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peeling in the unit ball
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Abstract

The convex hull peeling of a point set is obtained by taking the convex hull of the set and
repeating iteratively the operation on the interior points until no point remains. The boundary
of each hull is called a layer. We study the number of k-dimensional faces and the outer defect
intrinsic volumes of the first layers of the convex hull peeling of a homogeneous Poisson point
process in the unit ball whose intensity goes to infinity. More precisely we provide asymptotic
limits for their expectation and variance as well as a central limit theorem. In particular, the
growth rates do not depend on the layer.

1 Introduction

1.1 Context

Random polytopes as convex hulls of random points have been extensively studied in stochastic
geometry. An overview of the subject can be found in [29] and [34, Chapter 8.2] for instance. Let
Py be a Poisson point process with intensity measure Adz in a convex body K of R?. The study
of the asymptotic behaviour as A — oo of conv(P,) started with the work of Rényi and Sulanke
in [30, 31], in a binomial setting. They obtain in particular a different growth rate for the mean
number of extreme points when K is a smooth convex body with a C2-regular boundary and when
K is a polytope, namely polynomial for the former and logarithmic for the latter. Since then diverse
results on the number of k-dimensional faces and on the defect intrinsic volumes of conv(P,) have
been proved for both choices of K. We only consider the smooth case in this paper. Asymptotic
expectations are shown notably in [33, 28, 2]. In particular, it is known that the mean number of

extreme points grows like AT up to a multiplicative constant. First-order results have then been
complemented by central limit theorems in [27, 36, 13]. Results on the variance of these quantities go
from general bounds in [5, 3] to explicit limits in [13, 14]. More recently, concentration inequalities
have been derived in [22]. The explicit formulas obtained by [11, 24, 25] are worth noting among
the very few non-asymptotic results available.
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Figure 1 — Example of a convex hull peeling in B? with six layers (here the last layer has only one
point).

The subject of this paper is a generalization of the study of the convex hull of random points
to the so-called convex hull peeling. We start by taking the convex hull of the whole process and
then repeatedly take the convex hull of the points that were not extreme at the previous step
until no point remains. Let us write convy(Py) := conv(Py) and by induction for any n > 1,
convy,11(Py) := conv(int(conv,(Py)) NPy). The boundary of the n-th convex hull dconv,,(Py) will
be called the n-th layer of the convex hull peeling of Py. The words peeling and layers were chosen
by analogy with the peeling of an onion, see Figure 1.

The convex hull peeling was first introduced by Barnett in [7] as a way to order multivariate data
and give a meaning to how central a point is with respect to a dataset. Indeed, the layer number
of a point can be interpreted as the depth of that point with respect to the input and we expect it
to be all the larger the more central the point is. The convex hull peeling has then been used in
robust statistics and outlier detection, see [21, 23, 32]. It fits into a list of classical techniques for
ordering multivariate data, including half-space depth, simplicial depth or zonoid depth, see e.g.
[18] for an overview on these techniques.

However it seems that very few theoretical results exist on the convex hull peeling of a random
sample. For instance, the survey [29] devotes a small section on convex hull peeling but does not
provide any reference and states that in continuation with the available asymptotic results for the
convex hull, investigations concerning expectations and deviation inequalities for [the subsequent
layers of the convex hull peeling] are unknown. To the best of our knowledge, there are mostly two
papers which deal with the asymptotic properties of the convex hull peeling of random points. The
first one due to Dalal [19] states that the mean total number of layers of the convex hull peeling of n
i.i.d. uniform points in any bounded region of R is lower and upper bounded by multiples of N,
Very recently, a breakthrough work by Calder and Smart [12] greatly improves Dalal’s estimate.
Let Pxs be a Poisson point process of intensity measure Af(x)dz in K with f a continuous and
positive function on K. They consider the convex height function hy(z) of any point z in R? as the
largest n such that o € int(conv,(Pxr)). Note that Dalal’s work covers the particular problem of

estimating the expectation of max h) when f = 1. Calder and Smart show that A"TETh A converges
uniformly in probability with an explicit exponential bound and almost surely to a multiple of a



function A which is the unique viscosity solution of an explicit PDE. In other words, they obtain in
particular that when A — oo, almost surely

AT hy S o (1.1)

where « is a positive constant which depends only on dimension d and h is the unique viscosity
solution of

(Dh,cof(—D?h)Dh) = f? in int(K)
h=0on 0K ’

cof(-) being the cofactor matrix. Denoting by B¢ the unit ball of R, we observe that (1.1) implies
in the particular case when K = B? and f = 1 that the rescaled total number of layers of the
peeling satisfies almost surely

(d+ 1)

)\_%‘H HlaXh,\ — ,Bd = i =
2dF Vol T (S4-1)

(1.2)

where Voly_;(S971) is the surface area of the (d — 1)-dimensional unit sphere S¢~1.

Because of the normalization of hy in (1.1), this uniform convergence result can only provide
information on the regime of the peeling limited to layers numbered AT up to a multiplicative
constant. The authors do not investigate any combinatorial or geometric functional of these layers.
Nonetheless, they conjecture with a short heuristic argument that the number N,y )0, of Poisson

points on a layer numbered n(\,t) := \_t)\d%lj should satisfy a law of large numbers when A — oo,
i.e. almost surely
d—1 d—1 1
AT N (), 00 — fATrTTdS
{ah=t}
where £ is the Gauss curvature of the level set {ah = t} and dS is the Hausdorff measure of that
set. In particular, when K is the unit ball and f = 1, the conjectured result should read, see [12,
display (1.18)],
d—1 d—1
ATTT Ny (a.00 — % (1- ﬁ;lt): (1.3)
where the constant 54 is introduced at (1.2).

In comparison to [12], our approach is different, i.e. we consider the case K = B? and f = 1,
we choose to fix a layer numbered n that does not depend on A and study the geometric properties
of dconv,, (Py) as A — oo. In other words, we investigate a different regime, namely the regime
of the first layers in the context of uniform points in the ball. There are several reasons to do so:
when applying the convex hull peeling to outlier detection, we expect the outliers to be located on
the first layers of the peeling, which provides some motivation for understanding the cardinality
of these particular layers. Moreover, we intend to use a global scaling transformation on the ball
which has been introduced in [13] for the study of the convex hull and which is expected to bring
exhaustive information on the visible layers after rescaling, namely the first layers.

1.2 Model

Let Py be a Poisson point process of intensity measure Adz in the unit ball B¢ of RY. We
construct the consecutive hulls conv,(Py), n > 1, of the peeling of Px. For n > 1 and k €



{0,...,d—1}, we denote by Ny, i the number of k-dimensional faces of the n-th layer dconv,,(Py)
and for k € {1,...,d}, by Vi, k. the defect k-dimensional intrinsic volume of conv, (Py), i.e.

Vika = Vi(BY) — Vi(conv, (Py)) (1.4)

where Vj, stands for the k-th intrinsic volume, see for example [34, p. 600] for a definition and some
properties of the intrinsic volumes.

We focus on these two families of random variables and aim at studying their first and second-
order properties.

1.3 Main results

For two non-negative functions f and g, we write f = O(g) if there exist a constant C' > 0 and
Ao > 0 such that for any A > A\g we have f(\) < Cg(\). Theorem 1.1 below provides expectation
and variance asymptotics as well as a central limit theorem for the variables Ny, j x.

Theorem 1.1. For anyn > 1 and k € {0,...,d — 1} there exist Cy, k.a,C}, , 4 € (0,00) such that

lim A" THE[N, ka] = Copa and  lim A~ T Var[Ny, 5] = Cl o

A— 400 A——+o00

Moreover, when A — oo, we have

sup =0 ()\_ ey (log )\)3d+1) .

t

Np.px — E[N,
P( 2~ E[Nu )]

In Theorem 1.2, we derive similar results for the variables V,, i x.

Theorem 1.2. For anyn > 1 and k € {1,...,d} there exist Cy k.4, C{/,n,k,d € (0,00) such that

: -2 . d+3
lim )\dJrlE[Vn’k )\} = OV,n kd and lim  A\da+T Var[Vn k,A] = C{/n k.d-
Ao +oo ' o A oo , .k,

Moreover, when A — oo, we have

sup =0 ()\_ ey (log )\)3d+1) .

t

Vaer — E[Va
P( 2~ BVl

Var[V, k2] = t) TPNO1) <9

The rates in Theorems 1.1 and 1.2 are identical to those obtained for the first layer, i.e. the
convex hull of Py, as described in [13]. In particular, the underlying limiting expectations and
variances are proved to be different from zero. They have an explicit formulation in terms of a
random process derived from a homogeneous Poisson point process in the product space R4~ xR,
see Theorems 2.8 — 2.11. This solves the conjecture discussed in [12] and along the lines above (1.3)
in the particular regime when the layer number does not depend on the size of the input.

Our tools are those of stabilization theory that were used in [13] to prove precise variance asymp-
totics for the first layer. The key idea consists in writing IV, j » and V,, ;. as a sum ZmGPA &(x, Py)
for some functional £ and proving that for a given point x this functional only depends on the pro-
cess in a neighbourhood of x. That is what we call stabilization. The importance of the stabilization
can already be seen in the study of the variance of N,, ;. x as it implies that £(z, Px) and &(y, Px)



are independent when x and y are far enough from each other, which simplifies the calculation of
the variance. The stabilization of ¢ is in fact used much more extensively for all six results stated
in Theorems 1.1 and 1.2 and constitutes the main difficulty of this paper. Indeed, the formation
of each layer of the peeling requires a global knowledge of the point set and also of the history of
the previously constructed layers. In particular, for a given point x, there is no easy local criterion
for checking that x is on the n-th layer of the peeling. In this regard, the problem is significantly
different from the study of the convex hull as done in [13]. The only characterization that we can use
is incremental, see Lemma 2.5, and this explains why the proof of stabilization is done by induction
on the layer number. Incidentally, this also requires to estimate the position of each layer, see e.g.
Lemma 3.2.

The strategy of proof of the expectation and variance asymptotics in Theorem 1.1 is the follow-
ing.

— Using the decomposition of each variable as a sum over & € Py of a functional &(x, Py), we
rewrite the expectation and variance of IV, 1. » as an integral thanks to Mecke’s formula for
Poisson point processes.

— Dealing with this multiple integral, we intend to use Lebesgue’s dominated convergence
theorem after applying a suitable change of variables inside the integral. To do so, we need
to rescale the model. This leads us to introducing the notions of parabolic hull peeling in
the upper half-space, see Section 2.

— It then remains to show the convergence and domination of the integrands, rewritten as
either an expectation or a covariance of a local functional of the parabolic hull peeling. This
requires to show the so-called stabilization of the functionals, see Section 3. The stabilization
implies in turn general moment bounds and the convergence of the integrands, see Section
4.

The proof of the central limit theorem also relies on the stabilization results from Section 3 as well
as a Gauss approximation result in the particular setting of dependency graphs.

Finally, showing the positivity of the limiting expectations and variances represents another
challenge. It requires to introduce a particular configuration where the determination of the layers
and the calculation of the considered variables are natural and then to randomize this idealized
configuration. This general principle has been used previously for proving the positivity of the
limiting variances of Ng » and Vg x, see e.g. [27] and [3]. The construction that we do in the
context of the n-th layer is partly inspired by [19].

We have chosen to concentrate mainly on the variables N, ; » throughout the paper and to
discuss briefly the adaptations that are needed in the case of the variables V,, ;, » at the end of the
paper, see Section 5.2.

1.4 Outline

The paper is structured as follows.

— In Section 2 we introduce the scaling transformation and study its effect on the point process
and on the subsequent convex hulls. Incidentally we state a few basic properties on the
peeling. We then define the scores as functionals of a point z and of the point process such
that the variables IV, 1 » and V;, ;.\ can be decomposed as sums of such scores. We conclude
with statements of more refined versions of the expectation and variance asymptotics of
Theorem 1.1, with precise limiting constants.

— Section 3 is devoted to proving the stabilization of the rescaled scores, i.e. that with proba-



bility exponentially close to 1 they only depend on the process in the neighbourhood of the
point considered.

— In Section 4 we use stabilization properties shown to prove LP bounds and a convergence of
in expectation of the rescaled scores.

— Section 5 contains the proofs of our main results.

— Finally, Section 6 collects several concluding remarks about possible extensions of our work
and open problems.

2 Rescaling and scores

In this section, we introduce an ad hoc scaling procedure originated in [35] and [13]. We then
study the image by that scaling transformation of the Poisson point process and of the layers of
the underlying convex hull peeling. Next we prove general properties on the construction of the
rescaled layers which are analogues of similar properties of the initial convex hull peeling. Finally
we introduce functionals that we call scores and we decompose Ny, . » as the sum over every point
of the process of these scores. This leads us to write explicit formulas for the constants in Theorem
1.1 and 1.2, where scores are involved.

2.1 Scaling transformation

To describe the scaling transformation that we will use on the point process, we first recall a
few definitions. We write 7., for the tangent space of S?~! at point ¢4 = (0,0,...,0,1). The
exponential map exp,, : Te, = R*™" — S~ maps a vector v of T¢, to the vector u that lies at
the end of the geodesic of S*~! of length ||v|| that starts at eq with direction v. The function exp,,
induces a one-to-one map between By_; () and S¥~1\ {—e4} of inverse exp~! where B;(r) denotes
the open ball centered at 0 of radius 7 in R'. This lets us define a one-to-one map 7™ between

Bd\ [0,—6(1} and W, = )‘ﬁBdfl(’ﬂ') « [07)\%) by

10()i= (st et (L) (1 ) )

[l

for all z € B4\ [0, —e4]. In general we will denote by w = (v, h) with v € R4~ and h € R, a generic
point in Wy. The transformation T™) was already used in [13] to obtain variance asymptotics of
functionals of the convex hull of Py that include the number of k-faces (short for k-dimensional
faces) and the k-th intrinsic volume. This transformation enjoys two important properties. First,
unit volume subsets of Wy near the hyperplane R?~! x {0} contain ©(1) rescaled points and actually,
we can show that the limit point process is Poisson and has intensity 1, see Lemma 2.1. Secondly,
the transformation preserves the parabolic shape of both the defect radius-vector function and the
defect support function of the random polytope conv(Py), as described in [13, p. 53-54]. These
properties have been crucial in the proofs of the results contained in [13] on the convex hull conv(Py).
It turns out that 7 plays a similar role for the first n layers as long as we take a fixed n that
does not vary with \. Indeed, at the limit, the convex hull is mapped by T™ to what we call the
parabolic hull of the limit rescaled process. In the same way it maps the convex hull peeling to the
analogue of the peeling procedure in the parabolic picture that we name parabolic hull peeling of
the limit rescaled process. We give more details below, after describing the effect of T on Pj.



