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REGULARITY AND CROSSINGS OF SHOT NOISE PROCESSES

HERMINE BIERME AND AGNES DESOLNEUX

ABSTRACT. In this paper, we consider shot noise processes and their expected number of level cross-
ings. When the kernel response function is sufficiently smooth, the crossings mean number function
is obtained through an integral formula. Moreover, as the intensity increases, or equivalently 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 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)7 teR

where g is a given (deterministic) measurable function (it will be called the kernel function of the
shot noise), 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 {3;} 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 [24]. 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
[25] 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 [22]. 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, 17]. The infinitely divisible property is
the second main tool. Actually, this allows to establish convergence to a Gaussian process as the
intensity increases [23, 16]. 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 g 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 such processes
was generalized to the non Gaussian case by [19] but assumptions rely on properties of densities of
distributions, which may not be valid for shot noise processes. We derive integral formulas for the
crossings mean number 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
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2 HERMINE BIERME AND AGNES DESOLNEUX

mean crossings function when the intensity goes to infinity. A particular example, which is studied
in detail, concerns the Gaussian shot noise process where 3 = 1 almost surely and ¢ is a Gaussian
kernel of width o:

1 2 /9,2
t) = go(t) = —==e " /2",
o(1) = 90(01) = — =

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 first give general properties (moments, co-
variance, regularity) of a shot noise process defined by (1). In Section 3, we study the question of
the existence and the continuity of a probability density for X (¢). Such a question is important to
obtain a Rice’s formula for crossings. In Section 4, we give an explicit formula for crossings of a shot
noise process in terms of its characteristic function (which can be controlled thanks to estimates on
oscillatory integrals). One of the difficulties is to obtain results for the crossings of a given level «
and not only for almost every a. In Section 5, we show how the crossings mean number function
converges, and in which sense, to the one of a Gaussian process when the intensity A goes to infinity.
We give rates of this convergence. Finally, in Section 6, we study in detail the case of a Gaussian
kernel of width o. 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. GENERAL PROPERTIES

2.1. Elementary properties. The shot noise process given by the formal sum (1) can also be
written as the stochastic integral

(2) X(t) = /R A9t = 9)N(ds, dz),

where N is a Poisson random measure of intensity Av(ds)F(dz), where F is the common law of 3.
We recall the basic facts (see [18] chapter 10 for instance) that for measurable sets A C R x R the
random variable N (A) is Poisson distributed with mean \v® F'(A) and if Ay, ..., A, are disjoint then
N(A1),...,N(A,) are independent. We also recall that for measurable functions £ : R x R — R, the
stochastic integral [ k(s,z) N(ds,dz) of k with respect to N exists a.s. if and only if

(3) /R _min(Jh(s.2)}: 1) Av(ds) F(d2) < oc.

We focus in this paper on stationary shot noise processes obtained when v(ds) = ds is the Lebesgue
measure. Such processes are obtained as the almost sure limit of truncated shot noise processes
defined for vy (ds) = Tj_p,11(s)ds, as T' tends to infinity. Therefore, from now on and in all the paper,
we make the following assumption.

Assumption 1. The measure v is absolutely continuous with respect to the Lebesgue measure and
its Radon Nikodym derivative is bounded by 1 almost everywhere.

Then, assuming that the random impulse 3 is an integrable random variable of L!(Q) and that the
kernel function ¢ is an integrable function of L'(R), is enough to check (3) and to ensure the almost
sure convergence of the infinite sum (see also Campbell Theorem and [16]). We will work under this
assumption in the whole paper.
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Finite dimensional distribution. The main tool to study the law of X is its characteristic
function. From Lemma 10.2 of [18], using (2), the characteristic function of X (¢), is given by

Vu € R, Px(u) = E@XO) = exp( /R M) 1] A ds) Pldz)

~

= exp(/\/R[F(ug(t —s)) — 1 v(ds)),

where ﬁ(u) = E(e™?) is the characteristic function of # and Fourier transform of F. This formula is
also well-known using the series representation (1) [23, 15, 28]. More generally, the finite dimensional
distributions of the process X are characterized by

k k
(4) E | exp iZqu(tj) :exp(/\/[ﬁ Zujg(tj —s) | —1]v(ds)),
j=1 B\u=t

for any k > 1 and (t1,...,tx), (u1,...,u;) € R¥. Note that when 3 = 1 almost surely, we have F' = §;
(the Dirac mass at point 1) and F(u) = e'*.

k k
Stationary case: when v(ds) = ds, it is clear that E (exp (z YouiX(to + t5) =E|exp|i)] qu(tj)> ) ,
Jj=1 Jj=1
for any ty € R, by translation invariance of the Lebesgue measure, which means that X is a strictly

stationary process.

Moments. Since g € L'(R) and 8 € L!(Q2), X is an integrable process with
(5) EX(t) = / 2g(t — )\ (ds)F(dz) = NE(B) / ot — ) v(ds).
RxR R

If moreover g € L*(R) and 3 € L%(Q), then X defines a second order process with covariance function
given by

vt,t' € R, Cov(X(t),X(t)) :/R Rzzg(t—s)g(t/—s)Ay(ds)F(dz) = \E(5?) /Rg(t—s)g(t’—s)y(ds).
x
In particular, for all ¢t € R,
Var(X(0) = XB(5) [ (e = 5)* v(ds),
Stationary case: when v(ds) = ds, for t,t' € R, Cov(X(t), X (t')) = S(t — '), with

(6) S(t) = g+ 3(t) = AE(5?) /R g(t — s)g(—s)ds, vt € R,

where §(t) = g(—t). In particular, according to Fourier inverse theorem, the strictly stationary

second order process X admits %52)@2 for spectral density (see [11] p.522 for definition).
More generally, when for n > 2, g € L*(R) N ... N L*(R) and E(|8|") < +o0, according to [5], the
n — th moment of X () exists and is given by

™) = T1,...,Tn - k — s)*u(ds Tk,
) EXO = Y K 11 (AE(ﬂ) [ ot - 9uia >)

(T‘l,...,’l‘n)el(n)

where I(n) = {(rl, coyrn) ENY S kg = n} and Ky (ry,...,mm) = (1!)?1(2!)?2..7.1(!71!)%1!...7«”!' Note
k=1

also that in this case the n-th order cumulant of X () is finite and equals to

o=~ T 10g () (1)) o = AE(B") / g(t — 5)"v(ds).

1" du™ R
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Infinite divisibility property. The process X is infinitely divisible. Actually let us choose
(X)(\j/)n)lgjgn i.i.d. shot noise processes with intensity (A/n)vr(ds) for n > 1. Let us denote X a shot
noise process with intensity Av(ds). From (4), it is clear that

X, 2 x ()

(n)
X

A/n?

e el e e . dd .
which proves the infinite divisibility according to [18] p.243. Here, as usual, fa stands for the equality
in finite dimensional distributions.

Stationary case: when v(ds) = ds and g € L'(R) N L?(R) and B € L?(Q), the strictly stationary
process X is mixing and thus ergodic. Actually, this comes from the fact that the codifference

7(t) = log B(/XO=X 1)) 100 B (X (0 _1og B(e— X 1)) = / (ei'zg(*s) - 1) (e*w(t*) - 1) dsF(dz)
RxR

satisfies

()] < EB)]gl * [31(t) oo

which gives the result according to Proposition 4 and Remark 5 of [26].

2.2. Simulation procedure in the stationary case. We assume in this section that v is the
Lebesgue measure on R such that X is stationary. In some examples, the kernel function g of the
shot noise process (1) will not have a bounded support. For instance this will be the case of a
Gaussian kernel. In order to get a sample of t — X (¢) for t € [—1, 1], using a software like MatLab
for instance, we need to truncate the sum in (1). Let 7" > 1, we write

Xt =Y Biglt—7) = Y Biglt—7)+ > Biglt—m)

T ER |7:|<T || >T
(8) = XT(t) + RT(t)v
such that lim Xp(t) = X(¢) almost surely. Actually, when g is continuous and satisfies

T—+oco

/ sup |g(t — s)|ds < o0
R te[—1,1]

almost surely the convergence holds uniformly in t € [—1,1].

Now, let us remark that Xp(+) [ Jrwg 29(- — $)Nr(ds, dz), where N7 is a Poisson random measure
of intensity given by Avr(ds)F(dz), with vr(ds) = Ij_77)(s)ds a finite measure. Therefore,

T )
Xr() N pig(- - U,
=1

where 7 is a Poisson random variable of intensity Avp(R) = 2AT, {f;} are i.i.d. with common law F',
0

{Uj(f)} are i.i.d. with uniform law on [—7,T]. Here and in the sequel the convention is that Z = 0.
i=1

The simulation algorithm to synthesize a sample of ¢ — Xp(t) on [—1, 1] is then the following:

1. Choose T > 1,

Let n be sampled from the Poisson distribution of parameter 2AT,

Let U}l), e ,U}") be n points sampled independently and uniformly on [—T, 7],

Let 341, -- , 8, be n independent samples of [,

n

ANl O

Finally for ¢ € [-1, 1] compute Zﬁig(t _ U:(Fi)).

i=1
Now, what is a “good” choice for T'? Ideally T should be as large as possible. If it is taken too
small, it will clearly create a “bias” on the distribution and on the stationarity of the sample, since
X7 is obviously not stationary.
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Example: when g = g, is a Gaussian kernel of width o, we can compute the “bias” on X (1): it is
given by

—T+1 +o0
go(1 —s)ds = )\E(ﬁ)(/ go(s)ds + / 9o (s)ds).

—0o0 T+1

ERr(1) = \E() |
|s|>T
In this example, we see that taking T = 1 will create a large “bias” since the first of the two above
integral will be equal to 0.5. In order to make both integrals negligible, one has to take T'— 1 large
compared to o - say for instance T'— 1 = 100, as illustrated in Figure 1.

45 T T T T T T T T T 45

40

351

30

L L L L L L L L L L L L L L L L L L
-1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1 -1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1

FIGURE 1. Importance of the choice of the interval on which the Poisson points are
sampled. Samples of a shot noise process on the interval [—1,1] when: g, is the
Gaussian kernel of width o = 0.05, A = 20 and 8 = 1. On the left: T'=1 and clearly
there are some boundary effects. On the right, the simulation is obtained when taking
T =15=1+4 100. The boundary effects are no more noticeable.

2.3. Regularity. In this section, we focus on the sample path regularity of the shot noise process
X given by (1). The process inherits regularity from the chosen kernel function as soon as sufficient
integrability assumptions hold. We deal with two notions of regularity: a mean square one, which is
valid for second order process and needs L? assumptions and an almost sure one, which holds under
uniform L! assumptions. We refer to [25] who studies convergence of generalized shot noise series in
general Banach spaces.

Proposition 1. Let 3 € L*(Q) and g € L'(R) N L*(R). Assume that g € C*(R) with ¢’ € L*(R) N
L3(R) N L>®(R). Then the shot noise process X given by (1) admits a mean square derivative.

Proof. Let us consider S(t,t') = Cov (X (t), X(t')) = AE(8?) [z g(t — s)g(t' — s)v(ds), the covariance

function of the process X. According to Theorem 2.2.2 of [1] it is sufficient to remark that assumptions
on g ensure that % exists and is finite at point (¢,t) € R? with

0%S

9 =2

©) otot’

Therefore for all ¢ € R the limit

ww=AM@{é¢a—gyﬁ—@ww»

X'(1) = }L%X(H h})L ~X(t)

i

exists in L?(€2) and the covariance function of the second-order process (X'(t)),cp is given by (¢,t') —
AE(3?) fR gt —s)g (' — s)v(ds). ]

This result only gives second order properties of the derivative and one can not deduce the law of
X'. However, under uniform L' assumptions, we can differentiate X under the sum as stated in the
next proposition.
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Proposition 2. Let 3 € L'(Q). Let g € CL(R) N LY(R). Assume that there exists € > 0 such that

/ sup |g'(t — s)|ds < +o0,
R |t|<e

then almost surely the series X (- Zﬁlg T;) converges uniformly on any compact set of R.

Moreover X is almost surely contmuously differentiable on R with

Z Big (t — i), Vt € R.
Proof. Let A > 0 and remark that for any s € R and [t| < A
l9(t = 5)| =

t A
/ §(u— s)du+ g(—s)| < / 19/(s — w)ldu + |g(~3)],
0 —A

such that by Fubini’s theorem and Assumption 1

/R sup |g(t — s)|v(ds) < 2A/R lg'(s)|ds + /R lg(s)|ds < +o0.

te[—A,A]

Therefore, since 8 € L'(Q), the series Z Bi sup |g(t — 7;)| converges almost surely which means
; te[—A,A]

that B;g(- — 7;) converges uniformly on [—A, A] almost surely. This implies that the sample
g g y Y

i
paths of X are almost surely continuous on R. Similarly, for all {5 € R, almost surely the series
Z Big' (- — ;) converges uniformly on [tg — €, tg + €] and therefore X is continuously differentiable
i
on [ty — €,to + €] with X'( Z Big'(t — 7;) for all ¢ € [ty — €,tp + €]. This concludes the proof

%

using the fact that R = Uy ecqlto — €, to + €. O

Sufficient conditions to ensure both kinds of regularity are given in the following corollary.

Corollary 1. Let f € 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

Zﬁzg ), Vt € R.

