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CROSSINGS OF SMOOTH SHOT NOISE PROCESSES

HERMINE BIERME AND AGNES DESOLNEUX

ABSTRACT. In this paper, we consider smooth shot noise processes and their expected number of level
crossings. When the kernel response function is sufficiently smooth, the mean number of crossings
function is obtained through an integral formula. Moreover, as the intensity increases, or equiva-
lently as the number of shots becomes larger, a normal convergence to the classical Rice’s formula for
Gaussian processes is obtained. The Gaussian kernel function, that corresponds to many applications
in Physics, is studied in detail and two different regimes are exhibited.

1. INTRODUCTION

In this paper, we will consider a shot noise process which is a real-valued random process given by

(1) X(t):Zﬁig(t_Ti)v teR

where ¢ is a given (deterministic) measurable function (it will be called the kernel function of the
shot noise process), the {7;} are the points of a Poisson point process on the line of intensity Av(ds),
where A > 0 and v is a positive o-finite measure on R, and the {f;} are independent copies of a
random variable 3 (called the impulse), independent of {7;}.

Shot noise processes are related to many problems in Physics as they result from the superposition
of “shot effects” which occur at random. Fundamental results were obtained by Rice in [23]. Daley
in [10] gave sufficient conditions on the kernel function to ensure the convergence of the formal series
in a preliminary work. General results, including sample paths properties, were given by Rosinski
[24] in a more general setting. In most of the literature the measure v is the Lebesgue measure on
R such that the shot noise process is a stationary one. In order to derive more precise sample paths
properties and especially crossings rates, mainly two properties have been extensively exhibited and
used. The first one is the Markov property, which is valid, choosing a non continuous positive causal
kernel function that is 0 for negative time. This is the case in particular of the exponential kernel
g(t) = e 'I;>¢ for which explicit distributions and crossings rates can be obtained [21]. A simple
formula for the expected numbers of level crossings is valid for more general kernels of this type
but resulting shot noise processes are non differentiable [4, 16]. The infinitely divisible property is
the second main tool. Actually, this allows to establish convergence to a Gaussian process as the
intensity increases [22, 15]. Sample paths properties of Gaussian processes have been extensively
studied and fine results are known concerning the level crossings of smooth Gaussian processes (see
[2, 9] for instance).

The goal of the paper is to study the crossings of a shot noise process in the general case when
the kernel function ¢ is smooth. In this setting we lose Markov’s property but the shot noise process
inherits smoothness properties. Integral formulas for the number of level crossings of smooth processes
was generalized to the non Gaussian case by [18] but it uses assumptions that rely on properties of
some densities, which may not be valid for shot noise processes. We derive integral formulas for the
mean number of crossings function and pay a special interest in the continuity of this function with
respect to the level. Exploiting further on normal convergence, we exhibit a Gaussian regime for the
mean number of crossings function when the intensity goes to infinity. A particular example, which
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2 HERMINE BIERME AND AGNES DESOLNEUX

is studied in detail, concerns the shot noise process where § = 1 almost surely and ¢ is a Gaussian
kernel of width o:

1
g(t) = go(t) = e~ t?/20%
oV 2T

Such a model has many applications because it is solution of the heat equation (we consider o as a
variable), and it thus models a diffusion from random sources (the points of the Poisson point process).

The paper is organized as follows. In Section 2, we consider crossings for general smooth processes.
We give an explicit formula for the Fourier transform of the mean number of crossings function of
a process X in terms of the characteristic function of (X (¢), X'(t)). One of the difficulties is then
to obtain results for the mean number of crossings of a given level o and not only for almost every
«. Thus we focus on the continuity property of the mean number of crossings function. Section
3 is devoted to crossings for a smooth shot noise process X defined by (1). In order to get the
continuity of the mean number of crossings function, we study the question of the existence and the
boundedness of a probability density for X (¢). In Section 4, we show how, and in which sense, the
mean number of crossings function converges to the one of a Gaussian process when the intensity A
goes to infinity. We give rates of this convergence. Finally, in Section 5, we study in detail the case
of a Gaussian kernel of width ¢. We are mainly interested in the mean number of local extrema of
this process, as a function of . Thanks to the heat equation, and also to scaling properties between
o and A, we prove that the mean number of local extrema is a decreasing function of o, and give its
asymptotics as o is small or large.

2. CROSSINGS OF SMOOTH PROCESSES

The goal of this section is to investigate crossings of general smooth processes in order to get
results for smooth shot noise processes. This is a very different situation from the one studied in
[21, 4, 16] where shot noise processes are non differentiable. However, crossings of smooth processes
have been extensively studied especially in the Gaussian processes realm (see [2] for instance) which
are second order processes. Therefore in the whole section we will consider second order processes
which are both almost surely and mean square continuously differentiable (see Section 2.2 of [1] for
instance). This implies in particular that the derivatives are also second order processes. Moreover,
most of known results on crossings are based on assumptions on density probabilities, which are not
well-adapted for shot noise processes. In this section, we revisit these results with a more adapted
point of view based on characteristic functions.

When X is an almost surely continuously differentiable process on R, we can consider its multi-
plicity function on an interval [a, b] defined by

(2) Va € R, Nx(a,[a,b]) =#{t € [a,b]; X(t) = a}.

This defines a positive random process taking integer values. Let us briefly recall some points of
“vocabulary”. For a given level a € R, a point ¢ € [a, b] such that X (t) = « is called “crossing” of the
level . Then Nx(a, [a,b]) counts the number of crossings of the level « in the interval [a,b]. Now
we have to distinguish three different types of crossings (see for instance [9]): the up-crossings that
are points for which X () = a and X'(t) > 0, the down-crossings that are points for which X (¢) = «
and X'(t) < 0 and the tangencies that are points for which X () = o and X'(t) = 0.

Let us also recall that according to Rolle’s theorem, whatever the level « is,

Nx(a,la,b]) < Nx/(0,[a,b]) + 1 a.s.

Note that when there are no tangencies of X’ for the level 0, then Ny (0, [a, b]) is the number of local
extrema for X, which corresponds to the sum of the number of local minima (up zero-crossings of
X') and of the number of local maxima (down zero-crossings of X’).

Dealing with random processes, one may be more interested in the mean number of crossings. We
will denote by Cx(«, [a,b]) the mean number of crossings of the level « by the process X in [a, b]:

(3) Cx(a,a,b]) = E(Nx(«,[a,b])) = E(#{t € [a,b] such that X(t) = a}).
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Let us emphasize that this function is no more with integer values and can be continuous with

respect to . When moreover X is a stationary process, by the additivity of means, we get

Cx(a,[a,b]) = (b — a)Cx(a,[0,1]) for @« € R. In this case Cx(«,|0,1]) corresponds to the mean

number of crossings of the level a per unit length. Let us also recall that when X is a strictly sta-

tionary ergodic process, the ergodic theorem states that (27) !Ny (o, [T, T]) e Cx(a,0,1])
—T 00

a.s. (see [9] for instance).

2.1. A Fourier approach for the mean number of crossings function. One way to obtain
results on crossings for almost every level « is to use the well-known co-area formula which is in fact
valid in the more general framework of bounded variations functions (see for instance [12]). When
X is an almost surely continuously differentiable process on [a, b], for any bounded and continuous
function h on R, we have:

b
(4) /Rh(a)NX(a, [a,b])da:/ h(X ()| X' (t)|dt a.s.

In particular when i = 1 this shows that oo — Nx (e, [a, b]) is integrable on R and [, Nx(a, [a,b]) da =

fab | X'(t)| dt is the total variation of X on [a,b]. Moreover, taking the expected values we get by Fu-
bini’s theorem that ,
/ Cx (1, [a,5]) dor = / E(X/(1)])dt.
R a

Therefore, when the total variation of X on [a, b] has finite expectation, the function a — Cx(«, [a, b])
is integrable on R. This is the case when X is also mean square continuously differentiable since then
the function ¢ — E(]X’(t)|) is continuous on [a,b]. Let us emphasize that this implies in particular
that C'x (o, [a,b]) < +oo for almost every level a € R but one cannot conclude for a fixed given level.
However, it allows to use Fubini’s theorem such that, taking expectation in (4), for any bounded
continuous function h:

b
(5) /R h(0)Cx (@ [a, b)) dov = / E(h(X (£)| X' (8)])dt.

In the following theorem we obtain a closed formula for the Fourier transform of the mean number of
crossings function, which only involves characteristic functions of the process. This can be helpful,
when considering shot noise processes, whose characteristic functions are well-known.

Theorem 1. Let a,b € R with a < b. Let X be an almost surely and mean square continuously
differentiable process on [a,b]. Then a — Cx(a,[a,b]) € L'(R) and its Fourier transform u
Cx (u, [a,b]) is given by

(6) Cx (u, [a,b]) = / bE(ei“X“)X'(m) dt.

Moreover, if 1y denotes the joint characteristic function of (X(t), X'(t)), then @(u, [a,b]) can be
computed by

— 1 (b [t>1 /0 5}
Crtufat) = 2 [ [0 (G - Gt -o)) v
b +o00o
= [ )+ e =) = 204(0.0)) v

Proof. Choosing in Equation (5) h of the form h(z) = exp(iux) for any u real, shows that @(u, [a,b]) =
fabE (e™X®)|X'(t)]) dt. Let us now identify the right-hand term. Let pi(dz,dy) denote the law of
(X(t), X'(t)). Then the joint characteristic function ¥ (u, v) of (X (¢), X'(t)) is

Yi(u,v) = E (exp(iuX (t) +ivX'(t))) = Y (dae, dy).
R2
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Since the random vector (X(¢), X'(t)) has moments of order two, then 1 is twice continuously
differentiable on R%. Now, let us consider the integral

A 1 8¢t 8'¢t zu:tery ,Lyeiuxfivy
Iy = - == dv = dx,dy) d
= (G - S = [ . : (o, dy) do

Ay
- / [ e eSIY) i dy) do = 2 e [0 ©) Gops(de, dy)
v=0 JR2 R2 v=0 v

The order of integration has been reversed thanks to Fubini’s Theorem ( |ye®“® %| < y? which

is integrable on [0, A] x R? with respect to dv x p(dx,dy), since X'(t) is a second order random
variable). As A goes to +oo, then fAy Sm(v) dv goes to Tsign(y), and moreover for all A, = and y,

we have |ye™® fviyo va(”) dv| < 3|y|, thus by Lebesgue’s dominated convergence theorem, the limit of
—%I A exists as A goes to infinity and its value is:

) B | | ,
lim —/0 <81ff( v)—%(u, —v)> dv:/RQ Iyl €@ 1y (dz, dy) :E(eWX(t)\X (t)]).

A—+o00 ™

The second expression in the proposition is simply obtained by integration by parts in the above
formula. O

The last expression considerably simplifies when X is a stationary Gaussian process almost surely
and mean square continuously differentiable on R. By independence of X (¢) and X'(t) we get
Pr(u,v) = ox(u)dx(v) where ¢x, respectively ¢x/, denotes the characteristic function of X (¢),
resp. X'(t) (independent of ¢ by stationarity). Then, the Fourier transform of the mean number of
crossings function is given by

— 1 /
O (s [, B]) = — W) [ 255 ) .
By the inverse Fourier transform we get a weak Rice’s formula
b—a (ma\'"? o sxiopyom
(7) Cx(a,la,b]) = — e 0 for a.e. a € R,
T mg

where mo = Var(X(t)) and mg = Var(X'(t)). Let us quote that in fact Rice’s formula holds for
all level & € R and as soon as X is a.s. continuous (see Exercise 3.2 of [2]) in the sense that
Cx (o, [a,b]) = 400 if ma = +o0.