Our scaling transformation maps the Poisson point process P, to a Poisson point process on
W that we denote by PN Its intensity has a density with respect to the Lebesgue measure given
by
sind—2 (A—ﬁnvu)

|A~ -2

(v,h) — (1 - A—d%h) : (2.1)
see [13, p. 57| for the computation. As proved in [13, p. 71], this point process converges in
distribution to a homogeneous Poisson point process of intensity one on R~ x R, that we denote
by P or P>,

Lemma 2.1. We have lim PW =P in distribution.
A——+oo

Next we recall from [13] the effect of the rescaling on the spherical caps in the ball. This will
then allow us to deduce the images of the consecutive layers by the rescaling. Any spherical cap in
the unit ball of R? can be written

X
cap(zg) == {z € B : (x, m> > |lzoll},  zo € B (2.2)

One can see that cap(zg) is the cap orthogonal to zg at distance ||zg|| of the origin. Let us write
(vo, ho) = T (z0). The cap cap(zg) is sent by T™ to a so-called downward quasi-paraboloid
[T+ (g, ko). Furthermore, the quasi-paraboloids [TT¥]*) (v, hg) converge to a paraboloid

_ 2
[T (vo, )] (v, ho) = IT* (o, ho) := {(v, k) € R¥L x Ry : h < hg — M}.

These results are made precise in Lemma 2.2 below, whose proof can be found in [13, p. 72-73] or
in [15, Lemma 3.1] up to a a small adaptation. Note that in this convergence result, with a slight
abuse, we use the notation 9[IT*]N) (resp. OII¥) for the function from R?! to R, whose graph is
the boundary of the set [II+]M) (resp. TIV).

Beforehand, we need to introduce useful notation for several types of cylinders that are used in
the rest of the paper. For any v € R?~! and » > 0, C,(r) denotes the vertical cylinder By_1(v,r) x
[0, 00) with the convention C(r) = Cy(r). We also define the truncated cylinders CZ*(r) := C,(r) N
{(W', W) €RY: B >t}, CSH(r) := Co(r) N {(v',h') € RE: W <t} and CL(t) := C(r) N {(v', k') €
R?: h' € I} for any ¢t > 0 and any interval I C R.

Lemma 2.2. Let A > 0 and xo € BY. We write (vo, ho) = T (x0). Then we have

TW (cap(wo)) = [T (v, ho) (2.3)

e 1— \"7Th
= {(v,h S o Y AP
{(v,h) € Wy <A ( cos(e,\(v,vo))>}

where ex(v,vg) := dga—1 (expdfl()fﬁv),expdfl(/\fﬁvo)) for v,vp € RETL.

Additionally, for any L > 1, we have the following convergence result.

lim O[T ™) (v, ho) N Clug ng) (L) = O (vo, ho) N Cag i) (L) (2.4)

A—00

for the uniform convergence.



Remark 2.3. As in [13], when X € (0,00), we can introduce a dual set

IO (wo, ho) 1= 7O (0322, 122l (25)

= {(v,h) € Wy : h > AT (1 — (1 — AT hg) cos(ex (v, v0))) }

that we call the upward quasi-paraboloid with apex (vg, hg). Similarly, we define

- 2
I (g, ho) = I (vo, ho) == {(v,h) € R&"L x Ry : h > ho + M}. (2.6)

In particular, for any A € (0, 00] and any (vg, ho), (v1,h1) € Wy,
(01, h1) € [TV (vg, ho)) <= ((vo, ho) € [N (v1, h1)).
This fact will be used on many occasions in the forthcoming proofs.

Recalling that for a locally finite point set X,

conv(X) = U (H1)e,

HT half-space
XNH =2

we are led by Lemma 2.2 to the following definition, that corresponds to the analogue of the convex
hull in the (quasi-)parabolic setting, where the role of the half-spaces is played by downward quasi-
paraboloids or paraboloids. For A € (0, 00] and a locally finite point set Y in W), we write

2v)= U WO

weWy
Y N[N (w)=2

that we call the quasi-parabolic hull of Y, or parabolic hull when A = co. We will generally write ®
instead of ®(°°) for sake of simplicity. Thanks to Lemma 2.2, we obtain that 7*) maps the convex
hull of a point set to the quasi-parabolic hull of the image of this point set, i.e.

T(A)(conv(X)) = ‘I)(A)(T(X)(X))v

provided that conv(X) contains the origin in its interior. In particular, when X = P,, Wendel’s
formula [37] shows that the event {0 € int(conv(P,))} has a probability going to 1 exponentially
fast when A\ — oo and we implicitly condition on that event when working with 7.

We call extreme points of Y the points of Y N 8<I>(1>‘) (Y). They are naturally images by T of
the extreme points of the convex hull of [T™M]~1(Y).

When A — oo, the intersection 9™ (PXM)NC(R), R > 0, converges in distribution to d®(P)N
C(R) where each quasi-parabolic hull is seen as a continuous function over C(R) and the set of
continuous functions on C'(R) is endowed with the topology of the uniform convergence, see [13,
Theorem 4.1].

Let us now investigate the action of the transform 7™ on the convex hull peeling procedure.
Quite naturally, it maps the convex hull peeling to a quasi-parabolic hull peeling that will converge
in some sense to a parabolic hull peeling. We define the hulls of the quasi-parabolic and parabolic



hull peeling recursively with the following formula: for all n > 2, XA € (0,00] and a locally finite
point set Y € R4~ x R, we set

PN (V) = dM (Y nint(@Y, (V).

When A = oo, we speak of parabolic hull peeling and we write ®,, instead of <I>$1°°). In the same
way as for the the first layer of the convex hull peeling, the subsequent ones are mapped by 7™
to the corresponding parabolic hulls, i.e.

T (conv, (X)) = dMN (TN (X)), (2.7)

provided that the origin lies in the interior of conv, (X). It is a direct consequence of [12, Theorem
1.2], see also (1.1), and [12, Equation (1.10) for « = 0] that the event {0 € int(conv,,(Px))} has a
probability going to 1 exponentially fast when A — oo. Henceforth, when dealing with conv,,, we
implicitly condition on that particular event.

We call the sets 5'<I>£L’\)(Y) the layers of the quasi-parabolic or parabolic hull peeling of Y.

For any n > 1, the set <I>£{\)(Y) (resp. ®,(Y)) is the complement of a union of down quasi-
paraboloids (resp. paraboloids). As the quasi-paraboloids converge to paraboloids, see Lemma 2.2,
and W), goes to R4~1 xR, as \ goes to infinity, we can extend [13, Theorem 4.1] to the convergence
in distribution of the subsequent rescaled layers of the original convex peeling to the corresponding
layers of the parabolic peeling associated with the limit Poisson point process. As a side result,
we also obtain the convergence of the point process of points of P on the n-th layer. This is
summarized in Proposition 2.4 below.

Proposition 2.4. Let R >0 andn > 1. When A — oo, we have that
0N (PN 5 09, (P)

where the set of continuous functions over R4~ is endowed with the topology of the uniform con-
vergence on every compact set. Moreover,

PX) 9N (PN) 5 P oD, (P).

In other words, Proposition 2.4 explains to what extent the parabolic hull peeling is the rescaled
limiting model of the convex hull peeling in the ball. Since Proposition 2.4 is a natural analogue of
the results stated and proved in [13, Theorem 4.1] and [15, Theorem 1.1] for the (quasi)-parabolic
hull process, its proof is omitted. Let us note that when A = oo, the parabolic hull peeling of P, as
seen in Figure 2, is also a crucial tool of [12] under the name of semiconvez peeling.

2.2 Properties of the rescaled layers
For any w € R?~! x R, , we introduce the number
(N (w,Y) = n such that w € 8<I>,(1)‘)(Y U{w}). (2.8)

In particular, for any = € B, ¢A)(TW (z), T (X)) is the number of the layer of 2 in the initial
convex hull peeling of X U {z}. We now aim at proving an explicit criterion for determining
(X (w,Y), see Lemma 2.5, and the monotonicity of £ (w,Y) with respect to Y, see Lemma 2.6.



Figure 2 — First layers of a parabolic hull peeling, with the interior of ®5(P) in pink.

Both of these properties could be stated for the initial convex hull peeling but we will only use the
rescaled versions below.

Let us recall, see e.g. [13, pages 66-67], that a point w in R?~! x R, is extreme if and only if
there exists (v1, hy) € O[IT)N (w) such that [T (v, h) NY = 2.

Lemma 2.5 provides a geometric interpretation of the function £V that extends the result above
and that we will use frequently — and sometimes implicitly — in the rest of the paper, see Figure 3
for an illustration of this lemma.

Lemma 2.5. Let Y be a locally finite subset of R~ xR, w € Y, A € (0,00] and n > 1. Then
we have the two following equivalences.
(i) (N (w,Y) = n) <= (¥ (v1,h1) € TN (w) : ¥ 1[IV (01, h) Z UFZ20[@] N (Y)).

(i) (N (w,Y) < n) = (3 (v1, ) € O (w) - ¥ NIV (vg, hy) C UL 012V (Y)).

Proof. (i) Let us assume that /M (w,Y') > n and take (vy, hy) € O[T (w). If we had [ITH™ (v, ke )N
Y C U 20[®;)M(Y), this quasi-paraboloid would not intersect Y after removing the first (n — 2)
layers, meaning that w would be at most of layer (n — 1) so the first implication holds.

Conversely, let us assume that [T (vy, hy) NY € UP-29[®;]M(Y). Then after removing the
first (n — 2) layers, any down quasi-paraboloid whose boundary contains w has to meet Y. This
implies that w is not extreme after removing the first (n — 2) layers and thus /) (w,Y) > n.

(ii) If N (w,Y) = m < n, w is extreme when we remove the first (m — 1) layers. Thus let
(v1,h1) € O] (w) be such that [TI+]M (vy, hy) does not contain any point of Y after removing
the first (m — 1) layers. This implies that

[N (vy, ) NY € UZTTO[@] N (V) € U o[@,] N (V).
Conversely, if we assume that

3 (v1, hy) € AN (w) : [PV (vy, k1) NY C UILA[@;) M (Y),
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,,,,,,,

H‘L(Ul, hl)

Figure 3 — Illustration of the criteria (i) and (ii) of Lemma 2.5 in the case A = oo and 1) (w,Y) =
3. As in (ii), the paraboloid IT*(vy, h;) contains w on its boundary and only contains points on
layers at most 2. As in (i), any translate of II¥(v1, h;) containing w in its boundary (i.e. with

(v1,hy) € OI" (w)) contains at least one point of layer at least 2.

either w belongs to the first (n — 1) layers or it is extreme once the first (n — 1) layers are removed.
Thus (M (w,Y) < n. O
Lemma 2.6 below, which is of frequent use in our proofs, shows that the variables /() (w, X)

are increasing with respect to the set X. It slightly rephrases [19, Lemma 3.1] in the context of
the parabolic hull peeling and [12, Lemma 2.1]. For sake of completeness, we include a short proof

below.
Lemma 2.6. For A € (0,00], if X C Y C Wy, we have for every w € Wy, £ (w, X) < (X (w,Y).

Proof. We prove the result by induction on n = ¢ (w,Y). When n = 1, w is extreme for the point
set Y U {w} so is also extreme for the smaller point set X U {w}. When n > 1, by Lemma 2.5
(ii), w lies on the boundary of a down quasi-paraboloid such that each point w’ of Y in its interior
satisfies /N (v, Y U {w}) < (n —1). When w’ € X, the induction hypothesis applied to w’ and
the point sets X U {w} and Y U {w} shows that /™) (w’, X U {w}) < N (w',Y U{w}) < (n —1).

Consequently, using again Lemma 2.5 (ii), we obtain that £/(*) (w, X) < n. This completes the proof.
U
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Figure 4 — The effect of adding a (red) point to the parabolic hull peeling. The red dashed lines
are the changes applied to the layers.

Remark 2.7. In fact, when Y \ X is finite, we can show by arguments similar to the proof of [19,
Lemma 3.1] that £ (w,Y) < X (w, X) +#(Y \ X) where #(-) denotes the cardinality, see Figure
4.

2.3 Scores and correlation functions

In this subsection we associate to each point of B? (resp. W) a random variable depending on
that point and on the Poisson point process which we call score. We start by defining the score
of a point in the initial convex hull peeling before rescaling, i.e. for every z € B? n > 1 and
k €40,...,d— 1}, we introduce the r.v.