Proof. Tt is sufficient to check assumptions of Propositions 1 and 2. Note that g,¢' € L'(R) imply
that g € L®(R) N LY(R) C L*(R). Similarly we also have ¢’ € L*(R) N L>(R). Moreover since
g,g" € L'(R), for any € > 0
/ sup |¢'(t — s)|ds < +o0.
R |t|<e

0

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) = \/LQ—Wexp(—tz/Z) and X given by
(1). Then, the process X is almost surely and mean square smooth on R. Moreover, for any n € N,

vie R, XM (1) Zﬁzgl (t—m)= Zﬁz Hy(t—m)g1(t — 1),

where H,, is the Hermite polynomial of order n.
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3. EXISTENCE OF A PROBABILITY DENSITY FOR SHOT NOISE SERIES

We focus in this section on the question of the existence of a probability density for a shot noise
series. This question arises naturally when studying regularity in variation of the law [6] or level sets
[19] of shot noise series. In particular the crossing theory for processes usually assumes the existence
of a bounded density for the random vector (X (t), X'(¢)) for t € R. For sake of generality we consider
here a R%valued shot noise process given on R by

(10) Y(t) = Z Bih(t — 1),

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 exists- with d = 2 and

h=(g,9).

The question of the existence of a probability density for the random vector Y () for some ¢t € R
can be addressed from different points of view. One can exploit formula (10), where Y is written
as a sum of random variables. It allows for instance to establish an integral equation to compute or
approximate the density in some examples [22, 21, 15]. We adopt this point of view in the first part
of this section to derive a sufficient condition for the existence of a density for Y. However it does
not imply any continuity or boundedness of the distribution. Therefore, in the second part we deal
with integrability property for the characteristic function, which implies both existence, continuity
and boundedness of the density.

3.1. Sufficient condition for the existence of a density in the stationary case. In the
following we assume that v is the Lebesgue measure. Then, the R%-valued process Y given by (10)
is stationary such that it is sufficient to study the law of the random vector Y (0). We introduce a
truncated process in a similar way as in Section 2.2. We will use the same notations: let 7' > 0 and

write Y(0) = Y7(0) + Ry (0) with Y7(0) = Z Bih(—7;) independent from Ry (0). Note that, as
{&|mI<T}
in the one dimensional case

YT )
Yr(0) £ 3 g,
=1

where ~y7 is a Poisson random variable of parameter Avp(R) = 2T, {§;} are i.i.d. with common law

F, {U¥ )} are i.i.d. with uniform law on [T, T]. Here 2 Stands for the equality in law and we recall

0
the convention that Z =0.
i=1

Proposition 3. If there exists m > 1 such that for any T > 0 large enough, conditionally on
{yr = m}, the random variable Y7(0) admits a density, then Y (0) admits a density.

Proof. Let T > 0 sufficiently large. First, let us remark that conditionally on {yr = m}, Yr(0) =
m

Zﬁih(U;z)). Next, note that if a random vector V in R¢ admits a density fir then, for Ur with
i=1

uniform law on [-T,T] and 8 with law F, independent of V, the random vector W =V + h(Ur)
admits w € R? — & [o fTT fv(w — zh(t))dtF(dz) for density. Therefore, by induction the assump-
n

tion implies that Z ﬁih(U:(Fi )) has a density, for any n > m. Then, we follow the same lines as [3],
i=1

proof of Proposition A.2. Let A C R? be a Borel set with Lebesgue measure 0, since Y7(0) and Rz (0)

are independent

PY(0) € 4) = P(Y7(0) + Fr(0) € 4) = | P(Vr(0) € A y)ur(dy).
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with p7 the law of Rr(0). But for any y € RY,

P(Yr(0) e A—y) = P (i Bih(UY) € A — y>
400 - T )
= Y P (Zﬁz’h(Uq@) €A—ylyr= n) P(yr =n)
n=0 i=1

m—1 n
- P (Z ﬂih(U}")) €A— y) P(yr =n),

n
since A —y has Lebesgue measure 0 and Z ﬁz-(h(U}Z ))) has a density for any n > m. Hence, for any
i=1
T > 0 large enough,
P(Y(0) € A) <P(yr <m—1).

Letting T'— +o0o we conclude that P(Y (0) € A) = 0 such that Y (0) admits a density. O

Let us remark that, under the assumptions of Proposition 3, considering Y7(0) instead of Y (0) or
equivalently vr(ds) = Ij_p1)(s)ds instead of the Lebesgue measure, we would obtain that condition-
ally to {yr > m} the random variable Y7(0) admits a density. Let us emphasize that Y7 (0) does not
admit a density since P(Y7(0) = 0) > P(yr = 0) > 0.

Let us mention that Breton [6] gives a similar assumption for real-valued shot noise series in
Proposition 2.1. In particular his Corollary 2.1. can be adapted in our multivalued setting.

Corollary 2. Let h : R — R? be an integrable function and =1 a.s. Let us define hq : R — R? by
ha(x) = h(x1) + ...+ h(xq), for x = (21,...,74) € RL If the hy image measure of the d-dimensional
Lebesgue measure is absolutely continuous with respect to the d-dimensional Lebesgue measure then
the random vector Y (0), given by (10), admits a density.

Proof. Let A C R? a Borel set with Lebesgue measure 0 then assumptions ensure that fIRd L, (z)cade =
0. Therefore, for any 7" > 0, using notations of Proposition 3,

d
(i) 1 )
P <; h(Uz") € A) = oy /{_md T, oyeade = 0.

d
Hence Z h(U¥ ) ) admits a density and Proposition 3 gives the conclusion. O
i=1

Example (Gaussian kernel): let g(t) = é xp(—t2/2), 3 =1 a.s. and X given by (1). Let us

e
consider h = (g,¢’) and hs : (z1,72) € R? +— h(x1) + h(x2). The Jacobian of hy is

T(ha)(e1,2) = o Plan,a2) exp(—(af + 23)/2)

with P(x1,x9) = (1 + x129)(x1 — x2). Hence, the hy image measure of the 2-dimensional Lebesgue
measure is absolutely continuous with respect to the 2-dimensional Lebesgue measure. Then, for
any t € R, 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 (t).

Most of results known on crossing theory for stationary processes (see for instance [2]) are based
on the assumptions that for any ¢t € R, the random vector (X (), X'(¢)) admits a continuous bounded
density. One way to get this assumption true is to check the integrability of the characteristic function
of this vector.
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3.2. Is the characteristic function integrable ? Existence and boundedness of a density.
Let d > 1 and consider a d-dimensional shot noise process Y (t) defined by Equation (10) with a
kernel function h and impulse § = 1 a.s. When ¢ € R is fixed the characteristic function of Y (¢)
is defined by vy (u) = E(exp(iu - Y (t))), for u € R% Let us remark that u Y is a 1d shot noise
process with kernel u - h such that we get 1y (;)(u) = exp(A fR(ei“’h(s) —1)v(ds)). Now, let us assume
that

/ exp(—)\/(l —cos(u - h(s)))v(ds))du < +o0.
R4 R

This implies that 1y (; belongs to L'(R%) and thanks to Fourier inversion theorem, Y'(t) has a
bounded continuous density (see for instance [13] p.482).

Examples: for d =1 and v(ds) = ds. We consider X the stationary shot noise process given by (1)
and denote by 1 the characteristic function of X (¢), ¢t € R, which does not depend on ¢.
e Power-law shot noise: if there exists A > 0 and o > 1/2 such that g(t) = 1/t for t > A, then
|1| is integrable. Actually, for any u # 0,

+oo
log |y(u)] < —)\/A (1 —cos(us™@))ds

_ L /e [ulA™ 1 — cost

Since the last integral has a finite positive limit as u goes to infinity, and since exp(—|u|'/®)
is integrable, this shows that || is integrable. Note that when g is causal i.e. g(t) = 0 for
t < 0, one can define the shot noise process for A = 0 and « > 1. In this case, X (¢) is a Levy
stable random variable with stability index 1/« as proved in [21].

e Exponential kernel: if g(t) = e "Iy, then [¢)] is integrable iff A > 1. Actually, for |u| > 1,

teo lul' 1 — cos
log [¢(u)| = —)\/0 (1 — cos(ue™®))ds = —)\/O %(t) dt

11 Jul
_ A</ L) gy g - [0 1)
0 t 1 t

Since the last term in this sum has a finite limit as |u| goes to 400, it proves that ¥ (u) is
integrable iff 1/|u|* is, that is iff A > 1.

e Compactly supported kernel: if g has compact support, then |¢| is not integrable. Moreover
X(t) does not admit a density. Actually, there exists A > 0 such that g(s) = 0 for |s| > A.
Then [p(1 — cos(ug(s)))ds < 2A, and thus [¢)(u)| > exp(—2A\), which shows that it can
not be integrable. Another way to see that || is not integrable in this case is to look at the
probability of {X(¢t) = 0}. Indeed, X (¢) is 0 as soon as there are no point of the Poisson
process in the interval [—A, A], and such an event has a strictly positive probability. Thus
P(X(t) = 0) > 0, which proves that X (¢) doesn’t have a density, and consequently, || is not
integrable.

It seems that the general picture is this: if g has “heavy tails”, then [¢| is integrable, whereas
when g(s) goes to 0 faster than exp(—|s|), then [¢| is not integrable. A hint to understand this is
the following idea: when g goes fast to 0, then P(| X (¢)| < ¢) is “large” compared to ¢, and thus the
density of X (t), when it exists, is not bounded in a neighborhood of 0. And in particular, it implies
that |¢| is not integrable. All these statements are formalized in the following proposition.

Proposition 4. Let X be a stationary 1d shot noise process defined by (1) with kernel function g
and v(ds) = ds. Assume for sake of simplicity that 3 =1 almost surely. Then:
(1) If g is such that there exist o > 1 and A > 0 such that ¥|s| > A, |g(s)| < e 5, then Jeo > 0
such that Y0 < g < eq:

P(|X(t)| < &) > e~ 2= where T, is defined by T. = (—loge)*/?.

N | =
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(2) If g is such that there exists A > 0 such that V|s| > A, |g(s)| < e l*| and if X < 1/4 then
deg > 0 such that V0 < € < gp:

P(|X(t)| <e)> (1 - ﬁ) 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, = (—loge)'/®. Assume that ¢ is small enough
to have T, > A. We have by definition X (¢) 4 X(0) 4 Zg(n). If we denote X7.(0) = Z 9(Ti)
7 |73 | <Te
and Rr. (0) = Z g(7i), then X7 (0) and Rz (0) are independent and X (0) = X7.(0) + Rz, (0).
|Ti|>T5
We also have: P(|X(0)| <¢) > P(|X7.(0)] = 0 and |R7.(0)] < ¢) = P(|X7.(0)| = 0) x P(|R7.(0)| <
g). Now on the one hand we have: P(|X7.(0)] = 0) > P( there are no 7; in [~T:,T:]) = e 2 =,
On the other hand, the first moments of the random variable Ry, (0) are given by: E(R7 (0)) =
A s |>T g(s)ds and Var(Rr.(0)) = A f Is|> T g%(s) ds. Now, we use the following inequality on the tail

of [e™5":
+o0 +oo
VT >0, e T :/ as® e ds > aTa_l/ e % ds.
T T

Thus, we obtain bounds for the tail of [ g and of [ g2

+oo o e*TO‘ +oo o2 e*ZTO‘
—s —s
/ (& ds S Ta—l and / (6 ) ds S W

T @ T
Back to the moments of Ry (0), since T, = (—loge)'/® we have:
2)\e Ae?
E(R7.(0))] £ —— and Var(R
(R (0)] < ey and Var(Rr,(0) < —<.

We can take ¢ small enough in such a way that we can assume that |E(Rr.(0))| < . Then, using
Chebyshev’s inequality, we have

P(R1.(0)] <€) = P(—e—-E(Rr.(0)) < Rr.(0) — E(R7.(0)) < e - E(R7.(0)))
> 1 =P(|R7.(0) — E(R.(0))] = € — [E(R7.(0))])
Var(Rr.(0)) . A
(€= [E(Rr.(0)))* = aT27H(1 =20 aTe™h)?
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— /(1 —2))2, which is > 0 when X\ < 1/4. O

v

Example (Gaussian kernel): Let g(t) = \/%exp(—tQ/Z), v(ds) = ds, f =1 a.s. and X given
by (1). Then, for any ¢ € R, the random variable X (¢) admits a density that is not bounded in a

neighborhood of 0.

Such a feature is particularly bothersome when considering crossings of these processes since most
of known results are based on the existence of bounded density for each marginal of the process.
However such a behavior is extremely linked to the number of points of the Poisson process {7;} that
are thrown in the interval of study. The density -if it exists- will be more regular as this number
increases. This can be settled considering the integrability of the characteristic function conditionally
on a certain number of points in the interval. Then, the main tool is the classical stationary phase
estimate for oscillatory integrals (see [29] for example). We will moreover need such results in the
framework of two variables (u,v), when studying crossing functions.
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Proposition 5 (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 = n}iri] V' (5)2 4+ ¢"(s)2 > 0. Let us also assume that ng = #{s € [a,b] s. t. ¢"(s) = 0} < +o0.
se|a,
< 8v2(2n0 + 1)

Then
b
/ e(8) s
a N vmlul

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) =

©1(s)  @y(s) o : 1-1 : .-

i 7 is invertible. Denote m = min | ®(s)™" ||7"> 0, where || - || is the matricial
¢1(s) #5(s) s€la,b]

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

e1(s)  ¢5(s) >
a,b] s.t. det(®'(s)) =0} < ng, where ®'(s :< . Then
[a, b] (@'(s)) } 0 (s) ()0&3)(8) (3)(3)
/b eiup1(s)+ivea(s) 7o ‘ 8v/2(2no + 3)
a mvVa2 + v

1
Vu € R s.t. |u| > —,
m

1
V(u,v) € R? s.t. Vu2 402> —,
m

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,a;] C {s € [a,b]; |¢"(s)| > m/2},
according to Proposition 2 p.332 of [29]

/ai eup(s) dg| =
a;—1

V2

mlu|

<3

?

