmas 2, 3, and 4.

Proof of Lemma 2.

Part (i). In the setting of Lemma 2, assume that f intersects A py()(e) and note that the nodes
f1 and f> have to be outside C(e) for e to exist. But since f intersects Apy)(e), at least one of
e1 and e; is in Byf| 2(hy| 2(f)). Therefore, f would not exist in the GG, and thus also not in the
B-skeleton. Hence, A (.)(e) cannot intersect f.

Part (ii). Repeating the above argument for the second choice of M(e) yields a rhombus with
centroid h.|2(e) that cannot be intersected by other edges. However, since the side lengths of
this thombus are of order |e| > a, there exists a constant cgisj = cqisj(8) € (0, 1/2) such that any
disk with center between hg/2(e) and hye|—q/2(e) and radius cgigja also has distance of more than
cdisja to the boundary of the rhombus (and similarly for e replaced by f). Since the rhombus
linked to any edge cannot be intersected by another edge, it follows that the disk associated
with e and the disk associated with f are disjoint. (]

Proof of Lemma 3. Since e is an edge in the B-skeleton, the nodes fi, f> lie outside the
interior of C(e). We first consider the case where fi, f> are contained in the boundary of C(e),
and the segments [M(f), f1], [M(f), f2] are tangent to C(e). Then Ay (f) N C(e) yields a full
circular segment of Bgie|/2(M(e)) so that y € Apr)(f). We assert that if [M(f), f1] and [M(f), f2]
are tangent to C(e), then |f| =tan (7)|e|. Since y € Apr)(f) will remain true if we shorten |f],
this will conclude the proof of the lemma.

To prove that |f| =tan (7)|e|, note that the tangency implies that M(e)fiM(f) is a right
triangle. Thus,

Ifi =M@ _ i =M _
= =tan (7).
Ifi — M(e)l Blel/2

Next, fiM()hyr2(f) also defines a right triangle so that |f|/(2[fi — M(f)]) =cos (1) = gL
Finally, combining these two relations yields the asserted |f| = tan (7)|e|.

Proof of Lemma 4. First, we note that ERec (¢, y, €) contains at most one edge that is shorter
than tan (7)|e|. Indeed, suppose that f 7 f’ are two such edges with Sy(f) € Sy(f'). Now, from
Lemma 2(i), we know that f” cannot intersect Ay (f) and therefore also not Ay(e) N Ay (f).

This contradicts Lemma 3.

Hence, it suffices to bound the number of f € ERgc(gp, y, €) with |f| > tan (7)|e|. To achieve
this goal, let f(1, ..., f© € ERgc(e, v, €) be disjoint edges, each of length at least tan (7)|e|.
Note that none of these edges can intersect. Furthermore, for the edge e to exist, the edges
FD L, f© must also fully cross the disk segment C(e), as drawn in Figure 3.

Then, for all i <c, the edge f(i) crosses the cone Sy(e) somewhere since Sy(e) C Sy(f(")). In
particular, /) has to cross the triangle Ay(e). If that were not the case and F9 were to cross
Sy(e) \ Ay(e), then eq, e; € Ay(f(i)) C C(f), which would contradict the existence of the edge
9. Tt is impossible for f©) to cross both Sy(e) \ Ay(e) and Ay(e), because then it would have
to intersect e.
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Then, by Lemma 2, each f(i) generates a disk with radius cgjsj tan (7)|e| whose center has to
be within distance tan (t)|e| of C(e), disjoint from the disks created by other edges longer than
tan (7)|e|. Thus, the total number of long edges that can cross Ay(e) is bounded by

2|B2 an (v)le|+Blel/2(M (@) 2|B2 tan (x)+p/2(0)]
7 (cgisj tan (7)|e])? 7 i tan ()2

= Cedges(B) — 1,

thereby concluding the proof. O

4. Applications of Theorem 2(a)—(b)

In this section, we verify the conditions of Theorem 2(a) for the graphs from Section 3. We
also apply Theorem 2(b) to the NNG. To ease the overall presentation, we start with the latter.

4.1. Theorem 2(b) for the NNG

We start with an auxiliary result simplifying the definition of the influence zone for the
NNG. Loosely speaking, we can ignore the constraints on the out-neighbors of ¢ and can
concentrate on the areas influencing the nearest neighbors of points in g itself.

Lemma 5. (Influence zone for the NNG.) It holds that

inf |A(p, ¥)|= in
(¢

(9.¥)eB w)feB | Useg BDy(y—n(9)]-

Remark 4. An adaptation of the proof of Lemma 5 shows that it remains true if on both sides
we replace B by {(¢, ¥)€B: ZiSmO ZD(p, ¥) < 1 — 8}. The proof can be replicated without
significant alterations.

Next, we further examine the geometric interpretation of the optimization problem.

Lemma 6. (One single large ball is the unique optimal solution for the NNG and « >>d.)
There exists ag > d such that the configuration ({0}, {0, (1, 0..., 0)}) solves the optimization
problem for all o > «g. In particular,

(w,il?)feB |A(p, ¥)| = |B1(0)] = kq. (14)

Moreover, for every § > 0 there exists € > 0 such that | Uxep Bp,(y—x)(X)| = (1 + &)q holds
forall (p, V) € B with maxyey Dg“)(w —x)<1-=56.

Hence, to verify the application of Theorem 2(b) for the NNG, only the proofs of Lemmas 5
and 6 are necessary.

Proof of Lemma 5. First, by the definition of A in the case of the NNG, we have that

JA(@, ¥)| = | Urep (BD, (y—x) () U Ureg () BD, (y—2) (@) |
=K(p,¥)

for all (¢, ¥) € B, since in the NNG an edge can only be deleted if an additional node is
put within the open ball with radius given by Dj(-), centered at a vertex in . This implies

inf, yyep |A(, V)| > infy yyep | Urep BD, (y—0) (@)
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For the other direction, let ¢ >0 and (¢, V) € B be arbitrary. Now, for § > 0, we intro-
duce an extended configuration 65 2 i by adding a further point to Bjs(x)\ {x} for all
X € Uzep(E/(X)) \ ¢. Hence,

| Urep B, (y—1)—s @) < |K(@, 05)] < | Uxeg (BD,(y—x) ) U Useg,(6)B5(2) 1,

10 510
—>|UrepBD | (y—0 (I —>|Urep BD| (-0 ()]

where the convergences follow because the chosen configurations are finite. Thus, we can
choose § small enough for ||K((p, O5) — | Uxeg Bplw,x)(x)|| <e¢. Scaling all the configu-
rations with 1+ ¢ gives that er(l+s)ga E(“)((l + &)Y —x)> 1+ ¢. Note that owing to the
finiteness of the configurations in B, we can let § be small enough so that we still have
Y reitey § (1 + )05 — x) = 1, which implies that (1 + €)@, (1 + £)65) € B. Thus,

| Useg BDy(y—n )] = [K(9. 05)] — e = (1 + &) |K((1 + &)p. (1 + £)0s)| — &

>(1+£) 1nf |A(g0, Y| —e.