Ty (z,X) if z € Oconv, (X U {z})
— k+1# n,k\Ly n
gn,k(va) : { 0 otherwise

where F,, i (z, X) is the set of all k-faces containing = of dconv,,(X U{z}). The factor k%rl is needed

to take into account the fact that the faces are counted multiple times since a k-face contains a.s.
(k 4+ 1) points of Py. In particular, we get the identity

Np g = Z En (2, Py). (2.9)

TEPA

We now extend this notion of score to the rescaled model. Let A € (0,00], Y be a locally finite
subset of Wy, w € Wy, n > 1and k € {0,...,d— 1}. We denote by .Fr(L)‘Iz(w, Y') the set of k-faces of
09 (Y U{w}) containing w, i.e. the image by T™ of the set of k-faces of conv,, ([T™]~1(Y U{w}))
containing [T™]~!(w) when A\ < co. When \ = oo, ]—"T(:‘Iz(w, Y') is the set of k-dimensional parabolic
faces of <I>£l’\,)€(Y U {w}), as defined in [13, p. 65-66], containing w. For any fixed A € (0, cc], we

12



define the score

A . A
5()\) (w0, = ﬁ#}'fh,z(w, V) ifwe L )(Y u{w}) . (2.10)
n,kAT 0 otherwise

We deduce from (2.10) and (2.7) that for every w € Wy,
€O, PV) = g (ITD] 7 (w), Pr) (2.11)

Note that the r.v. 57(1)‘,1 are calibrated such that _p fr(:‘,z(w,P()‘)) is a.s. the total number of

k-faces of 8@5[\)(77@)).
We then introduce the two-point correlation function which is crucial for deriving the limiting
variance. For any A € (0, 00] let us write

(0, ko), (v1, 7)) = EELN((0, ko), P U {(v1, ) NEN (01, h1), P U {(0, o) )]
— E[EX((0, ho), PONE[EN (01, 1), PV)). (2.12)

We conclude by giving a more precise statement of Theorem 1.1, as we have now introduced
every notation involved in the limiting constants.

Theorem 2.8. For anyn >1 and k € {0,...,d — 1} we have

+
lim A~ 5 B[N, ] = Volu_ (S 1) / B (0, h), P)]dh € (0, 00).
0

A—00

Theorem 2.9. For anyn >1 and k € {0,...,d — 1} we have

lim A~ Var[N,, ] = Volg_1(S*™) (I + I1) € (0, 00)

A—o0
where
L= / B (0, h), P)?|dh (2.13)
and

+o00o +o00o
[2 —/ / / O h()) (Ul,hl))dvldhodhl. (2.14)
Rd—1 .k

We restate in a similar way Theorem 1.2 for the intrinsic volumes, using the definitions of fg,oz) &

and cﬁf}fﬁk introduced at (5.14) and (5.15) respectively.
Theorem 2.10. For anyn >1 and k € {1,...,d} we have

2 Foo
Jim ATE[V,, ] = Vola (877) / E[£(7%),((0,h), P)ldh € (0, 00).
—>+00 0

Theorem 2.11. For anyn >1 and k € {1,...,d} we have

lim AT Var[Vy, ] = Volg_1(S*2) (I + I2) € (0, 0)

A——+oo
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where

and

3 Stabilization

The aim of this section is to show stabilization results for the considered scores. This means
roughly that the score calculated at one particular fixed point requires the knowledge of the Pois-
son points outside of a lateral neighborhood of that fixed point with an exponentially decreasing
probability. This tool is essential to get moment bounds in Lemma 4.1, then the convergence of the
mean of one score and of the covariance of the scores and ultimately our main results, i.e Theorems
1.1 and 1.2

3.1 Local scores and stabilization radius

First we extend the notion of score to a local score in an angular sector around a point in the
following way. For z € B and r > 0, we introduce S(z,7) = {y € R? : dga—r (z/||z|,y/|lyl]) < r}
where dga—1 is the geodesic distance along S¢~! and

St fr] (%, Pr) i= Gz, Pa 0 S(x, 7).
We define the stabilization radius in the initial model as
Rn’k(x,P)\) = inf{R >0: §n,k(oc,”P>\) = fn,k,[r} (.%','P)\) Vr 2 R}
In particular, thanks to the rotation invariance of Py, we get the identity in law
Ry (2, Py) 2 Ry (|| z]|ea, Py). (3.1)
We formally introduce the stabilization radius in the rescaled model as
B (0, PO) = Ry i([TV) 7 (w), Pa). (3.2)
Combining (3.2) with (3.1), we obtain the invariance under horizontal translation of Rg:‘,)c, namely

for any (v,h) € Wy,
RO (0,1), PY) 2 RN (0, 1), PO). (3.3)

Since the image by T™) of S(eq,r) for r € (0,7) is a cylinder, we also extend the notion of score
in the rescaled picture to a local score in a cylinder of radius r around a point in the following way.
For any 7 > 0, A € (0,00] and w = (v, h) € W) we write

X 1w, PV 1= €0 (w, PV 0 Cy (1)), (34)

When w = (0, h), the following equality provides a convenient expression of the stabilization radius,
which is the one we use most of the time:

R0, 1), PV) = inf{R >0 = €3((0.), PV) =) ((0,h),PN) vr > RY.
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We provide estimates for the distribution tail of RE:\())(W PX) in Section 3.2 and of Rff‘l)c (w, PXN)
in Section 3.3.

3.2 Stabilization for points

A prerequisite for Sections 3.2 and 3.3 is the following geometric lemma that we will use exten-
sively when showing the stabilization property. Though standard, we include its proof below for
the reader’s convenience.

Lemma 3.1. Let A € (0,00] and wo,w; € H such that O[IIY]N (wy) goes through wy. Then there
exists a half-space Pt delimited by a hyperplane P going through wo with direction containing
(0,0,...,0,1) such that [TI*|™) (we) N P+ C [T+ (w;).

Proof. For finite A, this is a direct consequence of the following fact in the non-rescaled model: for
any point zg = req, r € (0,1) and any point x; € 0B(%, “g—““), the set cap(z1) as defined in (2.2)
contains at least half of cap(zg). Using (2.3) and (2.5), we deduce the required result in the rescaled
model.

For A = oo, we proceed along the following lines. An orthogonal transformation allows us to
assume that wy = (0,0,...,0, ho) for some hg > 0 and w; = (a,0,...,0,hy) with a,hy > 0. Since
OTT+(wy) goes through wg, we must have a = /2(hy — hg). Let us show that IT+(wg) N {(v, h) :
(v); > 0} C IT+(wy) where (v)1, ..., (v)4—1 denote the consecutive coordinates of v. The equations
of both paraboloids are

d—1 d—1
H¢(w0) : (h < hy — ;Z(’U)f) and HJ’(’wl) : (h < hy — %(((U)l — a)2 + Z(Uﬁ))

i=1 =2

For (v,h) € I+ (wo) N {(v, k) : (v)1 > 0}, using a = \/2(hy — h), we get

d—1
h < hy — % (((v)1 —a)®+ Z@)?) + % 3 — o). — a(v)

d—1
1 2 2
<= (-0 507).
This completes the proof. O

In the next lemma we show that the maximal height of the Poisson points on the n-th layer
8<I>$L>‘) of the quasi-parabolic hull peeling inside a cylinder is bounded with a probability going to
1 exponentially fast with respect to the bound. This will be essential for proving the stabiliza-
tion result in Proposition 3.3 and will also be useful when proving Lemma 3.5 which provides a
stabilization in height.

Here and in the sequel we denote by ¢, ¢y, cs... generic positive constants that only depend on
n, k and d and which may change from line to line.

Lemma 3.2. For all n > 1, there exist Ao,c1,¢2 > 0 such that for all t > 0, X € [A\o, 0] and
1<r< 7r)\d741r1, we have

P (Ei(v, h) € PX nodM (P(A) N C’(r)) NC(r/2™) with h > t) < eqrid—lemeatrAv ™!
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and
P (El(v, h) € PY nodN) (p(A)> NC(r/2") with h > t) < eyri-le—atravh®™!

Proof. We only prove the first inequality as the method for getting the second one is very similar.
We begin with the proof for A = co as the case A < oo is a bit more technical. We are going to
show it by induction on n. We first prove the induction step as it contains the main ideas. Then
we describe what needs to be changed to prove the induction step for A < co and finally we explain
the slight modifications that are needed to prove the base case.

Proof of the induction step for A = co. We assume that the result holds for all [ < n with a fixed
n > 1 and we show that it holds for n. Let w = (v, h) € C(r/2") with h > t. Our first step is to
show that the event

{w € 0P, (PU{w})NnC(r))} (3.5)

occurs with probability smaller than ¢; exp(—coh(r A vA)?1). Here we add w to the point process
because we plan to use Mecke’s formula later to deal with a union over all w.

Let (v1,h1) € R4~ x Ry such that w € OIT¥(vy, hy) and II¥(vy, k1) only contains points of layer
at most (n—1) for C'(r). Lemma 2.5 (ii) guarantees that such a (v, k1) exists. By Lemma 3.1, this
downward paraboloid contains at least half of II*(w). Consequently, denoting by A, ..., Asa-1 the
intersections of II*(w) with the product of an orthant of R?~! translated by v with R, we have
Volg(4;NCZM2(r/27=1)) = L Voly (I (w) N CZM/2(r /277 1)) and T+ (vy, hy) contains at least one
of the A;.

Let us write

Bin(h,r) = A; 0 {(', k) : k' > h/2} N C(r/2" ). (3.6)
From the preceding reasoning we deduce that
{we 9, (PU{w})NC(r)} C{3i: PN B, (h,r)C[,((PU{w}) NC(r))]}.

For fixed ¢, B; ,,(h,r) is either empty, which happens with probability smaller than ¢; exp(—cah(r A
\/E)d_l) or it contains a point at height larger than h/2 on a layer at most (n — 1), which happens
with probability smaller than ¢; exp(—cah(r A vVh)4~1) by the induction hypothesis. Consequently
we have

P({w € 8®,, (P U{w}) N C(r))) < ¢ exp(—cah(r AVh)Y). (3.7)

We can write

P(3(v,h) € PNOP,(PNC(r))NC(r/2") with h > t)

< E Z ]lw€<9<1>n('PﬂC(7”)) .
wEPNCZt(r/2n)
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We combine this with Mecke’s formula and (3.7) to get
P3(v,h) e PNOL,(PNC(r))NC(r/2") with h > t)

g/ / P ((0,h) € 8, ((P U {(v, h)}) 1 C(r))) dhdv
lv[|<r/2m Jhelt,+oo]

< / / 1 exp(—cah(r A VR)T N dhdo
lvl|<r/2m Jhelt,+oo]
< err? L exp(—cot(r AV,
This proves the induction step.

Proof of the induction step for A\ < co. Let us check that the proof above still holds. The only dif-
ference here is that the intensity of the process is no longer constant. However let us recall that this

1
intensity has a density given by (2.1) so it is uniformly bounded from below for any |jv|| < 3 T T 7
and h < %)\ﬁ by a constant that does not depend on A\ and is upper bounded by 1. The same
proof as in the case A = oo shows that

{we 0oV (PW U{w}) NC(r)} € {3i: PV N Biw(h,r) € [@D(PY U {w}) nC(r))°}.

with B; ,(h,r) introduced at (3.6). If for a fixed i, B;,(h,r) is empty then in particular the
set B, (h,r) N {(v' k') : th < B < 3n} N C(r/2771) is also empty and included in the region
{(v', 1) |]v']] < %)\ﬁw and ' < %)\d%l} on which the density at (2.1) is bounded from below by
a constant. Consequently,

d—1

]P(P()\) N Bi n(h,’l") — @) < 67C1Vold(Bi,n(h,r)) < 67C2h(r/\\/ﬁ)

The use of the induction hypothesis remains unchanged so we still have (3.7) in the case A < 0.
To get the result we then follow the same steps as before except that we upper-bound the intensity
density by 1 after the use of Mecke’s formula.

Proof of the base case n =1 for both A\ = 0o and A < co. We define for every 1 < i < 2¢-1
Bi’l(h,T) =A; N {(7)/, hl> :

h<h < -h}nC(3r/4).

DN =
] o

which guarantees that the intensity measure of Bi,l(h7 r) is lower bounded by its Lebesgue measure
up to a multiplicative constant. Using the inclusion

{we 00, (PY U {w}) NC)} € (30PN N Bia(hyr) = 2},

we get an analogue of (3.7) which, combined with Mecke’s formula, proves the base case.
This completes the proof of Lemma 3.2. O

We are now ready to prove a stabilization result for the 0—faces, i.e. the extreme points of the
n—th layer. It is a crucial step towards a general stabilization for k—faces.
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Proposition 3.3. For all n > 1, there exist \g,c1,ca > 0 such that for any hg > 0, A € [Ag, +00]
and 1 <r < 71'/\# we have

P (R0, h0) 2 7) < er exp (o). (3.5)

Proof. We give a detailed proof for the case A = oo and briefly describe at the end how to adapt
the proof to make it work for finite .

We show this result by induction. The case n = 1 corresponds to [13, Lemma 6.1]. We now fix
n > 2 and assume that (3.8) is verified for all m < n. Let us show (3.8) for n.

We first notice that

{RN(0,ho) > 7} = | JLESS (0, h0), PN C(5)) # €55 ((0, ho), P)}

s>r

Let us introduce

Ey = | |J{(0, ho) € 0%,(P N C(s)) N 0P, (P)},

s>ril<n

By = | (J{(0, ho) € 09, (P N C(s)) N0D1(P)}.

s>ri>n
Since {R,({T())(O, ho) > r} = E1 U Ey, it is enough to prove that for any r > 1,
P(E1) < c1 exp(—cor®t?) (3.9)

and
P(Ey) < ¢; exp(—cor®tl). (3.10)

Decomposition of Ei. The strategy is the following: we plan to select a down-paraboloid which
contains (0, hg) on its boundary and a point w in its interior to which we can apply the induction
hypothesis, recalling (3.3).

To do so, we introduce the two events

Fy :={ 3(v1, hy) € OTTT(0, hg), hy <1%/32:

PNCr) NI vy, hy) C [@, 1 (PN CE))]YN{(0, k) € 09, (P)},
Fy :={ 3(vy, hy) € OITT(0, hg), hy >12/32:

PNCr) NI vy, hy) C [@,_1 (PN CT)]YN{(0, k) € 00,(P)},

see Figure 5.