/ T iulm/2)(2e(s)/m) g
ai—1

/ " e(8) g
a;_1

i—

otherwise,
6

<
— mlul

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,rsinf).
For 6 € [0,27), let ¢y be the function defined on [a,b] by ¢g(s) = pi1(s)cosf + pa(s)sinf. Then
< 7y (s) > = ®(s) < cos ) and thus 1 =|| ®(s)~} < #y(s) ) ||. This implies that for all s € [a, ]

i) )~ 2 o ) - gh(s) ) I This m b
Veh(s)2+¢h(s)?2 > 1/ || ®(s)~! |> 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) — &' (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

Proposition 6. Let X be a stationary 1d shot noise process defined by (1) with kernel function
g € LY(R) and v(ds) = ds. Assume for sake of simplicity that 3 = 1 almost surely. Let T > 0 and
yr = #{i;7i € [-T,T]}. Let a < b and assume that g is a function of class C* on [T + a,T + b]
such that

m=  min g(5)2+9"(s)2>0and ng =#{s € [-T +a,T+b] s. t. g"(s) =0} < +o0.
s€[—T+a,T+b]

Then, conditionally on {yr > ko} with ko > 3, for allt € [a,b], the law of X (t) admits a continuous
bounded density.
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Proof. Actually, we will prove that conditionally on {v7 > ko}, the law of the truncated process

Xr(t) = Z g(t — 7;) admits a continuous bounded density for ¢ € [a,b]. The result will follow,
Iri|l<T

using the fact that X (t) = Xr(¢t) + Rr(t), with Rp(t) independent from Xr(t), as given by (8).

Therefore let us denote 1 k, the characteristic function of Xp(¢) conditionally on {yr > ko}. Then,

for all u € R, we get

1 .
T _ wXr(t) _ _
u) = —— E E (T =k|P =k
T k k
_ 1 § < 1 / eiug(tfs) dS) 672)\T (2AT)
IP’(’yT > ko) k>ko 2T _T k!

Therefore,
ko

T+t
/ ezug(s) ds
—T+t

| g, (u)| < (2T) 7"

Hence, using Proposition 5 on [T +¢,T +t] C [T + a,T + b], one can find C a positive constant
that depends on T, ko, A\, m and ng such that for any |u| > 1/m

[0y ()] < Cluf /2.

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

4. CROSSINGS

The goal of this section is to investigate crossings for smooth shot noise processes. This is a very
different situation from the one studied in [22, 4, 17] 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). Then, most of known results are based on assumptions on
density probabilities, which are not well-adapted in our setting, as seen in the previous section. In
the next subsection, we revisit these results with a more adapted point of view based on characteristic
functions.

4.1. General formula. When X is an almost surely continuously differentiable process on R, we
can consider its multiplicity function on an interval [a, b] defined by

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

This defines a positive random process taking integer values. Let briefly recall some points of “vo-
cabulary”. For a given level a € R, a point ¢ € [a, b] such that X (¢) = « is called “crossing” of the
level a. Then Nx (e, [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 are points
for which X (¢) = @ and X'(¢) > 0, the down-crossings are points for which X (¢) = a and X'(t) < 0
and the tangencies are points for which X (¢) = o and X'(¢) = 0. The following proposition gives a
simple criterion which ensures that the number of tangencies is 0 almost surely.

Proposition 7. 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 Cop > 0 such that

vt € [a, b], ‘IE (emX“))‘ < Cop(u).

Then,
Va € R, P (3t € [a,b], X (t) =« and X'(t) = 0) = 0.
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Proof. Let M > 0 and let denote Aj; the event corresponding to

max | X'(t)| < M and max |X"(t)] < M
t€a,b] t€la,b]

such that

P (3t € [a,b], X (t) = a, X'(t) = 0) = Mlirfﬁoop (3t € [a,b], X(t) = a, X'(t) =0, Ap) .

Note that on Ay, for ¢, s € [a, b], we have by the mean value theorem
IX(t) — X(s)] < Mt — s| and [X'(t) — X'(s)| < Mt — .
Let us assume that there exists ¢ € [a,b] such that X (¢t) = o and X'(t) = 0. Then for any n € N
there exists k,, € [2"a,2"b] N Z such that [t — 27"k, | < 27" with, by Taylor formula,
|X(27"k,) —a| <272"M and |X'(27"k,)| < 27" M.
Therefore, let us denote

B, = U {1X (2 "k,) — | <272"M and |X'(27"k,)| <27"M}.
kn€[27a,27b]NZ

Since (B, N Anr),cy is a decreasing sequence we get

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

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

P (|X(27"ky) — af < 272" M, |X"(27"k)| < 27"M) < cqp2 2" M.
Hence
P(B,NAy) <(b—a+ 1)Ca,b2_nM,
which yields the result. O

In particular, assumptions of Proposition 7 allow us to use Kac’s counting formula (see Lemma
3.1 [2]), which we recall in the following proposition.

Proposition 8 (Kac’s counting formula). Let a,b € R with a < b. Let X be a real valued random
process defined on R almost surely continuously differentiable on [a,b]. Let o € R. Assume that

(12) P(3t € [a,b] s.t. X(t)=a and X'(t) =0) =0 and P(X(a) =a)=P(X(b) =a)=0.

Then, almost surely

1 b
N b)) =lim — [ Tx()_al<s) X (t)|dL.
wlen ) = Jim 5 [ T ag<sl X'0)

To study crossings, one can also use the co-area formula which is valid in the framework of bounded
variations functions (see for instance [12]), but we won’t need here such a general framework. When
X is an almost surely continuously differentiable process on [a, b], for any bounded and continuous
function h on R, we have:

b
(13) / h(X (4)| X ()| dt = /R h(a)Nx(a,[a,b]) da 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].

Let us also recall that when there are no tangencies of X’ for the zero-level, then the number
of local extrema for X is given by Nx/(0, [a,b]), which corresponds to the sum of the number of
local minima (up zero-crossings of X’) and of local maxima (down zero-crossings of X’). Moreover,
according to Rolle’s theorem, whatever the level av is, Nx (o, [a,b]) < Nx/(0,[a,b]) + 1 a.s.

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

(14) Cx(a,[a,b]) = E(Nx(a,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 a. When moreover X is a stationary process, by the additivity of means, we get Cx(«,[a,b]) =

(b—a)Cx(a,]0,1]) for a € R. In this case Cx(«, [0, 1]) corresponds to the mean number of crossings

of the level o per unit length. Let us also recall that when X is a strictly stationary ergodic process,

the ergodic theorem states that (27) ' Nx (a, [-T,T)) T Cx(a,]0,1]) a.s. (see [9] for instance).
— 100

A straightforward result can be derived from the co-area formula (13).

Proposition 9. Let a,b € R with a < b. Let X be an almost surely and mean square continu-
ously differentiable process on [a,b]. Then a — Cx(a,|a,b]) € L'(R). Moreover, for any bounded
continuous function h:

b
(15) / E(h(X (£)|X'(8)])dt = /R h(@)Cx (@, [a, B]) da.

Proof. Taking the expected values in (13) for A = 1 on the interval [a, b] we get by Fubini’s theorem
that

b
/E(|X’(t)|)dt:/RCX(a, [a,b]) da.

Since ¢t — E(]X’(t)|) is continuous on [a, b] by mean square continuity of X', the total variation of X
on [a, b] has finite expectation, which concludes the proof. O

Let us emphasize that this result implies in particular that Cx(«, [a,b]) < +oo for almost every
level a € R but one cannot conclude for a fixed given level.

One should expect to have a similar formula for C'x than the Kac’s formula obtain for Nx.
However, when X is a process satisfying the assumptions of Proposition 8, Kac’s formula only gives
an upper bound on Cx(«, [a,b]), according to Fatou’s Lemma:

.1t
Cx(a,[a,b]) < 11?1_351f%/ E (L x(1)—a|<s X' (t)]) dt.

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 crossing 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 6 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 10 (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 < mn. Assume that there exist constants C; and probability measures
dp; on R such that if dPx ) denotes the probability measure of X;(t), then

Vit € [a, b], dPXj(t) < de/,l,j, for1<j<n.

Let X be the process obtained by X = ZX]- and assume that X satisfies (12) for a € R. Then

Jj=1
(16) Cx(a,[a,0) <> (]G (Cx;(0,[a,b]) +1).
j=1 \i#j

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

CX(av [CL, b]) < Z CX]’ (07 [CL, b])
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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
(17) %/ L (1) —aj<sl f'(t)| dt < Ny(0,[a,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/(¢) =0 in [a,b]. On each interval [a, a1], [a1,a2], ...,
[an,b], f is monotonic and thus f;:“ ¢ (t)—z|<sl f'(t)] dt < 20. Summing up these integrals, we have
the announced result.

For the process X, since it satisfies the conditions of Kac’s formula (12), by Proposition 8 and
Fatou’s Lemma,

Cx(afo,h) < liminf / (T (o) s X (1)) dt

Now, for each § > 0, we have E(T x a‘<5|X ZE (Lx, () 44X (1) a|<5|X (t)]). Then,

7=1
thanks to the independence of X7, ..., X, and to the bound on the laws of X;(t), we get:

b
/ (T (05 (6 a5 XL ()]

- / E(Tx, (t)4aat..an—al<s| X1 (O] | Xo(t) = 22,. .., Xp(t) = 2n) dPxy) (22) . . . dPx, ) (xn) dt
< H /Rn ) / (LX) +wa+-.tan—al <6 X1 (1)) dt dpa(x2) . . . dpin (zn).
Now, ) holds almost surely for X, taking expectation we get

1
2—5/ E(Lx, (1) +ast..tan—al<s| X1 (D)]) dt < Cx7(0,[a,b]) + 1

Using the fact the dpu; are probability measures we get

25 | Bt st ¥ioba < (116 ) @500+,
=2

We obtain similar bounds for the other terms. Since this holds for all 6 > 0, we have the bound (16)
on the expected number of crossings of the level o by the process X.
When the X; are stationary, things become simpler: we can take C'; = 1 for any

1 <7 <n,and also
by stationarity we have that for all p > 1 integer: Cx(«, [a,b+p(b—a)]) = (p+1)C X

(a, [a, b]). Now
using (16) for all p, then dividing by (p+ 1), we have that for all p: Cx(«, [a,b]) < Z C’X/

%. Finally, letting p goes to infinity, we have the result. O
p

As previously seen, taking the expectation in Kac’s formula only allows us to get an upper bound
for C'x. However, under stronger assumptions, one can justify the interversion of the limit and the
expectation. This is known as Rice’s formula. We recall it here under original assumptions on the
characteristic functions of the process, which are more tractable than densities, in the setting of shot
noise processes.

Proposition 11 (Rice’s Formula). Let a,b € R with a < b. Let X be a real valued random process
almost surely continuously differentiable on [a,b]. Let us denote 1., respectively o := 1y, the
characteristic function of (X(t),(X(t + ) — X(t))/e), respectively (X (t), X'(t)), for t € [a,b] and
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e > 0. Assume that for all t € [a,b] and e sufficiently small, and for all 0 < k < 3, the partial
derivatives %me(u,v) exist and satisfy

ak
’W%,e(ua v)

<O+ Vu?+02)7

forl> 2 and C a positive constant. Then, the crossings mean number function o — Cx(«, [a,b]) is
continuous on R and given by

b
(19) Cx (o, [a,b])—/ /R]z\pt(a,z)dzdt<—|—oo,

(18)

where pe(a, z) = 12@Zt(a, z) 1is the joint distribution density of (X (t), X'(t)).

4n?
Proof. Tt is enough to check assumptions i)-iii) of Theorem 2 of [19] p.262. Assumptions for k = 0
ensure that ¢, . € L'(R?), respectively ¢y € L'(R?), such that (X (t), (X (t+e)—X (t))/e), respectively

(X (), X'(t)), admits p; . = ﬁ@/b;, respectively p; = ﬁ&t, as density.
i) pte(x,2z) 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,
Yre(u,v) — YPi(u,v) as € — 0. Then by Lebesgue’s dominated convergence theorem p;.(z,2) —
pi(x, z) as € — 0, uniformly in (¢, z) for each z € R.
ii1) For any z # 0, integrating by parts we get
_ i —ixU—12V 83 dud

Pre(,2) = 5 /1&26 58 Ve (u; v)dudv,
such that pyc(z,z) < Ch(z) for all t,e,z with h(z) = (1+ |2|*)~! satisfying [, |2|h(2)dz < 400 and
C' a positive constant. O

Let us mention that Rice’s formula (19) can be obtained under weaker assumption when considering
X strictly stationary and mean square differentiable on [a, b]. Actually, according to Theorem 2 iii)
of [14], if P(X'(0) = 0) = 0 then the law of X (0) has a density denoted by fx(o)(x)dz, and Rice’s
formula (19) holds for fx(g)(z)dr-almost every a € R. If the joint distribution density does not exist
the integral on R is replaced by fx (o) ()E (|X'(0)|| X(0) = a).

