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LAGUERRE AND HERMITE BASES FOR INVERSE PROBLEMS

F. COMTE® & V. GENON-CATALOT®

ABSTRACT. We present inverse problems of nonparametric statistics which have a performing
and smart solution using projection estimators on bases of functions with non compact support,
namely, a Laguerre basis or a Hermite basis. The models are Y; = X;U;, Z; = X; + %;, where
the X;’s are i.i.d. with unknown density f, the 3;’s are i.i.d. with known density fs, the U;’s
are 4.4.d. with uniform density on [0,1]. The sequences (X;), (U;), (X;) are independent. We
define projection estimators of f in the two cases of indirect observations of (Xi,...,Xy»), and
we give upper bounds for their IL?-risks on specific Sobolev-Laguerre or Sobolev-Hermite spaces.
Data-driven procedures are described and proved to perform automatically the bias variance
compromise.

(1) Université Paris Descartes, MAP5, UMR CNRS 8145, email: fabienne.comte@parisdescartes.fr
(2) Université Paris Descartes, MAP5, UMR CNRS 8145, valentine.genon-catalot@parisdescartes.fr.
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plicative censoring. Projection estimator.
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1. INTRODUCTION

The aim of this paper is to demonstrate that some classical inverse problems of nonparametric
statistics can be dealt with by using projection estimators either on a Laguerre basis or on a
Hermite basis and that this approach provides easy and performing solutions. We make a unified
presentation joining novelties and improvements of previous results.

To motivate the framework, first consider X1, ..., X, n i.i.d. random variables with unknown
density f. If the X;’s are observed and f is square integrable, nonparametric estimators of f
can be built by using a projection method on an orthonormal basis. Many authors use com-
pactly supported bases (see e.g. Massart (2007), Efromovich (1999)). Non compactly supported
wavelet bases of L2(R) have also been used (see Juditsky and Lambert-Lacroix (2004), and the
references therein). The L?(R) basis of Hermite functions is another possibility, investigated in
e.g. Schwarz (1967), Walter (1977) and more recently, in Belomestny et al., 2017. As enlighted in
the latter paper, projection estimators on a Hermite basis have the following advantages. First,
as the basis is not compactly supported, there is no need to fix an interval for estimation. This
is convenient, especially for inverse problems. Second, from the computational point of view,
they have a much lower complexity than other estimators based on non compactly supported
bases such as deconvolution estimators. Nevertheless they perform asymptotically as well as
estimators built from competing methods. If f is RT-supported, one can use an orthonormal
basis of L2(R*). The Laguerre basis is then well fitted. The qualities of Laguerre projection
estimators have been recently investigated (see e.g. Mabon (2017), Vareschi (2015), and for ac-
tuarial applications Zhang and Su (2017)). If the X;’s are not directly observed, the estimation
of f is an inverse problem. The inverse problems considered here are the following ones. First,
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2 F. COMTE® & V. GENON-CATALOT(2)

we assume that observations are
(1) Y;ZX,LUZ, izl,...,n

where the sequences (X;), (U;) are independent and (U;) are i.i.d. with uniform distribution on
[0,1]. Model (1) is called multiplicative censoring model and covers several important statistical
problems (see e.g. Vardi (1989)). Numerous papers deal with the estimation of f for model
(1) whether by nonparametric maximum likelihood (Vardi (1989), Vardi and Zhang (1992), As-
gharian et al. (2012)), by projection methods (Andersen and Hansen (2001), Abbaszadeh et
al. (2012,2013)) or kernel methods (Brunel et al. (2015)). In Belomestny et al. (2016), f is
supposed to be RT-supported and estimated by projection estimators on a Laguerre basis. We
revisit this problem and obtain an improvement of the risk bound, under a slight additional mo-
ment assumption. In the case of real-valued random variables X;, we investigate the estimation
of f from model (1) by using a Hermite basis approach.

Second, we consider observations Z1, ..., Z, such that

(2) Z;i =X+ %, 1=1,...,n.

where (X;) are i.7.d. with known density fx and the sequences (X;), (¥;) are independent. Den-
sity estimation from noisy observations is the subject of a huge number of contributions. This
deconvolution problem is classically solved by Fourier methods (see e.g. Comte et al. (2006)
and the references therein). Recently, when the X;’s are non-negative, the study of one-sided
errors, i.e. ¥; > 0, was motivated by applications in the field of finance (see Jirak et al. (2014))
or in survival models, (see van Es et al. (1998), Jongbloed (1998)). In particular, Mabon (2017)
proposes for model (2) projection estimators of f using a Laguerre basis whose properties allow
deconvolution of densities on R*. We detail this approach and provide an improvement of the
risk bound of the projection estimators. In the case of real-valued random variables X;, 3;, we
study the estimation of f by using a Hermite basis approach.