When n = 2, we replace the inclusion PNC(r) NI+ (v1, hy) C [@,-_1(PNC(r))]° in the definition
of I} and F, above by PN C(r) NI+ (vy, hy) = @.

In particular, £y C F; U Fy. Indeed if one of the events of the union in the definition of
E; occurs for fixed | < n and s > r, there exists (vy,h1) € OIIT(0, hg) such that for every w €
PNC(r)NITH(vy, hy), £09) (w, PNC(s)) < (I—1). Lemma 2.6 then implies that £(>) (w, PNC(r)) <
(I1—-1) < (n—2) for any such w.

Consequently, it suffices to upper bound P(F}) and P(F») which we do with two different strate-
gies. In the case of F, there is a downward paraboloid II¥(v1,hy) which is low enough to be
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—r r

Figure 5 — Example of a situation where event Fy from Proposition 3.3 occurs when (0, ko) is on
layer 3 for the peeling of P N C(r).

contained in a cylinder smaller than C(r). This implies that we can apply the induction hypothesis
to a well chosen point in IT¥(v1, h1). When on Fy, the downward paraboloid is high enough so that
there is a high point w with £(>)(w, PN C(r)) < n and we deduce from Lemma 3.2 that it happens
with exponentially small probability.

Upper bound for P(Fy). Let us fix (v1,h1) with hy < 72/32 as in the event Fy. Using that
(v1,hy) € OITT(0, hy), we get

1]l = v/2(hy — ho) < \/2hy = r/4. (3.11)

Furthermore if we take (vg, hy) € IT*(vy, hy), the norm of vy is smaller than the norm of v; plus
half of the width of the paraboloid II¥(v1, k1), so

r
[zl < flvill + [Joz = will < 7+ V2 < /2. (3.12)
This implies that IT¥(vy, hy) € C(r/2). In particular, when n = 2, we get that (0, ho) is an extremal
point of PU{(0, ho)} and subsequently that F; = &. In the case n > 2, we proceed in the following
way. Since £(>)((0, hg), P) = n, we can choose a point w € IT¥(vy, h1) such that £(>) (w, P) > (n—1).
Then because we are on the event Fy, we also have /() (w, P N C(r)) < (n —2). By Lemma 2.6,
this implies that £(>°) (w,P N Cy(r/2)) < (n — 2), which means that
Im < (n—2) : R (w) > r/2. (3.13)
Using the induction hypothesis

P(RSS (w) > 1/2) < e1 exp(—cor®™).
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r2
Since w belongs to P N C=%2 (r/2), we rewrite

n—2 n—2
(o0) r
P(F) < IP’( U U {BwP) > 2}) < IE[ > L 0 p)2 5}
=l ePnesE (5) "=l ePnesH (3)

Now we use Mecke’s formula to obtain

P(F)< Y /CST

m<n—2

< ¢ exp(—cordth). (3.14)

P (Rﬁn"“g (w,P) > r/2> dw
2/32(r/2) ’

Decomposition of F». We rewrite Fy = G1 U G5 where
Gy :={3(vi,h1), h1 > 7r%/32, ||lv1| < 7/6:
PNC(r) NI+ (v, hy) C [@,_1(P N C(r)]°} N{(0, ho) € 08, (P)}.
Go = {3(v1, h1), by >7%/32, |lv1]| > 7/6:
PNC(r) NI v, hy) C [@,-1(PNC(r)]} N{(0, ho) € 08, (P)}.

Again, when n = 2, we replace the inclusion P N C(r) N I+ (vy, hy) C [®@,_1(P N C(r))]¢ in the
definition of F} and Fy above by P N C(r) N1I¥(vy, hy) = 2.

' L '
: on+1 on :

Figure 6 — Illustration of the geometric constructions leading to the upper-bounds of P(G1) (left)
and P(G3) (right)

Upper bound for P(G1). We fix (v1,hy) with |Jv1]| < r/6 and hy > 72/32 as in the event G;. In

particular, we get

i 5,
2 T 288

By Lemma 3.1, the down-paraboloid IT+(vq, k1) contains half of TI+(0, hy) N C’Z%O(QL"), see Figure

6 (left). As in the proof of Lemma 3.2, we can find a deterministic subset A; of IT+(0, hg) for some

ho = Iy (3.15)
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1 < i <2971 such that A; C IT+(vy, hy) and

Vol, <Ai noz% (;)) _

The set A; N C’ZhTO(QLn) is empty with probability bounded by exp(—crd*!) thanks to (3.15) and

2d1_1V01d (Hi(O, ho) N CZ% (;)) (3.16)

(3.16). If A; N CZhTO(§) is not empty, which happens only when n > 3, it contains a point w at
height at least 2 > cr? with ¢(>)(w, P N C(r)) < (n —2). Using Lemma 3.2 this happens with
probability smaller than c; exp(—cordt!).

A union bound on the finite number of sets Aq,... Aqa—1 yields

P(G4) < ¢1 exp(—cordtl). (3.17)

Upper bound for P(G2). We fix (v, hq) with |lv1|| > /6 and hy > r?/32 as in the event Gb.
Let P be the vertical plane containing the origin and (v1,h1) and let (vq, ha) be the highest in-
tersection point between IT*(vy, hy) and AC(r/2"*1) in P. Using ||v1]| = /2(h1 — ho), we get

1 r r r?
hz = hl — 5(”'[}1“ — W)2 — h(] + WV 2(h1 — h()) — W > C’r‘2, (318)

We claim that IT¥(vy, hl)ﬂC(%’}”) (%) contains a deterministic cylinder Cy with width proportional

to r and height proportional to hy. Indeed, for n > 3, the cylinder inscribed in C(57) \ C(575r) of

radius 57+ between heights % and hy and with axis included in P as in Figure 6 (right) is fully
included in ITH(vy, hy), thanks to the inequality [lvi]| > £ > 5. For n = 2, the inequality is not

satisfied and that is why we take a thinner cylinder inscribed in C(%) \ C(g) instead.

The cylinder Cy constructed above is empty with probability smaller than exp(—chyrd=1). If
Cy is not empty, which happens only when n > 3, it contains a point w of height at least % with
) (w, PN C(r)) < (n—2). By Lemma 3.2 combined with (3.18), this happens with probability
smaller than ¢;r?~! exp(—cahord™1).

Finally, discretizing OTI" (0, ho) for

1/r\?
h12h0+§ - B (319)

we get

o0

(I — ) (4=2)/2 =1~ a0t ger VRO o) i)™

P(G,) < cl/

h0+’l‘2/72
< 61/ (hy — ho)(d—2)/2rd—1e—c22"‘15\/2(}”—}“} T'(Hdhl
h0+r2/72
< ¢ exp(—cprdth). (3.20)

Conclusion for A = co. Using the inclusion E; C F; UGy U G2 and the estimates for P(Fy), P(Gy)
and P(G2) obtained above, we deduce (3.9). The estimate (3.10) is obtained in a very similar
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fashion, where n plays the role of I, by considering the decomposition Fy C F| U Fj where

F| = {3(v1,hy) € 01T (0, hg), hy <7%/32:
PNC(r)NIHvy, hy) C [@,(PNC(F)I N {3l > n, (0,ho) € 8%;(P)},

Fy = {3(vy1, hy) € O1IT(0, ko), hy >1?/32 :
PNC(r) NIy, hy) C[@,(PNC()]}N {3 > n, (0,hg) € 0P(P)}.

For the sake of brevity, the proof of (3.10) is omitted. Combining (3.9) and (3.10), we complete
the proof of Proposition 3.3 when A = oc.

Case A < oo. We recall the two necessary updates for finite \.

1. Density. The density of the intensity measure of P is lower bounded by a positive constant
in a compact subset of W) only.

2. Quasi-paraboloids. The calculations that have been done with paraboloids are valid for quasi-
paraboloids up to a small error.

The second update above implies that for A large enough, (3.11) and (3.12) can be replaced by

v < % and [va|| < % respectively. The assertion (3.13) is in turn replaced by Rg,;\y)o(w) >r/3

for some m < (n — 2) and we proceed with the same reasoning as before to get (3.14).

Regarding the upper bounds of P(G1) and P(G2), we make the following modifications.

— Because of the second update, the inequalities (3.15), (3.18) and (3.19) deduced from the
actual equation of a paraboloid become hg > cr?, ho > cr? and hy > hg + cr? for X large
enough thanks to (2.4). Moreover, the second equality at (3.18) stays the same up to a
multiplicative constant.

ho hg 3hg

— In view of the first update, we replace 4; N C==2 (4 ) by 4;NC(Z77) (%) in (3.16) and

in the rest of the proof of the upper bound for P(Gy).
Moreover, the deterministic cylinder Cy constructed in the proof of the upper bound for
P(G2) on page 21 is replaced by a cylinder included in C(%’¥)(#) and with radius 575,
say.
We then obtain (3.17) and (3.20) and conclude as in the case A\ = co.
O

Proposition 3.3 is a general stabilization result for the score at one fixed point and this stabiliza-
tion is lateral, meaning that the point process is intersected with a cylinder. Lemma 3.4 below is
a complementary stabilization result in a cylinder and the stabilization there is in height, meaning
that the point process is intersected with a horizontal strip. Combining Lemma 3.4 with Proposi-
tion 3.3, we can deduce a general stabilization result both in width and height. The stabilization
in height is required to restrict the peeling to a cylinder bounded in height later on and use the
continuous mapping theorem, see Lemma 4.2. This will ultimately imply in particular a conver-
gence result for the mean of the functional £ T(LA,)C, see Proposition 4.3. An extra refinement contained
in Lemma 3.4 is that the stabilization in height is proved to be uniform for all the points inside a
small cylinder. This will be needed for getting the stabilization in height of the k-face score, see
Lemma 3.7.
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Lemma 3.4. For all n > 1, there exist A\, c1,co > 0 such that for all X € [A\g,00] and 1 < r <
71'/\#, we have

r
2n+1

P(Jw e PO O () 600w, PO N 0W) £ 65w, PO 10 (1))

<c exp(—02rd+1)

Proof. As in the previous proofs, we proceed in the case A = oo and explain at the end how to
adapt the arguments in the case A < co. For fixed n, we prove by induction on m that for all m < n
there exists ¢y, co > 0 such that for all » > 1 we have

r
2m+1

P(FwePnestr’ (L15) i elw, Pne) £ 65w, PO (1)

< ¢ exp(—cprdth). (3.21)

Lemma 3.4 is then derived from (3.21) by taking m = n.

Proof of the base case m = 1 for A = co. Let w € CSlnr’ (%) and assume that 55?8)(11),790 C(r)) #

E;ﬁ)(w,P N C<t="*(r)). Then there exists a downward paraboloid IT*(vy, hy), whose boundary

contains w, that contains no point of P N CStr” (r) and contains at least one point of P N C (7).
If hy < 1,r?, we observe that thanks to I, = 22% and the fact that w € C (i), we get for any

(’U/, h/) S Hi(vl, hl)7

r

4

< 2v/20,2 + Z <r (3.22)

[l < Ml = vrll + llvall < /200 + (o = vill + ol < 2v/20 +

The last inequality in (3.22) implies that IT+(v1, hy) is contained in CStar? (r) which is excluded.
If hy > 1,72, we claim that the intersection between IIT(w) and the vertical plane containing w
and (v, h1) contains exactly two points at height equal to I, and we call (va, ha) the one which is
closer to (vy, h1), see Figure 7. Thanks to Lemma 3.1, the paraboloid IT*(v;, h1) contains half of the
down paraboloid with apex at the vertical projection of (vg, ho) onto OIT*(vy, hy). Consequently,
I+ (v1, hy) also contains Hi(vg, ha) N C<t (1) where H‘_L,'_(Ug, hs) denotes half of IT+(vy, hy). This
latter set has volume cr?*! so we can show by using deterministic orthants as in the proof of Lemma
3.2 that
P(P NI (g, hy) N C=7 (1) = @) < exp(—er®). (3.23)

Denoting by D the set of points of OII"(w) at height 1,2 and discretizing D, we obtain
P(3(va, ha) € D: PN Hi(vg, hg) N Cstnr? (r) = @) < ¢1 exp(—cord™t).

Using Mecke’s formula we get
P(JwepPWnost’ (4
4

< c1Voly (Cgl"rz (2)) exp(—cor®™) < ¢ exp(—cor®th).

) €5 w0, PV N Cr) £ €5 (w, PY 1 e (1))
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2
lyr® = 39. 92n+2

w

==

Figure 7 — Case m = 1 of Lemma 3.4.

This proves the base case for A = cc.

Proof of the induction step for A = co. Now for fixed 2 < m < n we assume that the result holds
for any p < m and we show that it remains true for m. Let w € C<!""" (51 ). We denote by E,,
the event

Ey = (€59 (w, P C(r) # €53 (w, P 0 =7 (1))

When on E,,, we also assume that f,(nof’o) (w,PN Cstr? (r) =1, ie. £0)(w, PN CSlnr® (r)) = m.
Indeed, the case 55,10?0) (w, PNC(r)) = 1 can be treated in a similar way, see what we did when dealing

with events F; and E5 in the proof of Proposition 3.3. In particular, when £(>) (w, PNCSIr? (r) =
m, the depth £(>)(w,P N C(r)) is larger than (m + 1) thanks to Lemma 2.6.

In other words, there exists a downward paraboloid H¢(v1, hi1) whose boundary contains w and
that only contains points on a layer of order at most (m — 1) for the peeling in Ccstar® (r) and at
least one point denoted by (vs, hg) such that

0°) (v, hs), P N C(r)) > m and £©) ((v3, hs), P N C<"" (1)) < m — 1. (3.24)
If hy < 1,72, then for (v/,h') € II¥(v1, h1), we obtain by the same method as in (3.22) that

r r
”vI” <2 2h1+W <2 2ln7’2+W < 27m

(3.25)
We notice that the last inequality in (3.25) still holds when I, is replaced by 22”%, which means
that our current calibration takes into account the case A < oo which is discussed at t;le end
of the proof. The estimate (3.25) shows that the paraboloid II*(vy,hq) stays in CSb" (55,
Consequently the point (vs, hs) introduced above belongs to C'<i” (5 ) and by (3.24), it satisfies
€55 (3, h3), P N O (1)) # €55 (03, ha), P 01 O(r)) for p = €09 ((v3, hs), P N C=H7 (1)) < m.
Using the induction hypothesis, this happens with probability smaller than c; eXp(—02rd+1).