Since ¢ > 0 was arbitrary, we conclude the proof. U

Proof of Lemma 6. Throughout the proof we rely on the interpretation of the optimiza-
tion problem in Lemma 5. We set M := cmax + 1 and let (¢, ¥) € B. Then we represent ¢
as ¢ ={x1, ..., xy} such that D1 > Dy > - - - > D, where D; := D;(¢y — x;). Next, we define
the normalized a-weighted distances by y; :== D¢ /() j<m D;?‘), emphasizing that D; > yl-l/ “
because the denominator is at least 1. For the first part of the lemma, we will distinguish
between the two cases that the maximal nearest-neighbor distance of a configuration is either
large or small.

Case 1: y; <1/M. Note that by (FIN), each point in R4 is contained in at most ¢max balls
BDl.(xi), i <m. Thus,

ds Kd d/
| Ui<m Bp,(xi)| = m— > 1Bp,(x)| = m— 2 D= v (15)

i<m <m i<m

Now we formally modify the weights {yi}i<m to decrease this sum. More precisely, we
can decrease the values of y; for [e {M + 1, ..., m} and simultaneously increase some of
Y1, - .., ym until they are all equal to 1/M, while keeping Ziim y; = 1. Since concavity

implies that yd/ @y dfa > O+ z)d/ % for y, z > 0, we deduce that this weight modification only
decreases the sum of the d/«-weighted values of the y; compared to (15). Thus,

LSyl LS e = Sy = O] (16)

C| C|
max i<m l<M max

for « sufficiently large, depending only on cmax and d.
Case 2: y; > 1/M. First, we decompose the volume of the union of balls as
| Ui=m Bp,(x)| = |Bp, (x1)| + | UZ, (Bp,(xi) \ Bp, (x1)!.

Now note that in the NNG, the balls Bp, (x;) and Bp, (x) cannot fully overlap, since x; cannot
be in the interior of Bp, (x1) and vice versa. Even after subtracting Bp, (x1), the volume of the
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remaining shape is still larger than half of its original volume. Thus, by concavity,

m m
d/a 1 Kd d/a
| Ui<m Bp;(xi)| — kayy "™ = Bp,(x)\ Bp,(x1)| = 5—— ) ¥,

=
2Cmax

(1 -y

Next, since the minimum of a concave function is attained at the boundary,

1

Cmax

Kd
KdVld/a +

2Cmax

(1 =y = kg min{l, M4 (1 - 1/M)d/“} >ka (1)
for a sufficiently large depending on cmax and d. We summarize the requirement that o was
supposed to be sufficiently large by writing o > o with g depending on cmax and d. Finally,
we point out that the configurations ({0}, {0, (1,0, ..., 0)}) are in B since ¢cjyr =2 for the
NNG and it yields the influence zone that is a ball with radius 1 when using the interpretation
of the optimization problem for the NNG derived in Lemma 5. Thus, the volume of the unit
ball can indeed be approached by the infimum, which gives the first part of Lemma 6.

For the second part, fix § > 0 and let the configurations (¢, ¥) € B satisfy y; <1 —§. We
repeat the case distinction that we conducted in the first part; without any adjustments, (15)
and (16) show that if y| < 1/M, there exists an &1 > 0 depending on cmax and d such that

| Ui<m Bp;(xi)| = (1 + &1)kq

for o > ap. In the case that 1/M <y; <1 — 4§, we can perform a similar calculation as the
one that led to (17); then, by concavity, as well as by the fact that the sum of strictly concave
functions is again strictly concave, we arrive at

Kd )/

d
| Ui Bp, (x| = kv’ + (1—y

2cmax

/e 1
> Ky mini(l — &)l 4 C— M4 4 o (- 1/M)d/°‘} > (14 e2)kg

Cmax Cmax

for an &, > 0 depending on §, cmax, and d if o > «g. Taking ¢ = min{e;, &2} concludes the
proof. O

A slightly altered version of the proof of Lemma 6 would also work for the undirected
NNG. One would have to approximate ({0}, {0, (1, O, ..., 0)}) by putting an additional point
close to (1,0, ..., 0) to guarantee that the score of the origin is equal to 1. There are some
reasons why the bidirected version does not admit «, as solution of its optimization problem
for large «. First, Lemma 5 no longer holds for the bidirected NNG. Another reason is that
for ({0}, {0, (1, 0, ..., 0)}), the value of the score function is & (1) < 1/2 < 1 and cannot be
approximated with elements of B that yield a score of approximately 1 for the origin while
maintaining an influence zone with volume about «.

4.2. Theorem 2(a) for the (un-/bidirected) kNN and the f-skeleton

Recall that we need to prove that the optimization problems of the graphs described in
Section 3 admit strictly positive solutions. Consider any of those graphs and let (¢, ¥) € B.
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Note that this implies that

> k- y|“>25<w—x>>1 (18)

X€@ ye&(Y—x) ey xXep

by the definitions of £ and B that we recall from (1) and (9). First, we derive a lower bound
for |A(p, ¥)| in terms of a volume of a union of suitable balls. This will be done sepa-
rately for the (un-/bidirected) kNN and the S-skeletons. After that we can consider both cases
simultaneously.

(un-/bidirected) KNN: First, since # > ¢y = k + 1, we know that for any x € ¢, the addition
of a node within the interior of Bp,(y)(x) would delete a vertex in {y:y e E(Y¥ — x)}.
The influence zone prohibits such nodes, from which we deduce that |A(p, ¥)| > | U,
Bp(yy(X)| = | Uy Uy /e (x)|. We intentionally let the balls after the equals sign overlap
to avoid being forced to distinguish between the (un-/bidirected) kNN and S-skeleton
below.

B-skeleton: For x € ¢ and y € E(Y — x), define h(x, y) := (x4 y)/2 as the midpoint between
x and y. The B-skeleton for 8 > 1 is a subgraph of the GG. Therefore, any node placed
in the ball BAI/‘.' /z(h(x, y)) would remove the edge between x and y. Thus, |A(p, ¥)| >

| Uy UYB,\;,/;.*/Z(h(X’ .

Now, let us enumerate the Ay, in decreasing order, i.e., A; > A2 > - - - . Furthermore, we
set yi = X1i/( ZJ- Aj), implying that A; > y; by (18). Because of (FIN) and the bound on the

maximal node degree, every point y € R4 is contained in at most (¢max + 1)* of these balls.
Thus,

d
KdY; e

1 1
Ay, > —— B, 1/a ,,(0)| > — B 1/.(0)| = —_.
A(p wu; p—— )LZ 7 By O sz@max v

Now, as in the proof of Lemma 6, we use concavity to arrive at

d/a
K,
Z d ikl 02 = 2d = 2<ZV') = 5d - 7 >0
2%(cmax + 1) 2%(cmax + 1) 2%(cmax + 1)
Thus, Theorem 1(a) becomes applicable.

5. Proof of Theorem 1

The proof of Theorem 1 is split up into the upper bound (Section 5.1) and the lower bound
(Section 5.2).