However, let us emphasize that Proposition 11 states also that the crossings mean number function
a — Cx(a,[a,b]), which was already known to be integrable, is also continuous on R.

We have not been able to obtain this property by a different way with weaker assumptions. We
use it to state the next theorem concerning shot noise processes.

Theorem 1. Let X be a stationary 1d shot noise process defined by (1) with kernel function g
and v(ds) = ds. Assume for sake of simplicity that 3 = 1 almost surely. Let us assume that g
is a function of class C* on R with g,g',¢" € L*(R). Let T > 0, a < b, and assume that for all

, g(s) g"(s) ) / < g"(s)  g¥(s) )
s € |[=T + a,T + b], the matrices P(s) = and ®'(s) = are
[ ] ( ) ( g"(s) 9(3)(5) ( ) 9(3)(8) 9(4)(8)
invertible. Let yp = #{i;m; € [=T,T]}. Then, conditionally on {yp > ko} with kg > 8, the crossings
mean number function o — E (Nx(«, [a,b])|yr > ko) is continuous on R.

Proof. Let t € [a,b]. We write X (t) = X7(t)+ Rr(t) as given by (8). Let us write for € small enough

wt,&,ko = ¢3:5,k0 Eg
with 9 . 1, , respectively w;‘;’ko, the characteristic function of (X (¢), (X (t+¢)—X(¢))/e), respectively
(X7 (t), (Xr(t+¢) — Xp(t))/e), conditionally on {yr > ko}. Note that, Ry is independent from ~p
such that @ZJEET is just the characteristic function of (Rp(t), (Rr(t + €) — Rr(t))/e). According to
Rice’s formula the result will follow from (18). By Leibnitz formula, for 0 < k£ < 3, one has

" AN o g
(20) W%s,ko (u,v) = Z ( ; ) jwt,s,ko(ua U)ang (u,v).

=0
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k—l1
’

< 3 ot forguls) = - [ /(s 4 ol

|Ti‘>T

Let us remark that since ¢’,¢"” € L*(R) one has g,¢' € L®(R). Then for any € > 0, g- € L>®°(R) N
LY(R) with [|gclloo < 119]loo and [|lgell1 < [|¢']l1- Then using (7), one can find ¢ > 0 such that for all
0 <k <3, with (k— 1)y = max(0,k — 1),

o g,

(21) W te (u7v)

On the one hand

Ui (u, v)

ak—l
‘ vk

. (' Rr(t+e¢) — Ry(t)

3

with

’RT(tJre) —RT(t)’
£

< emax(L, g’ loo) "7V max(1, Allg'[l1)".

On the other hand,

P('YT > ko)wg;E’RO (u, 1)) = Z E (eiuXT(t)-i-iv(XT(t-i-E)—XT(t))/a’,YT _ k> IP)('YT _ k‘)
k>ko
= Y Xl(uw0) Py = k)
k>ko

where x7_(u,v) = (2T)~* f_T;fit e9(s)+1v9:(s) d 5 is the characteristic function of (g(t—Ur), g=(t—Ur)),
with Uz a uniform random variable on [T, T]. It follows that |x/.(u,v)| <1, so that one can find
¢ > 0 such that for all 0 < k£ < 3,

6k

P(yr > ko — k)
Wl/’ge,ko (u,v) g }Xz:z-:(uv v)

P(yr = ko)
This, together with (21) and (20), implies that one can find ¢ > 0 such that for all 0 < k& < 3,

292 - e
@) |t (o) Ll ATR)

_ ko—k
< cmax(1, ||g'||oo) #~ D+ max(1, All¢/[11) e

B ko—k
< emax(1, ||g'[|oo) #V+ max(1, Allg'||1) T

_( 9(s) gi(s) vy (98 g(s)
Moreover, let ®.(s) = < J"(s) g (s) ) and ®L(s) = ( 4 (s) gés)(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 ¢ < e, 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+b],e<eq

induced by the Euclidean one. According to Proposition 5 with ng = 0,

/ eiug(8)+ivge(8)d3’ < 24\/_2—.
T+t vVmyvu? + v?

Therefore, one can find a constant ¢, > 0 such that, for all 0 < £k < 3, ’%1#557% (u, v)‘ is less than

1
Y(u,v) € R?s. t. Vu? + 02 > - ‘xza(u,v)‘ = (27)7!

_ _ P(’}/T Z k‘o — k‘) —(k0—3)/2
27) 70+ max(1, | g [loo) *~ 1+ max(1, Alg/ 1) L= (14 V2 +02)
Cko (27) max(1, [|g'l|oc) max (1, Allg'l1) Py > o) +Vu+v :
with (ko — 3)/2 > 2 when ko > 7 so that (18) holds, which concludes the proof. O

As previously seen, the classical Rice’s formula for the mean crossings number function, when it
holds, involves the joint probability density of (X (¢), X'(¢)). Such a formula is not tractable in our
context where the existence of a density is even a question in itself. Considering the crossings mean
number as an integrable function, it is natural to consider its Fourier transform as we do in the next
section.
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4.2. Fourier transform of crossings mean number. In the following proposition we obtain a
closed formula for the Fourier transform of the crossings mean number function, which only involves
characteristic functions of the process. This can be helpful, when considering shot noise processes,
whose characteristic functions are well-known.

Proposition 12. Let a,b € R with a < b. Let X be an almost surely and mean square continuously
differentiable process on [a,b]. Then o — Cx(a,[a,b]) € LY(R) and its Fourier transform u

@(u, [a,b]) is given by

(23) Gl = [ B (5O

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

@(u, [a,b]) = ——/ /+0<> ! <awt , V) — %(u, —v)> dv dt

+oo
_ _;//0 F(wt(u,v)Jrzpt(u,—v)—2¢t(u,o)) dv dt.

Proof. According to Proposition 9 we can choose h in Equation (15) of the form h(x) = exp(iuz) for

any u real. This shows that C(u f E (e™X®)|X'(t)|) dt. Let us now identify the right-hand
term. Let p(dz,dy) denote the dlstrlbutlon of (X (t ) X '(t)). Then the joint characteristic function
Pi(u,v) of (X (t), X'(t)) is

Yi(u,v) = E (exp(iuX (t) + ivX'(t))) = /]R2 Y (dae, dy).

Since the random vector (X (¢), X'(¢)) has moment of order two, then 1); is twice continuously differ-
entiable on R?. Now, let us consider the integral

A 1 61/}15 8'¢t zuerwy y 'Lum iy
Iy = / —(— U, U )dv—/ / dz, dy) dv
A ; 5y () = o (1, S - ” pue(dz, dy)

, Ay
= —2/ / 2 Sin(vy) we(dx, dy) dv = —2/ ye““”/ sin(v) dvpy(dz, dy)
v=0 JR2 R2 v=0 U

The order of integration has been reversed thanks to Fubini’s Theorem ( |yei“xW| < 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 400, then fAy sm(v)
Ay bln(

dv goes to §sign(y), and moreover for all A, x and y,
we have |ye™® L2 Y) dy | <3y, thus by Lebesgue’s dominated convergence theorem, the limit of
—;I A exists as A goes to infinity and its value is:

_ 1 (A1 (o, oy B iuz _ wX ()] y!
lim — —/0 " <W(u,v) — W(u, —v)) dv = /R2 lyle** uy(dx, dy) = E (e | X (t)]) )

A—+o00 ™

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

It is then natural to invert the Fourier transform to get an almost everywhere expression for

Cx (o, [a, b)) itself.

Proposition 13. Let a,b € R with a < b. Let X be a real valued random process almost surely
continuously differentiable on [a,b]. Let us denote 1, the characteristic function of (X (t), X'(t)), for
t € [a,b]. Assume that for all t € [a,b], for 1 < k < 2, the partial derivatives %wt(u,v) exist and
satisfy

k
(24) ’%wt(u, V)| <C(1+ Vu?+ U2>7Z,
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for1>1 and C a positive constant. Then @(u, [a,b]) € LY(R) and for almost every a € R

1 b too p—iua /g 9
(25) Cx(a,a,b]) = _ﬁ/ /R/O ¢ ” <%(u,v) - %(u, —v)> dv du dt.

Proof. Let v € R and t € [a, b], according to Proposition 12 one has

E (emX(t)\X/(t)D _ 71 /0+Oo 1 (%(u, v) — %(u, v)> dv

s v

It is sufficient to remark that integrating by parts, for any ¢ € (0, 1),
Y10y Oty
/E ; (W(’U,, U) — W(U, —7})) dv
_ Oy Oty ! Oy &y
= —lIn(e) ( 5 (u,e) 5 (u, 5)) /(E In(v) 502 (u,v) 502 (u, —v) | dv.
Therefore, as € goes to zero, one gets
1 1 81% 8¢t ! 82% 62¢t
(26) /0 " <av(u,v) - E(u, —v)> dv = —/0 In(v) ( 502 (u,v) — 502 (u, —v)) dv.
Then, according to (24) for k = 2,
"1 (O Oy
/0 ; (E(U, U) — E(U, —’U)) dv
On the other hand, according to (24) for k =1,
O (O Oy
/1 ; <W(U,’l}) — %(u, —’U)) dv

Then Cx (u, [a,b]) € L*(R) and its inverse Fourier transform given by (25) is equal to Cx (-, [a,b])
almost everywhere. O

<201+ Jul) ™"

< CO'(1 4 [u)) 7 In(2 + |ul).

Let us emphasize that the assumptions of Proposition 13 are weaker than those of Proposition 11
but the result holds almost everywhere. Actually (25) will hold everywhere as soon as the crossings
mean number function Cx (-, [a, b]) is continuous on R, which is not implied by Proposition 13 alone.
However such a weak result can still be used in practice as explained in [27].

Remark. 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 (t) and X'(t)
we get Yy (u,v) = ¢x(u)px/(v) where ¢x, respectively ¢x/, denotes the characteristic function of
X(t), resp. X'(t) (independent of ¢ by stationarity). Then, v, satisfies the assumptions of Proposition
13. Moreover one can check that X also satisfies the assumptions of Proposition 11 such that the
crossings mean number function is continuous on R. Its Fourier transform is given by

O (o B]) =~ (u) /R 100X () o,

v Ov

By the inverse Fourier transform and continuity of Cx (-, [a, b]) we get Rice’s formula

™ mo

B 1/2
(27) Cx(a, [a, b)) = 2= ° <m—> e (O BXO)H/2mo o e R,

where mg = Var(X (¢)) and my = Var(X'(t)). Let us quote that in fact Rice’s formula holds as soon
as X is a.s. continuous (see Exercise 3.2 of [2]) in the sense that Cx(a, [a,b]) = 400 if mg = +00.
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4.3. Application: convergence of crossings mean number.

Proposition 14. Let a,b € R with a < b. Let (X,,)nen and X be almost surely and mean square
continuously differentiable processes on [a,b| such that

Cx,(u,[a,b]) — Cx(u,la,b]), Vu € R.

n—-+o0o

Then the sequence of crossings mean number functions Cx, (-, [a,b]) converges weakly to Cx (-, [a,b]),
denoted by Cx, (-, [a,b]) — Cx(-,[a,b]), which means:

Vh bounded continuous function on R, /h(a)C’Xn (e, [a,b])dae — | h(a)C(ay, [a,b]) de.

n—oo

Proof. This result simply comes from the fact that we can see o — Clx, («0)/ C/X\n(()) as a probability
density function on R, and then apply classical results which relate convergence of characteristic
functions to weak convergence. O

Using Plancherel equality, a stronger convergence can be obtained in L?(R) in the following setting.

Proposition 15. Let a,b € R with a < b. Let (X,)nen and X be almost surely and mean square
twice continuously differentiable processes on [a,b] such that

Cx. (u, [a,b]) — Cx (u,[a,b]), Vu € R.

Assume moreover that the mean total variations and the mean numbers of local extrema are uniformly
bounded: there exists M > 0 such that and

i) sup [/ B(X,(0)) < M;
ne
ii) Cx/(0,[a,b]) < M and Cx; (0, [a,b]) < M, Vn € N.

Then the sequence of crossings mean number functions Cx, (-,[a,b]) converges to Cx(-,[a,b]) in

L?(R).

Proof. Note that the condition i) implies that Cx, (-, [a, b]), respectively Cx (-, [a, b]), is bounded by
M + 1 such that Cyx, (-, [a,b]), respectively Cx (-, [a,b]), is in L}(R) N L=(R) C L*(R). Let us prove

_— 2
that (‘C x, (s [a, b])‘ is uniformly integrable. First, by Plancherel Theorem we get

neN
ICox, (- [, ) 2y = V27N Cx, (- 0 BD L2y < V27O, - [0, B2 oy 1O - s BD gy -

But, according to i),
b
1Cx (- [, Bl ey = / E(|X,(6))dt < M.

