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NONPARAMETRIC ESTIMATION FOR PURE JUMP LEVY PROCESSES
BASED ON HIGH FREQUENCY DATA.

F. COMTE! AND V. GENON-CATALOT!

ABSTRACT. In this paper, we study nonparametric estimation of the Lévy density for pure
jump Lévy processes. We consider n discrete time observations with step A. The asymptotic
framework is: n tends to infinity, A = A,, tends to zero while nA,, tends to infinity. First, we use
a Fourier approach (“frequency domain”): this allows to construct an adaptive nonparametric
estimator and to provide a bound for the global L?-risk. Second, we use a direct approach (“time
domain”) which allows to construct an estimator on a given compact interval. We provide a
bound for L2-risk restricted to the compact interval. We discuss rates of convergence and give
examples and simulation results for processes fitting in our framework. February 3, 2009

Keywords. Adaptive nonparametric estimation. High frequency data. Lévy processes. Projection
estimators.

AMS Classification. 62G05-62M05-60G51.

1. INTRODUCTION

Let (L¢t > 0) be a real-valued Lévy process, i.e. a process with stationary independent
increments. We assume that the characteristic function of L; has the form:

(1) Yr(u) = E(expiuly) = exp (t/R(ei”“ — )n(z)dz),

where the Lévy density n(.) satisfies [ |z| A1 n(z)dz < co. Under these assumptions, the
process (L;) is of pure jump type, with no drift component, has finite variation on compacts
(see e.g. Bertoin, 1996, Chap. 1). The distribution of (L) is therefore completely specified by
the knowledge of n(.) which describes the jumps behavior.

In this paper, we consider the nonparametric estimation of n(.) based on a discrete observation
of the sample path with sampling interval A. Our estimation procedure is therefore based
on the random variables (7} = Zk.A = Lga — Lg—1)a,k = 1,...,n) which are independent,
identically distributed, with common characteristic function ¥a (u). Since the problem reduces to
estimation from an i.i.d. sample, statistical inference for discrete observations of Lévy processes
may appear standard. However, difficulties arise due to specific features. First, the exact
distribution of the increment Zj is most often hardly tractable. Second, one is interested in
the Lévy density n(.) and the relationship between n(.) and the distribution of the r.v.’s Zj is
not straightforward (see examples, below). This is why statistical approaches often rely on the
simple link between n(.) and the characteristic function ¥a. Illustrations of this approach can
be found in Watteel and Kulperger (2003), Jongbloed and van der Meulen (2006), Neumann and
Reiss (2007), Jongbloed et al. (2005) for the related problem of Lévy-driven Ornstein-Uhlenbeck
processes or Comte and Genon-Catalot (2008).

For what concerns the sampling interval, it is now classical in statistical inference for discretely
observed continuous time processes to distinguish two points of view. In the low frequency
point of view, it is assumed that the sampling interval A is kept fixed while the number n of
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2 F. COMTE AND V. GENON-CATALOT

observations tends to infinity. This is the assumption done in the above references. On the other
hand, the high frequency data point of view is naturally well fitted when the underlying model
is continuous in time. It consists in assuming that the sampling interval A = A,, tends to 0 as
n tends to infinity. This is the point of view adopted in this paper. Moreover, in order to make
our results comparable to those obtained for low frequency data, we also assume that the total
length time of observation, nA,, tends to infinity with n.

As in Comte and Genon-Catalot (2008), we strengthen the assumption on n(.) into:

(H1) /\x!n(x)dx < 00,
R
and focus on the estimation of the function

9(2) = an(a).
By (H1), derivating ¥ yields:
RN

(2) g (u) = /ewmg(x)dw = T Ral)

In the framework of low frequency data, this relation suggests to estimate ¢g* by using empirical

estimators of ¢/ (u)/A and ¥5'(u). Then, g can be recovered adaptively by Fourier methods.

The fact that the denominator A (u) has to be estimated makes the study difficult (see Comte

and Genon-Catalot, 2008). Now, for high frequency data, the above relation is written as:
N

3) P2 ) 4 g ) (a ) — 1) = AE(Ze ).

Since Pa(u) — 1 tends to 0 as A tends to 0, ¥a(u) needs not be estimated and ¢g*(u) may be
estimated by the empirical estimator

P L 1 . uz
() a0/ =7 (0) = g 3 20
As a basic consequence of (3), under (H1), the empirical measure
X 1 ¢
6) i) = 5 3 Zud ()

is a consistent estimator of the measure g(z)dz (0, denotes the Dirac measure at z). This allows
to study the nonparametric estimation of g by two approaches. On the one hand, using (4), we
proceed to Fourier inversion, introducing a cutoff parameter that is adaptively selected. This
construction yields a global estimator. On the other hand, relying directly on the property of
(5), we are able to apply the penalized projection method classically used to estimate densities
(see Massart (2007)). In this way, we obtain an estimator of g on a compact set. Note that the
penalized projection method is applied in Figueroa-Lopez and Houdré (2006) to estimate the
Lévy density n(.) from a continuous time observation of the sample path (L;) throughout a time
interval [0,7]. They obtain theoretical results on the rates of convergence on which we can rely
as a benchmark of comparison. Since we build our estimators on discrete data, our results have
the advantage of giving concrete estimators that can be easily implemented.

In Section 2, we give our assumptions and preliminary results concerning empirical estimators
based on (Z;). The rate of convergence vnA is obtained under the condition nA3 = o(1) on
the sampling interval. For the nonparametric estimation of g, we assume that g belongs also to
L2(R). Section 3 is devoted to estimation of g by Fourier methods. We construct a collection
(Gm,m = 1,...,m,) of estimators using the frequency domain. The bound for the L2-risk of
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an estimator §,, (Proposition 3.1) allows to deduce rates of convergence in Sobolev classes of
regularity (Proposition 3.2). Afterwards, we define a penalty in order to select adaptively the
best estimator of the collection (Theorem 3.1). In Section 4, we construct another collection
of estimators (g,,) by using projection subspaces of IL?(A) where A is a compact subset of R.
We follow the same scheme. First, we study the risk bound of an estimator g, before selection
(Proposition 4.2). Then, we define a penalty and obtain the risk bound for the adaptive estimator
(Theorem 4.1). We deduce the rate of convergence on Besov classes of regularity (Corollary 4.1).
For both methods, as it is usual for high frequency data, constraints on the sampling interval
appear and are discussed. Section 5 discusses rates on examples. Section 6 illustrates and
compares the methods through simulations. Section 7 contains some conclusions and possible
extensions. Proofs (not given in the main text) are gathered in the Appendix.

2. PRELIMINARY RESULTS.

2.1. Framework. Recall that the Lévy process (L;) satisfying (1) is observed at n discrete
instants t;, = kA, k = 1,...,n, with regular sampling interval and our estimation procedure is
based on the random variables (Z; = ZkA =Lgka—Lg—pak=1,... ,n) which are independent,
identically distributed, with common characteristic function a(u). We assume that, as n
tends to infinity, A = A, tends to 0 and nA,, tends to infinity so that the observations are
(Zy =2} = ZkA", k=1,...,n). Nevertheless, to avoid cumbersome notations, we omit the sub-
or super-script n everywhere.
For the estimation of g(z) = zn(z), (H1) and the following additional assumptions are required.

(H2)(p) For p integer, [, [z[P~tg(z)|dz < co.

(H3) The function g belongs to L2(R).

f x*g*(x)dx < +oo.

Assumptlons (H1) and (H2)(p) are moment assumptions for Z; (see Proposition 2.2 below).
Under (H1), (H2)(p) for p > 1 implies (H2)(k) for ¥ < p. The required value of p is given in
each proposition or theorem.

Noting that
dx
1 2 2
l9l} = / gle)da)? < [+ et [

we see that (H3) and (H4) imply (H1). If g is decreasing, the distribution of Z; is self-
decomposable and g is called the canonical function (see Barndorff-Nielsen and Shephard (2001)
and Sato (1999, chap.3.15 p.90)).

Under (H1), let us introduce (see (2)-(3))
(6) Oa(u) = B(Z16"71) = —ith (u) = Ag* (u)poa (u).

and
n
1 Z ZelZn
n
k=1

As Oa(u)/A = g*(u) + g*(u)(¥a(u) — 1) and Pa(u) =1+ O(A), a simple estimator of g*(u) is
given by (4). We first state a proposition useful for the sequel.

Proposition 2.1. Denote by Pa the distribution of Z1 and define ua(dz) = A~ xPa(dz) and
p(dx) = g(x)dx. Under (H1), the distribution ua has a density ha given by

ha(z) = /g(:c —y)Pa(dy) = Eg(z — Z3).
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And pa weakly converges to u as A tends to 0.
Proof. Note that

[ Blgte— 20)ide = [ lgto - 20)lds = [ lg(a)lds < +x.