5.1. Upper bound

We will follow the strategy that has already been successfully applied in [6], and divide
the contributions to H,, into those coming from small and those coming from large scores.
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These are then treated separately by the lemmas below, whose proofs are given after the proof
of the upper bound of Theorem 1. For convenience, we let

Ru(X):= max RX —x) (19)
xeXNQy

denote the maximal stabilization radius in the sampling window; cf. (6). We start by bounding
summands with small contributions through a Poisson functional concentration inequality from
[3] to verify that these cannot contribute substantially to the excess.

Lemma 7. (Upper bound for contribution of small summands.) Let ¢ € (0, 1) and a € (0, (1 —
d/a)/2). Then

1
lim sup —;— log IP’(— § EOX — N I{EDX —x) <n) > pg +er, Ra(X) < n> = —0o0.
nd?/a nd

ntoo xeXNO0,
(20)

Next we use a concentration result for binomial random variables from [14, Lemma 1.1] to
bound the number

JOX) = #TDX) = #H{x e XN Q, : (X — x) > n) (1)
of x € X N Q, that have a score of at least n“.

Lemma 8. (Upper bound for number of large summands.) Let a € (0, 1) and ¢ € (0, ad /).
Then

lim sup log IP’(J,S“)(X) > ndz/"_g) = —00. (22)
Too

ndz/ot

Furthermore, we bound the probability that a small number of Poisson points carry a lot of
the excess weight.

Lemma 9. (Upper bound for condensation probability.) Let m, n > 1 and t > 0. Then

Pl Y 69X —027 /0 <m Ra(0) <0
xe X0 @

< (aemax + 1) m?(Sny 2 acmact 1 exp(—r"/“ inf _|A(p, wn).
(¢, ¥)eB

Before proving these lemmas, we apply them to get the upper bound.

Proof of the upper bound of Theorem 1. Leta € (0, (1 —d/a)/2) and ¢ € (0, ad/«). Then

]P’( Z EOX — x) > pon® + rnd>

xeXNQy,

= P( Z E(a)(X —x)]l{g(a)(X —x) <n? — Mand - Srnd)

xeXNQy

- ]P’( Y EOX - X -0 =0 = (1 - 8)rnd>

xeXNQy
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= P(% Y EYX = UHECX —x) <1} > g + o1, Ru(X) < n)
" xeXNQy

+ P(J;@(X) > ndz/“_8>

+2PR3X) > +P| > DX —x) = (1 - e, JOX) <014, Rau () < n.
xe 7y X)
(24)

From Lemmas 7 and 8 we know that with our choices of a and ¢, the first two summands
after the last inequality of (24) do not play a role in large-volume asymptotics. Moreover, with
the help of Markov’s inequality and Mecke’s formula [13, Theorem 4.4], we get that

P(R3,(X)>n)=P#H{xeXNQ3, : RX —x)>n}>1) <E[#xeXNQ3,: RX —x) >n}]

=E| Y LRE-x>n}|=[ PR(XU{x)-—x)=ndx
Q3n

xeXNQsz,

= [ Y RS@U ) -0 zmas
o

ni<ly

(25)

From here, owing to the characteristics of (STA), it is implied that for each i <I; and r > 0 it
holds that

|Si N B(0)] = r min |S; N By (0)],
J=li

—
=!Ccones

and by applying a Poisson concentration bound [14, Lemma 1.2] for a large enough n, we can
continue our computations for each i < I; and x € Q3, with

P(Si(X U {x}) —x) = n) < P(X(Si N Bujegra(0) < csTa)

d cd+]
< _ n _ 1 STA
< exp| —Ccones + csTA — csTA log — )
CSTA Ccones™

where we recall that if X is interpreted as a Poisson random measure, we can denote the random
number of points in a Borel set by X(-). Therefore, continuing from (25), we arrive at

d+1
1 Ccones  d(1—d CSTA 1 ‘sTA ey
o PR (X) = 1) < — (1-dja) S —00.
nd2/a 0g P(R3n(X) > n) = CgTA " * nd*/e pd/a o8 Coonesn? >
(26)
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Thus, it remains to consider the fourth summand after the last inequality of (24). Here,
Lemma 9 yields

ogP| Y 9 0= —e)m?, SO </ Ran(X) <n

xe 7\ (X)

lim sup ——
ntoo ndz/a

—((1 = dje |
=—(1-2p) (w’llfpl)feBH((ﬂ, V)l

In brief, we arrive at

) 1 .
lim sup —— log P(H,, > pg + 1) < —((1 — &)r)¥/ ((pl};)feB |A(p, V).

ntoo ndz/oz

Letting ¢ | 0 concludes the proof of the upper bound. O

In the rest of this subsection, we will prove Lemmas 7, 8, and 9. The essential ingredient
for the proof of Lemma 7 is a concentration bound from [3, Corollary 3.3(i)].

Proof of Lemma 7. We start by introducing some of the notation from [3]. For the Poisson
process X, we define the functional

FOX):= Y £90XN Qs —)HE (XN Q3y —x) <n). 27)
xeXNQy

Before we can apply the concentration bound, we need to find a link between the typical
value n? ., and the expectation of the functional defined in (27). We can find the connection
using the fact that, because of (STA), under the event {R,(X) < n}, this functional is equal to
the one considered in Lemma 7:

g =B Y EOX - x)ﬂ{é(")(X—X)<n"}:|
L xeXNQ,

Bl Y EX 0L x—yn) llm,,<x><n}}
L xeXNQ,

=E| Y &Y%XN03—-0L{EDXNQ5—x) <n, RyX) < n}}
L xeXNQ,

=E| Y &9%XN05—0LEDXN Qs —x) <n} (1 — H{Ru(X) > n})]

L xeXNQ,

=E[F(X)] - JE[ D XN Q3 —)UEC KN Q3 — x) < 1%, Ru(X) > n}]

xeXNQy

> E[F®)(X)] — E[X(Qu)n“1{R,(X) > n}].
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Subsequently, the Cauchy—Schwarz inequality yields

1 e = EIFS X)) — \/EIX Q) r 2 ELL (R, (1=

=E[FYX)] — V(2 4+ nd)n2aP(R,(X) > n).

As argued in (26), the factor P(R,(X) > n) decays exponentially with n, and consequently
we can assume that n is large enough to guarantee that n¢u, > E[F, E,a)(X)] — ¢. Therefore,

IP’( D EOX = 0L e yne) > 11 + 167, Ry(X) < n)
xeXNQy

(28)
<P(FOX) > npy +nler)

<P(F?(X) > E[F(X)] + nler —¢).

Furthermore, we need the difference operator Dy, y € R4, defined by DyF,(,a)(X) = F ,(,a)(X U
) — F9(X). For B > 0, we now set

+o o ) 2 ) 2

VD X0) = fRd (DyEL OO, pior) <) v+ (DXF,(;" X\ {x})]l{DXFf[")(X\{x}bﬂ}) :
xeX

(29)

To apply [3, Corollary 3.3(i)], we need to find an almost sure upper bound for V;{(F ,(f‘)). Points

outside of (3, do not affect the functional. Thus, choosing y € R4 \ O3, in the difference

operator has no effect and yields DyF,(fl)(X) = 0. Moreover, by (FIN), adding a point to any

configuration can only affect the outgoing edges of cmax nodes, and the degree of each node is
(o)

bounded by cmax as well. Hence, SUPyep;, |DyFy "(X)| < (cmax + 1)2n8 = B, and by the same
reasoning, sup,cy |DXF,(za)(X\ {xP| < B. Thus, we bound (29) by
VIR0 < | Ceman D' dy = eman + 17 G’
3n
Then, by applying [3, Corollary 3.3(i)], we have

P(F9(X) > E[FX)] + ner — ¢)

nler —e |B|(ner — &)
S Y
: eXp( 281 ( * Gamee + D77 G)
_ B ner — ¢ 1 1+ (cmax + l)zna(ndar —g)
=P\ T 2lemax + 20 8 (cmax + 1*n24(3n)?