Therefore, sup||C'/X\n(-, [a,b])||L2(r) < +00. Secondly, remark that ‘C/X\n(u, [a,b])| < [|Cx,, (-, [a, b)) || L1 (w)
neN

such that for any Borel set A,

— 2
VneN,/ ‘an(u,[a,b])‘ du < M?|A|,
A

_— 2 _—
which finishes to prove that <’an(-, [a, b])‘ ) is uniformly integrable. Therefore Cx, (-, [a,b])
neN
converges to Cx(, [a,b]) in L?(R), which concludes the proof using Plancherel Theorem. O

Proposition 16. Let 3" be a sequence of random variables in L*(). Let (gn)nen be a sequence
of functions such that g, € C*(R) with gn, g, gl € L*(R). Assume that there exist 3 € L*(Q) and
g € C%(R) with g,4',¢" € L'(R) such that

(1) 97(1’6) — ¢®) in LYR) N L2(R) for k =0,1;
(2) B — 3 in L2(Q).
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Let us consider the shot noise processes X, and X defined by X, (t) =, ﬁi(n)gn(t — 1) and X(t) =
> Big(t — 7;), where {7;} is a Poisson point process of intensity A on R. Then for all a < b,

Cx.(u,]a,b])) — Cx(u,[a,b]), Vu € R.

n—oo

Proof. We use Equation (23) to compute the Fourier transform of the crossings mean number func-
tions and get

Cx,, (u, a,b]) = Cx (u, [a,b]) = /abE(ei“X"(t)!Xé(t)D —E(e"X WX (1)])dt
with
E ("X W10 (1)) — E(e™ XWX (1)]) = B((e" ) — X O) X' (8)]) + E(e™ (| X, (8)] — X ()]))-
Thus
[E(e™ 01X, (8)]) = E(e"* O X (O] < [WlE(1Xa(t) = X(0)] - 1X () +E(X,(0) — X' (0)]).

Let us introduce a sequence of auxiliary shot noise processes Y, with impulses 3™ and kernel function
g such that

Xoo( Zﬂ 9)(t —7) and Yy, (t) — X(8) = S (B — Bi)g(t —7),

%

with {7;} the points of a Poisson process of intensity A on the line, and {ﬁi(n) } and {3;} independent
samples of respectively 3 and 3. Then

E(|Xa(t) - X()] - [X'(0)]) < E(1X, <>—Yn<t>|-\X'< >r>+E<\Y<>— ()] 1X (1))
< (VE(X.( )+ VE(V(0) - X(OP)) VE(X'(0P)

According to the elementary properties of Section 2.1, we get

E((Xa(t) — Ya(1))?) = XE((3™)?) /

R

2
(9n — 9)(s) ds + NE(B™)? ( [ -9 ds) |

And in a similar way:

2
B((¥(0) = X(0)%) = NE(F® = 8)) [ 42(5)ds + NE(3" — 57 ( [ o ds) |

On the other hand, we have

E(X, (1) - X'(O)) < E(X,(1) = Ya@®)) +E(Y;(t) — X' (1))

A (B9 [ 191 o165) + 205 - 3 [ 116515

Since [ |gn —gl,[ (9. — 9)%, [ |g} — ¢'| and E(]3™ — 3|2) all go to 0 as n goes to infinity, we obtained
the announced result. g

IN

In particular this implies the weak convergence of the mean crossings number function. Let us
remark that assumption i) of Proposition 15 is clearly satisfied and therefore, under assumption i),
the convergence holds also in L?(R).

As the intensity A of the shot noise process 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.
This behavior is studied in detail in the next section.



22 HERMINE BIERME AND AGNES DESOLNEUX

5. HIGH INTENSITY AND (GAUSSIAN FIELD

5.1. 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 a X (t) and the normal distribution are given in the paper of A. Papoulis “High density shot
noise and Gaussianity” [23]. Moreover, the paper of L. Heinrich and V. Schmidt [16] gives 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 make the
following assumption

v is the Lebesgue measure on R;

H,:{ g€ C?R) with g,¢', 9" € L'(R);
g e L*(Q);

and we will denote X, the strictly stationary shot noise process given by (1) with intensity A > 0.

Theorem 2. Let us assume Hy and define the normalized shot noise process Z(t) = % (Xa(t) = E(XA(2))),

t € R. Then,
| Zx fdd 5 B
YA_<Z3\>)\—>—+>OO E(ﬁ)(3l>’

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

Cov (B(t), B(t)) :/Rg(t—s)g(t'—s)ds:g*g(t—t').

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 finite dimensional distributions convergence. Let k& be an integer
with k > 1 and let t,...,t; € R and wy = (uy,v1),...,w, = (ug,vi) € R2.

Let us write
k 1 N N
Z._ Nalty) - wj = ﬁ ( i gigtn) —F ( i ﬂiQ(Ti)>> 7

for g(s Z ujg(t ) +vjg'(tj — s)). Therefore

=

k
i3 Ya(ty)w, i ((3) J
logE | e =t ne =\ <e (VX)—l—izg(s)> dsF(dz).
RxR

VA

Note that as A — +oo,

A (elz(i%) —-1- zz%) — —%Z2§(S)27

Aexp <iz @/SX)) —1- iz%)‘ < %,225(5)2.

By the dominated convergence theorem, since g € L*(R) and 3 € L*(Q) we get that as A\ — +o0

exp ijéyx(tj) ‘wj | | —exp <—%E(52) /ﬂ@?(s)%) :

Let us identify the limiting process. Let us recall that X is a second order process with covariance
function given by (6), namely Cov(X(t), Xx(t')) = AE(8%)S(t—t') with S(t) = g*§(t). Hence one can
define B to be a stationary Gaussian centered process with (¢,¢') — S(t — ') as covariance function.
The assumptions on g ensure that the function S is twice differentiable. Therefore B is mean square

with for all A > 0
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differentiable with B’ a stationary Gaussian centered process with (t,t') s —S"(t—t') = ¢ xg/(t —t')
as covariance function. Moreover

E ((B'(t) ~ B'(t)%) =2 (5"(0) — §"(t 1)) < 20lg'llscllg” ¢,
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

/( )2ds = Var Zuj i)+ ;B (t;)

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 [18]. Let t,s € R and remark that for
any g > 1, on the one hand

E((Zx(1) = 2:(1))°) = E(5) /R (g(t — ) — gt = )" ds < E(B)g lgllg/ ]t — ¢'[>~72.

On the other hand,
E ((Z\(t) = Z5()?) = E(6?) /R (gt —5)— gt =) 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/q > 1. Moreover assumption H implies that ¢’ € L>®(R) N L*(R) € 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 [18]. O

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 Theorem 2
implies that

b
[ Em@m |Z0) d — / 0)|B'(1)]) dt.

By the co-area formula (13), this means the weak convergence of crossings mean number, i.e.

Cyz, (-, ]a,b]) /\:roo Cg(-[a,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 distributions. We refer to [13] chapter
15 and 16. Adapting the technical proofs allows us to get similar results for crossings in the next
section.

5.2. High intensity: rate of convergence for crossings mean number. Let us remark that
only E(3%) appears in the limit field. For sake of simplicity we may assume that 8 = 1 a.s. Note
that, according to Rice’s formula [9], as recalled in Equation (27), since the limit Gaussian field is
stationary, Cg(a, [a,b]) = (b — a)Cp(a, [0,1]) with

1 me9 1/2 —042/2771

Cp(a,[0,1) = = — e ° Va € R,
™ \mo

where mo = Var(B(t)) = g * §(0) and my = Var(B'(t)) = ¢ * ¢’(0). Moreover its Fourier transform

is given by C/']\g(u, [0,1]) = \/Q%e_mouz/ 2. We obtain the following rate of convergence, for which
proof is postponed to the Appendix.
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Proposition 17. Under H, with § = 1 a.s., there exist three constants a1, az and a3 (depending
only on g and its derivative) such that

_ D)
YA > 0,Yu € R such that |u| < a1V'A then |Cyz, (u, [0,1]) — 4/ ﬂefmouz/ﬂ < %ﬁfw’
7r

where mo = g * §(0) and mg = ¢’ * ¢'(0).

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

Corollary 3. Under Hgy with B =1 a.s., the mean total variation of the process satisfies:
E(IXA®)))  [2my
VA m

where my = ¢ * ¢'(0) and m3 = fR g/ ()| ds.

14m3

YA >0, < )
37T77"L2\/X

Then, according to Proposition 15,

1 mo 1/2 )
Oz (,[0,1]) | — CB<a,[0,1])=‘(_) e—o*/2mo

A—400 T \\Mo

in L2(R) when Cz (0,[0,1]) = Cxy (0,[0,1]) is uniformly bounded on A and g" xg” (0 = Jp9"(s)*ds <
+00, which implies that Cp; (0,[0,1]) < +o00. This means that the convergence holds for almost every
o € R. Under additional assumptions we obtain the following uniform convergence. The proof is
inspired by Theorem 2 p.516 of [13] concerning central limit theorem for densities.

Theorem 3. Let us assume Hy with 3 =1 a.s. Let us assume moreover that g is a function of class

/ " " 3)

4 B _ (9 ") ey — (96 g®(s)
C* on R such that for all s € [—1,2], ®(s) = ( 7"(s) g®(s) and ®'(s) = dO(s) gD(s)
are invertible.

Let vy = #{i; 7, € [—1,1]} with {7),:}: the points of a Poisson point process with intensity X > 0.

Then, for all a € R, if Z) = (X\ — A [ 9)/ VA, we have
L (my 12 —a?/2m . .
Cz (o, [0,1]]ya > A) — Cp(a,[0,1]) == [ — e . uniformly in o € R,
A—+00 T \ Mo
where mg = g * §(0) and mg = ¢’ * ¢'(0).
Proof. Let A\ > 7. Since A\ > 7, according to Proposition 12, 5Z\A(U, [0,1][yA = A) and C/';;(u, [0,1])

are integrable such that Cyz, (a,[0,1]]7x > A) and Cp(«,[0,1]) are bounded continuous functions
with, for any a € R,

1 — o
|CZ>\(O‘7 [Oa 1] |7)\ > )‘) - CB(aa [07 1])‘ < %/ ’CZA(U7 [07 1} "7/\ > )‘) - CB(U> [0’ 1]) du.
R
Let u € R, then

Cz, (1, [0,1]) — Oz, (u, [0,1] [ 72 > A) ! Py < A)

WE( ") 240 )|Iw</\) - mCZA( u, [0,1])

Note that ‘C/'Z\A(u, [0, 1])‘ < E(]Z4(0)]), which is bounded according to Corollary 3, while by Cauchy-
Schwarz inequality,

1/2

B (DO Z40) L) | < B (Z4(0)%) 2Bl < VY2,

with E (Z}(0)?) = Var(Z4(0)) < max(1,[|¢'||o)||¢’[1. Therefore, one can find ¢; > 0 such that

P(yy < \)Y/2

€2 (. [0,1)) = Oy (w0, 2 2 V)| < 1 P(1x > M)
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According to Markov’s inequality,
P(yy < A) =P (efln@m > e*ln(m) <E (e*n(?)(vH)) = exp (—(1 — In(2))).

Pya<))/2 <

Choosing A large enough such that in particular Prsh) < %, according to Proposition 17, one

can find ¢y such that for all [u| < A1/8,
Cz (i, [0,1] | 32) = O, 0, 1])] < e~

Thus we may conclude that

/|us»/8

Now, let us be concerned with the remaining integral for |u| > A/8. According to Proposition 12,

o —iuﬁfg/\
Cr(u, 0,11 >N = O (L, 10,1] |3 > A
A ? ) PY \/X A \/Xv I 7 I

Cn (u,0,1] |12 2 A) = Cip(u, 0,1))| d —0

with Cx, (% [0,1] |73 > A)) — ['E (J%XW)\XQ(M |y > A) dt and

L XA |yt B 1 [T (0Py ((u v Oy [ u v
e (W Oonn =) = - [0 (5 () - ()

where 1), is the characteristic function of (X(t), X}(¢)), conditionally on {yy > A}. According to
(22) and (26), one can find a positive constant ¢z > 0 such that

)\Q]P)(’y)\ > A= 2)
P(yy > A)

(AP O@l = )| <

A—2
1 _
(5l e Tociper + 161 Tyt ) oy

(L L)
Xt \/X7 \/X
where y; . (u,v) = % lﬁ etug(s)+ivg'(s) s is the characteristic function of (g(t — U), ¢ (t — U)), with
U a uniform random variable on [—1,1]. Then,

/u|>»/8
B /u|>A1/8

= LX)+ I(N).

Now, for 6 € [0, 27], let us consider the random variable V; g = cos(0)g(t — U) + sin(0)g'(t — U) such
that for any 7 > 0, x.(rcos(f),rsin(f)) = E(e"V4¢) := ¢, 4(r). By a change of variables in polar

coordinates, since A > 1, we get
21
o o7 o (G5
A1/8

with c4(A) = ¢ )\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

Czn(,10,1] |33 = ) = Cp(w,[0,1])| du

A

Cr (w0, |2 2 V| du+ |
‘U|2)\1/8

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

| In(r|sin(0)|)|dOdr,

K(t)
lpeo(r)] < e_TtTZ, Vr € (0,46],V0 € [0,27], and n= sup  |ere(r)| <1,
r>0,0€[0,27)

with k(t) = Gerf(l)lgﬂvar(% p) > 0. Note also that according to Proposition 5, | (r)| < 24 %r‘l/Q

for any > m with m = min || ®(s)”

1)-1
Jpin, |

, which may be assumed to be greater than é. Then, for
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A large enough such that \'/8 € (e, 6v/)),

WA )1 mvx [2\” [+ee
L(A) < (V) / e~ 1A rln(r)dr—i—/ M In(r)dr + | 244/ — / P or =32 In(r)dr
AL/8 5VX m mv/\

with ¢5(A) = ca(N) < 027r | 1n(9)\d6>. This enables us to conclude that I;(A) —— 0. This conclude

A—-+oo

the proof since clearly Ia(\) - 0. O

— 400

Notice that to obtain the convergence in Theorem 3 without the conditioning on {yy > 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 crossings number Ny, (¢, [0, 1]).