Thus E|g(x — Z1)| < +00 a.e. (dz), which implies that E(g(z — Z1)) is a.e. well defined.
Equation (6) states that

pa = p*PR.
Hence, ua = px Pa where x denotes the convolution product. This gives the result. [J

Note that, although Pa may have no density, under (H1), pua always has. Note also that the
Lévy measure can always be obtained as a limit: for every fixed a > 0, (1/A)Pa(dx) converges
vaguely on |z| > a as A — 0 to n(x)dzx, see e.g. Bertoin (1996, p. 39, ex. 5.1). Assumption
(H1) ensures the stronger result of Proposition 2.1.

2.2. Limit theorems and inequalities. In this section, we study some properties illustrating
the framework of high frequency in the context of pure jump Lévy processes. In particular, a
condition on the sampling interval is exhibited.

First, we give some properties of the moments of Z; and of empirical moments associated
with the observations: Proposition 2.2 shows that the moments of Z; have all the same rate of
convergence with respect to A; Theorem 2.1 gives inequalities and a central limit theorem for
empirical moments.

Proposition 2.2. Let p > 1 integer. Under (H2)(p), E|Z1|P < co. For 1 </{ <p,
E(Z) = A my + o(A)

where
(7) my = /R ' Lg(z)dz = /R 2tn(z)dz.

More precisely, if p > 2, E(Z1) = Amy, E(Z3) = Ama + A%?m3. And more generally, if p > ¢,
l
E(Z) = Amg + ) Ale,
j=2
where the c;” are explicitly expressed as functions of the mj,j < L.
Moreover, under (H1), E(|Z1|) < 2A||g|1-

Proof. By the assumption, the exponent of the exponential in (1) is p times differentiable and,
for{=1,...,p,

¢ , .
(8) %(/R(e““” — 1)n(z)dz)) = ig/ e g(2)dx).

R
By differentiating ¥)A and using an elementary induction, we get the result.

Using the classical decomposition Z; = Z;” + Z;, we compute E(Z;"). By Proposition (2.1),
+o0 +oo
Bz = A [ Bloe = 20)d: = AB([  g(a)do) < Al
0 —Z1

The computation of E(Z] ) is analogous, and the result follows from |Z;| = Z;f + Z;. O
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Theorem 2.1. o If pl is even, (H2)(pl) and (H2)(2¢) hold,

P 1 1
o ( ZZ’“ & )SC”<<nA>p—1+<nA>p/2)'

o Assume (H2)(4¢). If n tends to infinity and A tends to 0 in such a way that nA tends
to infinity and nA® tends to 0, then

vnA (nLA Z Z,g — mg) — N(0,may)
k=1

i distribution.

Then, we give inequalities useful to evaluate bias and variance terms for the sequel and a
result concerning the behavior of 64 (u)/A as a pointwise estimator.

Proposition 2.3. Under (H1), we have:

(10) [Ya() = 11 < [ulallglh,

(11) |A™0A (u) — g* (u)] < |ulA]lg]l7,

Under (H1) and (H2)(2p), forp > 1,

. C
12 AT?PE(|0 —0 )< P
(12) () = Oa()) < 2
Note that for p = 1, (12) is a simple variance inequality:
A 1 1
-2 2 2 2

(13) ATE(0a(u) = 0a(@)[%) < —<(m2 + Amy) = —5E(Z).

Theorem 2.2. Under (H1) and (H2)(2), zan3 = o(1), VnA(fa(u )/A g*(u)) converges in
finite-dimensional distributions to the process X (u f ey /n(x)dB(z),u € R, where B is a

Brownian motion indexed by R.

It would be interesting to develop this study further and obtain a stronger form of Central
Limit Theorem (CLT) for the process vnA(fa(u)/A — g*(u)). Note that, in the context of low
frequency data, Jongbloed and van der Meulen (2006) build a parametric minimum distance
estimator relying on a strong CLT for the empirical characteristic function.

3. ESTIMATION OF g BY FOURIER METHODS

Recall that v* is the Fourier transform of the function v defined as u* f ey, x)dx, and
denote by ||ul|, < u,v >, u* v the quantities

Julf? = [ Ju(o)Pd.

<u,v>= /u(x)@(x)dm with 2Z = |2|*> and u*v(z) = /u(y)@(x —y)dy.
Moreover, for any integrable and square-integrable functions u, u1, ug, the following holds:

(14) (u*)*(z) = 2mu(—z) and (uy,ug) = (2m) " H(uf, ul).
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3.1. Definition of a collection of estimators. In this paragraph, we present a collection of
estimators (g,,), indexed by a positive parameter m that will below be subject to constraints
for adaptiveness results. Three distinct constructions give rise to this class of estimators, each
having its own interest for interpretation, implementation or theoretical aspects. We start with
the simple cutoff approach. We have at our disposal an estimator of g* given by (4). For taking
the inverse Fourier transform of O /A, since this function is not integrable, we are led to set:

~ _ 1 o fizuéﬁ(u)
(15) ) =5 [ e,

for a positive cutoff parameter m. In other words, g}, = (éA JA) Y o). Introducing

_ sin(7mx)

(16) p(z) = (with ¢(0) = 1),

™

a simple integration leads to
m n
gm(x) = A > Zip(m(Zy — x)).
k=1

Therefore §,, may be interpreted as a kernel estimator with kernel ¢ and bandwidth 1/m.
Formula (15) allows to study the L2-risk of §,, for all m. We need to introduce

1 o —iux *
gm () / e 9" (u)du,

B % —7Tm
which is such that g5, = ¢"1|_rp 7m)-
Proposition 3.1. Assume that (H2)(2)- (H3)-(H4) hold, then for all positive m,

2 ™
N m g *
Bl — ) < lg — gl + 2823/ 25 + A2 [ g P

Proof. We have ||g,, — gl|*> = 13}, — ¢*||*/(27), and thus (see (4) and (6)),

. 1 Or Oa N «
Hgm - g”2 = %[H(K - K)I[*ﬂ'm,ﬂ'm} + (K - )I[*ﬂ'm,ﬂ'm] -9 I[fﬂm,ﬂ,m]cuz]
1 éA Oa N %
< 0 1P 12— )
1 *
+%Hg I[fﬂm,ﬂ,m}CHz'

The last term is exactly ||g — gm||?. For the second term, using (3) and (10), we have

0 % * " *
H(KA -9 )I[—Wm,nm]HQ = [[(¥a —1)g I[—Wm,nm]H2 < AQHQH%/ u2|g (u)|2du.

—7Tm

™

Lastly, (13) yields

Or 0 ™ 2rmE(Z2
E(H(KA - KA)I[—FW,WTH}HQ) = A 2E(‘0A(’UJ) - HA(U)P)d’U, < Tl)

—7Tm

By gathering the three bounds, we obtain the result.
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3.2. Rates of convergence. Let us study the rates implied by Proposition 3.1. For that
purpose, consider classical classes of regularity for g, defined by

cta.n) = foe @ n)®), [+l wPasL).
We obtain the following result:

Proposition 3.2. Assume that (H2)(2)-(H3)-(H4) hold and that g belongs to C(a,L). If n —
+00, A — 0 and nA? < 1, we have

E(llg = gml?) < O((na)72e/Ee1).
If a > 1, then it is enough to have nA3 = O(1) (instead of nA? < 1).

Proof. We know that
1 / L _
2 (02 2

g—g = — g (w)|“du < —(mm .

lo—sul® =5 [ o' < 57 o
Thus, the compromise between ||g — g,u]|> and m/(nA)(first two terms in the risk bound of
Proposition 3.1) is obtained for m = (nA)Y ¢+ and leads to the rate (nA)=2e/(a+1),
There remains to study the term A? [™" 42|g*(u)[*du, which is a bias term due to the high

frequency framework and must be made negligible. As g € C(a, L), we find

/ u?|g* (w))Pdu < Lm?(1 =2+,

If @ > 1, under the condition nA3 = O(1), A% = O(1/(nA)). So the order of the risk bound is
(nA)—Qa/(Za-l-l) ]

If a € (0,1), we must have at least A2m2(1-%) < m~=20. Hence, A?m? < 1. This is achieved
for nA? <1 as m < nA. The order of the risk bound is again (nA)~2¢/(2a+1) ]

Remark 3.1. 1. If g is analytic i.e. belongs to a class
A01Q) = (1. [ (@ + =PI (@)Pde < Q).

then the risk is of order O(In(nA)/(nA)) (choose m = O(In(nA))).

2. If g is reqular enough, (a > 1), we find the constraint nA3 = O(1) exhibited in Section 2.
If not (a € (0,1)), we must strengthen the constraint on A to get the optimal rate of convergence
(see the examples below).

3.3. Adaptive estimator. Now, we have to select adaptively a relevant bandwidth m. For
this, it is convenient to show that the estimators g,, are projection estimators, obtained as
minimizers of a projection contrast. For positive m, consider the following closed subspace of
L*(R)

Sy = {heL*R),supp(h*) C [-mm,wm]}.