_ _nd_“(er —¢/n?) 1 - n~%er —¢e/n)
P T 2 ema 12 BT (omax + 10234

if néer — & > 0. Finally, with the help of (28), we obtain

~ 1 d d
lim sup e log IP( Z £@(x — 0 g@ x—ry<nay > 1Mo +ner, Ruy(X) < n) = —00
ntoo x€XN0n

fora e (0, (1 — d/a)/2). O

https://doi.org/10.1017/apr.2023.10 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2023.10

56 C. HIRSCH AND D. WILLHALM

FIGURE 4. Labeling of the boxes in three dimensions, where 27 labels are sufficient, and two dimensions,
where 9 are sufficient.

l—a/aJa'

Proof of Lemma 8. Leta € (0, 1). We divide Q,, into a grid consisting of [n smaller

boxes with side length /,, := n/ [n!=a/2 | The set of all of these cubes is
Q:={0:0=lz+[-n/2. —n/2+ 1, ze {0, ..., ("~ — 1)},

Furthermore, we label each box in such a way that between two boxes of the same label there
are always two boxes with a different label. For instance, we can label the boxes according to
elements of the set £ = {0, 1, 2}¢, thus using #£ = 3¢ different labels; see Figure 4. Form € L,
we denote the set of label-m cubes by

QM = {Q:Q=lyz+[-n/2, —n/2+ 1,1,
2=, ... 20) €40, ..., [n' 79" | — 1} with z; mod 3 =m;},
so that #Q™ = |pl=4/@ |4 /3d 4 p(pl-¥/0) = K,,.

Setting P, := (n%/cmax)'/®, we start bounding the probabilities under consideration using
the bounded node degree:

PUD(X) > nd'/*=¢) < P(g@‘)(x — x) > n® for all x in some ¢ € X N Q,, with #¢ > ndz/“—f)

< IP’( max |y| > P, for all x in some ¢ € X N Q, with #¢ > ndz/“6>.
ye€(X—x)
(30)

We now thin out the configuration consisting of all x as in the previous line, as follows. Starting
with any point x € ¢, we omit all points of ¢ that are at distance at most P, to x. According
to (FIN2) with M = P, this operation removes at most cmax — 1 points. Repeating iteratively
for the other points of ¢ yields a configuration ¢ that contains at least N, := ndz/ " Cmax
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nodes satisfying maxycex—x) [yl > Pn and |x —y| > P, for all x, y € ¢ with x # y. Thus, we
can continue in (30) with

IP( max |y| > P, for all x in some ¢ C X N Q, with #p > ndz/“_‘g)
yeE(X—x)

SIP’( rgnax ly| > P, and |[x —y| > P, forall x # y in some ¢ € X N Q, with#goan>.
ye€(X—x)
(31

Next, we note that in a ball of radius ~/dl,, only a limited number of points can be placed so
that all of their mutual distances are larger than P,. For large n, this number is bounded by
the number of balls with radius (n%/cmax)'/%/2 that fit in a ball with radius 44/dn®*® in such
a way that none of the smaller balls overlap. The ratio between the volume of B 4 /dnala (0) and

the volume of By, y1/«2(0) yields the bound 8dcf,{;"xdd/ 2 for n large. Thus, after setting

M, := N, /(8dcﬁ1/§xJr '44/2), we can use this argument to proceed in (31) and estimate, for n
sufficiently large,

]P( glax ) ly| > P, and |x — y| > P, for all x # y in some ¢ C X N Q,, with #¢ ZN,,)
yeEX—x

51?’( max ly| > P, and |x — y| > +/dl, for all x # y in some ¢ € X N Q,, with#gonn).
yeE(X—x)
(32)

In the event on the right-hand side of (32), each hypercube Q € Q contains at most one node
that has an edge larger than P,. Furthermore, if max,cgx—yx) [y| > Py holds for an x € X, then
(STA) gives that R(X — x) > P,. Thus, by a union bound, we arrive at

]P’( max |y| > P, and |x —y| > \/c_iln for all x #y in some ¢ C X N Q, with #¢ zMn>

yeE(X—x)

<) P(#0eQ™: m d

< : ax |y| > P, forsomexe QNX}>M,/3 (33)
el yeE(X—x)

<> IP’(#{Q € QM : R(X — x) > P, for some x € Q N X} zM,,/3d>.
meL
Through a calculation performed in the same fashion as in (26), we get
IP( max R(X —x)> Pn> < / IP’(R(X Ux}—x)> (n“/cmax)l/o‘)dx < lZeiC”ad/a
xeQNX 0

for n large enough and a value ¢ > 0. Next, note that [, > P,,. Thus, for a fixed m € L, the events
of finding a Poisson point with a stabilization radius exceeding P, in a box Q are independent
for different choices of Q € Q™ Therefore, a binomial concentration bound [14, Lemma 1.1]
gives that for each m € L,

(m) . _ d
P(#Qe Q™ max R(X —x) = Pu) = My/3)

4
- M, | M, /34 (34)

X ——F— 10 —_— .
= p 3d2 g Knlge_cnad/ot
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assuming n is sufficiently large. Now, note that

d
lim — ! M”l ( M,/3 ):—oo (35)

S 0 _—
ntoe nfa 302 O\ K, idgenle

holds if ¢ € (0, ad/). Finally, combining (30), (31), (32), (33), (34), and (35) yields the desired
result. O

Proof of Lemma 9. Let m>1 and t > 0, and let us assume that we are under the event
that we would like to bound in Lemma 9. Note that by (7), under {R3,(X) < n} we have that
EX —x)=E(X N Qs, — x) for all x € X N Q3,. Under the event {J,(la)(X) < mj}, we choose ¢ =
J4(X) and " = UyeyEx(X). From (STA), we obtain configurations 6y, x € ¢ U ¢', with E(X —
x) = E(By — x) and #6; < IzcsTa. The condition (STA) also implies that £(X —x) =&Y — x)
for every x € 9 Uy’ where v := ¢ U ¢" Uyeguy’ 6x. Note that, thanks to the bound on the
stabilization radius, the set v is entirely contained in Qs,. Moreover, the bounded node degree
implies that

#r <#o +#Y' + (o +#Y )csta < UacsTa + D(cmax + Dm < (Iycmax + 1)*m. (36)