However, in general, the knowledge of @(u, [a,b]) only allows to get almost everywhere results
on Cx(a, [a,b]) itself, which can still be used in practice as explained in [25].

2.2. Mean number of crossings for a given level. One way to derive results on Cx(«, [a, b]) for
a given level « is to use Kac’s counting formula (see Lemma 3.1 [2]), which we recall now. When X
is almost surely continuously differentiable on [a,b] such that for o € R

(8) P3telab]st. X(t)=aand X'(t)=0)=0 and P(X(a)=a)=P(X(b) =a)=0,
then,

) N o, = i o [ T -aped X0 as

The first part of assumption (8) means that the number of tangencies for the level « is 0 almost
surely. The following proposition gives a simple criterion to check this.

Proposition 1. Let a,b € R with a < b. Let X be a real valued random process almost surely C* on
[a,b]. Let us assume that there exists ¢ € L*(R) and ¢ > 0 such that

vt € [a, b, ’E (emX(t))‘ < co(u).
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Then,
Va € R, P (3t € [a,b],X(t) = o and X'(t) = 0) = 0.

Proof. Let M > 0 and let denote A the event corresponding to

max |X"(t)| < 2M
t€la,b]

such that P (3¢t € [a,b], X(t) = o, X'(t) =0) = Ml_i)riloo]? (3t € [a,b], X () = a, X'(t) =0, Apr) . Let
us assume that there exists ¢ € [a, b] such that X (¢) = a and X'(¢t) = 0. Then for any n € N there
exists ky, € [2"a,2"b] N Z such that |t —27"k,| < 2™ and, by the first-order Taylor’s formula,

(10) X (27"k,) — a < 272" M.

Therefore, let us denote

By, = {1X(27"kn) —a| <272"M}.
kn [2"(1 2nb|NZ

Since (B, N An ),y 18 a decreasing sequence we get

P (3t € [a,b]; X(t) = o, X'(t) =0, Ap) < hrf P(B, N Anp).

But, according to assumption, for any n € N the random variable X (27"k,) admits a uniformly
bounded density function. Therefore, there exists ¢’ > 0 such that

P(|X(27"k,) —al < 272" M) < d272"M.
Hence P(B,, N Ayr) < (b—a+ 1)d27™"M, which yields the result. O

Now taking expectation in (9) gives an upper bound on Cx (¢, [a, b]), according to Fatou’s Lemma:

Cx(a,|a,b]) < hmlnf/ I|X Oé|<5\X (t )])

This upper bound is not very tractable without assumptions on the existence of a bounded joint
density for the law of (X (¢), X’(t)). As far as shot noise processes are concerned, one can exploit
the infinite divisibility property by considering the mean number of crossings function of the sum
of independent processes. The next proposition gives an upper bound in this setting. Another
application of this proposition will be seen in Section 5 where we will decompose a shot noise process
into the sum of two independent processes (for which crossings are easy to compute) by partitioning
the set of points of the Poisson process.

Proposition 2 (Crossings of a sum of independent processes). Let a,b € R with a < b. Let n > 2
and X; be independent real-valued processes almost surely and mean square two times continuously

differentiable on [a,b] for 1 < j < n. Assume that there exist constants ¢; and probability measures
duj on R such that if dPx, ) denotes the law of X;(t), then

vt e [a>b]7 dPXj(t) < deujv fO?" I1<j<n

n
Let X be the process obtained by X = ZXj and assume that X satisfies (8) for o € R. Then
j=1

(11) Cx (e, [a, b]) <Z [Iei] (Cx;(0,[a.8]) +1).

J=1 \i#j

Moreover, in the case where all the X; are stationary on R:

Cx(a,[a,b]) < ZCX]/_(O a,b
j=1
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Proof. We first need an elementary result. Let f be a C' function on [a, b], then for all § > 0, and
for all z € R, we have:

1 b
(12) 5 | Vsto-sisal ()] de < Np(0,fa,b) + 1.

This result (that can be found as an exercise at the end of Chapter 3 of [2]) can be proved this way:
let a1 < ... < a, denote the points at which f/(t) =0 in [a,b]. On each interval [a, a1], [a1,a2], ...,
[an,b], f is monotonic and thus faal_i“ L s —a)<slf'(t)] dt < 25. Summing up these integrals, we have
the announced result.

For the process X, since it satisfies the conditions of Kac’s formula (8), by (9) and Fatou’s Lemma,

S
Cix(anlab) < timint oo [ E(Txy s X'(0)) dt.

n
Now, for each 6 > 0, we have E(Ijx()—aj<sl X (O))) < D E(Xx,(t)1...+ Xn(t)—al<s| Xj(t)]). Then,

j=1
thanks to the independence of X7, ..., X, and to the bound on the laws of X;(t), we get:

b
/ E(Xjx, (1)4..4+ X0 (6)—a|<s| X1 (£)]) dt

b
= / /Rn1 E(Lx, (t) 4t on—al<s XTI Xa(t) = 22, ..., Xn(t) = 2n) dPx, (1) (22) - .- dPx, 1) (wn) dit

IN

n b

H cj /R ) / E(I|X1(t)+x2+...+;vn—a\§6|X1(t)|) dt dpa(z2) . . . dpn ().
j=2 e
Now, (12) holds almost surely for X7, taking expectation we get

1 b
25/ E(I\Xl(t)+w2+...+acn—a|§5|Xi (t)|) dt < CX{ (07 [a? b]) + L

Using the fact the dpu; are probability measures we get

n

1 b
25/ BT, (6) 1t X (0)-ai<s X1 O dt < | T] ¢ | (Cx1(0,[a,8]) + 1),
a =2

We obtain similar bounds for the other terms. Since this holds for all § > 0, we have the bound (11)
on the expected number of crossings of the level a by the process X.
When the X; are stationary, things become simpler: we can take ¢c; = 1 for all 1 < j < n, and also
by stationarity we have that for all p > 1 integer: Cx (v, [a,b+p(b—a)]) = (p+1)Cx (e, [a,b]). Now
n

using (11) for all p, then dividing by (p+ 1), we have that for all p: Cx(«, [a,b]) < Z CX§(0, [a,b])+
j=1

%. Finally, letting p go to infinity, we have the result. U
p

As previously seen, taking the expectation in Kac’s formula only allows us to get an upper bound
for Cx. However, under stronger assumptions (see Theorem 2 of [18]), one can justify the interversion
of the limit and the expectation. In particular one has to assume that (X (¢), X'(t)) admits a density
p¢ continuous in a neighborhood of {a} x R. The Rice’s formula states that

b
(13) Cx(a,|a,b]) = / /R]z\pt(a,z) dz dt < 400,

such that, under appropriate assumptions, one can prove that the mean number of crossings function
a — Cx(a,[a,b]) is continuous on R.
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3. CROSSINGS OF SMOOTH SHOT NOISE PROCESSES

From now, we focus on a shot noise process X given by the formal sum (1), which can also be
written as the stochastic integral

(14) X(t) = /R st = )N (ds.dz),

where N is a Poisson random measure of intensity A\v(ds)F(dz), with F' the law of the impulse g
(see [17] chapter 10 for instance). We focus in this paper on stationary shot noise processes for
which v(ds) = ds is the Lebesgue measure. Such processes are obtained as the almost sure limit of
truncated shot noise processes defined for vr(ds) = I|_p1)(s)ds, as T tends to infinity. Therefore,
from now on and in all the paper, the measure v(ds) is the Lebesgue measure ds or the measure
vr(ds). Then, assuming that the random impulse 3 is an integrable random variable of L!(Q) and
that the kernel function g is an integrable function of L'(R), is enough to ensure the almost sure
convergence of the infinite sum (see also Campbell’s Theorem and [15]). When moreover 3 € L*(12)
and g € L?(R) the process X defines a second order process.

3.1. Regularity and Fourier transform of the mean number of crossings function. Under
further regularity assumptions on the kernel function we obtain the following sample paths regularity
for the shot noise process itself.

Proposition 3. Let 8 € L?(Q). Let g € C%(R) such that g,¢',g" € L*(R). Then X is almost surely
and mean square continuously differentiable on R with

X'(t)=> Big(t—7), Vt R
Proof. Let A > 0 and remark that for any s € R and [t| < A, since g € C}(R),
t A
| = stusg=s)| < [ 19w s)ldu+lg(=s)

—A
such that by Fubini’s theorem, since g, ¢’ € L'(R),

/ sup |g(t — s)|ds < 2A/ I’ (s)|ds +/ lg(s)|ds < +o0.
RtE[—A7A] R R

lg(t —s)| =

Therefore, since 3 € L'(€), the series Z Bi sup |g(t —7)| converges almost surely which means
P te[—A,A]
that Z Big(- — 7;) converges uniformly on [—A, A] almost surely. This implies that the sample paths
i
of X are almost surely continuous on R. Similarly, since ¢ € C!(R) and ¢',¢” € L'(R), almost
surely the series Zﬁi!],(‘ — 7;) converges uniformly on [—A, A] and therefore X is continuously

(2

differentiable on [—A, A] with X'(¢) = Zﬁig’(t —7;) for all t € [—A, A]. Note that the same holds

true on [—A+n, A+ n| for any n € Z, which concludes for the almost sure continous differentiability
on R = UZ[—A +n,A+nl.
ne

Now, let us be concerned with the mean square continuous differentiability. First, g,¢' € L'(R)
implies that g € L°(R) N L'(R) c L?(R) such that X is a second order process since 3 € L?((2).
Its covariance function is given by S(t,t') = Cov (X (t), X (¢')) = NE(5?) [p g(t — 5)g(t' — s)v(ds).
Similarly we also have that ¢’ € L?(R) N L°(R) and X’ is a second order process. According to
Theorem 2.2.2 of [1] it is sufficient to remark that assumptions on g ensure that % exists and
is finite at any point (¢,¢) € R? with %(t,t) = XE(6?) [ g'(t — s)g'(t — s)v(ds). Therefore, for

all t € R, the limit }Lin% w

covariance function of X' is given by (¢,t') — AE(3?) [ ¢'(t — s)g'(t' — s)v(ds). O

exists in L2(Q) and is equal to X’(¢) by unicity. Moreover, the
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Iterating this result one can obtain higher order smoothness properties. In particular it is straight-
forward to obtain the following result for Gaussian kernels.

Example (Gaussian kernel): Let 3 € L?(), g(t) = g1(t) = \/%exp(—tQ/Q) and X given by

(1). Then, the process X is almost surely and mean square smooth on R. Moreover, for any n € N,
vieR, XM (1) =3 Bt —7) =Y Bi(-1)"Halt — )g1(t — 7)),
i i
where H,, is the Hermite polynomial of order n.

From now on, in order to work with almost sure and mean square continuously differentiable pro-
cess, we make the following assumption :
(A) g € C2(R) with g.g',g" € L\(R).