To our knowledge, the estimation of f from observations (1)-(2) by projection estimators on
a Hermite basis, which is investigated here, is new. We compare Hermite estimators to the
deconvolution estimators for models (1) and (2). Note that the estimation of f in model (1) by
deconvolution is also new.

In each of the above models, we exhibit explicit relations between the projection coefficients
of the density of the observed variables and the projection coefficients of the unknown density
f- This allows to build projection estimators of f. We provide risk bounds for the estimators.
Afterwards, we propose data-driven procedures, including for model (1) a random penalty which
avoids a priori knowledge of the variance rate. This is important as the variance order varies in
function of moment assumptions.

Laguerre and Hermite bases are related to specific function spaces, respectively the Sobolev-
Laguerre spaces (see e.g. Shen (2000) and Bongioanni and Torrea (2007)) or the Sobolev-Hermite
spaces (Bongioanni and Torrea (2006)). The links between rate of decay of the projection
coeflicients and regularity properties of functions in these spaces have been described respectively
in Comte and Genon-Catalot (2015) and in Belomestny et al. (2017). This allows to assess the
rate of bias terms of L2-risks in the projection approach, and to compute upper bounds for the
rates of convergence.

In Section 2, we describe the Laguerre and Hermite bases and spaces. In Section 3, for
the purpose of comparison with the other models, we study the case of direct observations of
X1,...,Xp. Section 4 deals with model (1). Section 5 is concerned with model (2). In Section 6,
we give some concluding remarks. Section 7 contains useful formulae for Laguerre and Hermite
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functions and all proofs. In the Appendix, we recall some properties of Sobolev-Laguerre and
Sobolev-Hermite spaces, and the Talagrand inequality used in proofs.

2. ABOUT LAGUERRE AND HERMITE BASES AND SPACES

2.1. Laguerre and Hermite bases. We start by presenting the Laguerre and Hermite bases
and the Sobolev-Laguerre and Sobolev-Hermite regularity spaces. More details on Laguerre and
Hermite functions are given in Section 7.1.
Below we denote the scalar product and the L2norm on L*(RT) by: Vs, t € L*(RT), (s,t); =
0+°o s(x)t(z)dz, ||t]3 = 0+°° t?(x)dx. We also denote by ||.|| the L2-norm on R and by (-, -) the
L?(R)-scalar product.

Consider the Laguerre polynomials (L;) and the Laguerre functions (¢;) given by

J . k
®) W=V ()i e = VELEI L 52
=0

The collection (¢;);j>0 constitutes a complete orthonormal system on L?(R*), and is such that
(see Abramowitz and Stegun (1964)):

(4) Vi >0, Yz eRT, [g;(x)| < V2.
For f € L2(R"), we can develop f on the Laguerre basis, f = ijo a;(fei,  ai(f) = {f,¢j)+

The Hermite polynomial and the Hermite function of order j are given, for j > 0, by:

> d 2

(5) Hij(x) = (=1 (™), hy(z) = c;H(z)e /2, ¢ = (2051y/7)°

The sequence (h;,j > 0) is an orthonormal basis of L?(R). When the density f belongs to L2(R),
it can be developed in the Hermite basis f = >~ a;(f)h; where a;(f = Ja J( x)dr =
(f,h;). The infinite norm of h; satisfies (see Abramowitz and Stegun (1964), Szego (1959)
p.242):

(6) 1Rl < Bo,  Po = 1,086435 /714 ~ 0.8160,
J

and the following more precise bound is available (with C a constant given in Szegd (1959))
_ O
G+ D7

We use the notation v; to designate ¢; in the Laguerre case and h; in the Hermite case, denote
by Sm = span (o, ¥1, . . ., ¥m—1) the linear space generated by the m functions )y, . .., ¥y,—1 and
by fin = Z;-":_Ol a;(f)i; the orthogonal projection of f on S,,, where a;(f) = (f, ;) will mean
either (f, ;)4 or (f,hj).

2.2. Sobolev-Laguerre and Sobolev-Hermite spaces. For s > 0, the Sobolev-Laguerre
space with index s (see Bongioanni and Torrea (2007)) is defined by:

(8) ={0:R" 5 R, 0 c L*R"), |02 := ) ka3 (6) < +oo}.
k>0

(7) 1hj]le0 < i=0,1,....

where ai(0) = (0, px)+. We define the ball W} (D) by

WE(D) = {9 € Wi, 1612 =)k ai(9) < D} :
k=0
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Analogously, the Sobolev-Hermite space with regularity s (see Bongioanni and Torrea (2006))
is given by
(9) Wi ={0:R—>R, 0 €L*(R),> k°aj() < +o0}.
k>0
where ai(6) = (0, hi), and the Sobolev-Hermite ball
Wi (D) = {0 € L*(R), > k°a;(0) < D}.
E>0

Thus, for f in W (D) or in W (D), we have || f — f||> < Dm ™.