For h € L%(R), let h,, denote its orthogonal projection on S,,. A noteworthy property of S, is
that hy, is characterized by the fact that hy;, = h*1|_r,, 7). Hence,

1
h—hm2:—/ R (z)|?da.
[ [ . mzm\ ()]
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Moreover, for t € Sp,, t(z) = (1/27) [T e~ "*t*(u)du, and

1 ™m ™ 1/2
[t(x)] < o (/ |t*(u)|2du/ |elu:v|2du) .
7T —TTm —TTm

Thus

17) V€ S o < V]

Let, for t € Sy,
1 éA u) . N

(18) n®) = 1ol = 2 [ P2y = 2 — 25, )
T

Evidently,

o . .
gm = arg min Yu(t),

m

and 7, (gm) = —||gm||?. Using (15) and (16), we have
. 2
. 1 Tm GA(’U,)
loml? = 5= [
m —TTm

A
Finally, it is interesting to stress that the space 5, is generated by an orthonormal basis, the
sinus cardinal basis, given by:

5 O, ZZup(m(Zy — Z)).
1<k€<n

om.j(7) = Vmp(mz —j), jEL
where ¢ is defined by (16) (see Meyer (1990), p.22). This can be seen noting that:

eiri/m
*
(19) Som,j(x) = Wl[fﬂm,ﬂm} (‘T)
As above, we use that ¢, ;(z) = (1/27) fw;nm ek, (—u)du to obtain
T™m .
Z O, j (T =3 / e 2 du, = m.
jez T J—mm

Therefore, a third formulation of g, is

1 n
gm - %ama@my where a Qm,j = o A / QOmj( u)du = m kzl Zkgomvj(Zk)
J =

Due to the explicit formula (15), even if Sy, is not finite-dimensional, we need not truncate the
series. Nevertheless, the introduction of the basis is crucial for the proof. Using the development

on (¢m,;);j, we also have
19m 1 =D lam I

JEL
For h € L%(R), its orthogonal projection h,, on S,, can be written as
hn = amj(h)pmy  With ap j(h) = (b, o).
JEL
We consider a collection (S,,,m = 1,...,my) where m,, is restricted to satisfy m,, < nA.
As it is usual, we select adaptively the value as follows:

me{l,..

= arg min }('Yn(gm) + pen(m)) with pen( <TLA Z )
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We shall denote by
9 m
peny,(m) = E(pen(m)) = w(E(Z7)/A) <.

Then we can prove

Theorem 3.1. Assume that (H2)(8)-(H3)-(H4) are fulfilled, that n is large and A is small with
nA tends to infinity when n tends to infinity. Then

C'AZ  [Tmn C” In? (nA)
—a-112) < : _ 2 20 % 2 z nwna)
Bllg—gal) <€t (o= gl +vena(m) + G [ g P S

If g belongs to a class of regularity C(a, L), with unknown a and L, the estimator is automat-
ically such that

9 1402
Bl - 3al?) < € |(n8) /0 ¢ 2oy SRS,

nA
If either (a > 1, nA% = O(1)) or (0 < a <1 and nA% = O(1)), then
E(llg = gall*) = O((na)~2¢/Ce¥ ),

Remark 3.2. In Comte and Genon-Catalot (2008), it is assumed that A is fived and that
lWa(z)] < (1 4+ 22)7Y2/2, Using a different estimator and a different penalty (since ¥a has to
be estimated), we obtained that the L2-risk of the adaptive estimator of g automatically attains
the rate O((nA)=2¢/(20A+20+1))y “phen g belongs to C(a, L): it appears that the exponent in the
rate effectively depends on A. But it coincides with the exponent obtained here when A — 0 or
b= 0 (compound Poisson process).

4. ESTIMATION OF g ON A COMPACT SET.

4.1. Time domain point of view. In this section, we intend to proceed without Fourier
inversion and directly use the fact that (1/(nA)) > y_ Zidz, = [un, converges weakly to p(dz) =
g(x)dx. Recall that, for any function ¢ such that ¢* is compactly supported,

Since 0 /A is the Fourier Transform of fi,, we now consider, with the same notation and for
any compactly supported function ¢,

2 n

2 ~ 2

= -2 = ——E 7Z:4(Z:.).
Yn(t) = [I2]] (fin, ) = [|t]] A 2 kt(Zy)

More precisely, we fix a compact set A C R and focus on the estimation of g4 := gI4. In other

words, the estimation is performed in the “time domain” instead of previously, the “frequency

domain”. We consider a family (X,,,m € M,,} of finite dimensional linear subspaces of L?(A):

Ym = span{px, A € A, } where card(A,,) = D,, is the dimension of ¥,,. The set {¢x, A € A}

denotes an orthonormal basis of ¥,,,. We shall denote by | f[|4 = [, f*(u)du for any function f.
For m > 1, we define

2 G = i .
(20) gm = arg min Yn(t)
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4.2. Projection spaces and their fundamental properties. We consider projection spaces
satisfying
(M1) (Zm)men, is a collection of finite-dimensional linear sub-spaces of L.2(A), with dimension
D,,, such that Vm € M,,, D,, < nA. For all m, functions in %,, are of class C' in A,
and, satisfy

(21) 3By > 0,¥m € My, ¥t € Son, |0 < Poy/Dinlt]la, and |[¢]l4 < BoDullt]la.

where [[t]loc = supge 4 [¢(2)]-

(M2) (2,)mem, is a collection of nested models, all embedded in a space S,, belonging to the
collection (Ym € M,,%,, C S,). We denote by N,, the dimension of S,: dim(S,,) = N,
(Ym € My, D, < N, <nA).

Inequality (21) is often referred to as the norm connection property of the projection spaces
and is the basic tool to obtain the adequate order of the risk bound. It follows from Lemma 1
in Birgé and Massart (1998), that (21) is equivalent to

(22) 300> 0, S Rl < BED,.
AEA,

Functions of the spaces X, are considered as functions on R equal to zero outside A.

Here are the examples we have in view, and that we describe with A = [0, 1] for simplicity.
They satisfy assumptions (M1) and (M2).
[T] Trigonometric spaces: they are generated by o = 1j1), ¢;(z) = \/icos(Qij)I[oyl] () and
Citmt1(x) = \/isin(27rjx)1[071](x) forj=1,...,m}, Dy, =2m+1and M,, = {1,...,[nA/2]—
1}.
[W] Dyadic wavelet generated spaces with regularity » > 2 and compact support, as described

e.g. in Hirdle et al. (1998). The generating basis is of cardinality D,, = 2™*! and m € M,, =
{1,2,...,[In(nA)/2] — 1}.

4.3. Integrated risk on a compact set. Now, we have

_ _ .
(23) Gm =Y axpx with a = X > Zkpa(Zi).
AEAm k=1

Let g, denote the orthogonal projection of g on ¥,,, now given by g, = > ¢ A, Gxpx with
ayx = (1/A)E(Z1pA(Z1)). At this stage, note that the “time domain approach” differs from the
“frequency domain approach” only through the projection spaces.

A useful decomposition of the contrast is

(24) M(t) = n(s) = It = gl = lIs = gll* — 2va(t — 5) = 2Rt — 5),

where we set

n

(25) nlt) =~ S (Zut(Z) ~ E(Zi(2))
k=1

and

(26) Ru(t) = 3E(Z(20) - [ tla)gla)ds.

We can prove the following propositions:
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Proposition 4.1. Let t € ¥, and assume that (H1) and (H3) hold.
1) If L= [u?g*(u)|*du < +o0, then
[Ra(D)] < Allt]lallglh L2 /v/2r.

2) If g is bounded, |R,(t)] < C®q||t|aAD,, where C depends on ||g||1, ||g|l and A.
3) Otherwise:

(27) Ry (t)] < C®o|lt]|a(v/ ADy, + ADpyy),
where C' depends on ||g||1, |lg|| and A.

Proposition 4.2. Assume that (H1)-(H2)(2)-(H3) hold. We consider Gm,, an estimator of g
defined by (23) on a space ¥, and denote by gy, the orthogonal projection of g on ¥,,. Then
Dy,
nA
where K depends on my, mg and g and p,, 5 = A% if [u?|g* (u)Pdu < 400, Pmn = A2D2 if g
is bounded. Otherwise p,, , = ADy, if nA? <1.

(28) E(|Gm — 9l2) < 3llg — gm|% + 16@0[E(Z7)/A] 2 + Kp,, 4,

As for Proposition 3.1, we draw the consequences of Proposition 4.2 on the rate of convergence
of the risk bound.

In the setting of this section, the regularity of g4 must be described by using classical Besov
spaces on compact sets. Let us recall that the Besov space Ba 2,00([0,1]) is defined by:

Ba2,00([0,1]) = {f € L*([0,1]), |fla,2 = stl;gt’awr(f, t)y < +o0}

where r = [a] + 1 (].] denotes the integer part), and w,(f,t)s is called the r-th modulus of
smoothness of a function f € L?(A). Note that |f|,2 is a semi-norm with usual associated

norm || flla2 = | fll2 + |fla2, |1 fll2 = (f\f\Q(x)dx)l/z. For details, we refer to DeVore and
Lorentz (1993, p.54-57).