Therefore, choosing 3 € L?(Q2), the shot noise process X satisfies the assumptions of Theorem 1
such that the Fourier transform of its mean number of crossings function can be written with respect
to 1y, the joint characteristic function of (X (¢), X'(t)), given by (see Lemma 10.2 of [17] for instance)

(15)  Vu,v € R, ¥y(u,v) = B(eXO+HX ) — oxp ( / [e2(ugt=s)Fvg'(t=9)) _ q] Au(ds)F(dz))
R

xR
In order to get stronger results on the mean number of crossings function we first have to investigate

the existence of a density when considering a shot noise process X, or more precisely a shot noise

vector-valued process (X, X’). Then we consider a R%-valued shot noise process given on R by

(16) Y(t) = Z Bih(t —73),

where h : R +— R? is a given (deterministic) measurable vectorial function in L'(R). In this setting
one can recover X given by (1) with d =1 and h = g, or recover (X, X') -if it exists- with d = 2 and
h = (g,9’). It will be particularly helpfull to see Y as the almost sure limit of a truncated shot noise
process Y7 defined for vp(ds) = Tj_7 1 (s)ds, as T > 0 tends to infinity. Therefore, from now on and
in all the paper, we use the following notations.

Notations. For any T > 0, we denote by Yr, respectively X7 when d = 1, the shot noise pro-
cess given by (16), respectively (1), obtained for vr(ds) = Ij_77(s)ds. We simply denote by Y,
respectively X when d = 1, the shot noise process obtained for v the Lebesgue measure.

3.2. Existence of a density and continuity of the mean number of crossings function. Let
us remark that for d > 1 and T > 0, the shot noise process Yr satisfies

T
(17) V()= 3 Gihl— ) S i — U,

Iri|<T i=1
where
(18) yr = #{i;m € [-T,T]}
is a Poisson random variable of parameter Avp(R) = 2AT and {U:(FZ )} are i.i.d. with uniform law on
[T, T] independent from y7 and {3;}. Here and in the sequel the convention is that i =0.

Moreover, for any M > T', one can write Y;; as the sum of two independent processes Yqf alnd Yvy—-Yr
such that the existence of a density for the random vector Yp(t) implies the existence of a density
for the random vector Yy, (t) and therefore for Y (¢). Note also that by stationarity Y (s) will also
admit a density for any s € R. Such a remark can be used for instance to establish an integral
equation to compute or approximate the density in some examples [21, 20, 14]. However the shot
noise process may not have a density. For example, when h has compact support, there exists A > 0
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such that h(s) = 0 for |s| > A. Then, for any T" > A, we get X7(0) = X4(0) = X(0) such that
P(X7(0) = 0) = P(X(0) = 0) > P(y4 = 0) > 0, which proves that Xp(0) and X (0) don’t have a
density. Such a behavior is extremely linked to the number of points of the Poisson process {7;} that
are thrown in the interval of study. Therefore, by conditioning we obtain the following criterion.

Proposition 4. If there exists m > 1 such that for all T > 0 large enough, conditionally on {yr =
m}, the random variable Yr(0) admits a density, then, conditionally on {yr > m}, the random
variable Yr(0) admits a density. Moreover, Y (0) admits a density.

Proof Let T > 0 be large enough. First, let us remark that conditionally on {yr = m}, Y7 (0) 4

Zﬁz l) . Next, notice that if a random vector V in R% admits a density fi then, for Up

Wlth uniform law on [—7,T] and § with law F, independent of V', the random vector W = V +
Bh(Ur) admits w € R? % Jz f_T fv(w — zh(t))dtF (dz) for density. Therefore, by induction the

assumption implies that Z Bih( )) has a density, for any n > m. This proves that, conditionally

i=1
on {yr > m}, the random variable Y7(0) admits a density.

To prove that Y (0) admits a density, we follow the same lines as in [3], proof of Proposition A.2. Let
A C R? be a Borel set with Lebesgue measure 0, since Y7(0) and Y (0) — Y7(0) are independent

P(Y(0) € A) = P(Y7(0) + (Y(0) = ¥Y7(0)) € A) = /Rd P(Y7(0) € A —y)ur(dy).

with pp the law of Y(0) — Y7(0). But for any y € R?,

PY7(0) e A—y) = (Zﬂz )€ A~ y)

— ZIP’ (Zﬁih(U}i)) eEA—y|vr =n> P(yr =n)

n=0 =1
m—1 n

= )P (Zﬁm(Uéf)) €A~ y> P(yr =n),
n=0 i=1

since A —y has Lebesgue measure 0 and Z Bi(h ))) has a density for any n > m. Hence, for any

=1
T > 0 large enough,

P(Y(0) € A) <P(yy <m—1).
Letting 7" — 400 we conclude that P(Y(0) € A) = 0 such that Y (0) admits a density. O

Let us emphasize that Y7(0) does not admit a density since P(Y7(0) = 0) > P(yr = 0) > 0. Let
us also mention that Breton in [6] gives a similar assumption for real-valued shot noise series in his
Proposition 2.1. In particular his Corollary 2.1. can be adapted in our vector-valued setting.

Corollary 1. Let h : R — R? be an integrable function and 8 =1 a.s. Let us define hg : R? — R? by
ha(z) = h(z1) + ...+ h(zq), for v = (21,...,14) € R If the hq image measure of the d-dimensional
Lebesgue measure is absolutely continuous with respect to the d-dimensional Lebesque measure then
the random vector Y (0), given by (16), admits a density.

Proof. Let A C R? a Borel set with Lebesgue measure 0 then the assumptions ensure that fRd L (x)endz =
0. Therefore, for any T > 0, using the notations of Proposition 4,

d
(i) _
(Z nUy') € A) (2T) /[_T’T]d 1), (z)cadz = 0.
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Hence Z h(Uj(ﬂz )) admits a density and Proposition 4 gives the conclusion. O

1

Example (Gaussian kernel): let g(t) = —= exp —t2/2), =1 a.s. and X given by (1). Let us

exp(
consider h = (g,¢’) and hs : (z1,72) € R? + h(x1) + h(x3). The Jacobian of hy is

L (14 2a2a) (21 — 22) exp(— (a2 + 22)/2).

J(ho)(z1,22) = o

Hence, the ho image measure of the 2-dimensional Lebesgue measure is absolutely continuous with
respect to the 2-dimensional Lebesgue measure. Then, for any ¢ € R, the law of the random vector
(X(t), X'(t)) is absolutely continuous with respect to the Lebesgue measure. Note that in particular
this implies the existence of a density for X (¢). However this density is not bounded (and therefore
not continuous) in a neighborhood of 0 as proved in the following proposition.

Proposition 5. Let assume for sake of simplicity that 3 =1 a.s. and let g denote the kernel function
of the shot noise process. Then,

(1) If g is such that there exist o > 1 and A > 0 such that ¥|s| > A, |g(s)| < e ¥, then 3go > 0
such that Y0 < e < gq:

P(IX(t)| < &) > e 2= where T, is defined by T. = (—loge)'/®.

N\H

(2) If g is such that there exists A > 0 such that ¥|s| > A, |g(s)| < e 15l and if X\ < 1/4 then
deg > 0 such that V0 < € < ggp:

A

P(|X(t)| <¢e) > (1 - (1_2/\)2> e 2T where T, is defined by T, = —loge.

This implies in both cases that P(| X (t)| < €)/e goes to +00 as € goes to 0, and thus the density of
X(t) -if it exists- is not bounded in a neighborhood of 0.

Proof. We start with the first case. Let € > 0 and let T, = (— log 5)1/ @, Assume that ¢ is small enough
to have T, > A. We have by definition X (t) 4 X(0) 4 Zg(n). If we denote X7.(0) = Z g(Ti)
) |Tz‘|ST5
and Ry (0) = Z g(7i), then X7, (0) and Ry (0) are independent and X (0) = X7.(0) + Rr.(0).
|Ti|>T5
We also have: P(|X(0)| <e) > P(|X71.(0)] = 0 and |R7.(0)] <€) = P(|X7.(0)| = 0) x P(|R7.(0)| <
g). Now, on the one hand, we have: P(|Xr. (0)| = 0) > P( there are no 7; in [-1%,T.]) = e~ 2=,
On the other hand, the first moments of the random variable Rz (0) are given by: E(R7.(0)) =
A f Is|>T% g(s)ds and Var(Rr, (0 f Is|>Ts g%(s) ds. Now, we use the following inequality on the tail

of [e=":
VT >0, e T :/ as® e ds > aTa_l/ e % ds.
T T
Thus, we obtain bounds for the tail of [ g and of [ '

too T +o00 weo o—2T
e % ds < —— and e ? ds < ———.
/T — o1 /T ( ) ~ 2o

1/a

Back to the moments of Rz, (0), since T = (—loge)"/“ we have:

2)\e Ae2
[E(R1.(0))] < aTo T and Var(Rr, (0)) < aTe
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We can take € small enough in such a way that we can assume that |E(R7,(0))] < e. Then, using
Chebyshev’s inequality, we have

P(|Rr.(0)| <¢) = P(—e - E(R7.(0)) < Rr.(0) — E(R7.(0)) < e — E(R7.(0)))
> 1-P(|R7.(0) - E(R7.(0))] = € — [E(R7.(0))[)
Var(Rz.(0)) >1_ A
(e = [E(Rr.(0)))2 = T M1 -2\ /aT@ ™12’
which is larger than 1/2 for T, large enough (i.e. for & small enough).

For the second case, we can make exactly the same computations by setting a = 1, and get
P(|R7.(0)] <) >1—A/(1 —2))?, which is > 0 when \ < 1/4. O

v

1—

Such a feature is particularly bothersome when considering crossings of these processes since most
of known results are based on the existence of a bounded density for each marginal of the process.
However this is again linked to the number of points of the Poisson process {7;} that are thrown in
the interval of study. By conditioning, the characteristic functions are proved to be integrable such
that conditional laws have continuous bounded densities. The main tool is Proposition 10, postponed
in Appendix, established using the classical stationary phase estimate for oscillatory integrals (see
[26] for example).

Proposition 6. Let assume for sake of simplicity that 6 =1 a.s., let T > 0, a < b, and assume that
g € LY(R) is a function of class C* on [T + a, T + b] such that

(19) m = min g (5)2+9g"(s)2 >0 and ng = #{s € [-T+a,T+b] 5. t. ¢"(s) =0} < +oc.
s€[—T+a,T+b]

Then, conditionally on {yr > ko} with ko > 3, for allt € [a,b] and M > T, the law of Xp(t) admits

a continuous bounded density. Therefore, for any t € R, the law of X (t), conditionally on {yr > ko},

admits a continuous bounded density.

Proof. Actually, we will prove that conditionally on {yr > ko}, the law of the truncated process

Xr(t) = Z g(t — ;) admits a continuous bounded density for ¢ € [a,b]. The result will follow,
Iri|<T

using the fact that for M > T, X/(¢) = Xp(t) + (Xp(t) — Xp(t)), with Xy (¢) — Xp(¢) independent

of Xr(t). So let us denote wg k, the characteristic function of X7(¢) conditionally on {yr > ko}.

Then, for all © € R, we get

1 .
T _ X (t) _ _
u) = — E (e T =k|P =k
W) = Borsh 2 ("X Oy = k) Bz = k)
1 1 [T, g (2\T)*
- - 6mg(t—s)d8> 6—2)\T7
]P)(’)/T > k‘o) k’;o <2T /—T k!
Therefore,
. i T+t ko
(20) i) < @ry | [ as

Hence, using Proposition 10 on [-T +t,T +t] C [-T + a,T + b], one can find C' a positive constant
that depends on 7', kg, A\, m and ng such that for any |u| > 1/m

|08 (w)] < Clu|*/2.