For details and especially for regularity properties of functions in these spaces, we refer also

to Section 7 of Comte and Genon-Catalot (2015), Section 7.2 of Belomestny et al. (2016) and
Section 4.1 of Belomestny et al. (2017), see Appendix A.

3. PROJECTION ESTIMATORS OF f WHEN X;’S ARE OBSERVED

3.1. Risk bound. We assume that f belongs to L2(R*) or L?(R) and provide for each m > 1,
a projection estimator of f by estimating the coefficients a;(f),7 = 0,...,m — 1. In the case
where the X;’s are observed, we define the empirical and unbiased estimator of a;(f) by

. 1 ¢ N XN
a;(X) = - ij (X;) and the projection estimator fX = Z a; (X);.
i=1 j=0

Clearly, f,if an unbiased estimator of f,,, = Z;”;Ol a;(f)1;, the orthogonal projection of f on

Sm. By the Pythagoras Theorem, we have ||f — f|* = |lf = full® + £ — fuull® . As ()); is

orthonormal, we get || fX — fm|? = Z;T‘:_Ol(dj(X) —a;(f))? and

QQ.
B{(X) — as (1)) = 2V (x0) = LB - L

Let us define

m—1
1o Vit = 3 ER),
7=0
we have
o X 2
an E(17Y ~ £I%) = If = full? + Yo - Wl

With (4) or (6), we obtain VX < Cm, with C' = 2 in the Laguerre case and C' = ®3 (see (6)) in
the Hermite case. In the latter case, using (7), we get Vn)f < CO'mP/8, which is better. However,
these bounds on the variance term are not optimal and can be improved under rather weak
moment assumptions.

Proposition 3.1. IfE(1/y/X]) < +oc in the Laguerre case or B(|X1|*/3) < 400 in the Hermite
case, then for m large enough, VX < cy/m/n where ¢ is a constant, and thus

(12) E(IFY 1) < I ~ full? + X2
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In the Laguerre case, this result improves the variance order obtained in Belomestny et
al. (2016), under the additional moment assumption E(1/y/X71) < +oco. For the Hermite case,
the order O(y/m) is obtained in Belomestny et al. (2017b), Proposition 2.1, but under the
stronger moment condition E(]X7|%) < +oco. Note that even the Cauchy distribution satisfies
E(|X1]*/3) < +oo.

The risk bound decomposition (12) involves a bias term ||f — f.|* = > ism a?( f) which is
decreasing with m and a variance term of order \/m/n which is increasing with m. Therefore, to
evaluate the rate of convergence, we have to perform a compromise to select relevantly m. More
precisely, for f in W3 (D) or in W5 (D), we have || f — ful®> = 2(f) < Dm~*. Choosing

j>m 4
Mopt = [/ T1/2)] in the r.h.s. of (12) implies
E(IfX, . = fI?) < Co(s, D)n=25/CGs+1)

where Cy(s, D), is a constant depending on s and D only. This is the usual rate for density
estimation for f belonging to a classical Sobolev ball with regularity s: indeed, Schipper (1996)
proves that this rate is minimax optimal with exact Pinsker constant on Sobolev balls for an
integer s, Efromovich (2002) proves the result for s < 1/2 and Rigollet (2006) builds an adaptive
deconvolution estimator based on the blockwise Stein method, which reaches the optimal rate
with exact constant for any s > 1/2.

The upper bound O(y/m) on the term VX is somehow optimal as we can prove:

Proposition 3.2. Assume that inf,<,<p f(z) > 0 for some interval [a,b], with a < b in the
Hermite case and 0 < a < b in the Laguerre case, then, for m large enough, VX > ¢/\/m where
c is a constant. Therefore

V1P
n

n

E(If = FI12) = 1f = ful® +

Proposition 3.2 in the Hermite case is proved in Belomestny et al. (2017), Proposition 2.2.

3.2. Specific rates under small bias. For some classes of distributions, the rate of the bias
term can be much smaller than polynomial. This implies a much better rate of convergence for
the L2-risk of estimators.

e Laguerre case. Consider the class of mixtures of exponential distributions defined, for v > 1,
by

E(v) = {f  f(z) = /0009 exp (—0z)dIL(0), TI[1/v,v] = 1}

Proposition 3.3. Let f € £(v) for some real number v > 1 and set p = (v —1/v +1)? < 1.
Then, for mepy = [logn/|log p|],

E(|l fin,pe — f1) S Viogn/n.

e Hermite case. In Belomestny et al. (2017), Section 4.4, we investigated the risk rate of
Hermite estimators on classes of mean mixtures or variance mixtures of Gaussian distributions
and obtained the following results. Define, for ¢ the standard Gaussian density,