Below, in the case that # < c|NF, we add ¢ng — #¢ points in X N Qs, to ¥ to be able to
apply (INF). To justify that X(Qs,) > cinF — #¢ can be assumed here, we remark that under
{erj(")(X) E@(X — x) > 7, R3,(X) < n}, it must hold that X(Qs,) > cinr. The reason for this

is that the fact that £ (X — x) > 0 for some x € X N Q, implies that X N Q,, cannot be empty,
and R3,(X) <n implies that there have to be at least Iy(cmax — 1) other Poisson points within
distance n of any point in Q,. Thus, we even get that X(Qs,,) > Ij(cmax — 1) + 1 > ¢NF, which
concludes this argument. Next, using (36) together with £(X — x) = £(¥ — x) and (INF), we
obtain that

IP( > EOX —x) = IOX) < m Ran(X) < n>

xe 7V (X)

SIP’(Z&(")(w—X)zr, for some ¢ C X N Qy, #p <mand ¢ C ¥ CX N QOsy,

XEQ

INF < #Y < (Lacmax + 1)°m, E( —x) = EX —x) forall x € p U Uzapﬁz(w))

SlP’(ZE(‘”(w—x)zr, for some ¢ € X N Q,, #p <mand ¢ C ¥ SX N QOsp,
Xe€Q

cINF < #Y < (Lgcmax + D*m, EW —x) S E(Y U {y} —x) for all y € X and

xepu Uzewgz(w)>
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=P<ZE(“)(w—x)Zr, for some ¢ € X N Q. #p <mand ¢ C Y SX N Osp,

XEQ
cINF < #Y < (Igcmax + 1)2’”7 XNA(p, ¥)= (A) =:(*).

We remind the reader of the sets D;, le N, and N’ that were defined in Section 2, before
Equation (9). Note that by the assumptions in (CON),

0= Nl = | Dt xDldGr - 0,
{(x1,...,x;)€R: pw.~distinct}
which implies that |Dj| =0, and thus N is a zero-set. In the following, let X = (x{, ..., x;)
and y = (y1, ..., y,) represent ¢ and ¥ \ ¢, respectively. We will abuse notation and allow

x and y to be treated as sets. A combination of the union bound, Markov’s inequality, and
Mecke’s formula yields

SENED VN P(Zs“”(xuy—x)Zr,#yzclNF,XﬂA(x,xuy):ﬂ)dxdy

0<l1,h=<(gcmax+1)>m rex

B )3 /Q;%, fQ

0=y, bh=(gcmax+1)>m

’ l{zxex £ (xUy—x)>1} 1{ny¢/\/’, #y>ciNE} exp(—|A(x, x Uy)|)dxdy
5n

< (gemax + 1) m?(5ny2acmaxt1*m exp(—rd/“ inf |A<x,xuy)|>,
(x,xUy)eB

from which the assertion follows. O

5.2. Lower bound

First, if inf(, y)ep |A(@, ¥)| = oo then there is nothing to prove. Thus, throughout the proof
of the lower bound we assume that inf(, y)ep |A(@, ¥)| < co. Recall that [-] denotes the ceiling
function, given by [#]:= min{m € Z :m >t} for t € R. The rough idea for the proof of the
lower bound is to use separated boxes

W, := [0, [n—n¥“logn — (log n)*1]*
=by

and U, := [n —n%*logn, n]? and place the configuration responsible for the excess weight
entirely in U, while letting W,, be responsible for the typical value. The separation is achieved
by conditioning on points being close to the boundary of W,. In particular, we introduce a
smaller box

W2~ = [2(logn)?, b, — 2(log n)*]

inside of W, and condition on a certain number of points lying in W, \ W,%_. This is realized
by covering that volume with layers of boxes with side lengths between logn and 2 log n,
preferably hypercubes with length log n as pointed out in Figure 5. Hence, each box has a
volume between (log n)¢ and (2 log n)“.
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Un
S~
w2 Q;
W
FIGURE 5. Sketch of Uy, Wy, W, , and W2~.
Hence, for sufficiently large n we need at most
d_(n _ 2vd d—1
b8 — (b, — 4(log n)”) - n 37)
(logn)! = | (logn)?=3

additional boxes to cover the space W, \ W,%_ entirely. We denote these boxes by (Q)); and
define the event

EZ = [X(Q)) € [cmax, (log m)*?) for all i}

that will generate independence between the functional of Poisson points in W,, and Poisson
points in U,. In addition, we introduce the abbreviation

1
H,(A,B):= — @ -
(A, B):= 5 Y E9XNB-x)
xeXNA

for A, BCRY. Fore < e, We also define the event
Gron = {Ha(Wa, Wy) > po — £/2) NES. (38)

The next lemma gives a lower bound for the probability of this event.

Lemma 10. (Lower bound for P(Gj ,).) It holds that lim inf,10o n=/% 1og P(Gy.») = 0.

We now focus our attention on what happens within U,. We will rescale a configuration so
that it is responsible for the entire excess weight and so that there is also enough flexibility
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to embed the points in open balls to get a configuration that can be attained with positive
probability. For the chosen ¢, we will use

7= ((r+&)(1 + enh)l/e

as the parameter for the rescaling. The following lemma will be used to find the proper
configuration within U, to rescale.

Lemma 11. (Approximation of optimal configurations.) Let ¢ > 0 and (¢, V) € B. Then there
exists § € (0, 1) such that the following inequalities hold:

(a)
U Alr+zcxe) +ziyevh <IAlp ¥l +e
(zy)yey SBs(0)
=As(p,¥)
and
(b)
: () .
in +2zy:y€ —(x+z))>1/(1+¢).
(Zx)xewgs(o)gs W +z:yev)—G+z) =1/ +e)

We insert another lemma to deal with the diameter of the influence zone.

Lemma 12. (Diameter of bounded influence zone.) Let (¢, ¥) € B with |A(p, ¥)| < co. Then
there is § € (0, 1) such that diam(As(g, ¥)) < oo.

Note that, if we pick (¢, ¥) € B such that |A(g, V)| < oo, then, for § small enough, by
Lemma 12 the diameter of 7,As(¢, ¥) is of order n/ %, while U, has side length nd/e log n.
This means we can choose n large enough for U, to contain a shifted copy of t,A;5(¢, ¥). Thus,
from now on we can assume that 7,As(¢, ¥), as well as Uy, y B1(x), is entirely contained in
Uy if |A(p, ¥)| < 0.

We set

A5, = mAsie, W\ | B,

XET Y

and similarly to (38), we define the event

G2.n(8) := {X(B1(x)) =1 for all x € T,¥, X(A; ) =0}. (39)
A bound for its probability is given in the following lemma.
Lemma 13. (Lower bound for P(G» ,,(8)).) Let § € (0, 1) and (¢, ¥) € B. Then

. 1 d d
lim nf = 10g P(G2,,(0) = — (A, Y] + &) +)"(1 + )"

Now we can give the proof of the lower bound.