Heuristically, a function in B 2,50([0,1]) can be seen as square integrable and [a]-times dif-
ferentiable with derivative of order [a] having a Holder property of order o — [a].

Proposition 4.3. Consider A = [0,1] and ¥, a space in collection [T] or [W]. Assume that
(H1), (H2)(2) and (H3) hold. Let g € By 2.00([0,1]), Dy = (nA)Y D) gnd A = n=% with
a € (0,1).

o If [u?|g*(u)|?du < 400, choose a > /(3 + 1),

e If g is bounded, choose a > (a+1)/(3a + 2),

e Otherwise, choose a > 1/2.

Then E(lg — gmll%) < K (nA)=2e/GetD),

Proof. It is well known (see DeVore and Lorentz (1993)) that, if ¥, is a space of [T] or [W],
and if g € By 2,00([0,1]), then |lg — gmH[QOJ} < CD.?*. The usual compromise between D, 2*
and D,,/(nA) leads to the best choice D,, = O((nA)YZ*+1)) Therefore, the first two terms
in (28) have rate O((nA)~2%/(2e+1)) " Now, we search for the choice of A = n~% such that
Pra < (RA)72/CFD CIf [ 42]g* (u)2du < 400, Pra =A% and we find a > a/(3a +1). If g
is bounded, p, , = A%2D2, and we find a > (o + 1)/(3a + 2). Otherwise, p, = AD,, and we
find a > 1/2. O ’

Note that a > «/(3a + 1) and @ > (a4 1)/(3 + 2) holds for any o > 0 if @ > 1/3 (hence
nA < n2/3), and a > 1/2 implies nA < nt/2.
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4.4. Adaptive result. Now, to get an adaptive result, we need to define a penalty function
pen(.) and set

m = arg min (v,(gm) + pen(m))

mGMn
Let
D,

K — D,,
pen(in) = 3722 peny, (m) = E(pen(m)) = sE(Z3/A) .
i=1

Here too, we use the same notation pen(m), peny,(m) as above, although the definitions differ.
Then the following theorem holds:

Theorem 4.1. Assume that assumptions (H1)-(H2)(12)-(H3) and (M1)-(M2) are fulfilled. Con-
sider a nested collection of models and the estimator gy, then

/
nA’
where p, = A% if [u?|g*(u)[*du < 400, p, , = A?N? if g is bounded. Otherwise, p, , = AN,.

E(|lg — gml%) < ¢ inf (Ilg = gmlI% + peny,(m)) + Cp, o +

Remark 4.1. The moment condition of order 12 in Theorem 4.1 can be weakened into a con-
dition of order 8 for basis [T], which is bounded.

The constant x is numerical and must be calibrated by preliminary simulations (see Section 6).

Then the following (standard) rate is obtained:

Corollary 4.1. Let the Sy, ’s be D,y,-dimensional linear spaces in collections [T| or [W]. Assume
moreover that g belongs to Ba2.00([0,1]) with 1 > o > 0 and A = n™* with a € [1/3,1] if
[u?|g*(w)|?du < +o00, a € [3/5,1] if g is bounded, and otherwise, a € [2/3,1[. Then, under the
assumptions of Theorem 4.1,

(29) E(llg — gnll?) = O ((na) %37} .

Remark 4.2. The bound r on « stands for the regularity of the basis functions for collection
[W]. For the trigonometric collection [T], no upper bound for the reqularity « is required.

Proof. The result is a straightforward consequence of the results of DeVore and Lorentz (1993)
and of Lemma 12 of Barron, Birgé and Massart (1999). They imply that, if g € B 2,0([0,1])
for some o > 0, then ||g — g is of order D ,* in the collections [T] and [W]. Thus the infimum
in Theorem 4.1 is reached for D,,, = O([(nA)Y(1+2%])  which is less than nA for a > 0. We
know that the collection of models is such that N,, < nA. Thus, if [u?|g*(u)|?du < +oo,
A? < 1/(nA) holds for A = n=% if a € [1/3,1[. If g is bounded, A2N?2 < 1/(nA) holds if
A?(nA)? < 1/(nA) which gives a € [3/5,1[. Otherwise, N,A < 1/(nA) holds for A = n=® if
a € [2/3,1[. Unfortunately, this also implies that nA < n?/3 in the first case, nA < n?/% in the
second case and nA < n'/3 in the third case. Then, we find the standard nonparametric rate of
convergence (nA)~2e/(1+20), O

Remark 4.3. Figueroa-Lépez and Houdré (2006) investigate the nonparametric estimation of
n(.) from a continuous observation (Lt)cjo,1)- They use projection methods and penalization to
obtain estimators with rate O(T—2%/2+1)) on a Besov class Bu,2.00([0,1]). Thus, our result can
be compared to theirs since our rate is O((nA)~2%/(a+1)),
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5. RATES OF CONVERGENCE ON EXAMPLES.

The discussion on rates of convergence is different according to the estimation method. We
give some illustrating examples.

5.1. Rates for the Fourier method on examples. Below, we compute with more precision
the risk bound given by Theorem 3.1 on specific examples.

Example 1. Compound Poisson processes.

Let Ly = 25\21 Y;, where (N;) is a Poisson process with constant intensity ¢ and (Y;) is a
sequence of i.i.d. random variables with density f independent of the process (V). Then, (L;)
is a compound Poisson process with characteristic function (1) with n(z) = ¢f(z). Assumptions
(H1)-(H2)(p) are equivalent to E(|Y7|P) < co. Assumption (H3) is equivalent to [p, 22 f?(z)dx <
o0, which holds for instance if sup,, f(z) < 400 and E(Y{) < +oc. The distribution of Z; = La
is:

(30) PA(dz) = Py (dz) = = [ ay(d) + 30 £7(5) Lz
n>1 .
Hence,
T2 AN—2
(31) pa(de) = e | e2f(2) + ALY —— " (2)dz
n>2 '

Now as f is any density and g(x) = cx f(x), any type of rate can be obtained.
We summarize in Table 1 the rates obtained for several examples that we test below by
simulation experiments.

Density f Gaussian N (0,1) | Exponential £(1) | Uniform ([0, 1])
g(z)(=cxf(x)) = cxe‘m2/2/\/ 2m cre "I+ (x) cxljp g () ‘
g*(z) = cize /2 c/(1 —ix)? ce_l#
x
S lg" @ Pdz = | O(men) O(m™3) O(m™)
Sietgmm, 219" (@)Pda = o) o(1) O(my)
Constraint on A nA3 <1 nA3 <1 nA? <1
Selected m = m = /In(nA)/x | m = O0((nA)Y*) | m = O((nA)"/?)
Rate = O(VRED)) | o(ma)y ) | o((na) )

TABLE 1. Choice of m and rates in three compound Poisson examples.

It is worth stressing that the rates obtained in Table 1 are the same as the ones obtained
for fixed A in Comte and Genon-Catalot (2008). This is because b = 0 for compound Poisson
models (see Remark 3.2). The fixed A case requires a more complicated estimator, but no ad-
ditional constraint on A, while here, the estimator is simpler, under small A.

For instance, for A = n~% with a € [1/3,1[, the best risk is of order In'/?(n)/n2/3 in the Gauss-

ian case and of order n=1/2 in the exponential case. In the uniform case for A = n~% and now
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a € [1/2,1], the best risk is of order n~ /4,

Example 2. The Lévy gamma process. Let a > 0,5 > 0. The Lévy Gamma process (L;) with
parameters (3, «) is a subordinator such that, for all ¢ > 0, L; has distribution Gamma with
parameters ((t, «), i.e. has density:

ot
—
r(pt)
The characteristic function of Z; is equal to:

() v = (5 )M.

o — U

(32) ﬂt_le_omlmzo.

The Lévy density is n(x) = ﬂx_le_ml{z>0} so that g(r) = Be” 1,y satisfies our assump-
tions. We have: ¢g*(x) = /(o — iz). Table 2 gives the risk bound and auxiliary quantities.

Example 2. (continued) More generally, we consider the Lévy process (L;) with parameters
(0,8, ¢) and Lévy density

() = exd 120 1e P,
For § > 1/2, f0+°° n(x)dr < 400, and we recover compound Poisson processes. For 0 < § < 1/2,
% n(z)dz = +o00 and g(z) = zn(z) belongs to L2(R) NL(R). This includes the case § = 1/2

0
of the Lévy Gamma process. We have:
r'o+1/2)

* o)
g (u) = C(ﬂ _ z’u)‘”l/?'

It follows from Table 2 that for A = n~%, with a € [1/2, 1], the best risk is of order n=%/(%+1),

Example 3. The variance Gamma stochastic volatility model. This model was introduced by

Madan and Seneta (1990).

Let (W;) be a Brownian motion, and let (V;) be an increasing Lévy process (subordinator),
independent of (W;). Assume that the observed process is

Ly = Wy,.
We have

2 a Ap
Yalu) = E(e™F2) =E(e7") = < ) |

o+ “72
The Lévy measure of (L;) is equal to:
ny(z) = B(20))|z| " exp (—(20) 2 Jz]).