If hy > 1,,r2 we proceed as in the case m = 1 by using the construction described in Figure 7.

Namely, we show that there exists half of a paraboloid whose apex is on OIIT(w) at height [,r?
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and that only contains points on a layer of order at most (m — 1) for the peeling of P N Costar? (r).
Let us denote by A this half-paraboloid. Thanks to (3.25), the set A is included in C (2%) which
implies that

P (73 NANC2nr"/2 (2%) = @) < exp(—cr®th). (3.26)

IfPNANCZNr?/2 (zfn) # &, we choose (v4, hy) in that set and two cases arise.

If 00°)((vg, hy), P N C(r)) = £ ((vg, hy), P N CS" (1)), then £09)((vg, hy), P N C(r)) <
(m —1) and hy > 1,7?/2 = cr?. Using Lemma 3.2, this happens with probability smaller than
c1 exp(—cordtl).

If £0°) ((vg, hy), P O C(r)) # £ ((vg, hy), P 0 CE7" (1)), we can use the induction hypoth-
esis and a union bound for p < m to prove that this happens with probability smaller than
c1 exp(—cordth).

To sum up, we have shown that for any w € Cstar? (QL)

P(Ey) < cyr™m™ DD axp(—cordtt),

Using Mecke’s formula, we finally obtain

2 T 0 [} r?
P (we 0= (S0 ) €09 (0, PO 1 O(r)) # 653 (w0, PO 1 0507 (1))

m(d+1) d+1).

<cr exp(—car

Case A < 0o. We have to adapt the arguments where either the actual equation of a paraboloid
or a lower bound of the intensity measure of P is used, namely (3.22), (3.23), (3.25) and (3.26).
Thanks to (2.4), for A large enough, the series of estimates leading to (3.22) can be replaced by

1] S...§4\/2h1+£ §4\/2l77+£§r. (3.27)

The adaptation of (3.25) is identical.
In order to show (3.23) for A\ < oo, we use (3.27) to show that [IT*](vy, ho) is included
in C(4) for A large enough. In particular, the set [II¥]M)(vg, ho) N C<l="(r) is contained in

-2 1
csATY/ 2(3A7 T 7) which is a domain where the intensity measure of PW is bounded from be-
low. Consequently, (3.23) occurs for A < oo as well. In the same way, the estimate (3.26) holds for

2
A < 00 as well because A N CZlnr/2 (55) is included in CSA™* ﬂ(%Aﬁﬂ'). O

3.3 Stabilization for k-faces

Henceforth, we fix n > 1 and k € {0,...,d — 1}. We aim at proving Proposition 3.6 which

states a stabilization result for the quantities 57(1)‘,1 introduced at (2.10). To do so, we start with a

intermediary lemma on the distribution tail of the height of the parabolic facets containing a fixed
point from the n-th layer.

Let us recall the definition of the set Fflj\cz_l(w, Y') given on page 12. For any locally finite set
Y C R xRy and w = (v,h) € R¥™! x Ry, we introduce the maximal height of the facets from
fé?‘gfl(w,Y), ie. H,(f‘)(w7 Y)=0if w ¢ 09,(Y) and otherwise,

HO(w,Y) =sup{hy > 0: Jvy e RTLF € FO)_ (w,Y) st. F C OV (vy, )}, (3.28)

25



Lemma 3.5. For alln > 1 there exist Ay, c1,ca > 0 such that for all X € [Ag, +0], ho € (O,Aﬁ),
t>0and1§r<7r)\ﬁ, we have

P(3s > r: HN((0,ho), PN N C(s)) > t) < ¢ exp(—caVE(r A VE)D) (3.29)
and
P(HM((0, ho), PV) > 1) < c1 exp(—cat T ). (3.30)

Proof. We only prove (3.29) as the proof of (3.30) is almost identical.

Case A = oo. For (v, h1) € R¥™! x R, we introduce the events
E(Uhhl) = {38 > T, F e ]-"nﬁd_l((O, ho),P n C(S)),F - 8H¢(U1, hl)}

and

E=E(t):= U By hy)-
(Ul,hl)GHT(O,ho),hl >t

It is enough to prove that
P(E) < ¢ exp(—coVE(r A VD). (3.31)

In the same spirit as in the proof of Proposition 3.3, we consider two cases depending on the value
of hg. The left- (resp. right-) hand side of Figure 6 reflects the first case hg > t/2 (resp. ho < t/2).

Case hg > t/2. As in the proof of Lemma 3.2, we start by decomposing IT+(0, hg) into 2¢-!
deterministic subparts A1, ..., Asa—1 such that
n 1 n
Volg(4; N C=M2((r AVE)/27)) = 5=t Vola(IT((0, 7o) N C=Mol2((r AVE) J2))
> ct(r AVE)L (3.32)

Let (vy,hy) € TIT(0, hg) such that h; > t and OII¥(v1, hy) contains a facet of 9@, (P N C(s))
going through (0, hg) for some s > r. By Lemma 3.1, II¥(v1, k1) contains half of IT+(0, hg), which
implies that it contains a set A; N C="/2((r A /t)/2") for some i. Consequently,

P(E) = IP’( U E(,,hhl))
(v1,h1)€EIT(0,ho),h1 >t

2d—1

p( U U Pnaincz"((r AvE)/2") C [@,(P N 0(5))}C}>

s>r i=1

IN

Qd—l

< ]P’( U (P40 C22((r AV /27) € [80(P 1 C(T))]C})

i=1

<277 'P(P N AL N O ((r AVE)/2M) C [0 (P N C(r))]). (3:33)

where the inclusion @, (P NC(r)) C ®,(P N C(s)) is due to Lemma 2.6. By (3.32), P does not
meet A; N CZM0/2((r A \/t)/2") with probability smaller than exp(—ct(r A vt)?~1). Otherwise it
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contains a point (v, h3) with hg > ho/2 > t/4 and such that £(>)((vs, h3), P N C(r)) < (n — 1).
Using Lemma 3.2, we obtain that

P(P N Ay NCZM2((r AVE)J27) € B (Py N C(r))) < €1 exp(—cat(r AVE)TY),
which implies (3.31) thanks to (3.33) and the inequality ¢(r A V)4~ > V/t(r A V/1)%.

Case hyg < t/2. Let (v1,hy) € OIIT(0,hg) such that h; > t and OI¥(vy, hy) contains a facet of
09, (P N C(s)) going through (0, hg) for some s > r. For u > 0, the height of the highest point
of intersection between IT¥(vy, hy) and C(u/2"*t1) in the vertical plane containing (v1,h;) and the
origin is )

u u
h2 = h() + \ 2(h1 - hO)W - W (334)

We take u = y/2(h1 — ho) Ar and fit a cylinder Cy of radius 5745 between height ho/2 and hy in
C(3) NI+ (vy, hy), see the right-hand side of Figure 6 with r replaced by u. Either the point process
P does not meet the cylinder Cy which happens with probability exp(—chou?~1) or it contains a
point (vs, hg) with hg > ho/2 and such that

1) ((vs, hs), P N C(r)) < £ ((vs, hs),PNC(s)) < (n—1).

Using Lemma 3.2, this happens with probability smaller than ¢; exp (—Cghg (u AN \/hz)d_l). Conse-
quently, we get

P(E(yy,hy)) < cru®texp (—Cghg(u A \/hg)d_l) . (3.35)
It remains to make explicit the right-hand side of (3.35) in the two cases u = /2(h; — hg) and

u=r.

When u = /2(hy — hg) <7, we deduce from (3.34) and the fact that hy >t that
hi—hy hi—hg

he = ho + == = Sapmy 2 el —ho) = ¢'t. (3.36)
Combining (3.35) with (3.36), we obtain
d—1
P(E(yy,51)) < c1exp(—ca(hs —ho)VE ). (3.37)

When u = r < y/2(hy — hg), we obtain in the same way
P(E (4, 1)) < €1 exp(—ca(hy — ho)r?). (3.38)

Discretizing and integrating the right-hand sides of (3.37) and (3.38) over the set {(v1,h1) €
1170, ko) : hy > t}, we deduce (3.31) when hy < t/2.
This completes the proof of (3.29) in the case A = cc.

Case A < oo. In the case hg > t/2, we need to replace A; N CZM/2((r A \/t)/2") with A; N

2
C(hO/Q’%TO)((T A V1)/2") which is included in CSEA 7T (g,\ﬁ) so that we can lower bound by a
constant the density of the intensity measure of P(*) when on that particular set. We adapt the
case hg < t/2 in the exact same way as in the proof of Proposition 3.3 by replacing the equality
(3.34) by an inequality up to a multiplicative constant and reducing the cylinder Cy so that it is
included in C(hz/Q’%hz)(z—“ﬁ), which makes it possible to lower bound by a constant the density of

the intensity measure of PV on Cj. O
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Proposition 3.6. For any n > 1 there exists Ao, c1,c2 > 0 such that for any hg > 0, A € [Ag, +0]
and 1 <r < 71'/\#, we have

P (Rn)",)c((), ho) > T) < ¢y exp (—czrd'H) )
Proof. Let us assume that Rgf‘,)c (0, hg) > r.

First, we can also assume that Rﬁ())((),ho) < r since the complement occurs with probabil-
ity smaller than c1 exp (—cor®**) by Proposition 3.3. In particular we have {T(;\())((O, ho), PN =
fﬁg((o,ho),’P(A) N C(s)) for every s > r. We can also assume that both are different from 0, or
equivalently that (0,h) is on the n-th layer for both peelings because otherwise we would have
RO(0,ho) <7

Thanks to Lemma 3.5, we have min(H,,((0, ko), PM), max,>, H,((0, ko), PN NC(s))) > r?/32
with probability smaller than c; exp (—cor®™). Consequently, we can assume that for any s €
[r,00], Hy((0,ho), PN N C(s)) < r?/32.

Let

U=Uhg,r?/32) = U I (v, by ). (3.39)
(v1,h1)€D[TITIN (0,hg),hy <r?/32

When A = oo, a point (v, h) € U verifies |[v|| < \/2(r2/32 — hg) + /2r2/32 < 2,/2r2/32 < r/2. By
(2.4), this implies that for A large enough, a point (v, h) € U satisfies [|v|| < 2r.

The set U is designed to include all points of P*) which lie on a common k-face of 9®,, (P N
C(s)) with (0, hg) for every s € [r,00]. We assert that

{RO)((0,ho), PN) > 7} € {3w € PX ns = R (w, PNV) > r/4}. (3.40)

Indeed, if every point w € P N verifies Ri{}())(w, PWN)) < r/4, then the status of these points with

respect to the n-th layer is the same for both P and P N C(s), for any s > 7. Consequently,
the k-faces of the n-th layer containing (0, hg) are the same for the peeling of any PN N C(s),

s > r, which implies that Rﬁj,l((o, ho), PN < 7. Using consecutively (3.40), Mecke’s formula and
the fact that the density of the intensity measure of P™) is upper bounded by 1, we have

PR (0,h0)) 2 ) SE | D7 Lpoy oo,
zeunp™
< / P(R)(z) > r/4)dx
u
< Volg(U)eq exp(—czrd+1)dx.
<c exp(—czrd+1).
This yields the result. O

The final result of this section is a slight analogue of Proposition 3.6 for the stabilization in
height, i.e. we prove that with high probability the calculation of the score of (0,hg) inside the
cylinder C(r) does not depend on the points of the point process which are higher than 72 up to a
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multiplicative constant. The statement of that result uses the following notation: for w = (v,h) €
Wy, r,h>0,n>1and k € {0,...,d — 1}, we denote by 579; (1] (w) the quantity

e (@, PY) =X (w, PY 0 CE ().

Let us also recall the notation fff‘,i i (W5 PXN)Y introduced at (3.4).

Lemma 3.7. For all n > 1 and there exists Aog,c > 0 such that for all hg > 0, A € [Ag, +o0] and
1<r< 7r)\d7l1, we have

(gn 2 ((0,70), POy £ €)1 ((0, ko), PW)) < e exp(—ear®tt)

Proof. We denote by A the event {H,,((0,ho), P N C(r)) > I,r?}. Using Lemma 3.5 with the
choice r for ¢ and I,,r? for r, we get

P(A) < ¢; exp(—cordth). (3.41)

On the event A€, every paraboloid containing a facet going through (0,hg) of 9®,, (PN N C(r))
has height smaller than 1,72, This implies that every point that shares a facet of 9®,,(P™ N C(r))
with (0, ho) is on the boundary of such a paraboloid and is consequently included in C Slar? (2@1)
by the same method as in (3.23). Using Lemma 3.4, we obtain that With probability larger than
1 — c1 exp(—cord™h), any w € Costar? (5t verifies §( 0,071 (w, PN = £n 0. rz](w,P()‘)). Thus
we deduce that with probability larger than 1 — ¢; exp(—cor@*t?!), the k—faces containing w of
0%, (PMN N C(r)) coincide with those of 8®,, (P N CSlar? (r)). In other terms we have proved
that

P (L€ 1 ((0,20), PD) £ €00 1 1 ((0,h0), PY)}F 1 A%) < e expl—ear®t). (3.42)
Combining (3.41) and (3.42), we obtain the result. O

4 [P bounds and pointwise convergences

In this section, we prove intermediary results on the functionals 5;’\,2 and their variations which
depend on the stabilization properties of Section 3 and pave the way to the proofs of Theorems 2.8
and 2.9. More precisely, Lemma 4.1 states some moment bounds, Lemma 4.2 and Proposition 4.3

show in two steps the convergence of the expectation of fff‘,i to the expectation of ffﬁ,’;). We then
deduce similar results for covariances of scores in Proposition 4.4 and Lemma 4.5.