Proof of the lower bound of Theorem 1. First, fix two configurations (¢, ¥) € B such that
|A(p, ¥)| <inf(y ynep |A(Q, ¥')| + . Because infy ynep |A(Q, ¥')| < 0o was assumed at

https://doi.org/10.1017/apr.2023.10 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2023.10

62 C. HIRSCH AND D. WILLHALM

the start of this section, |A(¢, ¥)| < oo also has to be satisfied. Now, let § > 0 be such that
(a) and (b) from Lemma 11 are satisfied. Under the event Nyer,{X(B1(x)) =1}, we can find
(zx)xer,y € B1(0) such that {x + z,} = X N B1(x) for each x € 7,¥. Furthermore, if 7 is so large
that 7,6 > 1, then under {X(t,Ay) =0} it is guaranteed by (INF) that for each x +z, € {y +
2y 1Y € Ty} U Uper,p(Ewtz, ({y + 2y 1y € a0 ),

EX—@x+z) 28Uy +zy:yemp} — (x+z). (40)
Then, also if 7,6 > 1, Lemma 11(b) and (40) give that

Y EYX -tz = Y Eytyyeny) - @+z)) > /(L +e)=(r+ e,
XET, Y XETY

4D
Note that the index set in the sum before the first inequality in (41) contains more points than
the one after it. The reason for this is that when a point is added outside of the influence
zone of (7,9, T,¥), our framework for graphs does not exclude new edges from being created
between two already existing nodes in 7,y. While it is admittedly hard to come up with an
actual example of a graph for which the following is possible, it might potentially happen that
when the points from X \ (7,v) are added to t,¥, an additional edge arises from a point in
T, ¥ \ (T,9) to a point in 7,¢. In an undirected graph this could have the effect that the power-
weighted edge lengths of some outgoing edges from points in 7,¢ are only taken into account
with the factor 1/2 on the left-hand side of the first inequality in (41), while being considered
with their full weight on the right-hand side of it. Summing over all points in 7,y lets us avoid
this issue.

As the remark after Lemma 12 suggets, we can assume that all of the occurring sets and con-
figurations are contained in U,, from which point (41) implies that G» ,,(§) € {H,(Up, RY) >
r+e}.

We now define the set W, := [( log n)?, b, — (log n)z] and assert that under the event G ,,
from (38), we have

Hy(Wy \W,", Wy) <¢&/2 (42)
for all large n. Once (42) is established, we can conclude the proof of the lower bound of

Theorem 1. Indeed, under E,%oc’d each box in W, \ W, contains at least cmax Poisson points,

and therefore, if n is chosen large, then each of the cones around an x € X N W, has to contain
cmax Poisson points before the base of the cone leaves W,,, which more formally means that
Ui<l, ((S,- +x)N Bgi(x,x)(x)) C W,,. Thus, under E,g,OOd, again by (STA), we get that £ (X N
W,—x)= S(“)(X — x) for all points x € X N W, if n is sufficiently large. In other words, the
layer of boxes containing points would not admit the score of points in W, being influenced
by any points outside of W,,. With (42) we get that under Gy ,,

Hy(Wy, RY) > H, (W, RY) = Hy (W, W) = Hy(Wo, W) — Hy (W \ Wy, Wy)) > o — €.

In addition, G , and G ,(8) are independent for large n. Next, shifting the coordinate system
shows that P(H, > g + 1) = P(Hn([O, nl4, Rd) > g + r). Hence,

P(H,, > g + r) > ]P’(H,,(Un, Rd) >r+e, Hn(Wn, Rd) > g — 8)
= ]P)(GZ,n((S)» Gl,n)

=P(G2,1(8))P(G1,1).

https://doi.org/10.1017/apr.2023.10 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2023.10

Large deviations for graph functionals 63

Using Lemmas 10 and 13, it follows that

liminf —— log P(H;, > g +7) > —< inf |A(p, V)| + £>(r+ a)d/“, 43)
ntoo pd/® (¢.¥)eB
and letting ¢ | O gives the asserted result.
It remains to prove (42) under the event G . To that end, we recall that

_ 1
H,(W, \ W, W,,) = i Z DX NW, — x).
xeXN(W,\Wy")

Henceforth, we bound the summands on the right-hand side separately in the cases where
dist(x, dW,) > clog n and where dist(x, dW,,) < clog n for a suitable ¢ > 0.

First, consider the case dist(x, dW,) > clog n. If we cut off the cone S; + x at a distance
c log n for large enough c, then it still contains one of the boxes Q]’-. By definition of the event

E,g,OOd, each of these boxes contains at least ¢cmax nodes. Therefore, S;(X N W,, — x) is of order
lognforall 1 <i<Iy.

Now, consider the case that dist(x, dW,,) < c log n. If a cone that arises from x does not inter-
sect W, anymore after a distance from the apex of order log n, then it contains Poisson points of
X N W, only up until a distance of order log n. Since, by (STA), none of the lateral boundaries
of any cone are parallel to an axis of the coordinate system, we obtain that otherwise the cone
envelopes a whole box Q]/- after a distance from the apex of order log n. Then S;(X "' W,, —x)
is of order log n as argued for above. Hence, after n is chosen sufficiently large, (STA) yields
a finite configuration 6, with 6, C B log m2 () N Wy, satisfying that £(X N W, — x) = £(6; — x).
Together with the bounded node degree, we have for n large

n Hy (W \ W, W) < Y Dyl
xeXN(W,\W;)
ye€(Ox—x)
< X(W,, \ W, )emax( log n)**
d—1

2d n
= (logn) [(log 3

W cmax(log )™,

where the final inequality follows from (37), the upper bound on the number of Poisson points
in each box Q). Hence, we can choose n sufficiently large to ensure that H,(W, \ W7, W,,) <
e/2. O

The key ingredient to prove Lemma 10 is a weak law of large numbers for Poisson
functionals from [16].

Proof of Lemma 10. We consider separately each of the two events whose intersection

forms Gy . For Eg°°d we use a Poisson bound from [14, Lemma 1.2] and calculate, for n
sufficiently large,
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P(E,?""d) =1 —P(X(Q)) < cmax or X(Q}) > (log n)*? for some i)

d—1 di 1 (logn)2d
>1- ’7—’1 —‘ (e_(log")d Z 2logn)™ +e_7(log")2d log(mign)d))

d—3 i
(log n) i<omm1 i!
> 1— nd*l (67( log n)d( log n)dﬁ'max+2 + e*%(logn)zd) (44)
Next, we deal with {H,(W,, W,)) > o — €/2}. Under the condition that X(W,) = bff, we
can deduce
d
ay 4 by 1 ) M)y _ )
(W, Wo) | X(Wo) =bi)) = =50 D &1, X = X7)
" i<bd
abil @0 > - -
=i D EQ(bulX1. .. Xy} — baX))
i<bd
for Xi"), X;n), ... being independent and identically distributed (i.i.d.) uniform random vari-
ables on W,, and ’}?1 , /}?2, ... being i.i.d. uniform random variables on [0, l]d . In order to apply
[16, Theorem 2.1], we need to check the moment condition, i.e., that for p > 2,
sup B[ (b, {X1, ..., Xpa} — buX1)"] < 00. 45)

n>1

We can use the bound on the node degree to get

o0
E[@ (Bu{Xi. ... Kyg) — buX1)"] =/ PEC BufX1, .., Xy} — b,X)1)" > 5)ds
. 0 (46)
< / ]P’(|y| > (Sl/l’/cmax)l/a for some y € E(bn{fl, .. ’?bﬁ} — bnjf\l))ds.
0