We can compute the density of Lo = Z; which is a variance mixture of Gaussian distributions
with mixing distribution Gamma I'(8A, «):

1 +o0o - n aﬂA
fZl(:C) = E/O UﬁA 3/26 2(12/v+2av)7dv

I'(BA)
ofA a2
= \/22_7rr(ﬁA)((2‘x)" )i_ﬂAKﬁA,%((2Q)1/2|$|)

where K, is the modified Bessel function (third kind) with index v (see e.g. Lebedev).
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Now with & = (2a)/2, § = B(2a)'/4,

g(x) = Bexp(—ax) L0 — Bexp(ax) <o = ¢ (x)

2iafx
a2 422

Example 3 (continued). The variance Gamma stochastic volatility model is a special case
of bilateral Gamma process (see Kiichler and Tappe (2008), Comte and Genon-Catalot (2008)).
Consider the Lévy process L; with characteristic function

a Bt o B't
Pelu) = (a - zu) (O/ +iu)

n(x) = \x]_l(ﬁe_aml(07+oo)(x) + ﬁ'e_o‘ml(_oo’o) (x)).

and Lévy density

Rates are given in Table (2).

Process Example 2 Ex.2 (continued) Example 3
5 €]0,1/2] (continued)
iy B I'(6+1/2) B
g (x) = o — iz c(ﬁ_iu)5+1/2 o —ir o —iz
ez mm |97 (@) Pda = O(1/m) O(1/m*) O(1/m)
Constraint on A nA? <1 nA? <1 nA?2 <1
Selected m = O((nA)'/?) O((nA)Y/(2o+1) O((nA)Y/?)
Rate (small A) O((nA)~1/2) O((nA)~20/(20+1)) O((nA)~1/2)
Rate (fixed A) O((nA)~VEBATDY 1 O([In(nA)]~2) | O((nA)~1/(“B8A+D)
(see [5] (2008))

TABLE 2. Choice of m and rates in examples 2, 2 (continued), 3 (continued).

The rates of the last lime in Table 2 come from Comte and Genon-Catalot (2008). As
announced before (see Remark 3.2), the rates for small A are different from the rates with
fixed A, and they are in all cases better. Moreover, the estimation strategy in simpler and
more complete (see Remark 4.2 in Comte and Genon-Catalot (2008)). The price to pay is the
constraint on A.

5.2. Rates for the estimation on a compact set. In all the examples above, it is possible
to find a compact set A such that g is of class C*° on A.
Due to Corollary 4.1, for all a > 0, E(|lg — §m||3) = O((nA)~2e/(at1)y,
For the conditions under which this rate arises, three possibilities happen:
(1) for the compound Poisson process with Gaussian and exponential density, we have
[ u?|g* (u)Pdu < +oo,
(2) for the compound Poisson process with uniform density f, the Lévy Gamma process and
the bilateral Lévy Gamma process, we have [ u?|g*(u)|?du = 400 and g is bounded.
(3) For the Lévy-d (see Example 2 (continued)), [ u?|g*(u)|*du = +00 and g is not bounded.
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Choosing A = n~% (see Corollary 4.1), in the first case, the best rate corresponding to

o — +oo is of order O(n=2/3), for the second case, of order O(n~2/%) and for the third case of
order O(n~1/3).

To conclude this section we show in Table 3 the best rate that can be obtained on each
example according to the method, either Fourier method (Sinus Cardinal basis) or the time
domain method (Trigonometric basis). The winner of the challenge is always the trigonometric
basis. This is because the limit o« — 400 is considered for the latter basis only. However, on
simulations, the global method performs better.

Process Sinus Cardinal basis  Trigonometric basis
Poisson-Gaussian In'/2(n)n=2/3 n=2%/3
Poisson-Exp. n=1/2 n=2/3
Poisson-Unif. n=1/4 n=2/5
Lévy-Gamma n~1/4 n=2/5
Lévy-6 n=%2041) 5 € (0,1/2) n~1/3
Bilateral Gamma n~1/4 n=2/5

TABLE 3. Comparison of best possible rates with the two methods.

In all cases, rates measured as powers of n are very slow. As will be illustrated in the
simulations, the important value is nA, that should be large enough. This means that A cannot
be too small in order to keep a reasonable number n of observations. This is why, in our
simulations, we have not always taken A% smaller that 1/(nA).

6. SIMULATIONS

We provide in this section simulation results. We have implemented the estimation method
for two bases: the sinus cardinal basis of Section 3 and the trigonometric basis of Section 4. We
simulated Lévy processes chosen among the examples given in Section 5. Precisely,

(1) A compound Poisson process with Gaussian NV(0,1) Y;’s, g(x) = cx exp(—22/2)/v/ 2.
(2) A compound Poisson process with Exponential £(1) Y;’s, g(z) = cxe " I,~0.

(3) A compound Poisson process with Uniform U([0, 1]) Y;’s, g(x) = cxTjy 11(z).

(4) A Lévy-Gamma process with parameters (o, 3) = (2,0.2), g(z) = fexp(—ax)I;~o,

(5) A Lévy-Gamma process with parameters (o, 3) = (1,1),

(6) A Bilateral Lévy-Gamma process with parameters (o, 3) = (¢/,5) = (2,0.2), g(z) =
Bexp(—az) Lz — B exp(a/z) Lo,

(7) A Bilateral Lévy-Gamma process with parameters («, 8) = (2,0.2) and (¢/, ) = (1,1)
After preliminary experiments, the constant x is taken equal to 7.5 for the sinus cardinal basis
and to 1 for the trigonometric basis. The cutoff m is chosen among 100 equispaced values
between 0 and 10. The dimension D;; is chosen among 80 values between 1 and 80. We used
in both cases the expression of the estimators using the coefficients on the basis. In the sinus
cardinal case, this avoids high dimensional matrices manipulations, but the series have to be
truncated (we keep coefficients a,, ; for |j| < K, and we take K, = 15).

Results are given in Figures 1 and 2. We give confidence bands for our estimators by plotting
50 estimated curves on the same figure. The first two columns give estimation results with the
sinus cardinal basis for n = 5000, A = 0.2 (nA = 1000) and n = 50000, A = 0.05 (nA = 2500).
The third columns concerns the trigonometric basis for n = 50000, A = 0.05.

)
6
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It is clear from the first two columns that increasing nA improves the result by showing a thin-
ner confidence band. Comparing the last two columns amounts to comparing the performance
of the two bases. It appears that the sinus cardinal must be preferred because the trigonometric
basis has very important edge effects for highly dissymmetric densities: see in particular the
exponential-Poisson, and the Gamma case, which start with a peak and end at zero.

On top of each graph in Figures 1 and 2, we give the mean of the selected values for m
(sinus cardinal basis) or for Dy, (trigonometric basis) with the associated standard deviation
in parentheses. Various values are chosen by the estimation procedure, and in each case, the
standard deviation exhibits a reasonable variability. This is an indication that the constants in
the penalties are adequately chosen: too small constants x imply very unstable choices for the
same model, while greater x’s quickly lead to null standard deviations for 50 sample paths. Note
also that the higher the regularity of g, the smaller the selected 7m’s and Dy,’s (which is coherent
with orders as D, = O(n'/(2*t1) for a regularity o). The uniform-Poisson case involves larger
values for m than the two other Poisson cases, for instance.

At last, let us remark that, when [ u?|g*(u)[>du < +oo, we need not use a Cl-basis in the
second approach. For instance, a histogram basis or a piecewise polynomial basis can also be
implemented. But in practice, it is not possible to know if the condition is fulfilled or not.

7. CONCLUDING REMARKS

In this paper, we have investigated in the high frequency framework the nonparametric es-
timation of the Lévy density n(-) of a pure jump Lévy process under assumption (H1). This
paper complements a previous one (Comte and Genon-Catalot (2008)) where the low frequency
framework was treated. The estimation of n(.) is done through the estimation of the function
g(x) = an(z). In here, we use two kinds of bases. On the one hand, the sinus cardinal basis,
which is of classical use in deconvolution provides a global estimation. On the other hand, finite
dimensional bases satisfying (21) provide an estimation of g restricted to a compact set. In each
approach, an adaptive estimator is built which reaches automatically the classical best rate that
can be achieved on a prescribed class of regularity. The estimators can easily be implemented.
Especially in the case of the sinus cardinal basis, the method allows the automatic (and adap-
tive) choice of a cutoff value m in Fourier inversion, a point that was unsolved in several previous
references (quoted in the introduction).

There remain several open problems: mainly, how can the method be extended to more
general Lévy processes having a drift term and under a weaker assumption on n(-) such as
[ 2*n(z)dzr < +oo (see Neumann and Reiss (2009)).