Lemma 4.1. For any p € [1,400), there exist constants Ag,c > 0 such that for any (v,h) €
R xRy, A€ [Ag,00] and 1 < r < AT

E |£0((v,h), P(A))p] < erhP* exp(—e2h ), (4.1)
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E 600 (0, ), POV)P| < ertkla=D41 (y 2ok, (4.2)

E (600 (03 1), PO < e, (43)

Proof. The method is almost identical to [15, Lemma 4.4]. For the sake of completeness and because
the variants at (4.2) and (4.3) are new in comparison to [15], we provide as an example the proof

of (4.2).

We assert that §n o] (V5 h), P < 55?,1 i (0, h), PM)) because of the rotation-invariance of
the initial model in the unit ball.

We introduce the variables H := H,(,)‘)((O,h),”P(’\) N C(r))) as defined at (3.28) and R as the

smallest s > 0 such that C(s) contains U, 4, yeporum, i) Co (Rfl}‘])c (v1, h1)) where U(-, -) has been
introduced at (3.39). We assert that the proof of Proposition 3.6 implies that

P(R>r) < cre ™" (4.4)

In particular, only the points in C<(R) can be part of a potential facet containing (0,h) on

oo (PXN). This implies that
N o p. PNy <« L (N
gmk((ov )7P )— k—f—l(k/’

where N = card(C<H (R) N P™). Consequently, it is enough to show that there exist ¢ > 0 such
that

E[NPK] < erPRd=D+1(p y p2)pk, (4.5)
We decompose the expectation in the following way:
[rl o
E[NP*] = Z Z E[NP*1_1)<r<il(j—1)<m<;]
i=1 j=|h|+1
[rl o
< Z Z E[card(C= (i )073(’\ Pk Li—n<r<il—1)<m<j]
i=1 j=|h|+1
[rl oo
<> ) Efeard(C (i) nPV)PRIP(R > i — 1) VPP(H > j - 1)/? (4.6)
i=1j=[h]+1

where the last line is a consequence of Holder’s inequality. For any ¢,5 > 0, we observe that
C<J(i) has volume ¢i 'j and thanks to (2.1), the dPM-measure of C<7(i) is bounded by its
volume. Consequently, the variable card(P N C<7(i)) is stochastically dominated by a Poisson
variable Po(ci¢~1j). Combining this fact, the moment bound E[Po(\)"] < ¢A” for any » > 1 and
(4.6), we obtain

[7] 00
EINPF <Y " PR > (i 1)) VPP(H > (5 - 1),
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Let us assume that A < 2. We can now use Lemma 3.5 and (4.4) to get

[r] [r?]

. a+1 - d
E[NPF) < 37 gpithld-Demeai™ | N™ 0 gpkemead > Z kemeaVir
i=1 j=Lh]+1 j=[r?]+1
4t d+1
< Cl,r,pk(dfl)Jrlerk <652h i 4eesT + ) )
This shows (4.5) and consequently (4.2). We proceed in the same way when h > 72. O

The next lemma is a first step towards the convergence of the expectation of &, ;. stated in
Proposition 4.3. It relies on the application of the cothinuous mapping theorem to the intersection
of the point process P with the compact set C=l»""(r).

Lemma 4.2. There exists ¢ > 0 such that for all ho > 0 and r > 1 we have

—_ _ —cordtl
i [EIED) 1 (0.h0), PO)] =BG (0, ho) P < exrM DR 2 (g v r?)eear ™

Proof. For sake of simplicity, we use the following abbreviations:

e = E0 1 ((0,ho), PV and €0 =€l 1((0,ho), P).

Recalling [,, = 22,}“, we use similar notations §n oo lrodn 2] and En ol r?] and obtain
A) 00
[EED) )~ Elg ,S,JMH
) (00)
|IE n,k,[ f S lnr?] |+|]E n,k,[r,l r2]] ]E[gnk [rlnr2?] |+|E£nk[rl r2] gnk:[r]” (47)

We start by bounding the first term in the rhs of (4.7). Using the Cauchy-Schwarz inequality, we
get

() () (A) ()
|]E[£n,k,[r] é'n k,[rl,r?] | - |]E n,k,[r] é'n,k,[r,lnrﬂ)]l{g(ﬂ ;£§<’\)

2y}
Lk, [ryln ]
A A
< E[(fé,l)c,[r] B g'r(n,ll,['r',lnﬂ]) ]1/2P(€n k,[r] 7& gn k,[r,lnr?] )1/2'

Combining Lemma 3.7 and Lemma 4.1, we obtain for A\ large enough

| [gn k,[r] f'EL),\I)c,['r,lnTQ]HS clrk(d_l)_‘—l/Q(ho \ T2)k eXp(—CQ’rd_H). (48)

In the same way, we bound the third term in the rhs of (4.7) to get

By — €00 || < err D H2 (g v 1 2)F exp(—eprd ). (4.9)
Let us now prove that
_ mr[e(o0)
)\ETOOEKTL k,[r,ly 7"2]] - ]E[gn,k,[r,lnﬂ]}' (410)

To do so, we first prove the convergence in distribution of 57(1’\,1 [(roL 2] to 57(10:)[711 r2]- We denote by

X(r,1,72) the set of finite points sets in C<'"" (1) and we endow it with the discrete topology. A
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sequence of point sets (1;); of X (r,1,7?) converges to a point set 7 if n; = n for all i > iy for some
ig € N.
We define for all w € Wy and n € X (r,1,r?)

A
57(1]1 [rlnr?] (w777)

gn)\(wa 77)
Considering that P®) — P in distribution in C<!n"” (r) by Lemma 2.1, we intend to show the
convergence in distribution g, x(wo, P™) = gn.0o(wo, P) by using [9, Theorem 5.5, p. 34]. To do
so, we observe that since P is in general position with probability 1, it is enough to prove that for
any n € X(r,1) in general position, g, x(wWo, M) = gn,co(wo,n) for all A large enough.

Let n € X(r,1,r?) be in general position. We explain here why for each point w; of 7, the
number of the layer containing w; and the local structure of that layer around w; are fixed for A
large enough. We start by considering an extreme point w; for the parabolic hull peeling of 7. We
choose a (d — 1)-dimensional parabolic face containing w; which is generated by the extreme points
wy, Wa, . .., wg and we also denote by IT+ (v, h) the downward paraboloid containing that face on its
boundary. For ¢ > 0 small enough, the intersection of IT¥(v, h + ¢) with 7 is {wy,--- ,wq}. Since
the quasi-paraboloids converge to the real paraboloids as A goes to infinity, for A large enough the
quasi-paraboloid with wy, ..., w4 on its boundary is contained in IT+(v, h +¢) and does not contain
any point of 7 in its interior. This means that for A large enough, w; is extreme and the facets
containing it are generated by the same points. Applying this to every extreme point, we deduce
that the first layer is stable for A large enough. By induction on the number of the layer, we prove
similarly that the subsequent layers of the quasi-parabolic hull peeling of n are stable for A large
enough. This means that g, x(wo,n) = gn,co(wo,n) for all A large enough and as a consequence
completes the proof of the convergence in distribution of 57(3117[T,lnr2] (wo, PN) to fSZ?WMz] (wo, P).
This extends to (4.10) by [9, Theorem 5.4] since the considered sequence is bounded in LP with
p > 1 thanks to Lemma 4.1.

Inserting the results (4.8), (4.9) and (4.10) into (4.7), we deduce Lemma 4.2. O

We are now ready to state the required convergence in expectation in Proposition 4.3 below.

Proposition 4.3. For any n > 1 and all hg > 0 we have

lim E [0)((0,h0), PV)| = E [€53((0, k), P)]

A—+o0

Proof. With the same notation as in the proof of Lemma 4.2, we get from the triangle inequality
that

A [} )\ )\ 0o 0o
Using the same method as in the proof of (4.8), we obtain thanks to Proposition 3.6 and Lemma
4.1 that for r large enough,
d+1

max |]E g(A) (/\) ’ |]E f(”) E[fﬁfZ)H) < phld=1)+5+2k —er 2 (4.12)

Inserting (4.12) and the result of Lemma 4.2 into (4.11), we obtain that for any & > 0, there exists

7 large enough such that limy }E[ﬁff‘;] - E[@g k)]| < e. This completes the proof of Proposition

4.3. 0
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In view of the required variance estimates, we now aim at extending Proposition 4.3 when the ex-
pectation of a score is replaced by the covariance of two scores 57(;\,1 ((0, ko), PM) and 55;\,1 ((v1,h1), PY)
at two points (0, hg) and (v, h1) belonging to Wy. To do so, we study the two-point correlation
function defined at (2.12).

Proposition 4.4. For all hg > 0 and (vi,hy) € R x R, we have
Tim e} (0, o), (v1, 1) = €73 (0, o), (v, ).
Proof. For sake of simplicity, let us use the following reduced notation for A € [Ag, o0]:

€0(0) = €00 ((0,h0), P U (0, 1)} ) €D (1) = €0 (01, 1), PUL(0, h)}) . (4.13)
By Proposition 4.3, we get

Jim E [0) ((0,h0), PO E[6X) ((01,11), PV)] = E[€53 ((0,h0), )] B [13) ((01, 7). P)]

so we only need to prove

lim E €000 (1)] =B [ 0)¢>)(1)] (4.14)
Let us fix € > 0. We can show that for r large enough
T [E [V 0D 1)] - Ely 0 )] | <, (4.15)
T [E |06y 0] B[, g 0] <e (4.16)
Jim [E[ [ N O 0] B[, 0 ][ =0, (4.17)
B [67 0 0] - B[l ., 050 A 0] <e. (418
[E [¢2©0) > ()] - B¢l 0 )] | <2 (4.19)

where we have used the reduced notation for §n e [7] and gmk,[nlnﬂ] and their counterparts in the
limit model similar to the one introduced at (4 13). These five assertions imply (4.14) so it is
enough to show each of them. We claim that (4.15), (4.16), (4.18) and (4.19) are obtained by
similar methods. Consequently we omit the proofs of (4.16), (4.18) and (4.19) and concentrate on
getting (4.15).

[E [¢V 0D )] - El]¢) 0 (] |
< [E[€V©) =)D M) [ +]E [ 0D 1) - Y] | (4.20)

We derive an upper bound for the first term in the rhs of (4.20), the second term being treated
identically. Using Holder’s inequality, we obtain

[E [ 0) - ¢l )V )] |
= [ [(M 0~ ’5[(31)(0))’5(”(1)1{@(0)#{3)(0)}} |
<E[IEM(0) — £ ()P1EE™ (11PN (0) # &) (0))'/2,

33



The estimate (4.15) is then a consequence of Proposition 3.6 and Lemma 4.1. The convergence
(4.17) is derived analogously to (4.10) by using [9, Theorem 5.4] and Lemma 4.1. This proves
Proposition 4.4. U

Lemma 4.5 below asserts that the correlation function cgj‘,)c decays exponentially fast as a function
of the heights of the two points and of the distance between them. This means in particular that
the scores get closer to being independent as the distance between the points increases. The proof
of Lemma 4.5 relies on Proposition 3.6 and Lemma 4.1 and is identical to the proof of [15, Lemma
4.8]. For that reason, it is omitted.

Lemma 4.5. For alln > 1, there exist ¢y, ..., cq > 0 such that for any h > 0, (vy,hy) € RTI xR,
p>1and X € [1,00] we have

dt1 d+1
€0, ho) (o1, h))] < exhhse exp (—c4 (mnd*l e nl )) .

5 Proofs of the main results

In this section, Theorems 2.8-2.11 are proved. We recall that they include the statements on
the limiting expectations and variances of Theorems 1.1 and 1.2. We have chosen to omit the proof
of the central limit theorems as it is the exact replicate line by line of [13, pages 93-98] when the
convex hull is replaced by the n-th layer of the peeling.

5.1 Results on k-dimensional faces

Proof of Theorem 2.8.

Proof of the convergence of the normalized expectation. The first step consists in taking the expec-
tation in (2.9) and using the Mecke formula to get

E[Np k] = )\/

E[&n (2, Py)]d.
Bd

Let us introduce eq = (0,...,0,1). By rotation-invariance of E[¢, x(z, Py)], we obtain

E[&n i (z,Pr)] = E[&n i (|z]ed, Pr)]-

Then we apply a change of coordinates in spherical coordinates to get

1
E[Nn k2] = /\/Sdfl/o E[¢nx(rea, Pa)]r? tdrdog_; (u), (5.1)

where o,4_1 is the unnormalized area measure on S%1.
Recall that for every h > 0, ff:‘,l(((),h),P()‘)) = &ui ([TW]7L((0,R)), Py) , see (2.11). Conse-
quently, an application of the change of variables h = )\%(1 —r) in (5.1) leads to

AT
E[Nakal = A/ / E[EX) (0, 1), POYA~7 (1 — A~ 1) dhdog_ (u)
si-1 Jo ’

ATHT
3 [ BP0 - AT o). (52
Sd=1.J0o
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We now wish to use the dominated convergence theorem. Lemma 4.3 implies that for any h > 0

EEN(0.), PO = AT BIET (0,1),P)].

Thanks to Lemma 4.1, the integrand in the rhs of (5.2) is bounded from above by an integrable
function of h, i.e.

BN, PN =X TRTL e < e exp(eah ).