6. THE GAUSSIAN KERNEL

In this section we will be interested in the particular case where a Gaussian kernel is used in the
shot noise process X defined by Equation (1), and where 8 = 1 a.s. In the following, we will denote
by g, the Gaussian kernel of width ¢ defined for all t € R by

1 2762
Ut:—e—t/QU‘
9o () T

And we will write X, for the shot noise process given by

1 2 /952
_ —(t—73)?/20
X,(t) = E oy ,t eR,

where the {7;} are the points of a Poisson process of a fixed intensity A > 0 on the line.

6.1. Moments, regularity and scaling properties. According to the elementary properties of
Section 2.1, X,(t) has moments of any order k. The first moments of X, (¢) are

A
- 20T

EX,(t) = )\/ go(s)ds = X and VarX,(t) = )\/ go(s)ds
R R
And the covariance is:

Cov(Xo (t), Xo(t)) = A /R ot — 8)go(t' — s)ds = #e—&—t’y/‘wz.
For k > 1, the k — th order cumulant of X,(¢) is equal to

Cy = /\/ go(s)Fds = A
R

VEV2E okt

Moreover, applying Corollary 1, the process X, is almost surely smooth on R. For any n € N, its
derivative of order n is the shot noise process X(Ev") given by
d" X,
X§0() = Tt (0 = D a8 (= m)
i

and it has also moments of any order k.

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 ¢ 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 (this is the reason for which it is also called the heat kernel):

995 5

(28) Vo >0, Vt € R, 8—(15) = o gh(t) and also consequently %(t) =agl(t).
o o
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Since the Gaussian kernel g, is a very smooth function, both in ¢ > 0 and t € R, by the same type
of proof as the ones in Propositions 1 and 2, we have that (o,t) — X,(t) is almost surely and mean
square continuously twice differentiable on (0, +00) x R and that

(29) b =X G =0 X0

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

Another interesting property of the shot noise process with Gaussian kernel is that we have two
scale parameters: the width o of the Gaussian kernel, but also the intensity A\ of the Poisson process.
These two parameters are linked in the sense that changing one of them amounts to change the other
one in an appropriate way. This is described more precisely in the following lemma.

Lemma 1. For the purpose of this lemma, we write the shot noise X([;\] to recall the value \ of the
intensity of the underlying Poisson point process. We then have the three following scaling properties:

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

fdd

(X5t e RY = {~ XW( )it € R}.

(2) Increasing the width of the Gaussian kernel: for all o1 and oy, we have
108 \/7()tER}aé'{(X[A]*gag)()tGR}-
(3) Increasing the intensity of the Poisson process: for all o> 0, we have

(XY (1)t e R} 10/ + a2 - (XY % goo) (V1 + a2);t € R)}.
Proof. For the first property, let {7;} be a Poisson point process of intensity A/« on the line. Then

« 1 - OLO'
X([;y ](t)zzaa 27re e - Zga <___)'

Since the points {7;/a} 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 g,, are
two Gaussian kernels of respective width o1 and o9, then their convolution is the Gaussian kernel
of width /0% + 05. The third property is just a consequence of combining the first and second
properties. O

These scaling properties are illustrated on Figure 2, where we show two different ways to obtain
a sample of ¢t — X{H (t) on an interval [-T,7T] with 7" > 0. The first way (top right figure) is to
directly sample a Poisson point process of intensity A = 1 on the line according to Section 2.2. The
second way (bottom figure) consists in considering a sample of X {O'E’] on [—2T,2T] (thin line), first
convolving it with g s, then multiplying it by a factor 2 (thick line), and finally scaling time by a
factor 2. Notice also that thanks to the divisibility property of the Poisson point process, we could
also obtain a sample of ¢ — X {1] (t) by adding to independent samples of ¢t — X {0'5] (t).

6.2. Crossings and their properties. In the following, we assume that the intensity A of the
Poisson point process and the width ¢ > 0 are fixed. The shot noise with kernel g, is still denoted
by X,.

In this section, we will be interested in the crossings and in the local extrema of both X,, and the
truncated shot noise process X, s defined for all real M > 0 by

Xomr(t) = Y. go(t—m) teR,
T E[—M,M]

where, as before, the {7;} are the points of a Poisson point process of intensity A\ on R. Notice that
this truncated shot noise process is not stationary anymore. It can be seen as a shot noise process
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with intensity AI[_py, M](s)ds on R. Moreover, we have that X, ys converges almost surely uniformly
to X, on any interval [a,b] as M goes to infinity. Indeed, we have for M > max(|a|, |b]):

1 2762 1 2762
vVt € la,b], | Xonm(t) —Xs(0)] < E ( —(ri—b)*/20 Z —(ri—a)?/20%
[CL ] | 1M( ) ( )| = O'\/% € + 0_\/% e

Ti>M T, <—M

The right-hand term is a random variable that converges almost surely to 0 as M goes to infinity,
which proves the almost sure uniform convergence of X, s to X, on [a,b]. Notice that the same
kind of inequality can also be obtained for the convergence of the derivatives of X, s to the ones
of X,. The interest of the truncated process X, ps is twofold: i) Since the number of terms in the
sum defining X, ps is almost surely finite, it is easier to compute explicit bounds on its number of
crossings. i) The truncated process is the one that is used in simulations (see also Section 2.2 on
the simulation procedure), and also in practical applications.

Since the Gaussian kernel g,, and its derivatives are smooth functions which belong to L>, L'
and L2, many results of the previous sections about crossings can be applied here. In particular, we
have:

e The function o +— Cly,(a, [a, b]) belongs to L'(R) (by Proposition 9).

25

15r q

0.5

0
-80 -60 -40 -20 0 20 40 60 80

FIGURE 2. Illustration of the scaling properties. Top: two samples of a shot noise
process on the interval [—40,40] obtained with a Gaussian kernel of width o = 1 and
intensity of the Poisson point process A = 0.5 on the left and A = 1 on the right.
Bottom: according to the third scaling property (used here with o = v/3, and thus
V14 a? = 2), a sample of Xl[l] on an interval [—T,T| can be obtained from a sample
of X{Oﬁ] on [—2T,2T] (thin line) by first convolving it with g sz, then multiplying it
by a factor 2 (thick line), and finally scaling time by a factor 2.



REGULARITY AND CROSSINGS OF SHOT NOISE PROCESSES 29

e For any T > 0, the function o — Cx, («, [a,b]|yr > 8) is continuous (by Theorem 1), with
vr =#{r € [-T,Tl}. -
o If (04)nen is a sequence that converges to o > 0, then Cx, (u,[a,b]) converges uniformly to

CTX\U (u, [a,b]) as n goes to infinity (by Proposition 16). And consequently, by Proposition 14,
Cx,, (-,[a,b]) converges weakly to Cx, (-, [a, b]).

The second point comes from the fact that the Gaussian kernel satisfies the hypothesis of Theorem

1. Indeed, the derivatives of g, are given by ggk)(s) = ﬁe‘g/mﬁ . (_U—lk)ka(g), where the Hy’s are

the Hermite polynomials (H(x) = = ; Ho(z) = 2% — 1; H3(x) = 23 — 3z and Hy(z) = z* — 622 + 3)
/ " " (3)
Thus, if we denote ®(s) = ( gZ(S) g(g)(s) > and ®'(s) = g(g)(s) ga)(s) , we get det ®(s) =
9o(s) go () 9o (s) 9o (s)

(ﬁe_52/2"2>2 . ;—}(;—22 +1) < 0 and det ®'(s) = <ﬁ6_32/202>2 . ;—g(j—i +3) < 0. These two
matrices are thus invertible for all s € R. The third point is a consequence of the convergence of
9o, t0 go, and of g/, to g, both in L'(R) N L*(R). Note also that these statements hold true for
the truncated shot noise X, s, except that the second point must be considered for 7' < M. In
particular, for almost every a € R, the expected numbers of crossings of the level a by X, or X,y
are finite. But clearly {yys = 0} C {Vt € [a,b], X5 m(t) = 0}, such that Cx, ,,(0,[a,b]) = +oo.
However, we will prove in the next section that, for every a € R, Cx, («, [a, b]) < +00, by considering
the O-crossings of the derivative X/ . Actually, according to Rolle’s Theorem

Nx, (a,[a,b]) < Nx:(0,[a,b]) + 1.

Considering X, and X, pr, we will denote p(o, [a,b]) (respectively par(o, [a,b]|yar > k)) the mean
number of local extrema of X (t) (resp. of X, a(t) conditionally on vy > k for k > 1) in the interval
[a,b]. Finally, when [a, ] is simply the interval [0, 1], we simply denote p(o) instead of p(o, [0,1]). It
is the mean number of local extrema per unit length. The aim of Proposition 18 below will be to
show that local extrema are exactly the points where the derivative vanishes, such that

p(O’, [a7 b]) = ]E(NXZ, (07 [a7 bD}) and ,OM(O', [CL, b]wM > k) = E(NX(’/,YM (07 [a7 b]hM > k)})

In order to obtain this result, we would like to use a property similar to the one of Proposition 7.
Now, as already noticed in Section 3.2, the characteristic function of the shot noise process X/ () is
not integrable. However, the result can be obtained by conditioning.

Proposition 18. Let a <b. For M > 1, let ypy = #{m € [-M, M]}. Then,
e P(3t € [0,1] such that X_(t) =0 and X[ (t) = 0) = 0.
o P(3t € [0,1] such that X[, ,,(t) =0 and X7 ,,(t) = 0|y > 1) = 0.

Proof. We use Proposition 6 with the kernel function h = ¢/, on the interval [-T'+1,T] for T > 0. For

. . 2 2 0.2 3 2 0.2
this function we can compute h'(s) = ﬁ(—l + £:)e"/27" and h''(s) = 0_41%(35 — £5)e s /27,
and thus ng = 3 and m(o,T) = minge_p 41 /7' (5)? + h"(5)? > 0 (we don’t need to have an exact

value for it but notice that it is of the order of e=7°/29” when T is large). Finally, as in the proof of

Proposition 6, we get that there is a constant ¢(7, o) which depends continuously on ¢ and T such
that

< 1 Ne(T,o)3
Pl =3) 1+ Ju])¥
with yp = #{m € [-T,T]}. We can now use Proposition 7 and we get that for all 7" > 1:
P(3t € [0,1] such that X/ (¢) = 0 and X (t) = 0]yr > 3) = 0.
Since the events {7y > 3} are an increasing sequence of events and that P(yp > 3) goes to 1 as T
goes to infinity, we obtain that:

P(3t € [0,1] such that X/ (t) = 0 and X/ (t) = 0) = 0.

[E(e"XeOlyr > 3)|
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For the second part of the proposition with the process X (’T > we already have, thanks to the bound
on the characteristic function of the truncated process, that

P(3t € [0,1] such that X7 5/(t) = 0 and X[ 3/(t) = 0]~y >3) =0

Thus, we just need to see what happens when vy = 1 and vy = 2.
When vy = 1, we just have X!,/ (t) = g,(t — 71) where 71 is a point uniformly distributed on

[—M, M]. Thus, since ¢/ (s) = 03%6_82/202 and g(s) = %6_52/2027 we have X7 ,/(t) = 0

implies t = 71, and consequently X7, (t) = gi(t — 1) # 0.

When vy = 2, we have X[ ,,(t) = gz, (t—71)+ g, (t — 2) where 71 and 7o are two independent points
uniformly distributed on [-M, M]. We can again explicitly compute that the event {X ,/(t) =
0 and X7 ;,(t) = 0} is an event of probability zero. We thus have proved that

P(3t € [0,1] such that X[, 5,(t) = 0 and X[ 1,(t) = 0]~y > 1) =0.
Note that X, a = 0 when vy = 0 such that P(3¢ € [0,1] such that X[ ,,(t) = 0 and X[ ), (t) =
O|lvm =0)=1.
U

6.3. Bounds on the number of local extrema. To obtain bounds on the number of local extrema,
we will first start with the truncated process, which is, even if it is not stationary, easier to handle
with since it is a finite sum. Indeed, we have the following result:

Proposition 19 (Local extrema of the truncated process). Let vy = #{m € [-M,M]}. Assume

the event ypr > 1 holds, then the local extrema ofXgM) are all in the interval [—M, M|, and moreover
the random variable Nx: (0,[=M, M]) which counts the number of these local extrema is bounded

from above:
NXZ,,M(O’ [—M, M]) < 2ypr — 1 when vpr > 1 holds .
Consequently, for all interval [a,b] C R, we have
pM(Ja [a> b]h/M > 1) < pM(U, [_M7 M]WM > 1) < QE(’VMWM > 1) -1
with E(yalyn > 1) = 228

Proof. If there are no points of the Poisson point process in [—M, M], then the process X, ar is 0
everywhere - and talking about its local extrema is not interesting. This is why we assume that there
is at least one point of the Poisson process in [—M, M| (which means that Aj;; holds). Then we
have for all t € R, X[ ,,(t) = ﬁ domel-mm(t — 73)e~(t=7)*/20*  Thig shows in particular that
X[ y(t) <0 forallt > M and X7 ,(t) >0 for all t < —M. And thus all the local extrema of X ),
are in the interval [—M, M].