8. APPENDIX: PROOFS

8.1. Proof of Theorem 2.1. We apply Rosenthal’s inequality recalled in Appendix (see (51)):

. » " n p/2
K ( oSz E(Z) ) < O (S mz -+ (ZWﬁ - E<Zf>>2]>
k=1 k=1 b=l
< %(HEH% — E(ZD)P] +nP 2 (BI(Z] — E(Z1)*)P7?)
< C;;p) (nE(ZP) + nP/2[R(Z34)]P/?)
<

c* (p) (nfl N (%)pﬂ) |
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(a1) m = 0.85 (0.05) (a2) m = 0.91 (0.03.) (a3) Dy, = 5.08 (0.34)

(b2) 7 = 0.88 (0.08) (b3) Dy, = 4.8 (0.90)

(c1) m = 3.0 (0.66) (c2) 1 = 5.26 (0.89) (c3) Dy, = 15.4 (4.9)

0.6 06 0.7

-01 -01 -01
0 0

FiGureE 1. Confidence band for the estimation of g for a compound Poisson
process with Gaussian (first line), Exponential £(1) (second line), and uniform
U([0,1]) (third line) Y;’s, ¢ = 0.5. True (bold black line) and 50 estimated curves
(dotted red), left A = 0.2 n = 5000, Sinus Cardinal Basis; center, A = 0.05,
n = 5.10%, Sinus Cardinal Basis; right A = 0.05, n = 5.10%, trigonometric basis.

We have
1 & 1 [ 1
o3t ol (St meh) + feczh) - me
k=1 k=1
First note that, by Proposition 2.2,

%E(Zf) —me = AO(1),

Using that vVnAA = (nA3)Y/2 = o(1), we see that the bias term tends to 0.
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(a1) m = 2.32 (0.39) (a2) m = 3.74 (0.64) (a3) Dy, = 13.8 (2.7)

(b1) 7 = 1.85 (0.23) (b2) 7 = 3.58 (0.36) (b3) Dy, = 21.3 (3.4)

12

1

08

0.6

0.4

0.2

(c3) Dy, = 26 (3.9)

(d1) m = 2 (0.24) (d2) m = 4.12 (0.35) (d3) Dy, = 28.5 (2.8)

04 0.4 0.4

0.2

-02

-04

-06

-08

FiGure 2. Confidence band for the estimation of g for a Lévy Gamma process
with parameters (o, ) = (2,0.2) (first line), («,5) = (1,1) (second line), a
bilateral Lévy Gamma process with parameters (a, 5) = (¢/, ') = (2,0.2) (third
line) and a bilateral Lévy Gamma process with parameters (o, 3) = (2,0.2),
(o, ) = (1,1). True (bold black line) and 50 estimated curves (dotted red),
left A = 0.2 n = 5000, Sinus Cardinal Basis; center, A = 0.05, n = 5.10%, Sinus
Cardinal Basis; right A = 0.05, n = 5.10%, trigonometric basis.
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Let us introduce the centered i.i.d. random variables

1
&= ﬁ(zlg —E(Z))).
We have

nE(&) = 1 (E(Z) — (E(Z]))?) = mag + o(1).

B[ =

And
1 1
nE(&) < C”W(E(Z;w) + (E(Z1)") = A (mae + 0(1)),
which tends to 0. Hence, the result. [

8.2. Proof of Proposition 2.3. By the Taylor formula,
ha(u) —1= mﬁ/A(cuu) = 1uAYA (cyu)g* (cyu),
for some ¢, € (0,1). This gives (10) and thus (11).
For the other bound with p = 1, note that
A 1 . 1
E(|0a (1) — Oa(u)]?) = EVar(Zl exp (iuzy)) < EE(Z%)

Inequality (13)follows.
For p > 1, we apply Rosenthal’s inequality recalled in Appendix (see (51)):

E (E(|§A(u))) o HA(U)|2P)> < Cr(ézf) (}; EHZkeiqu _ E(ZkeiquNQp]

n p
+ (Z E| Zye™ % E(Zkewzkﬂ?]) )
k=1

!
< ¢

(nE(Z)") + n?(E(Z]))").

We conclude using Proposition 2.2 and p > 1. I
8.3. Proof of Theorem 2.2. We have

- Oa(u) — 0a(u
VnAOa(u)/A = g"(u)) = VnA <% + 9" () (Ya(u) — 1)) :
Hence, the bias term in vnA(fa(u)/A — g*(u)) is of order vVnAA = v/nA3. This explains the
condition nA® = o(1) in Theorem 2.2. There remains to study X,(u) = vVnA(A 1 0A(u) —
AfleA (u))
Using (5), we have,

Xaw) = [ € ViA (i (d2) — s (d2) = Y X (w),
k=1

with 1
Xpn(u) = Zpe %k — Oa(u)).
nl) = ()
Consider, for any integer [ > 1, uy,us,...,u; € R. We need to prove that the random vector

X, = (Xn(u1), Xn(ug), ..., Xn(w)) (with values in C') converges in distribution to Aj(0,V)
where the covariance matrix V is given by:

Vi = /ei(“f_ui’)men(:c)d:c.
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Let us set g1 = g and for £ > 1,
(34) gi(x) = 2 g(z) = 2'n().

Since the random variables X}, ,(u) are independent, identically distributed and centered, it
is enough to check that, for all (u,v)

(35) NE( X (w) Xge.n () — V(u,v) = /ei(“”)xen(x)dx = g5(u —v),
and
(36) E(| Xpn (w)|*) — 0.
We have:
NE(Xp (1) Xpn (v)) = %(E(szei(”w)z’“) — 0a(u)fa(v))
and

E(Ze'"07) = —gp (u —v)).

Computing ¢27 we get: )

i Ya(u) = —Ava(u)lgs(u) + Alg"(u)?].
Since Oa(u)0a(v) = A%g* (u)g* (—v)ba(u)ppa(-v),

NE(Xjyn (w) Xk (v) = ¥a(u = v)[g5(u = v) + AO(1)] = g5(u — v) + o(1),
which gives (35).

Moreover,

(37 PE(| X ()]") < 3 (B(ZE) + 102 ()]) = —(ma + (1))
which implies (36).00

8.4. Proof of Theorem 3.1. The proof is given in two steps. We define, for some b, 0 < b < 1,

N Y
Qb"{ EZ)8) Sb}’

so that E([|ga — gl1*) = E(I9s — gl*1a,) + E(gs — gl Tag)-

1

Step 1. Study of E(||g: — g/|*1,). For notational convenience, let us define, for ¢ € Sy,

(38) un(t) = % / Wt*(—u)du
(39) Ralt) = o= / (6 (1) — 1)g" ()t (—u)du.

We have used the same notation as in (25) and (26) but the interpretation is different. Note
that v, = v, and R,, = R,, so that they are both real valued. Then (24) holds.
We must split v, into two terms. With k, to be defined later on, let

08 @) =B (211,14 yxe™™) and 08 (0) =B (211, xe™™)

and é(Al)(x) and é(Az) (x) their empirical counterparts. We define

A0 = 5oz [ 08 ) - 00 ) (~u)d
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and .
A(2 2 %
20 = 5oz [ 0L ) - 02 @) (~u)du.
The definition of g; implies that
(40) Yn(Gi) + pen(1m) < yn(gm) + pen(m)

where ¢, denotes the orthogonal projection of g on S,.
Then, using (24) yields that, for all m =1,...,my,,

1gm —al> < |lg — gml* + pen(m) + 205 (g, — §i) — pen(in)
+2R (g — G) + 202 (gm — 9)

3 X .
< lg = gml*> + pen(m) + gllgm — gl +8 sup V()] — pen(ii)
tESm+Sm,||t]=1
+8  sup  [R.()*+8 sup  [pP(1)?
tE€Smp It =1 t€ S It =1
3 2 3 ~ 2
< (1+ Z)IIQ — gm||” + pen(m) + legm — 49|

+8 sup [V O] — p(m,i) |+ 8p(m, 1) — pen(in)
tESm+ Sy 1E]=1 .

+8  sup  [R.(0)]24+8 sup [P ()2
€S llt=1 tE€Sm llt=1

The function p(m,m’) plugged in the last inequality is fixed by applying Talagrand’s inequality

(see Lemma 9.1) to 1/7(11), which yields the following result:

Proposition 8.1. Under the Assumptions of Theorem 3.1, define

N 9, o mVm
(11) plm,m) = 4B(72/8) "
then
B( s WO —pmm)e < SOE( swp pP@F - pimm))y < —,
t€Sm+Spm, [It]=1 /=1 tESm+S,,lltl=1 nA

where C is a constant.