Applying the dominated convergence theorem in (5.2) shows that

lim A~ S E[N, 5] = Voly_ (%1 / ELECD((0, h), P))dh < oo. (5.3)
0

A—00

Proof of the positivity of the limiting expectation. Noticing that
(c0) > 1 (c0)
Bl ((0,), P)) 2 =P ((0,ho) € 0059 (P))

we deduce that the positivity of the rhs of (5.3) is a consequence of Lemma 5.1 below. O

Lemma 5.1. For any (0, hg) with hg >0 and anyn > 1 :

P ((o, ho) € aq>§;>°>(7>)) £0.

Proof. Let us write wg := (0, hg) and put To := {we}. Our first step is purely deterministic and
consists in constructing for n = 2 an idealized point configuration which puts wg on the second
layer. We then extend the procedure for every n > 2 to get a point set which puts wy on the n-th
layer. In a second step, we introduce randomness and show that this property is stable with respect
to a small random perturbation of the configuration.

For each i € {1,...,d— 1}, we write w; 1) = (\/227061,%) and w(; _) = (— 22h062, 20). A direct
calculation shows that for any ¢, Hi(w(l +)) € IIH0, hg), T+ (w(; — ) IT+(wo) and I (w; 6,)) N
I (w(j s,)) = @ for any i,j € {1,...,d — 1}, s1,s2 € {+, —} such that (i,81) # (],52)

Let us consider the deterministic pomt set 71 := {wo} U{wg,s) 1 i€ {1,. -1}, se{+ —-}}

and describe the peeling of 7;. The points w; s are on the first layer because each Hi(w(iys)) is
empty. Any downward paraboloid whose boundary goes through w, contains at least half of II¥(wy)
by Lemma 3.1 so it contains at least one of the w(; ). This implies in turn that wp is not on the
first layer. Furthermore IT+(wg) only contains points on the first layer so wy is on the second layer.

We are going to iterate this construction by induction to obtain for every n > 2 an extended
deterministic point configuration 7,—1 = {w, : a € U ({1,...,d — 1} x {+,—})'}, with the
convention (-)° = {0}, which guarantees that wq is on the n-th layer of the peeling of 7,_; and that
forany 1 <1< (n—1), T/ \ Ti=1 is included on its (n — I)-th layer. To do so, let us assume that we
have constructed 7,_» with that property. Let us fix a € ({1,...,d — 1} x {+,—})""2 and write

we = (v, h). We define w, (; 4y := (v + %‘/28" 7€, th gier) and wg ;) = (v — 1/28" 5€i, th ).
The construction is just a rescaling of the situation described for the case n = 2 with w, playing
the role of wy and w,,(; 5) that of w(; 5. Consequently, we get the same properties, i.e. for any (i, s)

H\L(wa,(i,s)) - Hi(wa) (54)

35



Wo

AESNE AN\

Wa,--) W,—+) 0 W(a+-) W t+)

Figure 8 — The tree of Lemma 5.1 for n = 3 and d = 2, 3.

and for (i,s1) # (J, s2)
I (W 1.0)) O I (04,0 = 2. (55)

If we put an edge from w, to each wg ;) then we endow 7,1 with a structure of tree with root
wg, see Figure 8 in the case n = 3 in dimension 2 and 3. We also take the convention 7_; = &.
The construction has been done such that for every I € {0, ..., (n—1)}, each point w, € (T\T;-1)
is on the (n — I)-th layer of the peeling of 7,_;.
We prove now by downward induction the stability of the property above when the idealized
point set is subject to a small random perturbation. Let us fix € > 0 and consider the event

An = NueToi\fwo} {#(P N B(wa, €)) = 1} N {P N (I1* (wo) \ Uw, e7,,, B(wa, €)) = 2}

On the event A,,, for every w, € T,—1 we denote by w, the unique point belonging to P N B(w, €)
and call it a perturbed point from the tree (with same depth as the original point w,). We then
assert and prove below that the stability occurs, i.e. that the perturbed point @, is on the (n—1)-th
layer of the peeling of P U {wg} as soon as the original point w, is at depth I in T,_;.

We make the following preliminary observation: the calibrations in the construction of the tree
Tn—1 allow us to strengthen (5.4) and (5.5) by claiming that for € small enough, the e-neighborhood
of TI*(wy) is included in IT+(wy) for any w, € 7,_1 with parent wy and that the e-neighborhoods of
the downward parabolas associated with two distinct perturbed points at same depth do not meet.

We start with our base case, which is depth (n — 1). For any a € ({1,...,d — 1} x {+,-})""1,
thanks to the observation above, the perturbed point 1, satisfies that IT*(ii,) does not intersect P
when ¢ is small enough. This shows that all perturbed points at depth (n — 1) are extreme.

Now we assume that for some | € {1,...,n — 1}, each perturbed point at depth & is on the
(n — k)-th layer for every | < k < (n —1). We consider a perturbed point @, at depth (I — 1),
which means a € ({1,...,d -1} x {4+, =})(=1D. Because of the preliminary observation, for  small

enough, the downward paraboloid IT*(1,) only contains points that can be written Wgq,p for some
be ({1,...,d—1} x{+,—}P and 1 < p < (n—1). Thus W, is at most on the (n — I + 1)-th layer.
Moreover, noticing that any downward paraboloid whose boundary goes through @, contains at
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least one of the 1, (; 5), which are on the (n—1)-th layer. This shows that @, is on the (n—1+1) —st
layer. A finite induction on [ thus gives us that on the event A,,, wy is on the n-th layer.
It remains to show that P(A,) > 0. Using the Poisson property and (5.4)-(5.5), we get

P(An) =P(P N (I (wo) \ Uw,e7,_, Bwa,€)) =@) [[ PH(PNB(wa,e)) =1) >0,

wa € Tut \ {wo}

Proof of Theorem 2.9.

Proof of the convergence of the mormalized variance. In the same way as for the expectation
asymptotics, the first idea consists in using Mecke’s formula. Combining it with Fubini’s theorem
and writing &, ; (z,Py) for the same functional as &, (2, Py) save for the fact that z is not
added to the process, we get

Var(Nn k )\)
{(ankkxpk)} [anln\fpx\}
€PN rEP
2
5| ¥ 6an@ PP 4B T €an@PsaP)| - B[ 3 €hpneP)
TEP z,yEPx TEP
T#Y

=1L(A) + L())

where
() = / [{nk Az, Py) ]dx and Ir(\) := \? / e ko (2, y)dady.
(B4)?

with

Cnen(®,Y) = E &k a (@, PAU{YDEn ke (v, PaU{x})] — B[S pa (@, Pa)E [Snra(y, Pa)l -

We treat I (\) as in the proof of Theorem 2.8 to get

d—1
li Tart [ =1
/\—113-100)\ ’ 1()\) !

where we recall the definition of I; at (2.13). We now prove the convergence of )\_%12(/\). We
follow line by line the method used in [13, calculation of IT on pages 92-93], i.e. rewriting in spherical
coordinates, then use of a change of variables provided by the scaling transformation 7™), to obtain
that

:A%/ / / N (g, ho, v1, by )dvrdhy dhodog_y (uo)
§d—1 ) Sd 1)

where

. , ] d 2()\ a+1 \v1|) R i1 )
P o1, = (1= AR g e (0 = AT e (0. Ro), (1))
R
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with cfl)‘,)c defined at (2.12).
It remains to apply the dominated convergence theorem. Using Lemma 4.5, we obtain

a+1 d+1
1P (g, s 1, )| < xhEPRS? exp (_04 (||v1||d+1 gt ))

which is integrable on S~ x Ry x R%1 x R,. We deduce from Proposition 4.4 that

lim f™ (uo, ho, v1,h1) = (0, ho), (v, h)).

A—00

This implies that
—1
lim A~ L(\) = I,

A— 00

where I has been defined at (2.14).

Proof of the positivity of the limiting variance. This proof is essentially adapted from [17, Sec-
tion 4.5]. The main difference is that we make sure that our points are on the n-th layer instead of
being extremal.

Similarly to what is done in [13, Lemma 7.6], we can use the same arguments as in the proof of
Theorem 2.9 to show that

lim A~ Var[N,, ] = lim A™ T Var[N,, j,.\] (5.6)
—00

A— 00

where we write Nn’;ﬁ,\ = EwePﬂW; ET(LOZ) (w, P).

Our strategy to prove that the limit in the rhs of (5.6) is positive is the following: we start
by discretizing W) and construct in each parallelepiped of that discretization two different config-
urations, said to be good, which have a positive probability to occur and which give birth to two
different values for the local number of k-faces of the n-th layer. Then we check that this counting
is not affected by the external configuration and finally, we find a lower bound for the total variance
conditional on the intersection of the point process with the outside of the parallelepipeds which
contain one of the two good configurations.

Step 1. Construction of a good configuration in a thin parallelepiped. First, we consider a cube
Q C R¥! and we take p € (0, 00) smaller than the diameter of Q. We take § > 0 sufficiently small
such that the paraboloids IT*(w) are pairwise disjoint for w belonging to the grid (pZ4~'NQ) x {d}.
For each w € (pZ?~'N Q) x {J}, we make the same tree construction as in the proof of Lemma 5.1
inside IT*(w). We obtain a forest that we call 7, ,. In particular, the construction ensures that all
points w € (pZ4~1NQ) x {6} belong to the n-th layer of 7, ,. Let us write F, x(Q, p, §) for the num-
ber of k-faces of the n-th layer of (P\ (Q x [0,0))) UT,,, going through any w € (pZ4~'NQ) x {d}.
If we ignore the points of P\ (Q x [0, 0)), as the diameter of @) gets large compared to p, boundary
effects become negligible and we get

Foi(Q.p/2,6) ~ 297 F, 1(Q, p, 6).

Then we consider € > 0 such that )
Ste< %. (5.7)
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Figure 9 — A part of the dual grid for non-perturbed points in dimensions 2 and 3.

This guarantees in particular that for any w = (v, d+¢) and w’ = (v, 0+¢) with [v—v'| > p, we have
¥ (w) NI¥(w') = @. As in the proof of the positivity of the expectation, we consider a random
perturbation of the points of 7, , by at most ¢ for the Euclidean distance, i.e. we assume that
P N B(w,¢e) consists of one point for each w € T, ,. We notice that the obtained perturbed points
have a height at most equal to § + ¢ and are distant by at most 2p when ¢ < p/2. Consequently,
for € small enough, the maximal height of (Q x [0,00)) \ Uw’EPﬂUweTn,pB(w,E) " (w') is smaller

than o where « is the maximal height of a point in (Q x [0,00)) \ UwE(Qﬂ2pZd—1)><{6+a} I (w). In
particular, we claim that there is a constant ¢, > 1 depending only on dimension d such that

a < cap? (5.8)

Indeed, up to boundary effects, the set of apices of down paraboloids which contain 2¢~! points of
2
QN 2pZ%~1 x {§ + e} is located on a translated dual grid at height ((d — 1)&- + 0 + ), see Figure
9.
Consequently, let us consider the event

Anp = NweT, A# (PN Bw,e)) = 1} N {(PN[(Q x [0,a]) \ UnerT, ,B(w, )] = T}

Let us write F), x(Q, p,d,¢) for the total number of k-faces of the n-th layer of P going through
at least one point in P N Uye(pzd-1n0)x {53 B(w,€). Conditional on A,, , and when the points of
P\ (Q x [0,q]) are ignored, for € small enough, this quantity is in fact equal to F,, (@, p,0) and
we keep the relation

Frr(Q,p/2,6,¢) ~ 297 F, 1(Q, p, 6, €). (5.9)

Step 2. Influence of the points outside of the thin parallelepiped @ x [0,a]. For any closed set
C C R4, we define for any v > 0 O := {z € C : d(z,0C) > ~v}. We claim that on 4,, ,, for any
w e PN (QWP x [0,a]), the status of w does not depend on points outside Q x [0, o], i.e.

1) (w, PN (Q % [0,a])) = £0) (w, P).
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This is due to the fact that the condition (5.7) guarantees that the down paraboloids with apices
at points from P N (Q®) x [0,a]) are included in @ x [0,a]. Moreover, for ¢ = \/2¢c, + 2, we
assert that the facial structure around any point inside P N (Q(¢?) x [0, a]) which belongs to the
n-th layer of the peeling of P does not depend on points outside @ x [0, a]. Indeed, let us consider
w € PN(QC) x[0,a]). We choose (d— 1) points from PN (Q(V2%P) x [0, a]) which share a common
facet of the n-th layer of the peeling of P N (Q x [0,a]). The down paraboloid which contains this
facet has an apex in Q(V2¢ar) x [0,a]. Consequently, thanks to (5.8), that down paraboloid is
included in @ X [0, o], which implies that the facet containing w and the (d — 1) other points is a
facet of the n-th layer of the peeling of P.

Step 3. Discretization of Wy and lower bound for the variance. We are now ready to discretize W
and isolate the good parallelepipeds from the discretization, according to the two previous steps.
We choose § and e which satisfy (5.7) with the choice p = 1. We take a large positive number

d—1 d—1
1 1 1
ops d+1 d+1 . d+1 .
M and we partition |—2 ; , 2 ; into L := [AA; ] cubes Q1,...,Qr. We consider the

cubes @); satisfying the following properties:

(a) For each z € (Z4~1N(Q;\ QZ(-C))) x {0}, PN B(z,¢) is a singleton and is put on the n-th layer
using the tree construction associated with 7, 1 and the perturbation of each point by at most € as
in Step 1.

(b) One of these two conditions holds:

1. For each z € (Z4~ ' N QEC)) x {0}, PN B(z,¢) is a singleton and this point is put on the n-th
layer as in property (a).