Notice that we can write for all t € R,

-1 2 /0 2 —et?/20% 279 2 2
! _ o N\—(=T)%/20% _ T —717 /20 N\, Tit/o
o) = 5= Y (t—m)e = — o e (= m)ent
oV2m T E€[—M,M] o°V2m 1 E[—M,M]
Then, we use the following lemma:
Lemma 2. 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 ZPi(t)eait =0} < Zdeg(Pi) +n—1
i=1 i=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 ¢t € R, Z?;Lll Py(t)e%t =

0 <= f(t) := Pup1(t)+320, Pi(t)el@an+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 < Npv(0,R) +2 < ... < Nyern) (O,R) + £ + 1.
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But f*+1 can be written as f*+D(t) = S0 Qi(t)el* @+t where the Q; are polynomials of
degree deg(Q;) < deg(F;). Thus by induction Npw+n(0,R) < Y71, deg(P;) +n — 1, and then
N(0,R) < 27" deg(P) +n —1+k+1<Y" ! deg(P;) + n. This proves the result for n + 1.

Back to our process X (’, > using the above lemma with polynomials of degree 1, we get Nx: (0,[-M, M]) <

2ypr — 1 (still assume that 5, > 1). Taking the conditional expectation concludes the proof.
O

Having bounds on the number of local extrema of the truncated process will now allow us to obtain
bounds for the shot noise process itself:

Proposition 20. The mean number of local extrema of X, per unit length is finite, and more precisely
we have the following bounds:

Va € R, Cyx,(a,[0,1]) < p(0) < (3A(2 + 20) + 1)e.

Proof. The left-hand inequality is simply a consequence of the stationarity of X, and of Rolle’s
Theorem which states that between any two crossings of a level « by a real-valued smooth function,
there exist a zero of its derivative.

To obtain the right-hand inequality (the bound on p(c)), we will apply Proposition 10 to the
process X/ for the crossings of the level 0 on the interval [0,1]. We already know by Proposition 18
and Corollary 2 that the condition (12) is satisfied by X/. Then we write for all ¢ € [0, 1]:

1 *(75*73)77,2 2 1 *(25*73)77,222
X )= gyt-m)=—— > et N o ()
TER ov2m T €[—0,140] g ov2n T, €ER\[—0,1+0] g
Let Yi(t) (resp. Ya(t)) denote the first (resp. second) term. We then have

poy 1 t=7)* 1\ _(om)2/20?
}/Q(t) - O’\/ﬂ Z < 0_4 0_2 € .

7 ER\[—0,140]

Since (t — 7;)? > o2 for all t € [0,1] and all 7; € R\[~0,1 + o], we get Yy(¢) > 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 Ny (0,[0,1]) < 1. On the other hand, let us work conditionally on #{7; € [~0,1+0]} > 1. The
probability of this event is 1 —e~*(1*29) Thanks to Lemma 2, we know that Ny,(0,[0,1]) < 3#{r €
[—0,1+0]}) — 1 such that E(Ny; (0, [0, 1))[#{7: € [—0,1+0]} > 1) <3A(1420)/(1 —e *1T27)) —1.
To use Proposition 10, we need to obtain uniform bounds on the law of Y;(¢) and of Y2(¢) when
t € [0,1]. As in the notations of the proposition, we will denote these constants by C; and Cs. Let
us start with Y. Let U be a random variable following the uniform distribution on [-1 — 0,1 + o].
For ¢t € [0,1], we can write U as U = n.U; + (1 — 1) Vi, where Uy is uniform on [—-1 — o +¢,0 + 1], V;
is uniform on [-1 -0, —1 -0 +t]U [0 +¢,0 + 1] and 7 is an independent Bernoulli random variable

with parameter %Igg We then have g, (U) = negl (Us) + (1 — nt) gl (V). Thus the law of ¢/ (U) is the

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

2420
Vit € [0, 1],VI S R, dng,(Ut)(x) < 1+ 2O-dPg(,7(U) (%)

The law of Y1 (t) conditionally on #{7; € [-0,14 o]} > 1 can be written as

400 k

1 _ o) (A1 + 20))
APy, (@) = TSy D¢ WPy -k APy ) (@),

k=1 '

Thus, if we write fo = dPy (), we get
o0 k k — e~ AM2+20)

APy, (1) (x) < 1_ e 1+20) ;6’ Il 1120 (fox.. xfo)(z) =€ mfo(l‘),

A 1—e—A(2+20)

where fo is a probability measure on R. This shows that we can take C; = e e -
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For Ys(t), we first notice that Y2(¢) can be decomposed as the sum of two independent random
variables in the following way:

Ya(t) = > 9ot —7) + > 9o (t = 75).
7, €(—00,—1—o+t]U[1+0o+t,+00) T €(—o—1+t,—o)U(1+0,1+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 — o, —0) U (0,1 + o) as a mixture with weights 1/2 and 1/2 of two uniform random
variables: one on (=1 —0,—1—0+t)U(t+ 0,1+ 0), and the other one on the rest), we obtain that
Cy = e,
And finally the bound on the expectation of the number of local extrema is

3AN1+ 20 B " B .

—(3M(1 +20)) + e* = (3A(2 + 20) + 1)e.
O

We already saw that the truncated process uniformly converges almost surely on any fixed interval
[a, b] to the shot noise process. We will now show that there is also convergence for the number of
crossings, more precisely we have:

Proposition 21. For any interval [a,b], the crossings of X, on [a,b] converges almost surely to
the ones of X,

Va <b,Va € R, Nx,, (a,]a,b]) 2% Nx,(a,[a,b]) when M — oo.
Moreover, there is also convergence of the mean of the number of crossings or of local extrema,
conditionally on yp > 8 for any T > 0: Va < b, Va € R,
CXU,M (a’ [CL? b”’YT > 8) P CXO’ (av [CL, b”rYT > 8) and pM(Uv [av b]”’YT > 8) — (07 [av b]wT > 8)

M—o0 M—oco

Proof. The first part of the proposition is a consequence of the fact that X, s and its derivative
X C/T s both converge uniformly on [a,b] to respectively X, and X/ almost surely. Thus, for a given
a € R, if we denote ti,...,t; the points in [a,b] such that X,(t) = «, we may assume that for all
7, tj € (a,b) and X/ (t;) # 0 (this comes from the fact that X, (¢) has a density, and that according
to Proposition 18 there are no tangencies). Let ¢ > 0 be small enough in such a way that: for all
7, |XL(t)] > 0 on [t; —e,t; +¢€]. Then let n > 0 be such that | X/ (¢t)] > n for t € U[t; —e,t; + €],
and | X,(t) —a| > n for t € U[t; —e,t; +¢|. Then, using the uniform convergence of X, s and of its
derivative X/ ), there exists My such that for all M > Mo, for all ¢ € [a,b], [Xom(t) — Xo(t)] < /2
and | X[ 5, (t) — X;(t)| < n/2. Finally, for all M > My, we get that there exists exactly one crossing
of the level av in each interval [t; —e,t; + ¢, and | X, ar(t) — | > n/2 > 0 for t & U[t; —e,t; + €l
This proves that for M > My, Nx, ,,(a, [a,b]) = k = Nx,(a, [a,D]).

For the second part of the proposition, a first idea would be to use the first part and try to
apply dominated convergence to obtain the convergence of means. Unfortunately, we have no bound
independent of M on Ny, ,,. But instead we can use dominated convergence in Rice’s formula.
Indeed, the characteristic function of (X, a, X j/) converges pointwise to the one of (X,, X;) as
M goes to infinity, and moreover, conditionally on {7 > 8}, following the proofs of Proposition 11
and of Theorem 1, we can bound them (and their partial derivatives) by a same integrable function
independent of M. Thus, by Rice’s formula (19) and dominated convergence, we get that for any a,
Cx, ([, bllyr > 8) converges to Cx, (a,[a,b]|yr > 8) as M goes to infinity. The same kind of
computation can be made for X (’j a and X/, which provides the convergence of the mean number of

local extrema conditionally on {~p > 8}.
g

Let us now be concerned with the influence of ¢ and consider X, as a random field of variables
(o,t) € (0,+00) x R.
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6.4. Heat equation and local extrema. The convolution of a 1d function with a Gaussian kernel
of increasing width ¢ (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 can not create new extrema” (and it is in some sense the only
kernel that has this property - see [30]). This has been studied (together with its extension in higher
dimension) for applications in image processing by Lindeberg in [20], 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
this section with a proposition giving the conditions under which one can obtain properties for the
zero-crossings of a function solution of the heat equation.

The following proposition is stated under a general form for a function A 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(¢) or h(o,t) = X[ ,,(?)
to follow the local extrema of the truncated -or not- shot noise process when o evolves.

Proposition 22. 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 9h
V(o,t) € (0,00] X R, %(J, t)y=o0 W(U’ t).

We assume that

(1) There are not € [a,b] such that h(cp,t) =0 and %(ao,t) =0,
(2) 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:

o Global curves: If tg € (a,b) is such that h(og,ty) = 0, there exists oy < o9 and a mazimal
continuous path o — Ty (o) defined on (o , 09] such that T'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 oy = 0.

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

e Local description of the curves: If (o1,t1) € (0,00] x R is such that h(o1,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,).

Proof. Let (00, t9) be a point such that h(og,ty) = 0. By Assumption (1), we have that %—?(0‘0, tg) # 0.
Then, thanks to the implicit function theorem, there exist two open intervals I = (o ,0’8_ ) and
J = (ty,tJ) containing respectively o and tg, and a C! function 1 : I — J such that n(og) = t¢ and
V(o,t) € I x J, h(o,t) =0 < t =n(o). Let us now denote n = I'y,. We need to prove that we can
take oy = 0 when I'y; remains bounded. Assume we cannot: the maximal interval on which Iy, is
defined is (0,04 ) with o, > 0. By assumption, there is an My > 0 such that for all o € (o, 03),
then |I'y,(0)] < M. We can thus find a sub-sequence (0j,) converging to o, as k goes to infinity
and a point t; € [—My, Mp] such that I'y,(ox) goes to t1 as k goes to infinity. By continuity of h,
we have h(o,,t1) = 0. Now, we also have %—?(aa,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 = (0,04 ). Then, by Assumption (2), we have g—g(ao_,tl) # 0. We can
again apply the implicit function theorem, and we thus obtain that there exist two open intervals
I = (O'l_,Ui'—) and J; = (tl_,tf) containing respectively o, and t;, and a C! function EJ— 1
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 ;. We start from the implicit definition of &: h({(t),t) = 0. By differentiation,
we get {’(t)%({(t),t) + %—?(f(t),t) = 0. Taking the value at t = t1, we get (1) = 0. We can again
differentiate, and find €”(t) 22 (£(t), )+ €' ()2 2 (£(t), 1) + 26 () 2k (£(1), ) + ZL(£(t), t) = 0. Taking
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again the value at t = t;, we get

1 1
=-— <0,

£(t1) oy

Thus it shows that £ has a strict local maximum at ¢1: there exist a neighborhood Uy of o, = &(t1)
and a neighborhood V; of ¢; such that for all points in U; x Vi, then h(c,t) = 0 implies 0 = £(t) <
&(t1) = oy, which is in contradiction with the definition of I'y, on (o, 00 ).

Now assume that ¢y and ¢, are two points such that h(oo,to) = h(oo, 7%) = 0 and such that there
exists 01 < o such that I'y,(01) = Tz (01) = ¢1. Then, if %—?(Jl,tl) # 0, the implicit function
theorem implies that I'y,(0) = I'z (o) for all o € [071,00] and in particular ¢ = to. But now, if
%—?(Ul,tl) = 0, then as above this implies that g—g(o—l, t1) # 0 and using again the implicit function
theorem, this would be in contradiction with the fact I'y (o) is defined for ¢ € |07, o). O

'(t) = —

The properties stated in Proposition 22 are illustrated on Figure 3, where the different types of
curves formed by the set of points {(t, o) € R?; h(o,t) = 0} are shown.

FIGURE 3. Curves of h(o,t) = 0 in the (¢,0) domain: here ¢ is along the horizontal
axis and o is along the vertical one. According to Proposition 22, 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 the Gaussian shot noise processes X, and X/ ,,. Both of them satisfies almost
surely the heat equation. Then, we have to check the assumptions (1) and (2) of Proposition 22.
Assumption (1) is given by Proposition 18. Assumption (2) is given by the following proposition,
where VX( (t) := Vh(o,t) for h(o,t) = X, (t) and similarly for VX7 /().

Proposition 23. Let A >0, 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.
For M > 1, let ypr = #{1; € [-M, M]}. Then we have
P(3(o,t) € (0,00) X [a,b] such that X} ,(t) =0 and VX 3/ (t) = 0]y > 3) = 0.

Proof. 1t is sufficient to remark that when Y (o,t) satisfies the heat equation
{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 7 allows us to conclude that P(3(c,t) €
(0,00) % [a,b] such that Y (o,t) = 0 and VY (0,t) = 0) = 0, under the same assumption of uniform
integrability for the charcateristic function of Y (o,t). Conditioning by y5s > 3 allows us to check the
assumption for X (’T A following Proposition 6. Then we let M — +oo to get the first statement. [

Let us now see how this applies for the truncated shot noise X! ,, before considering X/.