Then, since kg > 3, ¢;‘F ko 18 integrable on R and thanks to Fourier inverse Theorem it is the charac-
teristic function of a bounded continuous density. O

Using similar ideas we obtain the following result concerning the continuity of the mean number
of crossings function.
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Theorem 2. Assume for sake of simplicity that 8 = 1 a.s. and that g is a function of class
C* on R satisfying (A). Let T > 0, a < b, and assume that for all s € [-T + a,T —|— b], the
/ ! !

, g'(s) g"(s) g9"(s) (8) )
matrice P(s) =
9= ) gy 4 g(s)
are invertible. Then, conditionally on {yp > ko} with kg > 8, for all M > T, the mean number of
crossings function a — E (Nx,, (e, [a,b])|yr > ko) is continuous on R. Moreover

E (Nxy (o [a.b)lvr 2 ko) | —> B (Nx (v [a,bl)lvr 2 ko),

> and its component-wise derivative ®'(s) = <

uniformly on o € R.

Proof. The result follows from Rice’s formula. To establish it we use Theorem 2 of [18] and thus we
have to check assumptions i) to iii) related to joint densities. Let ¢ € [a,b] and M > T. We write
Xm(t) = Xp(t) + (Xm(t) — Xr(t)) with Xy — X independent of X7. We adopt the convention
that Xoo = X. Let us write for M € [T, +o0] and e small enough

M T T,M
djt,a,lm = wt,s,ko wt,e

with w%,ko the characteristic function of (Xs(¢), (Xar(t4+¢)—Xnr(t))/e), conditionally on {vr > ko}.

Note that, X»; — X7 is independent of v such that "L/th: ;M is just the characteristic function of
(X (t) = Xr(t), (Xpr — X7)(t+¢) — (Xar — X7)(t))/e). First we prove that there exists C' > 0 such
that, for all 0 < j < 3, for all M > T and € > 0 small enough,

8]
)| < CQA+ Vu2 4 v2)~(ko=3)/

31}3 wt ,&,ko (U 'U
Let us remark that, since ¢/, ¢"” € L*(R) by (A), one has g, ¢’ € L>°(R). It implies in particular that
g,9 € LY(R) N L?(R) N L3(R) such that the above partial derivatives exist. Moreover, by Leibniz
formula, for 0 < j < 3, one has

(21)

(22) gt =Z( ) v :0) e )
On the one hand "

‘aﬂj ll% " )‘ SE(’(XM—XT)(t—i—sg—(XM—XT)(t) J—l>’
with

< 3 Jget—m)l

T<|m|<M

where g.(s) = 1 ¢’ (s+x)dz is such that g. € L>®°(R)NLY(R) with |[g:|/oo < ||¢'[|oo and ||gz|l1 < [I¢’[]1-
Then using the moment formula established in [5], one can find ¢ > 0 such that for all 0 < j < 3,
with (7 —1); = max(0,j — 1),

‘ (Xm — Xr)(t +¢) — (Xm — X7)(2)

J

o . .
(23) \ St o) SEL{ D et —m)| | | < ecmax(L|lg']lo0) 0+ max(L, Ag' 1)
T<|mi|<M
On the other hand,
]P)(’YT > ko)d}tj:s,ko (u,v) = Z E (eiuXT(t)+iv(XT(t+€)*XT(t))/s’,}/T _ k) P('YT _ kj)
k>ko
= D X, v)* Pyr = k)
k>kg
where
T+t

X?s(ua U) = (2T)1/ eiUg(S)JriUgE(s)dS,
’ —T+t
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is the characteristic function of (¢(t—Ur), g-(t—Ur)), with Ur a uniform random variable on [T, T1.
It follows that ‘st(u, v)‘ < 1, so that one can find ¢ > 0 such that for all 0 < j < 3,

o1 iPlyr = ko
’8 S e g (U50) ‘j@(“j;j;“*

This, together with (23) and (22), implies that one can find ¢ > 0 such that for all 0 < j < 3,

By
@) | vranfun

-
< emax(1, [|¢'l|oc) ¥+ max(L, Allg'[l1)’ }Xm )]

i P(yr > ko j)‘ 7 7U)|k0*j'

/ J—1+
< cmax(1, [|g']|co ) max(1, Al|g'[|1)? P(yr > ko) te

O RNAC) v [ 98 gi(s)
Moreover, let ®.(s) = ( 7'(s) g'(s) > and ®L(s) = ( 4 (s) gég)(s) ) Then det®.(s) converges

to det®(s) as € — 0, uniformly in s € [-T — a,T + b]. The assumption on ® ensures that one can
find g¢ such that for ¢ < g, the matrix ®.(s) is invertible for all s € [-T —a,T + b]. The same holds

true for ®.(s). Denote m = min | ®.(s)~' ||7'> 0, where || - || is the matricial norm
s€[—T—a,T+bl,e<eo

induced by the Euclidean one. According to Proposition 10 with ng = 0,

1 o : 24V/2
V(u,v) € R2s. t. Vu2+ 02> — ‘Xz:a(%v)‘ = (QT)—l ezug(s)-i—wge(s)ds’ < V2

 Vmvu? —l—v?'

& T
th,a,ko (u’ U)

P (ko—3)/
Cho (2T) 73 max(1, ||¢'[ oo )V ™1+ max(1, Alg/||1)’ (};{_N{: (1 +Vu? + 1)2> "

~T+t

Therefore, one can find a constant c, > 0 such that, for all 0 < j < 3, is less than

Letting ¢ tends to 0 we obtain the same bounds as (21) for ¢t,k0 the characteristic function of
(X (t), X},(t)) conditionally on {yr > ko}. Since ky > 8, (21) for j = 0 ensures that w%m €
L'(R?), respectively 1/1%{0 € L'(R?), such that, conditionally on {yr > ko}, (Xas(t), (Xar(t +¢) —
X (t))/e), respectively (Xas(t), X3,(t)), admits p%7ko (x,2) = ﬁ Jre e_ia’“_””w%,ko (u,v)dudv, re-
spectively p%co = ﬁ fR2 e*m“*iz”wﬁo (u,v)dudv, as density. Moreover,

i) pt{\/ﬁ’ko (z,z) is continuous in (¢,z) for each z,¢e, according to Lebesgue’s dominated convergence
theorem using the fact that X, is almost surely continuous on R.

ii) Since X is almost surely continuously differentiable on R we clearly have for any (u,v) € R2,
1/1%7% (u,v) — w%o (u,v) as € — 0. Then by Lebesgue’s dominated convergence theorem, using (21)
for j = 0 we check that ptj\i’ko (x,2) — p%go (x,z) as € — 0, uniformly in (¢, z) for each z € R.

ii1) For any z # 0, integrating by parts we get

i izu—iz 0°
pt,]\/é,ko(x,Z) = 2.8 /R2 e ’Zva 31/1t€k0(u v)dudv,
such that by (21) for j = 3, we check that p%vko(a:, 2) < Ch(z) for all t, e,z with h(z) = (1+ |z|>)~!
satisfying [p [2|h(2)dz < 400 and C' a positive constant.

Therefore, Theorem 2 of [18] implies that

E (Nx,, (e, [a,0])|vr > ko) = / /’Z’pt ko (X ,z) dz dt,

which concludes the proof, using p%go(oz,z) = ﬁ Jpe €T ‘93 ot ko (4, v)dudv, and (21) for
j=3. O

Note that, despite we have closed forms, these crossings formulas are not very tractable for general
shot noise processes. However, as the intensity A of the shot noise process X tends to infinity, due
to its infinitely divisible property and since it is of second order, we obtain, after renormalization, a
Gaussian process at the limit. It is then natural to hope the same kind of asymptotics for the mean
number of crossings function. This behavior is studied in detail in the next section.



14 HERMINE BIERME AND AGNES DESOLNEUX

4. HIGH INTENSITY AND (GAUSSIAN FIELD

4.1. General feature. It is well-known that, as the intensity A of the Poisson process goes to infinity,
the shot noise process converges to a normal process. Precise bounds on the distance between the law
of X(t) and the normal distribution are given by Papoulis in [22]. Moreover, Heinrich and Schmidt
in [15] give conditions of normal convergence for a wide class of shot noise processes (not restricted to
1d, nor to Poisson processes). In this section we obtain a stronger result for smooth stationary shot
noise processes by considering convergence in law in the space of continuous functions. In all this
section we continue to assume that X is a stationary shot noise process obtained for v the Lebesgue
measure on R, and we will denote X, the strictly stationary shot noise process given by (1) with
intensity A > 0. Let us define the normalized shot noise process

1

(25) Zy\(t) = 7

(Xa(t) —E(XA(1))) .t €R.

Then, we obtain the following result.

Proposition 7. Let 3 € L%(Q) and g satisfying (A ). Then,
| Zy fdd 5 B
Y)\_<Zj\>)\~>—+>oo E(/B)<B/>a

where B is a stationary centered Gaussian process almost surely and mean square continuously dif-
ferentiable, with covariance function

Couv (B(t), B(f')) = /R ot — $)g(t' — 5)ds.

When, moreover g" € LP(R) for p > 1, the convergence holds in distribution on the space of contin-
uous functions on compact sets endowed with the topology of the uniform convergence.

Proof. We begin with the proof of the finite dimensional distributions convergence. Let k be an
integer with k& > 1 and let t1,...,t, € R and wy = (u1,v1), ..., wr = (ug,vx) € R,

Let us write
k
ZYA(tj) cwj = \15\ (Z Big(r;) — E (Z 51’5@'))) ,

B

for g(s Z w;g(t; —s) +v;q (t; — s)) Therefore
7j=1

k
i3 Ya(ty)w; i (5 il
logE | e=! e :)\/ (e <gﬁ> —l—izg(s)) dsF(dz).
RxR VA

Note that as A — +o0,

iz Zi(;) ) 5(5) 1 ..
A(e (\F) _1_12\&) N —5229(3)2,

A exp <’Lz <§(\/‘?> —1- zzg(\/‘;)ﬂ < %ZQE(S)Z.

By the dominated convergence theorem, since g € L?(R) and 8 € L?(Q2), we get that, as A — +o0,

exp ZY,\ ) = exp <;E(52) /R g(s)%zs).

Let us identify the limiting process. Let us recall that X is a second order process with covariance
function given by Cov(Xy(t), Xa(t')) = AE(3%)S(t — t') with S(t) = [ g(t — s)g(—s)ds. Hence one
can define B to be a stationary Gaussian centered process Wlth (t,t') — S(t —t') as covariance
function. The assumptions on g ensure that the function S is twice differentiable. Therefore B is

with for all A > 0
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mean square differentiable with B a stationary Gaussian centered process with (¢,t') — —S"(t—t') =
Jz 9/ (t —t' —s)g'(—s)ds as covariance function. Moreover

E((B'(t) - B'(t))*) =2(8"(0) = 8"(t = 1)) < 2lg'llscllg"ll1]t — ¥']

such that by Theorem 3.4.1 of [1] the process B’ is almost surely continuous on R. Therefore as in
[11] p. 536, one can check that almost surely B(t) = B(0) + fo B'(s)ds, such that B is almost surely
continuously differentiable. We conclude for the fdd convergence by noticing that

k
/Rﬁ(s)2ds = Var Z’LLjB(tj) + v;B'(t;)

Jj=1

Let us prove the convergence in distribution on the space of continuous functions on compact sets
endowed with the topology of the uniform convergence. It is enough to prove the tightness of the
sequence (Y)), according to Lemma 14.2 and Theorem 14.3 of [17]. Let ¢, s € R and remark that for
any q > 1, on the one hand

E ((Zx(t) = Za(t)?) = E(5) /R (gt —5) — g(t' — 9))*ds < E(B2)lg lgllg 1]t — ¢'>~ /2.