Next, from (STA) we can deduce that, for every s > 0, if bnY 1 has an out-neighbor among
bn{?z, - v?bgf} that is farther away than (sl/”/cmax)l/a, then one of the cones aris-

. < . . 1 .
ing from b,X; has to extend until at least a distance of (sl/l’ /cmax) /® from its apex
before it contains cgta vertices. More precisely, there has to be an i<I; such that

Si(bafR1. .. Rypg} — buX1) > (57 /emax) *. Additionally, the intersection of W, and (S; +

buX 1)\ B ( )1 Ja (bn)? 1) cannot be empty, since the aforementioned out-neighbor has to

sl/p /Cmax

be within W,,. Therefore, under the event from the last line of (46), it is implied by the definition

of Si(-) that for some i < I itholds that b, {X1, ..., Xpa} N (Si + b,X1) N B (61 emar) (bnX1)
n s'/P [cmax

contains at most c¢may points, while W, N (Si + bnfl) \ B ( et (bnfl) = (). With these

AYl/p/Cmax)
arguments we arrive at

o
/ P(|y| > (sl/p/cmax)l/a for some y € E(b,, {?1 - fbd} - b,,?l))ds
0 n

o0
52/0 P(#(ba{X1, ... Xpa} O (Si+baX1) N B

i<ly

yie (X)) <cmax  (47)

(Sl/p/cmax

and W, N (S; + b,X1) \ B e (buX1) # 0)ds.

(Sl/p/fmax)
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Furthermore, since the cones do not have lateral boundaries parallel to any axes, under the event
after the last inequality in (47), the volume of the set W, N (S; + b,,)? 1D N B1/p Jemas)! /@ (bn}? 1)1is
of order s%/®®) and therefore at least cs?/ ) for all i, where ¢ > 0 depends only on the layout
of the cones, o, and cmax. Thus, by the independence of 3(\2, e, S(\bd, when conditioned on /}?] s
we can bound the probability of the event after the last inequality in (47) by the probability of
a binomial random variable consisting of bﬁ — 1 trials with success probability

P(bnXa € (Si + buX1) N By emmotfa GnX1) | Wi 0(S; 4 buX1) \ Bigi/p syt (bnX1) # 4)

/cmax

> 5/ P20 /ppd

realizing a value of at most cmax — 1. Thus, by a binomial concentration bound [14,
Lemma 1.1],

E[E(d)(bn{?l, R fbﬁ} - bnjzl)p]

o
<l /0 P(Bin(b? — 1, es¥P® /b?) < cmax — 1)ds

o0
<l /0 P(Bin(bz, csd/(p“)/b‘,f) < cmax)ds

x
= Ia’(Cmax/C)pa/d +1q / ]P’(Bin(bff, Csd/(pa)/bZ) = Cmax)ds
(cmax/cype/d
o
< La(emax/cF*!* + 1 / L oxp(=es P — S + G log () ds < oc.
(cmax/c)P*

In particular, the bound does not depend on n. Therefore, the moment condition (45) is satisfied.
Now, [16, Theorem 2.1] gives

bd
1 <& - - —~
L3 e bR, Ryg) — R o e
noi=1

n

and since bg / nd M—OS 1, it follows that

’grgo P(Hoy(Wy, W) > 1 — /2] X(Wy) = b) = 1. (48)

Now we can use the union bound to arrive at

P(G1,n) = P(Hy(Wy, W) > o — /2) _’_P(Ergl)ood) 1

> ]P)(Hn(Wn, Wn) > Uy — 5/2 | X(Wn) = bg)]P’(X(Wn) — bili) + P(Egood) _1

1
exp (— 57
> P(Hy(Wa, Wa) > e — £/2 | X(Wy) = bﬁ)M +P(E) — 1,

where in the last line we used [14, Lemma 1.3]. By (48) we can assume » large enough so that

P((Hy(Wn, Wa) > po — £/2 | X(W,) =) > 1/2.
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Hence, combining this with (44), we get that

1
1 ©Xp (_12bd)
PG ) > = ———u/
( l,n)_2 ang

as asserted. O

_ i1 (e—(logn)d( log n)dcmax+2 + e—%(log n)Zd)7

We continue with the proof of Lemma 11.

Proof of Lemma 11. First, we show that

N U Alr+zxeeh (r+zixey)) SA@. v)UDW), (49)

>0 (Zy)yez// CBs(0)

=As(p, %)

where we recall that D(y)={y e R?: ¢ U {y} € Ngpy1}. The subset relation in (49) holds
because if we let y € Ns=0As(@, ¥)\ D(¥), then for every § € (0, 1) there exists a family
(zw)wey € Bs(0) such thaty € A({w +z,, : w € @}, {w + 2z, : w € ¥}). Hence,

En(Wtzwiwed) L& (W+zw i weytUy)

for some

x+zxe{w+z,:weplU Uptz,efwtzy wew}(€v+zv({w +zwiwey})).

Since y ¢ D(yr), we can apply (CON) to both sides, choosing § sufficiently small, which
gives Ex(Y¥) Z E(¥ U {y}) for some x € ¢ UU,eu(Ey(¥)) and therefore y € A(p, ¥). Since
ID(y)| =0, we deduce from (49) that for § sufficiently small we have |As(p, ¥)| <

|A(p, ¥) + €.
To prove Part (b), note that since ¥ is finite, we can use (CON) and find é € (0, 1) small
enough so that for all choices of (zx)rey € Bs(0) we have

w—zpwelor, (Y +2y 1y ey P} =EW). (50)

This means the graph looks the same despite some small noise of at most é for every node.
But the finiteness of the configuration combined with (50) guarantees that for § sufficiently
small,

Z EO(y+zyey) —(+z0) > 1/ +e).

(Zx)xew CBS (0)

What follows is the proof of Lemma 12.

Proof of Lemma 12. Let (¢, V) € B be such that |[A(gp, ¥)| < co. The key step is to construct
a finite set of points 6 C R4 and a scalar R > 0 such that, for all x € N = @ UUzeu(E(Y)) and
(zy)yey € B5(0), we have (i) R(({y +zy:y € ¥} U6) — (x+z,)) <R, and (ii)

Ely+zyyevl—G+z)) SE((y+z:yey}UO) — (x+2z0). (51)

Once 6 is constructed, we assert that As(¢p, ) C Uxen Br+1(x). Indeed, for any v e Rd\
Uxen Bpr+1(x), the definition of the stabilization radius implies that

E(y+zyyeylUd) —(x+z))=E(({y+z:yedIUOUPH —(x+2z).  (52)
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Hence, combining (51), (52), and (STA) gives that
Elv+ziyevl—(+20) CE((y+z:yevUPD — (x+20)),

thereby proving the assertion that v & As(¢, V).