Now, on €y, the following inequality holds (by bounding the indicator by 1), for any choice
of k:

(42) Vim, (1= b)peny, (m) < pen(m) < (1 + b)pen,, (m).
Therefore

1,. 7 R
g = al* o, < Zllg = gmll* + (14 b)peny, (m)To, +8 sup [V ()] — p(m, 1)

t€Sm+Sym It =1 N
+(8p(m, m) — (1 = b)peny, (m))Iq,

+8  sup  [R.(O)P+8 sup  [VP0)2
t€Smy, [Itl|=1 t€Smy,[lt=1

The constant x is now chosen such that

Vim,m' € {1,...,ma}, 8p(m.m') < (1 —b)(peny, (m) + pengy, (m')),



ESTIMATION FOR LEVY PROCESSES BASED ON HIGH FREQUENCY DATA 23

that is k > 32/(1 — b). In view of (41), this gives the choices
32 1~ om
penth(m) = 1_ b (Zl /A)—A and pen( = —b_A Z _A
It follows that

1. 7
3m = 91PTa, < {19 = gull® + 2pengs (m)

5y ( sup [vS)(t)F—p(m’m,))
X

m/ =1 teSm~+S,,|lt|=1

+8  sup  [Ra(OP 48  sup [P (@)%

tE€ Sy [Itl|=1 tE€ Sy [It]=1

Using (39) and (10), we get

(43) sup  R%(t) < CAQ/ u?|g* (u)|*du.

tESmy,|It]|=1 —Tmy,
For 1”) (t), we write
L[ ga® (@) ()2
E sup [A0]?] < / £8P (u) — 6 (u)|*du
(tesmn,lltlll[ ®)] o) 05" (u) — 05

_ BBy kys)me
- nA?
- EZD)mn _ [E(Z])/Alm, _ [E(Z)])/A]
~  nklA3 nk2A2 T k2A

since m,, < nA. We know that [E(Z})/A] is bounded. If k2 > Cn/In*(nA), then the above
term is of order In?(nA)/(nA) .

Then we obtain that, for all m € {1,...,m,},

. C Tin . In?(nA
B (I — 911To,) < 7llg — g+ Spen(m) + -+ Con? [ a2y () Pu+ 0TS

Step 2. Study of E(||gys, — gHQIQIC)).
The strategy is different. Using (24) and (40) yields that, Ym € {1,...,m,},

9m — gl < llg — gmll* + pen(m) + 20, (gm — §i) — Pen(i) + 2Ry (gm — i)

1 .
(44) < llg = gml* + pen(m) + < llgm — ganll”
(45) +8 sup  [vu(®))*+8 sup [R.(1)]%
tESmy, [It|=1 t€Smy,[It=1

Now we apply inequality (43) to R, (t) and the Parseval formula for v, (t), and get
1,. 3
Sllgm =gl < Zllg = gmll* + peny,(m) + [pen(m) — E(pen(m))]

+$/ " ]éA(u)—HA(u)lzdu—i-C’Az/ " w2g (u) 2du.

— My, — My,



24 F. COMTE AND V. GENON-CATALOT

Therefore, using that pen,,(m) = E(pen(m)), we obtain

. 97y 1/2
(16)  E((pen(m) — peny,(m))Tog) < {E {(nl > (% —E(Z%)) ] } (B(5)" 7,

k=1

and we find

A~ 3 99 C
3Edn — P Tog) < (3ol + pena(m) + €A% g ) P62

+E' {(;A Sz —E(Z%)) ] PL/2(0)

k=1

2 (g [T (o) = 0 (o) Pau? ) B0,

—TTMp,

Then we apply (9) of Theorem 2.1 with ¢ = 2 and get for p > 2:

( AZZk Z?) p) <G, (n1A>p/2.

EY? ((niA Sz - E(&?))Z) < ﬁj
=1

Applying (12) for p = 2 gives

Thus, by taking p = 2,

A CA?
E(0a(u) — 0a(w)|) < =5
n
Thus
4 TMn ) ) 16 M, . 4
E((cxg [ 10a) —0a(Pdu?) < —@rm) [ E(da) ~ 0a(w)]'du)
m2 A2
S Cl A4 S Cl
as m, < nA. We obtain:
A C 1 C
(47) E(|gm — gll*Tag) < C (1+n?AY) P(Q5) + C'(1 + ﬁ)Pl/Q(Qb)-
Lastly, if follows from the Markov inequality that
(1/nA) Zk 1 Zk 8
P(QF) < E -1
@ < (s
1 p
< Z? —E(Z%/A)
MCEIND ( Z A )

We find that, if E(]Z1]?) < +oc and p > 2,
Cp 1
(E(Z3/A)b)P (nA)P/2
Therefore, using (47) and the above inequality, if we take p =4 (i.e. E(Z}) < o0), we get
E(gm — glI*1ag) < C/(nA).

(48) P(Q%) <
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This ends step 2 and the proof of Theorem 3.1. [J

8.5. Proof of Proposition 8.1. Here we apply the Talagrand (see Lemma 9.1) Inequality to
the class

‘ \<kn\F w(mvm')

F ={ft,t € Sy + Sy } where fi(z) = N

e (—x)d.

—7(mvm/’)
In that case, vt (t) = (1/n) > p_1(fe(Zr) —E(fi(Zy))). We have to find the three quantities M,
H, v.

Let m” = m VvV m/, and note that S, + Sy = Sy». Using Inequality (17),

K, knllt] oo kn, ”
sup |fi(2)] < sup |2rt(z)] < Folltlleo  Fnvim”
z€R 21V A zeR VA VA
Clearly,
1 mm” A(l) (1) 5 E(le)m”
E sup V(@) ) < / B0 () — 00 (w)2du < 22D
(tESm-l—Sm/ lt=1 27TA2 —mm” A A TLAQ
Thus we set ,
E(Z7)m”
H? = =21
nA?2

The most delicate term is v.

1 o . .
Var(f2)) < graga® ([ 2sume ™ B0 ot oy
1 . . i}
T 4nZA2 //pﬂ(x_y)t (—2)t*(y)dzdy,

pa(2) = E(Z71 5 o, yxe™ ).
Using that ¢ = ZjeZ tjom»j with 1£]* = Z]ez t? L

Var(f(20) < s O it [ [ 9 - 006 s (o) oy

J,kEZ

where

1/2
2\

/ / PAE — )¢ s (~2) o w)ddy| |

47r2A2
J,kEZ

Now, using Proposition 2.1, we have

pPalz) = A/zlzgkn\/zesz(g(z—Zl))dz.

This implies that (see (H4))
[a@Pa: < 2n [pal)Pds = 2ma? [ 21, 2B - 20z
< 2rA’E </ 2L g vad (2 — Zl)dz)

< 4rA’E ( / (22 + Z%)g%c)d:c) = 4 (Mo + E(ZD)lg])
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Therefore, it follows

Var(fi(Z1)) < 47r2A2 (// . 7rm”]2 (x — )] dxdy)

< 1/2 1/2
< axa@m) / v (2)Pdz)

\/_av
V21 A

Applying Lemma 9.1 yields, for €2 = 1/2 and p(m,m’) given by (41) yields

£ swp POOR —plmm) | <0 [ Lo F Famn” ot
t€Sm+S,,1,||t]|=1 N nA n2A

/2

1/2
< (My + ||g|PE(22)* = v

as p(m,m’) = 4H?. We choose

and as m < nA, we get

E ( sup V(1) — p(m,m')> <O (E ~Cave ;> :
+

tESm+S .|t =1 nA (An)41n?(nA)
Therefore
Mn ZTL%Zl m”e_CQW 1
E sup 1/7(11) ]2 = p(m,m’ < m + .
m,Z:l (tESm—l—Sm/,HtHl[ ()] ) N ! nA (nA)3In(nA)

As Cyze™ 2% is decreasing for > 1/Cs, and its maximum is 1/(eCy), we get

Z\/ﬁe*@W < Z (eCo)™t + Z Vmle=Cevm/
m'=1 W<1/02 Vm/>1/Cy

< C3+Z\/ m'e=CV™ < yoo,

I follows that
Mp C
Y E sup V(@) - p(m,m') | < —
=1 tESm+S,,,|t]=1 N nA
and Proposition 8.1 is proved. [J

8.6. Proof of Proposition 4.1. First, we know that R, () = (1/27) [(¢Ya — 1)g* (u)t*(—u)
and thus, if [u?|g*(u)|du < +oo, if follows from (10) that

R2 (1) A2HgH1 (/| )lde )2 . A(ZUTQ)!% /u2|g*(u)|2du/|t*(—u)|2du.

Noting that [ |t* |2du = 27||t||? = 2nt]| gives 1).
For the two other cases, using Proposition 2.1, we have, for ¢ a function with support [a, b]:
b—271

b
RE@U2) = [ 1B~ 20a: = B([ " ta+ Zga)d),

a—271
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Thus R fb th (x+ Z1)g( dm—f t(x)g(x)dz).
On (]Z1\>b—a) [ Zl,b—Zl] [ ] @and
- ’ (|Zl|)
E{Lz>b ) tx+ Z1)g(x)de — | t(@)g(x)dr| | < 2||t[xllgllr
a—271 a
< 4‘1>0||g\|1vaA||t||A
- b—a ’

n (|21 <b—a), [a— Z1,b— Z1] N [a,b] # 0. Assume for instance that 0 < Z; < b — a.

b—21 b
/ t(x+ Z1)g(x)dx — / t(x)g(x)dx

a—271 a

A

a b—271 b
_ / | to+ Zigaydo + / (Hx + Z1) — 1(z))g(x)dz — /b H)g(x)dz.