On the other hand,
E ((Z\(t) = Z5()?) = E(6?) /R (gt —5)— gt —5)" ds <E@B)g" |gllg" [t — >/,

Note that assuming that ¢” € LP(R) allows us to choose ¢ = p > 1 in the second upper bound such
that 2 — 1/¢ > 1. Moreover assumption (A) implies that ¢ € L°(R) N L'(R) C LP(R) such that
one can also choose ¢ = p in the first upper bound. Then, (Y)), satisfies a Kolmogorov-Chentsov
criterion which implies its tightness according to Corollary 14.9 of [17]. g

In particular, when a < b, the functional (f,g) — f h(f(t))|g(t)|dt is clearly continuous and
bounded on C([a, b],R) x C([a, b],R) for any continuous bounded function h on R. Then, Proposition
7 implies that

b b
[ Em@m B0 i —_ [ E@@o)E o)

By the co-area formula (4), this means the weak convergence of the mean number of crossings
function, i.e.

CZ,\('? [a7 b]) )\:i-oo CB<'7 [av b])

This implies also the pointwise convergence of Fourier transforms. Such a result can be compared
to the classical central limit theorem. Numerous of improved results can be obtained under stronger
assumptions than the classical ones. This is the case for instance for the rate of convergence derived
by Berry-Esseen Theorem or the convergence of the densities. We refer to [13] chapter 15 and 16.
Adapting the technical proofs allows us to get similar results for crossings in the next section.

4.2. High intensity: rate of convergence for the mean number of crossings function. Let
us remark that only E(3?) appears in the limit field. For sake of simplicity we may assume that
B = 1 a.s. Note that, according to Rice’s formula [9], as recalled in Equation (7), since the limit
Gaussian field is stationary, Cg(«, [a,b]) = (b — a)Cp(a, [0, 1]) with

Colanf0.1) = 1 (22) " eeim, va e
™ \mo
where my = Var(B fR 5)2ds and mo = Var(B'(t ng )2ds. Moreover its Fourier
transform is given by C’B(u, [0,1]) = {rﬂe*mou /2. 'We obtain the following rate of convergence,

for which the proof is postponed to the Appendix.
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Proposition 8. Let § = 1 a.s. and let g satisfy (A). There exist three constants ai, as and as
(depending only on g and its derivative) such that

O 2
G, 0.1)) 22w < 22 sl

YA > 0,Vu € R such that |u| < a;V'\ then < ,
VA

where mo = [ g(s)?ds and ma = [, ¢'(s)*ds.

Let us emphasize that this implies the uniform convergence of the Fourier transform of the mean
number of crossings functions on any fixed interval. Moreover, taking v = 0, the previous upper
bound may be a bit refined such that the following corollary is in force.

Corollary 2. Let f =1 a.s. and let g satisfy (A ). The mean total variation of the process satisfies:

E(| X4 (¢ 2 14
waso, [BUXOD - f2me) o 4mg
\F/\ ™ 3’/’1’7712\&
where ma = [, ¢'(s)*ds and ms = [ |¢'(s)|® ds.

Under additional assumptions we obtain the following uniform convergence for the mean number
of crossings function. The proof is inspired by Theorem 2 p.516 of [13] concerning the central limit
theorem for densities.

Theorem 3. Let 3 =1 a.s. Let us assume moreover that g is a function of class C* on R satisfying

(s "(s (s G)(s
(A) such that for all s € [—1,2], ®(s) = ( 5//((5)) gg(?,)((s)) ) and ®'(s) = ( gg(3)((5)) g(i)gsg > are
invertible.

Let v\ = #{i;7x; € [—1,1]} with {7} the points of a Poisson point process with intensity A > 0.
Then

1 1/2
Ca(@ D =0 |~ Calan0.1) =2 (22) 7 e uniformty in o € R,

where mo =[5 g(s)*ds and ma = [, ¢'(s)*ds.

Proof. Let A > 8. Then, according to Theorem 1, C/’Z\A(u, [0,1]|va > A) and C/';;(u, [0,1]) are inte-
grable such that Cz, (o, [0,1]|yxn > A) and Cp(«, [0,1]) are bounded continuous functions with, for
any a € R,

(Cor(e [0.1] [ 2 N = Calen 0.1)) < 5 [ |Cn(a, 0,119 = X) = Gl [0,1)|
™ JR

Let u € R, then

@(uv [Ov 1]) - éZ\A(uv [0’ 1] ’79\ > )‘) = P("y:Z)\)E ( 50 |Z)\( )‘I’h<)\> - mczx( u, [07 1])

Note that ’C/’Z\A(u, [0, 1])‘ < E (|Z4(0)|), which is bounded according to Corollary 2, while by Cauchy-

Schwarz inequality,
i 1/2
[E (201 24(0)| 1,0 )| < E(Z3(0)2) Pl < N2,
with E (Z4(0)?) = Var(Z}(0)) < max(1, ||¢'[lsc)||¢'|l1. Therefore, one can find ¢; > 0 such that

— — P(’)/)\ < )\)1/2

_ > <cg—F—————.
O, 10,1]) = Oy, [0,1] | 2 V)| < e =50
According to Markov’s inequality,

P(yy < A) =P (e*m(?m > e*ln@)k) <E (e* hl(?)(vr”) = exp (—(1 — In(2))).
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: : : P(ya<A)!/2
Choosing A large enough such that in particular PaSN)

can find ¢y such that for all |u| < A\/8,

IN

%, according to Proposition 8, one
1Czy (1, [0, 1] | 12) = Cip (u, [0, 1])] < eah ™%,

Thus we may conclude that

/|u</\1/8

Now, let us be concerned with the remaining integral for |u| > A8 According to Theorem 1,
e—iu\/XfRQC/\ ( u 0.1]| \
X ) 07 1 A= ) )
A el

with Cx, (2, 10,1]] 1 2 A)) = Jy B (A0 1X[ () 72 > 2) dt and

i Xy (t ’ 1 +o0 1 81/113’)\ u v 8’(%’)\ u v
2oz = o [ G () - (e )
where 9 5 is the characteristic function of (X(t), X(t)) conditionally on {yy > A}. Integrating by

parts we obtain
19 81%;,\ u v awt A U
Lo G- (i)

= M )<82¢m (u v> AR <u _v)> a0
VA Jo ov? \VX' VA ov? AV VA
Then, according to (24), one can find a positive constant ¢z > 0 such that

)\Q]PD(’Y)\ > )‘ - 2)
P(yx > A)

Czx (1, [0,1] |32 = ) = Cp(w,[0,1])| du_— 0.

A——+o00

Czy(u, [0,1] |72 > A) =

DI P AGIEN=PY

A—2
1 _
(5l e Tocies + o™ Tyt )

w(73)

where y;(u,v) = 3 _11+Jtrt eig(s)+iv9'(s) g5 is the characteristic function of (g(t — U), ¢ (t — U)), with

U a uniform random variable on [—1, 1]. Then,

/u|>»/8
B /u|>»/8

= (N + L.

Now, for 6 € [0, 27, let us consider the random variable V; g = cos(0)g(t — U) + sin(6)¢’(t — U) such
that for any 7 > 0, x:(r cos(),rsin(6)) = E(e"V19) := o, 9(r). By a change of variables in polar
coordinates, since A > 1, we get

¥t.0 < >

21
/)\1/8 /

with cg(N) = 03)\3/2%. Since det®(s) # 0 for any s € [—1 + ¢,1 + t], we have the following

property (see [13] p.516): there exists 0 > 0 such that

Czx(u, [0,1)| 3 = X) = Cp(u, [0, 1)) | du

A

Cr (0, 10.1] 2 > V)| du+ [
‘u‘z)\l/S

Cr(u, [0, 1])] du

A—2
7 (| In(r|sin(0)])] + 1) dbdr,

()
|§0t,9(r)| < e_TtT27 Vr e (0,5],V9 € [Oa 27T]a and n= sup |90t,9(r)| < 17
r>8,0€(0,27]
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with k() = een[%)igﬂ]\/ar(Vt,g) > 0. Note also that according to Proposition 10, |¢¢¢(r)| < 244/ %r‘lﬂ

for any r > m with m = min ]H(P(s)_lH_l, which may be assumed to be larger than . Then, for A
s 1

)

large enough such that X\'/8 € (e, 6v/)),

WA 4 mVx 2\ [t
L(A) < (V) / e” s A rln(r)dr—|—/ " 2rIn(r)dr + | 244/ = / T3 2 n(r)dr
A1/8 VX m mvA
with c5(A) = ca(A) ( DQTF (2+ |1n(|sin(0)|)|)d0>. This enables us to conclude that I;(\) N 0.
This concludes the proof since clearly I2(\) N 0. O

Notice that to obtain the convergence in Theorem 3 without the conditioning on {vy) > A} (which
is an event of probability going to 1 exponentially fast as A goes to infinity), one simply needs to have
an upper-bound polynomial in A on the second moment of the number of crossings Nz, («, [0, 1]).

5. THE GAUSSIAN KERNEL

In this section we will be interested in a real application of shot noise processes in Physics. Indeed,
each time a physical model is given by sources that produce each a potential in such a way that the
global potential at a point is the sum of all the individual potentials, then this can be modeled as a
shot noise process. In particular, we will be interested here in the temperature produced by sources
of heat. Assuming that the sources are randomly placed as a Poisson point process of intensity A on
the real line R, then the temperature after a time o2 on the line is given by the following shot noise
process X, :

1 2 /9,2
teR— Xy, (t) = e~ (t=m)/20%
A,a( ) ; oo
where the {7;} are the points of a Poisson process of intensity A > 0 on R. In the following, we will
denote by g, the Gaussian kernel of width o defined for all ¢ € R by

1 2 2
t — 76_t /20’ .
9o(t) = —5=

We will be interested in the crossings of X , because they provide informations on the way the
temperature is distributed on the line. The number of local extrema of X , is also interesting for
practical applications since it measures the way the temperature fluctuates on the line. In a first
part, we will be interested in the crossings of X, , when A and o are fixed, and then, in a second
part, we will study how the number of crossings evolves when these two parameters change. From
the point of view of applications, this amounts to describe the fluctuations of the temperature on
the line when the time (recall that o2 represents the time) increases, or when the number of sources
changes.