Proposition 24. For all M > 0, the function o — ppr(o,Rlyar > 3) = par(o, [ M, M]|yar > 3) is
decreasing. Moreover, it has the limit 2E(~yar|yar > 3) — 1 as o goes to 0.
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Proof. Let M > 0 and assume that vp; > 3 holds: there is at least three points of the Poisson point
process of intensity A > 0 lying in the interval [—M, M]. We have:

VEER Vo >0, Xyt = —— 3 TUCT) e,

This shows that if we set Y(0,t) = X[ ,,(¢), then it cannot vanish when ¢ is outside [—M, M],
and moreover all the conditions of Proposition 22 are satisfied. Thus, if we have o1 < 0, we can
follow the zeros of Y (0y, ) in an injective way from o to o1. Thus #{t € [-M, M] s. t. Y (oo,t) =
0} < #{t € [-M,M]s. t. Y(o1,t) = 0}. Taking the expected value on both sides knowing that
A,z holds proves the first part of the Proposition. For the second part: we first notice that for
o < smin{|r, — 7;|;7,7; € [-M, M] and i # j}, then X)) >0fort € [-M MN\VU;[r—o,7+
o]. Moreover for o small enough, X; ,,(t) > 1 on each [, — 0,7 — /2], X; 1,(f) < —1 on each
[7i +0/2,7i+ 0] and X[ ),(t) <0 on each [r; — /2, 7; 4+ 0/2]. Which shows that Ny (0, [—M, M])
goes to 2y — 1 as o goes to 0. By Proposition 19, we also have that this limit is an upper-bound
for Nx, (0,[-M, M]). Thus by dominated convergence, this implies that pas(o, [ M, M]|ya = 3)
goes to QE(7M|7M >3) —1 as o goes to 0. O

We now give the main result for the number of local extrema of X, as a function of o.
Theorem 4. Assume that for all 0 < o1 < 0g
E(#{o € |01, 00] such that X.(0) =0}) < +oc.

Then, the function o +— p(o), which gives the mean number of local extrema of X, per unit length,
is decreasing. Moreover it has the limit 2\ as o goes to 0.

Proof. Let A > 0 and 0 < 01 < o be fixed. By assumption E(#{c € [01,0¢] 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 (o,t) = X/ (t) for (0,t) € [01,00] % [0,T]. Let
to € [0, 7] be such that Y (op,ty) = 0. By Proposition 22, 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';,(c) = 0 or T', or will be defined until o; and such that I'y,(o1) € [0,7]. We thus have:

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

Dividing both sides by T and letting T" go to infinity then shows that p(og) < p(o1).

For the second part of the Proposition, 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:(0,[0,1]) be the random variable which counts these local maxima, and let p~ (o) =
E(Dx (0,[0,1])). By stationarity of X,(¢) and because between any two local maxima, there is a
local minima, we have that p~ (o) = $p(c). Now, we introduce “barriers” in the following way: let
Es, be the event “there are no points of the Poisson point process in the intervals [—20(, 200] and
[1—200, 1420¢]”. If we assume that E,, holds, then X7 (¢) > 0 for all ¢ in [—0¢, 09]U[1 =00, 1+00] and
all o < 09, and therefore there are no local maxima of X, in these intervals. Then by Proposition
22, we can follow all the local maxima of X, in [0,1] from 0 = o9 down to ¢ = 0. Thus ¢ —
Dx: (0, [0, 1])IEJO is decreasing function of o for ¢ < 0g. Moreover, by the same reasoning as in
the proof of the previous Proposition (in the case of the truncated process), we also have that
Dx:(0,0,1]) goes to #{7; € [0,1]} as o goes to 0. Thus by monotone convergence, it implies that
p~ (0|Es,) goes to E(#{m € [0,1]}|Es,). Since the sequence of events E,, is an increasing sequence
of events as o( decreases to 0, we finally get:

lim p™ (o) = lim B(#{r: € [0, 1]} Eo,) = A

The properties of the local extrema of X, are illustrated on Figures 4 and 5.
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Three processes t —> Xc(t) for respectively 6 = 0.1; 0.3 and 0.8

process Xc(t)

parameter t

parameter o

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

FIGURE 4. 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 ¢ = 0.1;0.3 and 0.8 are plotted as dotted line. They indicate the
local extrema of the three processes above.
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FIGURE 5. Empirical mean number of local extrema per unit length of X, as a func-
tion of ¢ (here A = 1 and we have taken the mean value from 10 samples on the
interval [—-100, 100]).

6.5. What about the intensity A\ ? For the purpose of this section, we introduce again the intensity
A of the underlying Poisson point process in the notations. In particular we will denote the mean

number of local extrema of XCLM per unit length by p(o, \) (instead of simply p(o) as in the previous
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section).

[

Thanks to the scaling relations of X5, we also obtain scaling relations for p(o, \):
Proposition 25 (Scaling relations for p(o,A)). The mean number p(o,\) of local extrema of Xy A
per unit length satisfies the following scaling relation:

Va >0, aplaog, ) = p(o,al).
Proof. We have

t — Tl (t—Ti)2/2a202 _ ZL//Oé — Tl/a) —(t/a—Tia)? /20

aa\/ﬁ Z a20? N a20\/ﬁ Z

where the {7;} are the pomts of a Poisson point process of 1nten81ty A on R. Then, since the {7;/a}
are now the points of a Poisson point process of intensity aA on R, we have that the expected

X =

number of points ¢ € [0, a] such that X;[CA,] (t) = 0 - which by definition equals ap(ao, A), also equals
the expected number of points ¢t € [0, 1] such that X oA (t) = 0 (which is p(o, a))). O

In particular, using the fact that p(o,\) = Ap(c A, 1) the upper bound of Proposition 20 gives a
polynomial bound in A:
Va e R, p(o,N) < AB(2420)N) + 1)e.
Notice that, under the assumption that E(#{c € [01,0¢] such that X/ (0) = 0}) < +oo for all
0 < o1 < 09, the fact that the function o — p(o, A) is a decreasing function with limit 2\ when
0 — 0 (Theorem 4) can be translated into the following properties on A +— p(c, ) thanks to the
above scaling relation:

p(o,A)
— 1.
2\ A—0
On the other hand, using Theorem 3, if the second moment of NV ey (0) is bounded by a polynomial

Va > 1, p(o,aX) < ap(o,N); p(o,A) <2\ and

in A\, then we will get
1 /3
plo,A) — —/5.

A——+o0 O 2

And this also will imply that p(o, A) is equivalent to —\/g as o goes to +oo.

All these properties are empirically checked and illustrated on Figures 5 and 6.

0.5

0.451

o
~

e o F ok Kok ok kK Ok Sk ke e ¥

o
w
a
T
*
*

o
w
T
*

Mean number of local extrema per unit length
o o
= o N
ol N u
T T
*
*
*

o
o

=4
o
a

o

I I
0.5 1 15
Intensity lambda of the Poisson Point Process

o

N,
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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\ — 2.
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7. APPENDIX

Proof of Proposition 17. For k > 0 and | > 0 integers, let us denote my = [ |g(s)|*|g'(s)|' ds. We
will also simply denote mqg = mao = [ g(s)*ds and ma = mg2 = [ ¢(s)*ds
Let 95 (u,v) denote the joint characteristic function of (Z)(t), Z}(t)), then

Pl v) = E(e TR OHTEX ) = iuV3 L9 _ o <A @O g i) d5> '
R

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

Hy(u,v) =\ EIOTITRIE) i Y i) — i g(s > ds.
A (o) = i ()
We need to notice that

V(u,v) € R%, |ihy(u,v)| = |exp(Hy(u, v))| = [E(e™PF4)| < 1.

In the following, we will also need these simple bounds:

. 22 |3
30 VreR, ¥ -1 zx+—< and Vz € C, |e* — 1| < |z]el*l.
3|
We first estimate H)(u,0). We have
P 1
Hy(u,0 —)\/elﬁg(s)—l—il $))ds = —=u’mg + Kx(u),
A(,0) = [( Tg(s)) ds = —gumg + K1)
where Ky(u) = A [(e fg( )1 g(s) + l“—292 s))ds. Then, thanks to the simple bounds (30),
7 2
we get
[ul*msg Hy(u,0) _ —tu? [ul3mso _ 1,2, LEmao
Ky(u)] < =2 and consequently |ef»( e 2Vl < I T2 M0 6Vx |
[Kx(u)] < 6/ quently | | 6/
We then estimate H)y(u,v) — Hx(u,0):
Hy(u,v) — Hy(u,0) = A/(eiﬁig(s)ﬁkgl(s) - ei%g(s))ds
- )\/Z 96) (x9S i (s)) ds
(e i'(5)
= _—/ ' Vx9(®) ds + Fy(u,v),

where Fy(u,v) =\ [ ei%g(s)(ei%g/(s) -1- i%g’(s) + ;—)\g’(s)z) ds. And again, thanks to the simple
bounds (30), we get: |Fy(u,v)| < M% This implies that

eH,\(u,v)fH,\(u,O) N ,% fg’(s)2elﬁg(s) ds 67% fg’(s)2ezﬁg(s) ds

€ <

. ’eFA(uvv) — 1‘

3 2
vIiTm _w / 2 u [v | vl mop3
|v] 036 > [d'(s) cos(\r/\g(s))der vl

6V
Let us now compute C/'Z\A(u7 [0,1]). By Proposition 12, we know that
— +oo 1
—nCy, (u,[0,1]) = / 32 (VA (u,v) + P (u, —v) — 2ehx(u,0)) dv.
0

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

[a(u,v)| < 1, we get
+oo 1 —+00 1 4
/ p(wx(u,v)erA(u, —v) — 25 (u, 0)) dv §4/V ﬁdv: =

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

v
Iy (u) = /0 U%eH/\(u,O) (er(u,v)fo(u,O) 4 HA =)~ Hy (w,0) _ 2) do.

We then decompose this into:

174 i-Y%_g(s
Iv(u) frnd / i2eH)\(u7O) <6HA(U7U)_H/\(U‘70) + eH)\(’LL,—’U)—H)\(u,O) — 2€_é f gl(s)26 \/Xg( >d5> dU
o VU
V1 H) (u,0) —ﬁf ’(s)%iﬁg(s) ds 2
+/ W€A7 22 )9 —2e" 2™ ) dv
0

v

v
+/ %(eH*(“’O) — e 'm0 4 e*%“2m°) (267j22m2 — 2) dv.
0

Using the bounds we computed above, we get that

2
Vie=Fm2 _q 4 W2 o2 u |v|3mo3
Iy (u) — 2e~34*mo / S / 08 =g 9/ () eosl Tra() dst Zo 5 gy
0 0

v2 6V )\

14
1
2 R
w2 [
1,2

+2 ‘eH)\(u,O) _ e 2% Mo

2 iU g(s) 02
o5 196 s ge=ima) g,

2

Vi —emzm
72d’l).
0 (%

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

z?

J‘(,]L )(u), we will need the following basic inequality: Vo € R, cos(z) > 1 — %-. This gives us the
bound:

14 2 2,2 3
1 VM3 _vmg | w% umag | |v[Tmg3
J‘(/)(u) §2/ ez tzZTax e du.
0

6vV/A

For the second term, we use

o [ a2 VR ds oy < e Hmle% ) 72 _1yas 1’
22 2 . 2 1N i%g(s)il p
< e %/gl(s)z(elﬁg(s) — 1)ds‘e z [ o ) il
But ‘fgl(s)%ei%g“) -1 ds‘ < fgl(s)Q%g(S) ds = %mm and thus
"U,| 4 v? v2 |ul
T () < F=mig e TR gy

v VA 0

Vv - m Y \%
1 — 2 2 2 2 1 v2 1
-e - dv = S + maoe” 2 "2 dv < —+/27ms,
0 U2 V 0 2
which gives
u’ mso L.2m +|u| m30
I3 (y < \/27rm27’ P VAN
Moreover we also have
V1 —ﬁmz 1 —V—2m2 +oo 2 )
—e 2 — € 2 v
2/ 72dv—\/27rm2 < 74—/ moe” 2 "2 dy < —.
0 v V Vv V
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The partial conclusion of all these estimates is that

o 4 ) —mou?/2
7Cz, (u,[0,1]) — V2mmge 02| < v + GT J(l)( ) + J‘(/Q)(u) + Jx(/g)(“)'
We now have to choose V' in an appropriate way. The choice of V' will be given by the bound on

J. (1)( ). Assume in the following that u satisfies the condition (U1) given by: “227"22 < 72, and let

us set /X
Then for all v € [0, V], =2 52+ & ” uw 22 + |U(|i\7/ni)3 < —”211”2, and thus
m v v?m 2m
TP (w) < 3\;3 - 42dvg3mzi°\;x.
For the term J‘(,Q) (u), we notice that if u satisfies the condition (U2) given by: %mm < 72, then

for all V' > 0, we can bound J‘(/z) (u) by:
fad [ -t
—mi9 e 1™ du. < —mqg, | —

VA VA my

Finally, for the third term, we have that if u satisfies the condition (U3) given by: s/ = 2o,
then J‘(,3 ) (u) can be bounded, independently of V', by

’ Pmso ot 2lulmso 4
< V2mm 1Mo < /o, S 730 ,
( ) \/_ 23m0\/X

because of the fact that for all z > 0, then ze™® < e !
The final conclusion of all these computations is that if we set a; = min(, /522, 522 M0 then

mo2’ 2mi2’ 2mso

R () <

for all v and A > 0 we have

lu| < a1 VA = |7Cy, (u,[0,1]) — 2rmge ™% /2| < 2 as|ul
\/7 \/7
where @z% and ag = mio %+2—\W 0
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