To study the middle term, we use the fact that ¢ is C! on [a, b].
b—21
7 = E (IOSZlgba/ (t(x + Zl) — t(x))g(x)dx)
b—21 1
= E <leogzlgb—a/ / t'(x +uZl)dug(x)dx)
a 0

1 b—71
= E (leogzlgb—a/ (/ t'(z + uZQg(:U)d:U)du)
0 a

An application of the Cauchy-Schwarz inequality yields
Ty < E[Z1][[t' | allgll < 2@ollgll1llgll 1]l aADp,.

Next,
a
T :=E <10§Z1§ba/ t(.%' + Zﬂg(.%’)d.%’) .
a—271
Here we distinguish between 2) and 3). If g is bounded (case 2)), then

To| < [[tllocllgllocB(|Z1]) < 2®ol|gll1 ][t AAY Din.

Otherwise (case 3)), using the Cauchy-Schwarz inequality again,

T2l < EG/ZD)tleollgll < VE(Z1))@ov/ D] allg]
< V2%lltlLav/llglhllgllv DimA.

The same bound holds for the last term.
The same study can be done for a — b < Z; < 0. Joining all terms, we find that, if ¢ is

bounded
[Ra(t)] < C||t] DD,
Otherwise,

R (t)] < C'@o|t) (v ADy, + ADy).
The constants C' and C” depend on a, b, ||g||; and ||g||. O
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8.7. Proof of Proposition 4.2. Relation (24) still holds with v, and R,, respectively defined
by (25) and (26). As for any t € S, |t - g]2 = [}t — gl4 + [lg]4e. and we got

() = m(s) = It = gllZ = lls — gllh — 2va(t — s) — 2Rn(t — 9).
Writing that ¥,(gm) — 1m(9) < Yn(gm) — n(g), we get
1Gm = 91 < Nlgm — 915 + 200 (Gm — 9im) + 2R (G — gm)-
We have

- 1.
2~ ) < Sl — oA +8 sup (o)
L€ m, [t a=1

and the analogous inequality for R,. Using that ||gm — gm||% < 2/lg — gml% + 2/|Gm — g|/4 and
some algebra yields:

1. . 3
Slgm = alld < Sllgm —glh+8  sup (@) +8  sup  [Rn(1)]".
L€ m, [t a=1 te€Xm, [t a=1
‘We have:
1
E( sup [Vn(t)]2> < Z E([va(ex)]?) = Z anf(zl%\(zl))
tE€m, [t a=1 AeAm AeAm
1 dyD
< 2 2 _ 2 0m

(19) < A A5 = BN TY

Now, we conclude using Inequality (49) and Proposition 4.1. [J

8.8. Proof of Theorem 4.1. The proof of Theorem 4.1 is close to the proof of Theorem 3.1.
Hence we focus mainly on the differences. Note that v, defined in (25) can be written as

nlt) = + Sl Ze) = Bl )

k=1

with f; now given by fi(z) = zt(z) = z1.cat(z), since ¢t has compact support A. As in step 1 of
Theorem 3.1, we are led to the inequality:

1 3
§Hgm—gH3xIszb < §Hg—gmHi+2penth(m)

+8 Y sup [ ()] = p(m, m/)
e, \EESmA,,, [t a=1

+8 sup [R, (t)]Q,
tE€Sn, ||t a=1

+

with 8p(m,m') < (1 — b)(peny, (m) + peny, (m')), for all m € M,,.
It follows from Proposition (4.1) that

sup  [Ra(t)]> < Kp, .
teSH,||t||a=1

Proposition 8.2. Under the Assumptions of Theorem 4.1, define
Dy, V Dy

(50) plmm) = 4B(23 /)=
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then

C
> E sup [ (t))? — P(mvm/)> SN
e tES M+, /[t a=1 n n

where C' is a constant.
For the study of E(||gm — gll%Tag), as in step 2 above, we have the inequality analogous to

(44):

1. 3
Sllgim — 9> < Sllga - gm|> +pen(m) +8  sup  [()*+8  sup  [Ry(t)*
1€, [t 4=1 1€, ]l a=1

The bound for P(€2) is given by (48). Proposition 4.1 applies to bound [R,()]*> by Cp, ..
Then we have again

pen(m)Ige < peny,(m) + (pen(m) — peny, (m))Ioe.

The same bound holds also for the term E[(pen(m) —E(pen(m)))Iag]. We apply inequality (46).
It remains to study the term E(sup;cs, [Z/n(t)]2IQg). We use

1/2
E( sup [Vn(t)]219g>S<E sup [Vn(t)]4> P2(0)).

tESn,HtHA:l tESn,HtHA:l

Denote by (¢x)rea, an orthonormal basis of Sy, |A,| = N,,. We have

2

IE( sup [l/n(t)]4> = E ZVEL(SO/\)

t€Sn, [t a=1 AEAL

IN

n 4
N, Y E (i > (Zipa(Zi) —E(ZW,\(Zk)))>

AEA, k=1

(—:JAV)Z > [HE[(leﬁA(Zl))4] + (nE(legpi(Zl)))Q} ,
A€An

where the last inequality follows from the Rosenthal Inequality (51).
If the basis is bounded, ¢3 < B, V), as for instance basis [T] (B = 2), we find

4 KerLBQ 4 2m2( 72 2
EOn,||t]|aA=
K'N?2
may =

using N,, < nA.
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In the general case, we use that Y-, p}(2) < [lgall3 205 ¢3(2) and || 32, @3[lec < BN, and
lloall% < 2N, so that

E( sup [un(t)]4> < KN”4 DENINE(ZL/A)A + 0B [ D (ZF /M) (Z1) | A?

€S|t a=1 ~ (nd) AEA,
KN,
< Ay (o NZnE(Z1/A)A + n*®oNTEX (27 / A)A?]
K”N;’?z ”
< e < K”(nA)

using N,, < nA.
Using (48), we obtain E (SuptesmntnAzl[Vn(t)]QIQg) < CJ(nA) if P(QF) < 1/(nA)? which

holds for p = 4 and E(Z}) < +o00 in the first case (bounded basis). In the general case, we need
P(Qf) < 1/(nA)? and thus p = 6 and E(Z{?) < +oo .

8.9. Proof of Proposition 8.2. Again, we apply the Talagrand (see Lemma 9.1) Inequality
to the class

ZIZEAt(Z)

.7: = {ft,t 6 Em + Em’} WheI‘e ft(z) = A

We obtain similarly to (49)

H? = [E(Z3)/A]®o(Dp V Dy )/ (nA) and M = ba®gy/ Dy, V Dyt /A,

where by = sup,c 4 |z|. Lastly, we find
Var (%t(Zl)) < E(Zt*(Z2,))/A% = %/th(z)E(g(z — 71))dz
< Pl ([ ot - 2 )

ba®o(D,y V Dy )12 1/2
< PSP P (o) [ g2(e - 1) )

204D (D, V Dm’)l/QHQH
We denote by v = C(D,,, V Dm/)l/z/A with C' = 2®pbal|gl-
Then we get

E < sup V()] — p(m,m')) < (Me_CQ VDmV D 4 i exp(—ﬂ)) .

€S+, [t a=1 N nA

Therefore, as D,, < nA, as above

C
> E ( sip () — p(m,m’)) <2
m/'eEMn, tezm+2m’7|ltllA:1 " n

This ends the proof of Proposition 8.2. [J
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9. APPENDIX

The Talagrand inequality. The following result follows from the Talagrand concentration
inequality given in Klein and Rio (2005) and arguments in Birgé and Massart (1998) (see the
proof of their Corollary 2 page 354).

Lemma 9.1. (Talagrand Inequality) Let Y1, ..., Y, be independent random variables, let v,y (f) =
(1/n) >0, [f(Y:) — E(f(Y3))] and let F be a countable class of uniformly bounded measurable
functions. Then for €2 > 0

4 (v 2 nH2 98 M2 _2K10(A)e nH
E 2—21+22H2} B e S i N s M
?lel.g’yn,y(f)‘ ( € ) n Kl ’I’Ze KanCQ(GQ)e )

with C(€?) = V1+ €2 -1, K1 = 1/6, and

IN

1 n
sup [ floe < M. E[sup vy (/)] < H, sup — >~ Var(f(¥i)) < v.
feFr feF feF M

By standard density arguments, this result can be extended to the case where F is a unit
ball of a linear normed space, after checking that f — v,(f) is continuous and F contains a
countable dense family.

The Rosenthal inequality. (see e.g. Hall and Heyde (1980, p.23)) Let (X;)i<i<n be n
independent centered random variables, such that E(|X;|?) < oo for an integer p > 1. Then
there exists a constant C'(p) such that

p/2

(51) E(D - X| | <Ch) | D E(XP) + [ D EXD)
=1 =1 =1
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