5.1. Crossings and local extrema of X, ,. We assume in this subsection that A > 0 and o > 0
are fixed. Since the Gaussian kernel g,, and its derivatives are smooth functions which belong to all
LP spaces, many results of the previous sections about crossings can be applied here. In particular,
we have:

e The function a — Cx, (e, [a,b]) belongs to L'(R) (by Theorem 1).

e For any 7' > 0, the function a — Cx, (o, [a,b]]yr > 8) is continuous (by Theorem 2), with

vr = #{n € [-T,T1]}.
This second point comes from the fact that the Gaussian kernel satisfies the hypothesis of Theorem
k

2. Indeed, the derivatives of g, are given by g((,-k)(s) = ﬁe‘sz/mﬁ : (_U—I,C)Hk(g), where the H}’s are

the Hermite polynomials (Hy(x) = x ; Ho(z) = 22 — 1; H3(x) = 2® — 3z and Hy(x) = 2* — 62% + 3)
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1
ovar €
2
det ®'(s) = %(F +3) (ﬁeﬂzﬂ‘ﬁ) < 0. These two matrices are thus invertible for all s € R.

The first point implies that for almost every a € R, the expected number of crossings of the level
a by X, is finite. We will now prove in the following proposition that in fact, for every a € R,
Cx,.,(a,[a,b]) < 400, by considering the zero-crossings of the derivative X} . and using Rolle’s
Theorem.

In the sequel, we will denote by p(}, o) the mean number of local extrema of X} , in the interval
[0,1]. Tt is the mean number of local extrema per unit length.

2
Thus, using the notations of Theorem 2 we get det ®(s) = ;—i(;—z +1) ( _52/2"2) < 0 and

g4

Proposition 9. We have
P(3t € [0,1] such that X}, ,(t) =0 and X ,(t) = 0) =0,

which implies that the local extrema of Xy , are exactly the points where the derivative vanishes, in
other words p(A, o) = E(Nx; (0,[0,1])). Moreover, we have the following bounds:

Va e R, Cx,  (a,[0,1]) < p(X,0) < (BA(2+20) + e,

Proof. For the first part of the proposition, we use Proposition 10 (in the Appendix) with the kernel
function h = g/, on the interval [-T + 1,T] for T > 0. For this function we can compute h/(s) =

ﬁ(—l + %)6*52/2"2 and h''(s) = 041%(3% — %)6*32/2"2, and thus ng = 3 and m(o,T) =

minge—7p41) /1 (5)% +h"(s)% > 0 (we don’t need to have an exact value for it but notice that it is
—T2 /202

of the order of e when T is large). Finally, as in (20), we get that there is a constant ¢(T, o)
which depends continuously on ¢ and T such that

< c(T,o)3
TVl

with vp = #{m; € [-T,T]}. We can now use Proposition 1 and we get that for all " > 1:

E(e™ e D)y > 3)|

P(3t € [0,1] such that X} ,(t) = 0 and X} ,(t) = O]yr > 3) = 0.

Since the events {yr > 3} are an increasing sequence of events such that P(yr > 3) goes to 1 as T'
goes to infinity, we obtain that P(3¢ € [0, 1] such that X} (¢t) =0 and X} () =0) = 0.

For the second part of the proposition, the left-hand iﬂequality is simpfy a consequence of Propo-
sition 2 for the process ng, and n = 1.

To obtain the right-hand inequality (the bound on p(\, o)), we will apply Proposition 2 to the
process X f\p for the crossings of the level 0 on the interval [0,1]. We already know by the first part
of the proposition and by Corollary 1 that the condition (8) for Kac’s formula is satisfied by X ;\ o
Then we write for all ¢ € [0, 1]:

1 —(t—TZ')__,222 1 —(t—TrL')_t__222
X 0= dt-m)=—me Y ety N T T/
T €R oV2n T, €[—0,140] 7 oV2n T,ER\[—0,140] 7
Let Yi(t) (resp. Ya(t)) denote the first (resp. second) term. We then have

oy L E=7)? 1\ _r)2/202
no--= ¥ (S-n) .

7 ER\[—0,14+0]

Since (t — 7;)? > o2 for all t € [0,1] and all 7; € R\[~0,1 + o], we get Y3(¢) > 0 on [0,1] and thus
Ny;(0,[0,1]) = 0 a.s. Note that when the event #{7; € [~0,1+ o]} = 0 holds, then X} = Y5 such
that Nx; (0,[0,1]) < 1. On the other hand, let us work conditionally on #{7; € [~0,1+ 0]} > 1.

—A(1+20)

The probability of this event is 1 — e To study the zero-crossings of Y/, we first need an

elementary lemma.
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Lemma 1. Let n > 1 be an integer. Let Pi,..., P, be n real non-zero polynomials and let aq,. ..,
an be n real numbers, then

#{t € R such that ZPZ-(t)e‘“t =0} < Zdeg(Pi) +n—1.

=1

This elementary result can be proved by induction on n. For n = 1, it is obviously true. Assume
the result holds for n > 1, then we prove it for n+1 in the following way. For ¢ € R, E”H P;(t)e%t =
0 <= f(t) := Pup1(t)+21, Pi(t)el@n+1)t = 0. Let k denote the degree of P, 1. Thanks to Rolle’s
Theorem, we have that N(0,R) < Ny/(0,R) +1 < Ny (0,R) +2 < ... < Ny (0,R) + k + 1.
But f**1 can be written as f*+D(t) = 3 Qi(t)el% @+t where the Q; are polynomials of
degree deg(Q;) < deg(F;). Thus by induction Ny (0,R) < Y7, deg(P;) +n — 1, and then

Nf(0,R) <327 deg(P;) +n—1+k+1< 3" deg(P;) + n. This proves the result for n + 1.
Thanks to this lemma, we get that Ny-(0,[0,1]) < 3#{n € [-0,1+ 0]}) — 1 such that

E(Ny; (0,0, 1])|#{ri € [~0, 1+ 0]} > 1) < 3A(1+20)/(1 — e X2y — 1.

To use Proposition 2, we need to obtain uniform bounds on the laws of Yi(¢) and of Y5(¢) when
t € [0,1]. As in the notations of the proposition, we will denote these constants by ¢; and cy. Let us
start with Y. Let U be a random variable following the uniform distribution on [-1 —¢,1+ o]. For
t € 10,1], we can write U as U = n Uy + (1 — 1)V, where Uy is uniform on [-1 — o +¢,0 + t], V; is
uniform on [-1 —o0,—1 — 0 +t]U [0 +t,0 + 1] and 7, is an independent Bernoulli random variable

with parameter ;ﬁg We then have ¢/ (U) = nig,,(Ur) + (1 — n¢)gL.(Vi). Thus the law of ¢/ (U) is the

mixture of the law of ¢/ (U;) and of the one of ¢/ (V;), with respective weights %ﬁg and 1 — %igg
Consequently

2+ 20
vt € [0,1],Ve €R, dPy ,)(x) < 15 dPy ) (@)-

The law of Y7 (t) conditionally on #{Ti [—o,1+ 0]} > 1 can be written as

_A(1420) A1+ 20))
dPy, ¢ (2) = 1+2a) Z H20) k! [Py * -k APy ) (2)-

Thus, if we write fo = dPgé(U), we get

too k k o —=A(2420)
1 _ o) (A(1+ 20 2+ 20 y1—e P
APy, () < T Ze A(1+20) (A - ) ( > (fox...xfo)(z) = —1 S FTe fo(z),
k=1

1+ 20

r . o1 . _o—A2+20
where fo(z)dz is a probability measure on R. This shows that we can take ¢; = e)‘}_idiw.

For Ya(t), we first notice that Y2(¢) can be decomposed as the sum of two independent random
variables in the following way:

Ya(t) = > 9ot —7i) + > 9o (t — 7).
Ti€(—00,—1—0+t]U[1+0+t,+00) Ti€(—o—1+t,—0)U(140,1+0+t)

The first random variable in the sum above has a law that does not depend on ¢t. For the second
random variable, using the same trick as above (i.e. decompose here a uniform random variable on
the interval (—1 — 0, —0) U (0,1 + o) as a mixture with weights 1/2 and 1/2 of two uniform random
variables: one on (—1—o0,—1—0+t)U(t+ 0,1+ 0), and the other one on the rest), we obtain that

A
Cy = €.

And finally the bound on the expectation of the number of local extrema is

3A(1 + 20) (1420 “A(1420
p()\,a) S <011_€_)\(1+M 02) (1_6 ( ))+6 ( )
< A2Jr%(?,)\( 14 20)) +e* = (3A(2 + 20) + 1)t

1420
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5.2. Scaling properties. An interesting property of the shot noise process with Gaussian kernel
is that we have two scale parameters: the intensity A of the Poisson point process and the width
o of the Gaussian kernel. These two parameters are linked in the sense that changing one of them
amounts to change the other one in an appropriate way. These scaling properties are described more
precisely in the following lemma.

Lemma 2. We have the following scaling properties for the process X o :

(1) Changing o and X\ in a proportional way: for all ¢ > 0,

{Xs ,();t € R}

(2) Increasing the width of the Gaussian kernel: for all o1 and oo, we have

{X, ooz )it € R} = {(Xao, % 90n)(1); t €R}.

fda (1 X,\g( “)it R},

(3) Increasing the intensity of the Poisson process: for all ¢ > 0, we have

dd
Xy (5t € BRY 2 (VT4 2 (Xo 5 gen) (V1T @it € R},
(4) The mean number p(\, o) of local extrema of Xy , per unit length satisfies:

Ve >0, cp(A co)=pch o).

Proof. For the first property, let {7;} be a Poisson point process of intensity A/c on the line. Then

1 —(t—mi) c‘o

Since the points {7;/c} are now the points of a Poisson process on intensity A on the line, we obtain
the first scaling property. The second property comes simply from the fact that if g,, and g5, are two
Gaussian kernels of respective width o1 and o9, then their convolution is the Gaussian kernel of width
\/0? + 3. The third property is just a consequence of combining the first and second properties.
For the fourth property, we first compute

X t—Tz )2 /902 52 t/C—Tl/C)
! t — (t 7'1) /20 - t/c Tl/c) /20
)\,ca( ) co /7 E 020_\/7 E

where the {7;} are the points of a Poisson point process of intensity A on R. Then, since the {7;/c}
are now the points of a Poisson point process of intensity c\ on R, we have that the expected number
of points ¢ € [0,c] such that X} (t) = 0 (which, by definition, equals cp(), co)), also equals the

expected number of points ¢ € [0, 1] such that X;/\J(t) = 0 (which is p(cA, 0)).

O

To study how p(A, o) varies when A and o vary, we first can use the result on high intensity and
convergence to the crossings of a Gaussian process obtained in Theorem 3. Indeed, if the second
moment of N X, (0) is bounded by a polynomial in A, then we will get

1
p(\o) — — §

A—+40c0 OT 2

And thanks to the scaling properties, this also will imply that p(\, o) is equivalent to —— \/g as o goes

to +00. These two facts have been empirically checked and are illustrated on Flgure 1. Now, notice
that we can also observe on the left-hand figure another regime when A is small. Indeed, p()\, o)
seems to be almost linear for small values of A\. Notice also on the right-hand figure that p(\, o)
seems to be a decreasing function of o (this then indicates that, as time goes by, the temperature on
the line fluctuates less and less). The study of these two facts is the aim of the next section.
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FIGURE 1. On the left: empirical mean number of local extrema of X, , per unit
length as a function of A\ (here 0 = 1 and we have taken the mean value from 50

samples on the interval [—100, 100]). The horizontal dashed line is the constant %\/g

and the dotted line is the map A — 2A. On the right: empirical mean number of local
extrema of X) , per unit length as a function of o (here A = 1 and we have taken the
mean value from 10 samples on the interval [—100, 100]).