2. For each z € (3Z971n Qgc)) x {0}, PN B(z,¢) is a singleton and this point is put on the n-th
layer as before.

(c) Aside from the points described above, P has no point in @; X [0, «].

i , qd-1
Ad+1  )\d+T
T2 T2

After a possible relabeling, let I := {1,... K} be the indices of cubes partitioning [

that verify properties (a) to (c). Since any cube has a positive probability to verify these properties,

we have
d—1

E[K] > cAT. (5.10)

Let F be the o-algebra generated by I, the positions of points in W\ (U,¢; QEC) x [0, a]) and the

scores ffloz)(x, P) at these points. For each i € I we claim that

Var{ > 57(52) (m,P)‘]’,\} = Var[ > gfsz) (m,P)‘}}] > ¢p. (5.11)

z€PN(Q: x[0,a]) 2ePN(Q{¥ x[0,a))

Indeed, either condition (b1) or condition (b2) occurs in QZ(»C) x [0, a], each with positive probability.
Moreover, we observe that 3-, (g, x[0,a]) 51(102) (x,P) is larger when (b2) is satisfied. This is due

to the scaling result (5.9) which implies that the contribution of points inside QEC) x [0, a] provides
a quantity almost 2971 times larger when (b2) is satisfied.
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Since only scores in U;crQ; x [0, o] have any variability conditional on F) we get

Var[Nn);g7,\] = Var[E[Nmk)\ ]:)\] + E[Var[Nn7k7,\‘.F)\H
>E [Var [Nn’k’)\‘f)\]]

- E[Var{z 3 ggf?(x,m‘ﬂ”.

€I 1ePn(Q® x[0,a])

Then the sums of scores in Qz(.c) x [0, ] and QEC) x [0, «] for ¢ # j are independent conditional on

F since the scores in QEC) x [0, a] only depend on points in @; x [0,a]. Thus we can write

Var[Ny o] = E[Z\/ar{ Y %, P)‘}}”

i€l zePN(Q; x[0,a])
> coE[K]
d—1
> cA\dFT,
where the second inequality comes from (5.11) applied to each @; and the last inequality comes
from (5.10). Thanks to (5.6), this proves the positivity of the limiting variance. O

5.2 Results on intrinsic volumes

We define the score and two-point correlation function in the case of intrinsic volumes by fol-
lowing closely the method of [13, pp. 54-55], which relies on Kubota’s formula, see [34, equation
(6.11)]. For convenience, let us write conv,, y := conv, (Py) and let us denote by &y, the volume of
the m-dimensional unit ball. By Kubota’s formula applied to conv,, x, we get

d!
Vi(convy, ) = i / Vol (convy, z|L)dvy (L) (5.12)
G(d,k)

o k'ﬁk(d — k’)!lid_k

where v, is the normalized Haar measure on the k-th Grassmanian G(d, k) of R? and conv,, »|L is
the orthogonal projection of conv,  onto L. For every = € R%\ {0} we define 9, (z,conv,, ) =
1 {2¢conv, » |z} and the projection avoidance functionals

Ui (z, convy, ) = / I (x, convm)\)dy,l;n[w] (L)
G(lin[z],k)

where lin[z] is the linear space spanned by z, G(lin[z], k) is the set of all k-dimensional linear sub-

spaces of R? containing lin[z] and V]?n[z] is the normalized Haar measure on G(lin[z], k). Combining

(5.12) and Fubini’s theorem we can rewrite the defect k-th intrinsic volume of conv,, » as

ey dz
I (z, convy, »)
Kd—k Jrd

Vikr = |x‘d7k'

The functional V,, j.» can then be written as a sum of scores, i.e.

Vikr = Z &vin.i (2, P)

TEP
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with

v, Pr) = { PO fconen(ag,m) I (y, convy, (P U {x}))ly‘d% if x € Oconv,, »

0 otherwise

where cone,,(z,Py) := {ry:r >0 and y € F, 4-1(x, Pr)}. We denote by

0 @ PV) = A ((TV] 7} (@), Pr) (5.13)

their rescaled counterparts, see [13, page 84] for an explanation on the factor A. Let us explain how
to define the limit versions of the rescaled scores. For a point w = (v, h) € R%~! x R, we write w?
for the set {v} x R,. We denote by A(w?, k) the set of all k-dimensional affine spaces in R4~! x R
containing w?. For any k and any affine space L € A(w', k) we define the orthogonal parabolic
volume

I (w, L) == (w & L) N ITH(w).
We put 19202) (w) =1 if I+ (w, L) N ®,(P) = @ and 0 otherwise. Then we define

0w = [ a )
A(wt k)

where ,ul,:i is the normalized Haar measure on A(w?, k). We are finally able to define the limit score
(1)
‘(,(?Z)’k(w,P) = dk;l/ 192?2) (w")dw’ (5.14)
Rd—k v-conc(fiill(w,P))

where V—cone(féfzzl(w,P)) ={(',n),3n" : (W, h") e .7:5?2)71(11))}.
For any A € (0,00], the corresponding two-point correlation function is then defined by the
identity

e 1 ((0,ho), (v1, 1))
= B[60, 1 ((0,ho), PN U{(v1, h) DER, 4 ((v1, h1), PY U{(0, ho)})]
— E[g{, (0, ho), POELES,) 4 (01, hr), PO, (5.15)

Proof of Theorems 2.10 and 2.11.

Proof of the convergence of the normalized expectation and wvariance. The proofs of Theorems
2.10 and 2.11 go along the same lines as the proofs of Theorems 2.8 and 2.9 : after application of
Mecke’s formula and a suitable change of variables in the integral, we need to apply Lebesgue’s dom-

inated convergence theorem which requires the convergence of E[ﬁx(/)"i’k(w, PONE[( @i7k(w7 P))?

and 0921 x(w,w’) in the same spirit as in Propositions 4.3 and 4.4 as well as moment bounds similar
to those in Lemma 4.1. All these results rely on stabilization results identical to the tail estimates
in Propositions 3.6 and 3.7.

As an example, we explain how to adapt Proposition 3.6, Lemma 4.1 and Proposition 4.3 to get
the convergence of the expectation of 5‘(/): 7)L .
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We claim that as soon as Hﬁb)‘)((O, ho), PN < g—;, the calculation of f‘(,)))lk only depends on the

set U defined at (3.39). Consequently, the radius of stabilization for 5‘(/’} 7)171@((07 h), PXN) is the same
as the one considered in Proposition 3.6.

To prove the moment bounds for 5%)1,1@7 we notice that f‘(,i‘zl’k(07 h) is smaller than the volume

of CSH(R) where R is the stabilization radius of 5\(//}2“1@((07}1)’7)(”) and H = HM((0,h), PV).
Using Lemmas 3.5 and 3.6 as in the proof of Lemma 4.1, we deduce that for some c1,co > 0,

E |(€0),£((0,0), PO))?| < e1h? exp(—czhF).

These two ingredients allow us to prove the convergence of E| ‘(/)‘ ik(w, PO with the help of
the continuous mapping theorem as in Lemmas 4.2 and 4.3.

Proof of the positivity of the limiting constants for the intrinsic volumes. The defect intrinsic vol-
umes are increasing with respect to set inclusion. As the limiting constant is positive for convy (77(’\))
[1, Theorem 3], it remains true for conv, (Py).

It remains to prove that the limiting constant for the variance is positive. The strategy is the
same as the one that we used in the case of the k-faces. Because of the renormalization by A in the
definition of 59},@ see (5.13) , the equality (5.6) in the case of the volume scores becomes

lim AT Var[V, ] = lim A~ Var[V,, 4 ],
A—00 A—00

where V, ;5 = Y wePaW, fg/ffl)’k(w,P). The paragraph right after (5.6) details the rest of our
strategy. We repeat word for word the first two steps of the proof of the positivity of the limiting
variance on page 38, save for all the statements regarding F, ;. In the sequel we use the notations
of the aforementioned proof and go directly to Step 3, i.e. the choice of the good configurations.

We discretize W) by decomposing it into parallelepipeds and isolate the good parallelepipeds
from the discretization as we have done for the k-faces. We choose § and e which satisfy (5.7) with

1 L qd—1
af1 df1 .
—2 5 A 5 } nto

the choice p = 1. We take a large positive number M and we partition [

1 qd-t
L= {)‘El cubes Q1,...,Q. We consider the cubes @Q; satisfying the following properties,

note that the main difference is the content of conditions b)1) and b)2):

(a) For each z € (Z471N(Q; \ QEC))) x {6}, PN B(z,¢) is a singleton and is put on the n-th layer
using the tree construction associated with 7, 1 and the perturbation of each point by at most € as
in Step 1.

(b) One of these two conditions holds:

1. For each z € (Z4~t N QEC)) x {8}, PN B(z,¢) is a singleton and this point is put on the n-th

layer as in property (a).
2. For each z € (Z4~ 1 n QEC)) x {0/2}, PN B(z,¢) is a singleton and this point is put on the
n-th layer as before.

(¢) Aside from the points described above, P has no point in @; X [0, «].
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1 1 qd-1
After a possible relabeling, let I := {1,... K} be the indices of cubes partitioning {— )‘d;l , 2 d;l ]
that verify properties (a) to (c¢) and it remains true that

d—1

E[K] > AT, (5.16)

Let F be the o-algebra generated by I, the positions of points in Wi\ (U,¢; Qgc) x [0, ) and the
scores {&Ofl)k(z, P) at these points. For each i € I we claim that

Var{ 3 g/fz))k(o:,P)‘]-}} = Var[ 3 (V‘jjl{k(x,P)’fA] > . (5.17)

IGPO(QiX[O,a]) wE'Pﬂ(QES)X[&Oz])

Again, either condition (b1) or condition (b2) occurs in QZ(.C) x [0, a], each with positive proba-
bility. To ensure that the remaining part of the proof for the k-faces works here as well, it remains
to prove that > cpr0,x[0,a) {éﬁ%k(m,”P) is larger when (bl) is satisfied. We do it when k = d,
i.e. in the case of the volume, as it contains all the ingredients needed to prove it for any intrinsic
volume but with slightly less technicality that would only obfuscate the ideas.

If each point z were deterministic in (Z4~* N Qz(-c)) x {6} or (Z'n Qgc)) x {d/2} then the n-th
layer in case (b2) would be a copy of the n-th layer in case (bl) at a lower height. The difference
of volume between the two cases (bl) and (b2) would thus be a constant times the difference of
height, i.e. ¢d. In the general case when the points are random, since we can choose € > 0 as small
as we want, we can make the difference of volume as close as needed to this deterministic situation.
Thus we can make sure that there exists a constant ¢ > 0 such that ZzGPH(QiX[O,a]) 51(52) (z,P) in

situation (b2) is smaller than ¢ times >, cpr g, x[0,a)) 55:?;) (z,P) in situation (bl). Thus we have
proved (5.17).
The end of the proof follows along the same lines as in the case of the k-faces. O

6 Concluding remarks

Let us conclude with a list of possible extensions of our results and related open problems.

— Other intensity measures. In [15], the convex hull of a Poisson point process with a Gaussian
intensity measure is studied. While the intensity of the process and therefore the rescaling
are different, the techniques that are used are very similar so these results should extend
to the n-th layer as we did in this paper for the uniform measure in the unit ball. We also
expect that our results extend to a stationary Poisson point process in any smooth convex
body as in [14] where the case of the first layer is treated. The n-th layer should have the
same behaviour as the first one in this case as well. However, [14] uses a sandwiching result
stating that with high probability the first layer lies between two floating bodies, see [27].
Such a result has not been proved for the n-th layer and would be interesting on its own.
The same kind of problem arises in [16] about the convex hull of the peeling of a uniform
point set in a polytope. Again, an argument on the sandwiching of the first layer is needed,
see [6]. An extension to the n-th layer inside a polytope will be the subject of a future work.
Finally, in [4] asymptotic results on the expected number of vertices of the convex hull of an
i.i.d. sample of an arbitrary non atomic probability distribution on R? are derived from an
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approximation of the convex hull with floating bodies. We may hope that an approximation
of the same kind should be possible for the n-th layer.

— Invariance principles. Let us consider the processes defined as the integrated versions of the
defect support function and radius support function of each of the first layers. It is proved
in [13, Theorem 8.3] that in the case of the first layer, such processes when properly rescaled
and centered converge to a Brownian sheet process. We expect to get analogous functional
central limit theorems for subsequent layers as we think that the arguments, for both the
convergence of the finite-dimensional distributions and the tightness, should translate well
to the case of the n-th layer. This would certainly be more challenging to do so when the
number of the layer depends on )\, see below.

— Depoissonization. We left aside the case where we have a fixed number of i.i.d. random
points uniformly distributed in the unit ball, i.e. a binomial point process instead of a
Poisson point process. We expect a result of depoissonization in the spirit of [14, Theorem
1.2] and [17, Theorem 1.1] to occur.

— Optimal Berry-Esseen bounds. Recently, a method to derive central limit theorems for
stabilizing functionals has been derived in [26]. The case of the number of k-faces of a
convex hull of Poisson point processes in a smooth convex body is given as an application
with an improved rate of convergence, i.e. O ()\_%) instead of O ()\_% (log \)3d+1
as in Theorem 1.1. We conjecture that the same rate of convergence should hold for the n-th
layer but extending the method from [26, Theorem 3.5] seems somehow challenging.

— Monotonicity. A monotonicity problem arises naturally from Theorem 1.1. Denoting by
Chp k,q the limit obtained for the expectation in Theorem 1.1, we might wonder how the
constants C,, i 4 evolve with n. For k = 0, we expect that the sequence (Cy 0,4)n decreases
with n. This is what our simulations suggest. In general, monotonicity problems in random
polytopes are difficult, some insightful results on the monotonicity of the number of k-faces
of the convex hull when the number of points increases can be found in [20], [8] and [10].

— Other regimes. Until now we have only considered a fixed layer number n that does not
depend A which means that we have only studied the first layers. It would be interesting
to study different regimes, where n would vary with A. Thanks to [19] and [12] we know
that the expected number of layers is equivalent to AT up to a constant. Thus a natural
regime to study would be the case where n = AT, Calder and Smart conjecture in [12]

d—
that the mean number of points in this regime is still equivalent to AT up to an explicit
constant. They provide in particular a heuristic argument and simulations that we were able
to reproduce.
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