It remains to prove the existence of R>0 and 6 C R4, To that end, first note that
|Ti(x, 8)| = oo for all i < I; and x € R?, where Tj(x, §) := NyeBs)(Si +¥). Since |As(p, ¥)| <
00, by Lemma 11(a), if § is chosen appropriately, it follows that for every x € n and i < I there
are distinct w'), ..., W™ & Ty(x, 8) \ As(¢, ¥). Then, defining 0 := (W :xen, i<l j<

x,0° x,1 X,1

CSTA}, We note that (INF) implies the property (51). Now, set

. 0] ()]
R:= max csmalz—w,;|< max cgralx —w. |+ csTad,
xen, zeBs(x) > - xen s
i<ly,j<csTA i<lg,j<csTA

and note that the finiteness of the configurations in B implies that R < co. Then the definition
of the stabilization radius yields R(({y +zyiyeylue) —(x+ zx)) <R, as asserted. O

Finally, we show Lemma 13.

Proof of Lemma 13. Let (¢, ¥)€ B and § € (0, 1) be given according to the setting of
Lemma 11. First note that Bj(x) € B, s(x) for sufficiently large n > 1. Moreover, the events
{X(B1(x)) =1 for all x € 7,¥/} and {X(A; ,) = 0} are independent. Thus, we can examine them
separately and start with the first one. We assume that n is chosen large enough so that all of
the balls around points in 7,¥ are disjoint. Therefore,

P(X(Bi(x))=1forallx € 7,/) = H P(X(B1(x)) =1) = K{%‘;we—#wd.

XETLY

For the second event, Lemma 11(a) yields
P(X(43,) = 0) > P(X(taAs(p. 1)) = 0) = exp(— (IA(p. ¥)| +)2).

All of this combined shows that for large enough 7,

1 1 # _a
e 10g P(Gr(8) = - log (i V) — (

ndz/c(

. d/a
(%lllbl)feB |A(p, ¥)| + 8)((V +e)l+¢)

ntoo . d/a
— f |A(p, 1 )
" (,inf AG)IFE)( )1+ 0)
as asserted. O

6. Proof of Theorem 2

The proof of Theorem 2 consists mainly of a refinement of the steps in the proofs of
Theorem 1 and Lemma 9.

Proof of Theorem 2(a). To begin with, let 6 € (0, 1), and for ¢ € (0, (1 —d/a)/(2a)), set
hpe = |_nd2/ “=¢|. Putting H), := n—d Zish,,g Z,(f), we will look separately at the numerator
and the denominator of
P(H,, < r(1 =8), H, > pg + 1)

P(H, <r(1—8) |Hy > po + 1) = B, = e £ 1)
n o
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and prove that this ratio tends to zero. To start with the numerator, recall how Lemma 9 was
used in the proof of Theorem 1. The event {H, > wy + 7} was split up into small and large
contributions. Instead of &, here we use an arbitrary &€ < (1 — d/a)/(2a) A § to divide the term
wan® 4+ rn?. Then, since & < 8, we have

{H,<r@=8)nt Y 90X —x=mi1-8), 10 < h} =0
xe 0 X)

Using this, Lemma 7, and Lemma 8 similarly as in the proof of Theorem 1 gives that

lim sup log P(H), < r(1 = 8), Hy > o + ) = —00. (53)

nfoo M

42 Ja
For the denominator, after additionally assuming that & < u,,, we deduce from (43) that
P(Hy > po + 1) = exp(—y @ 1 + on/)), (54)

where y (€) := (inf(y, y)e |A(@, ¥)| + 5)(r +&)dle, Together, (53) and (54) imply that for any
¢ > 0, if n is chosen large enough, then we have that
exp(—cndz/ “ 4+ o(nd2/ “))

P(H, <r(1 —8) | Hy > pg +1) < ,
(H, <r( M Ha > tat1) exp(—y (B)n® /@ 4 o(nd*/@))

which indeed converges to 0 when we let n go to infinity, provided that ¢ > y(€).
Next, we prove that the statement about the other side holds, i.e.,

P(H, > r(1+6) | Hy > 11q + 1) =3 0.

To that end, we note that the proof of Lemma 9 extends without any changes to the case where
we replace j,fa) (X) by the set of nodes with the A, . largest scores. Then, applying this result
with t = rn?(1 + 8) and m = h,, , yields

P(H;, > r(1 4+ 8), R3, <n)

< (acmax + 1) e (5P moct Ve exp(—!(1 4807 inf 1A G, 9))

= exp(—('(1+ )"/ 1A ¥l + o).

Proceeding similarly to the proof of Theorem 1, we get the bound for the numerator and can
estimate

exp(—(rn(1 + 8)/ infiy, yrep [A(p, Y| + 0(n"/))
exp(—y (E)n?/* + o(nd*/*))

P(H,, > r(1+8) | Hy > pto +7) <

Now, choosing & small enough so that the bound for the numerator converges to 0 faster than
the bound for the denominator gives the claimed convergence. Thus,

P(H,/r—1]> 8 | Hy > jta + 1) 25 0,

as asserted. O
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Showing Part (b) mainly requires repeating the steps of Part (a). Nevertheless, it is a bit more
challenging since we need to replicate Lemma 9 in a slightly extended form that incorporates
the additional bound for the sum of the largest scores within the sample space.

Proof of Theorem 2(b). Let mg > 0 satisfy (11). Let §, ¢ > 0 be chosen as in the proof of

Part (a). This time, let & < (1 — d/a)/(2a) A 8/2 be arbitrary, and define H/, := n~¢ Z:’Ql VA%
and H' (¢, ) := Y1, Z(p, ¥). As in the proof of Lemma 9, we can show that

IP(H,; <U=-8ri5h. Y 9N -0 =1 - Bmd IO < (1] Ra(X) < n>
xeJ00)

< ke €xp (—((1 — &)yl |Ap, w), (55)

n
(p.¥)eB. H'(p.)<(1-8)/(1-5/2)

where
2 2 ,.d%ja—e d2 o
kn.e == (Igcmax + H* Lnd fa=¢ 12 (5p)d2Uacmaxt+ D)7 Lm 7] g o™,

Furthermore, repeating the arguments from the proof of Theorem 1 as we did to get (53), but
replacing Lemma 9 with (55), we arrive at

P(H, <r(1=98), Hy > po +r) <P(H, <(1 - g)rl‘_—g%, Hy > o +71)
(56)

=< exp(—((l — &)ymy/e inf A(p, V)| + O(ndz/oz))’
(p,¥)eB, H'(p,¥)<(1-8)/(1-8/2)

which is sufficient for dealing with the numerator.

For the denominator, we can reuse the inequality stated in (54) with the assumption
& < ug. Next, because of (11) applied to ' =1 — (1 — 8)/(1 — §/2), we can require & to be
small enough to ensure that

(1 — &)/ inf |Ap, x/f)|>( inf |A(e, x/f>|+é)<(r+é>)d/“. (57)
(o, ¥)eB, H (p,)<1-8 (¢, ¥)eB

We proceed by plugging (54) and (56) into the fraction that arises from the conditional
probability and get

P(H), < (1 —8) | Hy > pta +1)

~ 2 foy - 2
_exp(=0 =&Y rent W infiy b, 1) <15 1AW, Y] + 0 /)
exp(—(infip,y)es [A(. Y| +E)r +Eend/ + o(n/))

’

which converges to 0 by the assumed relationship of the coefficients in (57).

The assertion on the upper tails, i.e., P(H), > r(1 4+ 8) | Hy > pto + 1) iy 0, follows analo-
gously to Part (a). O
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