5.3. Heat equation and local extrema. In this subsection we assume first that A > 0 is fixed.
As we already mentioned it in the introduction of Section 5, one of the main features of the shot
noise process X) , is that it can be seen in a dynamic way, which means that we can study how it
evolves as the width o of the Gaussian kernel changes and consider it as a random field indexed by
the variable (o,t). Then, the main tool is the heat equation which is satisfied by the Gaussian kernel:

095 dg,

(26) —2(t) = o gJ(t) and also consequently O—(t) =g ().

/

a
oo o 7
Since the Gaussian kernel g, is a very smooth function, both in ¢ > 0 and ¢ € R, by the same type
of proof as the ones in Proposition 3, we have that (o,t) — X) ,(¢) is almost surely and mean square

smooth on (0, +00) x R with

Yo >0, Vit € R,

aX/\,o' ago aXﬁ‘?‘T
(27) 520 (t) = D 5t =) = 0 X{ (1) and also —27(t) = o X\(t).

7

We will see in the following that this equation will be of great interest to study the crossings of X .

The convolution of a 1d function with a Gaussian kernel of increasing width o (which amounts
to apply the heat equation) is a very common smoothing technique in signal processing. One of
its main property is generally formulated by the wide-spread idea that “Gaussian convolution in 1d
cannot create new extrema” (and it is in some sense the only kernel that has this property - see
[27]). This has been studied (together with its extension in higher dimension) for applications in
image processing by Lindeberg in [19], and also by other authors (for instance to study mixtures of
Gaussian distributions as in [8] and [7]). However, in most cases, the correct mathematical framework
for the validity of this property is not exactly stated. Thus we start here with a lemma giving the
conditions under which one can obtain properties for the zero-crossings of a function solution of the
heat equation. The result, which proof is postponed in the Appendix, is stated under a general form
for a function h in the two variables o and t. But we have to keep in mind that we will want to apply
this to h(o,t) = X} ,(?) to follow the local extrema of the shot noise process when o evolves.

Lemma 3. Let o9 > 0 and (0,t) — h(o,t) be a C* function defined on (0,00] x [a,b], which satisfies
the heat equation:

Oh 0%h
Y(o,t) € (0,00] x R, %(U, t) = U@(O’, t).

We assume that
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(a) There are no t € [a,b] such that h(cp,t) =0 and %(Uo,t} =0,
(b) There are no (o,t) € (0,00] X [a,b] such that h(o,t) =0 and Vh(o,t) = 0.
Then we have the following properties for the zero-crossings of h:
i) Global curves: If tg € (a,b) is such that h(og,ty) = 0, there exists oy < o¢ and a mazimal
continuous path o — Ty (o) defined on (o , 00] such that I'y,(c0) = to and for all o € (o, 00]
we have h(o,T'y,(0)) = 0. Moreover, if I'y,(0) stays within some compact set of R for all o,
then o, = 0.

ii) Non-intersecting curves: If to # to is another point in (a,b) such that h(og,tg) = 0, then for
all o € (0,00] we have T'yy(0) # I'z- ().

ili) Local description of the curves: If (o1,t1) € (0,00] x R is such that h(oy,t1) = 0 then there
exist: else a C' function n defined on a neighborhood of o1 and such that h(o,n(c)) = 0 in
this neighborhood of o1; or a C' function & defined on a neighborhood of t; and such that
h(&(t),t) = 0 in this neighborhood of t1, and moreover if £'(t1) = 0 then {"(t1) < 0 (it is a
local mazimum,).

The properties stated in Lemma 3 are illustrated on Figure 2, where the different types of curves
formed by the set of points {(t,0) € R?;h(o,t) = 0} are shown for some h satisfying the heat
equation.

FIGURE 2. Curves of h(o,t) = 0 for some h satisfying the heat equation, in the (¢, )
domain: here t is along the horizontal axis and o is along the vertical one. According
to Lemma 3, the zeros-crossings of h are a set of non-intersecting curves, that are
locally else functions of ¢ or functions of ¢ with no local minima.

Let us consider again the shot noise process X ,. We now give the main result for the number of
local extrema of X , as a function of 0. The intensity A is assumed to be fixed.
Theorem 4. Let og > 0 and a < b. Then,
P(3(o,t) € (0,00) x [a,b] such that X} ,(t) =0 and VX} ,(t) = 0) = 0.
Moreover, if we assume that for all 0 < o1 < 0y
E(#{0 € [o1,00] such that X} ,(0) = 0}) < 400,
then the function o — p(\, o), which gives the mean number of local extrema of X , per unit length,

is decreasing and it has the limit 2\ as o goes to 0.

Proof. Let us denote Y (0,t) := X} (t) for all (0,t) € (0,+00) x R. We first check that the assump-
tions (a) and (b) of Lemma 3 are satisfied almost surely for Y. Assumption (a) is already given by
Proposition 9. For assumption (b), we first notice that since Y (o,t) satisfies the heat equation, we
have

{Y(0,t) =0 and VY (0,t) =0} = {Y(0,t) =0 and Y'(0,t) = 0 and Y"(0,t) = 0} .
Then a slight modification of the proof of Proposition 1, using the second-order Taylor formula in (10),

allows us to conclude that P(3(o,t) € (0,00) X [a,b] such that Y(o,t) = 0 and VY (0,t) = 0) = 0,
using the same integrability bound for the characteristic function of Y (o,t) as the one obtained in
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the proof of Proposition 9 (and considering first (o,t) € (01,00) for 01 > 0, and conditioning by
{yr > 3}). This also proves the first part of the theorem.

Let 0 < 01 < 09 be fixed. By assumption, we have E(#{0 € [01,00] such that X} (0) = 0}) <
+o0. Notice that by stationarity this expected value is independent of the value of ¢ (taken as 0
above). Let T' > 0 and let us consider the zeros of Y (0,t) = X} (¢) for (0,t) € [01,00] x [0,T]. Let
to € [0, 7] be such that Y (og,tp) = 0. By Lemma 3, there is a continuous path o — I'y, (o) that will:
else “cross the left or right boundary of the domain”, i.e. be such that there exists o € such that
I'yy(0) =0 or T, or will be defined until oy and such that 'y, (1) € [0,7]. We thus have:

p(00,[0,T]) < 2E(#{0 € [01, 00] such that X} ,(0) = 0) + p(o1, [0,T]).

Dividing both sides by T and letting 7' go to infinity then shows that p(og) < p(o1). Thus the
function o +— p(A, o) is decreasing.

To find the limit of p(\,0) as o goes to 0 (that exists thanks to the bound of Proposition 9),
instead of looking at the local extrema of X , in [0, 1], we will only look at the local maxima (which
are the down-crossings of 0 by the derivative) in [0,1]. Let Dx/ U(O, [0,1]) be the random variable

that counts these local maxima, and let p~ (A, o) = E(Dx; (0,[0,1])). By stationarity of X, ,(t) and

because between any two local maxima, there is a local minima, we have that p~(\, ) = 1p(), o).
Now, we introduce “barriers” in the following way: let E,, be the event “there are no points of the
Poisson point process in the intervals [—20(,20¢] and [1 — 20¢,1 + 20¢]”. If we assume that Ej,
holds, then XY (¢) > 0 for all ¢ in [—o9, 00] U[1 — 09,1 + 0o and all o < 0p, and therefore there are
no local maxima of X Ao in these intervals. Then by Lemma 3, we can follow all the local maxima of
X in [0,1] from o = g9 down to 0 = 0. Thus o — Dy, (0,[0,1])1g, is a decreasing function of
o for o < oy. Moreover, we can also check that the set of local maxima of X A (t) in [0, 1] converges,
as o goes to 0, to the set of points of the Poisson process in [0, 1]. This implies in particular that
Dx; (0,[0,1]) goes to #{m € [0,1]} as o goes to 0. Thus by monotone convergence, it implies that

p- ()\, o|Es,) goes to E(#{7; € [0,1]}|E,,). Since the sequence of events E,, is an increasing sequence
of events as o decreases to 0, we finally get:

Clrii%p_ ()‘>O-) = algEIOE(#{Ti € [0> 1]}|E¢70) = E(#{Tz € [07 1]}) = A
[l

Thus, under the assumption that E(#{c € [01,00] such that X} (0) = 0}) < +oo for all 0 <
o1 < 09, Theorem 4 asserts that the function o — p(\, o) is a decreasing function with limit 2\ when
o — 0. This fact was empirically observed on Figure 1, and is also illustrated on Figure 3 where we
“follow” the local extrema as o evolves. Now, these properties can be translated, using the scaling
relations of Lemma 2, into the following properties on A — p(\, 0):

p(A o)
—
2\ =0
This shows the second asymptotic linear regime observed for small values of the intensity A.

Ve> 1, peh, o) <ep(Ao); p(A o) <2\ and 1.

6. APPENDIX
6.1. Stationary phase estimate for oscillatory integrals.

Proposition 10 (Stationary phase estimate for oscillatory integrals). Let a < b and let ¢ be a
function of class C? defined on [a,b]. Assume that ¢’ and ¢ cannot simultaneously vanish on [a, b]
and denote m = mil})] V' (5)2 +¢"(s)2 > 0. Let us also assume that ng = #{s € [a,b] 5. t. ¢"(s) =

s€]a,
b .
/ ee(s) dg| <
a

8v2(2no + 1)

0} < +o0. Then
B m|ul

1
Vu e R s.t. |ul > —,
m

Now, let p1 and @2 be two functions of class C® defined on [a,b]. Assume that the derivatives
of these functions are linearly independent, in the sense that for all s € [a,b], the matriz ®(s) =
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Three processes t —> Xo(t) for respectivelyc=0.1; 0.3 and 0.8

iy

process Xo(t)

N

parameter t

0.6 b

0.4 i

parameter o

-10 -8 -6 -4 -2 0 2 4 6 8 10
parameter t

FIGURE 3. Top: three processes t — X, ,(t) obtained from the same Poisson point
process of intensity A = 2 and for a Gaussian kernel of respective width ¢ = 0.1;0.3
and 0.8. Bottom: evolution of the local extrema of ¢t — X ,(t) as o goes from 0 to
1. The three values o = 0.1;0.3 and 0.8 are plotted as dotted line. They indicate the
local extrema of the three processes above.

/ /

( 80,1,(8) ¢%(S) > is invertible. Denote m = min | ®(s)
©i(s)  ©5(s) €la,b]

norm induced by the Euclidean one. Assume moreover that there exists ng < +oo such that #{s €

1 /"
[a,b] s.t. det(®'(s)) = 0} < ng, where '(s) = ( (P(;l;)(s) ()O(g))(S) > . Then
©17(s) w3 (s)
b
/ elupr(s)+ivpz(s) ds‘ < w

vVmyvu? + 02

Proof. For the first part of the proposition, by assumption, [a,b] is the union of the three compact
sets

{s €la,b); "] =m/2},{s € [a,b];|¢']| >m/2 and ¢" >0} and {s € [a,b]; |¢'| > m/2 and " <0} .

Therefore there exists 1 < n < 2ng + 1 and a subdivision (a;)o<i<n of [a,b] such that [a;_1,a;] is
included in one of the previous subsets for any 1 < i < n. If [a;—1,0a;] C {s € [a,b];|¢"(s)] > m/2},
according to Proposition 2 p.332 of [26]

/ai () dg
ai—1

L I7t> 0, where || - || is the matricial

1
V(u,v) € R? s.t. Vu?+v2>—,
m

a

otherwise,
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The result follows from summing up these n integrals.

For the second part of the proposition, we use polar coordinates, and write (u,v) = (r cos @, rsin ).
For 6 € [0,27), let ¢y be the function defined on [a,b] by ¢g(s) = pi(s)cosf + pa(s)sin@. Then
( #y(s) ) D(s) < cos 0 ) and thus 1 =| ®(s)~! ( #y(s) ) ||. This implies that for all s € [a, b]

@b (s) sind )’ - ehs) ) P e
Vep(s)2+¢j(s)? > 1/ | '13( )~ ||> m. Moreover, thanks to Rolle’s Theorem, the number of
points s € [a b] such that ¢j(s) = 0 is bounded by one plus the number of s € [a,b] such that
O (s)ph (s) — @) (s)¢h(s) = 0, that is by 1 + ng. Thus, we can apply the result of the first part
of the proposition to each function ¢y and the obtained bound will depend only on m, ng and

r=vu?+ v O

6.2. Proof of Proposition 8. For k > 0 and [ > 0 integers, let us denote my, = [|g(s)|*|g'(s)|' ds.
We will also simply denote mg = mao = [ g(s)?ds and ma = mgp2 = [ ¢'(s)?ds
Let ¢5(u,v) denote the joint characteristic function of (Z)(t), Z}(t)), then

Ua(u,v) = E(e' VAT gV 9 — oxp <A / <e"%g“”%9’“>—1—z‘“g<s>>d5>'
R 5

We now use the fact [ ¢’ =0, and we thus have ¢ (u,v) = exp(Hx(u, v)) where

Hy(u,v) = )\/R (ei\%g(s)ﬂxvﬁg/(s) -1- i%g(s) - i\%\g’(s)) ds.
We need to notice that

V(u,v) € R?, [ihx(u,v)| = [exp(Ha(u,v))| = [E(e™ATA) < 1.
In the following, we will also need these simple bounds:

. 22 |af
(28) Ve eR, | —1—iz+ —] < 30 and VzeC, |e* —1| < |zl
We first estimate H)(u,0). We have

Hy(u,0 :/\/ezﬁg(s)—l—iu $))ds = —=u’mg + K\ (u),
A0 = [ eale)) ds =~ gutmo + Ka(u)
where K)(u) =\ [(e R g zfg( s) + %UTQQQ(S)) ds. Then, thanks to the simple bounds (28),
we get

1,2 u|°m 1.2 [u®mao
Hy (u,0) e 32U m0’<| ’ 3Oef§u Mmoo Gvn

[ul*miso
| Ky (u)] < and consequently |e

6V A 6vVA
We then estimate H)(u,v) — Hy(u,0):

Hy(u,v) — Hy(u,0) = X / (¢RI _ iRI0)y o

= )\/ei\%g(s) eI 1 i Y g(s)) ds
( ﬁg( )

/ ) ds + Fy(u,v),

where F)(u,v) =\ [ ei\%g(s)(ei\%g/(s) -1- i%g’(s) + %\g’(s)z) ds. And again, thanks to the simple

< [v|*mos

bounds (28), we get: |F)(u,v)| < 67/ - This implies that

2 i—=g(s) 22 i—%—g(s)
6H>\(u,v)fH/\(u,O) Y Jd'(s)%e VA ds e~ T Jg'(s)%e VA ds

e : ’em,v) _ 1’

3 2
v°m _v ()2 _u |v3mgg
‘ ’ 036 3 fg (s)?cos( ﬁg(s)) ds+

6V,
6v/A

IN
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Let us now compute Cz, (u, [0, 1]). By Proposition 1, we know that

— +oo 1
—7Cyz, (u,[0,1]) = /0 2 (a(w,v) +a(u, —v) — 29 (u,0)) do.

Let V > 0 be a real number. We split the integral above in two parts, and write it as the sum of
the integral between 0 and V, and of the integral between V' and +oo. Since for all (u,v), we have

[ta(u,v)| <1, we get
+00 . )
‘/V 1}12 (U (u,v) + P (u, —v) — 25 (u, 0)) dv| < 4/‘/ v% do— &

On the other hand, let Iy (u) denote the integral between 0 and V. We have

v
1
Iy (u) = /0 ﬁeHA(u,O) (eHA(u,v)—H,\(u,O) L Ha () HA(w0) _ 2) o

We then decompose this into:

1% i-Y_g(s
I\/(u) — / %QH,\(u,O) <6H,\(u,v)HA(u,0) + er(u,fv)fHA(up) . 26,% [d'(s)%e VR4 )ds) do
0

14 i—%g(s
+/ %eHA(“’(J) (26“22 [ VA" as 262’"2) dv
o U
v 1 H 0 1,2 1,2 v2
+/ — (e Aw0) _ e=gutmo 4 emguimoy) (9e7 T2 9 dy.
o U

Using the bounds we computed above, we get that

2

vV % \% 2 , “ m

Iy (u) — 2¢~30°mo / cE g < oo / U0y 5 J ()7 cosl Jrale) dst LA
0 v 0 6V

%4
1
2 —
25

2 RCan a(s) 2
v 2 v
e 2z fgl(s) e VX ds 2" 7 ™M2| o

Let J‘(/n) (u), for n = 1,2,3 respectively denote the three terms above. To give an upper bound for

J‘(/1 )(u), we will need the following basic inequality: Va € R, cos(z) > 1 — % This gives us the
bound:

14 2,2 3

1 vm _U m2 v u“mog | |v[?mgg

J‘(/)(u) < 2/ 0 T O dw.
0 6f

For the second term, we use

2

Y
o2 [ (52 V3" ds

2

v
—2e” 22

é I g’(s)Q(ei\ﬁg(S)—l) ds

But ‘fg (e'Vx9 1)ds‘ < fg/(s)2%g(s) ds = ‘%\mn and thus
1% 2
J(Z)(U> < Mmm PR Tymaz dv

v VA 0

For the third term, we use an integration by parts to obtain that

2
% —m ——m
1—e 22 e 2 -1 1
/2d11: /mge 2m2dv§§\/27rm2,
0



28 HERMINE BIERME AND AGNES DESOLNEUX

which gives

3m30 ; 2mo+ Iﬂ\;ﬂ}o

®) () < /Ty 30
14 (u)— ™m2 6\/X

Moreover we also have

2 2
1% Y _vi. too
1—e 2™ 1-— 2 M2 2 2
2/ 67261’1) —V2mmse| < e —i—/ maoe” 2 "2 dv < v
0

v

The partial conclusion of all these estimates is that

_— 4 2e~mou?/2
70z 0, [0,1]) = Vammae 2| < 5o g )+ P ) ),
We now have to choose V' in an appropriate way. The choice of V' will be given by the bound on

J‘(/l) (u). Assume in the following that w satisfies the condition (U1) given by: wlma < 72, and let

2)
us set
3\F)\m2
- 4m03 '
Then for all v € [0, V], — v 52 + ” w 22 + |v(|5\7303 < — “22”‘2, and thus
V 1)2’Vn

3\F ~ 3mavVA

For the term J‘(/Q) (u), we notice that if u satisfies the condition (U2) given by: %mlg < %2, then
for all V' > 0, we can bound J‘(/2) (u) by:

TP ) < Uy e Tm2 gy, < Wy .
Vv (u) < N5\ 12 ; =\ 12 Mo
Finally, for the third term, we have that if u satisfies the condition (U3) given by: |1Q:7§O < %mo,

then J‘(/3 ) (u) can be bounded, independently of V', by

8 2|ulmao
JO(w) < 2mm Me_i“%”o <V2mmg et
v (W) < v2mmy = O S v VA

because of the fact that for all z > 0, then ze™® < e !
The final conclusion of all these computations is that if we set a1 = min(, /52, 572 3mo_ ) - then

moz’ 2mi2’ 2mso/?

for all v and A > 0 we have

o —mou? az CL3|'LL|
ul £ aVA = [7C, (u, [0,1]) = V2mmae ™™/ < 2L+ 202,

fom— 1
where as = 7247”%07:227”03 and as = mja mLQ + 2v/2mmamgoe”” zﬂglgg“oe )

6.3. Proof of Lemma 3. The proof of this lemma relies upon the implicit function theorem. Let us
start with the proof of i): let (o9, ) be a point such that h(og,ty) = 0. By Assumption (a), we have
that %(ao,tg) # 0. Then, thanks to the implicit function theorem, there exist two open intervals
I =(0y,04) and J = (t;,t]) containing respectively ¢ and ¢, and a C! function 1 : I — J such
that (o) = to and V(o,t) € I x J, h(o,t) =0 < t =n(o). Let us now denote nn = I'y,. We need to
prove that we can take o, = 0 when I';; remains bounded. Assume we cannot: the maximal interval
on which Fto is defined is (0,04 ) with o5 > 0. By assumption, there is an My > 0 such that for all
o € (0y,07), then Ty ()| < My. We can thus find a sub-sequence (o) converging to o, as k goes
to infinity and a point t; € [—My, Mp] such that I';, (o)) goes to t; as k goes to infinity. By continuity
of h, we have h(o, ,t1) = 0. Now, we also have %(oo_,tl) = 0. Indeed, if it were # 0, we could again
apply the implicit function theorem in the same way at the point (o ,t1), and get a contradiction
with the maximality of I = (05,04 ). Then, by Assumption (b), we have g—g(ao_,tl) # 0. We can
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again apply the implicit function theorem, and we thus obtain that there exist two open intervals
I) = (o7 ,07) and J; = (t],t]) containing respectively oy and ¢, and a C* function £ : J; — [
such that {(t1) = o, and V(o,t) € Iy x Ji, h(o,t) = 0 < o = £(t). Moreover we can compute the
derivatives of ¢ at t;. We start from the implicit definition of &: h({(t),t) = 0. By differentiation,
we get 5’(75)%(5(15),75) + %?(f(t),t) = 0. Taking the value at t = t1, we get {'(t1) = 0. We can again
differentiate, and find €”(£) 22 (¢(t), 1) + €' ()2 DR ((1), 1) + 26/ () 2k (€(2), £) + L2 (€(t), £) = 0. Taking
again the value at ¢t = t1, we get

My ==L
g (tl) - f(h) 0_0_ <0.

Thus it shows that { has a strict local maximum at ¢;: there exist a neighborhood U; of oy = ¢ (t1)
and a neighborhood Vj of ¢; such that for all points in Uy x Vi, then h(o,t) = 0 implies o = £(t) <
£(t1) = oy, which is in contradiction with the definition of Ty, on (0,04 ). This ends the proof of
i), and also of iii).

For ii): assume that ¢ty and to are two points such that h(og,to) = h(oo,%) = 0 and such that
there exists o1 < og such that I'y,(o1) = Ft~0(01) = t1. Then, if %(O’l,tl) # 0, the implicit function
theorem implies that I'y,(0) = I';z(0) for all o € [01,00] and in particular tp = to. But now, if
%(al,tl) = 0, then as above this implies that g—g(al,tl) # 0 and using again the implicit function
theorem, this would be in contradiction with the fact T'y, (o) is defined for o € [o1, 00].
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