F(0) = {f @) = o2 11(0) = [ ofa —w)di(w), M€ P(O)} ,

P(C) := {Il € P(R),I(|u| > t) < Cexp(—t*/C) for all positive ¢} .
For f € F(C) and mept = [log(n)(eC + 1/1log(2))], we have E(]| An{fopt — fII?) < /log(n)/n.
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Now consider the class of variance mixtures

T p(x/u
o) = {1+ 1) = [ P nu V) =1, o

0
For f € G(v) and mop, = [log(n)/|log(p)[], with p as above, E(|l /.., = fI*) S v/log(n)/n.

3.3. Adaptive estimation. The density f being unknown, we do not know what kind of
regularity it has, therefore, a data-driven choice of the dimension of the projection space has
to be done. The interest of the data-driven procedure is that it allows to realize automatically
the finite sample bias-variance compromise and also to automatically reach the best possible
asymptotic rate without requiring any knowledge on the bias order. The data-driven choice of
m mimicks the minimization of the squared bias-variance bound using estimators of the risk
bound terms. As ||f — fml|2 = [If]I2 = | fm||?, the squared bias is estimated by —||fX||2, getting
rid of ||f||?> which is unknown but constant. Thus we set, for x a numerical constant,

"} A n m-—1
i =arg  min (<[ fX)? + Benx(m)) , peny (m) = k-2 (X
me{l,...mp} =1 =0
Clearly, VmX is an estimate of E(Z;n:_ol ¢]2-(X1)). We set peny(m) := E(peny(m)) = VX /n

and prove:

Theorem 3.1. Assume that my, < (n/log(n))* with a« = 1 for Laguerre and o« = 6/5 for
Hermite, then there exists a numerical value kg such that for all k > Ko,

) . C
E(fX, ~ FID <3 inf (1f ~ fall® + pen(m) +

where C' is a constant depending on || f]|.

The Hermite case is proved in Belomestny et al. (2017, Theorem 2.1). We prove here the result
in the Laguerre case.

Remark 3.1. Note that the risk bound achieves automatically the bias-variance compromise,
up to a negligible term of order O(1/n), and in this sense, fﬁ)fx is adaptive.

4. PROJECTION ESTIMATOR OF f WHEN Y;’S ARE OBSERVED

Now, our aim is to build an estimator of f from the observations Y7,...,Y,, given by (1).

4.1. Preliminary properties and risk bounds. The estimation of f in model (1) is an inverse
problem which can be solved by Hermite or Laguerre projection estimator, depending on the
support of the density f. The hidden variables X; are either real-valued or nonnegative, with
unknown density f. The construction of estimators rely on relations between the density fy
and survival function Fy (y) = P(Y > y) of ¥; and those of X;. We recall these relations:

[T f(=) v f(z)
(13) wek fo= [ Flaigzor [ Gy <o,
(14) VyeR, Fyly )+ny( ) F(y).
When f is R*-supported, (13) reduces to fy (y f +O° (u)/u)duly,>p. We can prove:
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Lemma 4.1. (1) Lett:R — R be bounded, derivable, then

(15) E(1(V1) + Vit (V1)) = BL(X)).
In particular, for all j > 0,
(16) aj(f) = (f,¥;) = (fv, (y¥;)")

2) Assume that E|X;| < 400. Let t € L2(R) or L2(R"), then E(YZ2t2(Y1)) < E|X1][¢]|?.
1

Equality (15) is the basement of the estimation procedure and leads to (16), which links the
coefficients of f and fy on the Laguerre or Hermite basis. So, using (16), we get for all j > 0:

(17) a;(f) = E(p;(Y1) + Y1¢5(Y1)).
Therefore, we define a collection of projection estimator of f based on the observation (Y1,...,Y},)
by:
R m X ) X 1 n
(18) fr(@) = agi(e),  with a; = — > [V(¥) + o5(Y5)].
j=1 i=1

Then we can prove the following risk bound.

Proposition 4.1. Let f,, be the estimator defined by (18), then we have

) 2 m—1
(19) Bl A2 = 1F — ful? + 2 MmN i) 00
=0

where Vi, is such that, for m large enough,
Vin < em®/?,
(1) in the Laguerre case, if E(X1) < 400 and E(1/v/X1) < +o0,
(2) in the Hermite case, if E(|X1|>T?/3) < 400,

where ¢ is a constant which does not depend on m, but depends on the above moments of X;.

Remark 4.1. In the Laguerre case, with no moment condition, we have, for all m > 1, V,, <
Cm? (see Belomestny et al., 2016).

In the Hermite case, if E(|X1|) < 400, then for all m > 1, V;, < Cm? and if E(X?) < +oo0,
then V,,, < Cm!Y/6, see the proof in Section 7.10.

We can deduce rates of convergence on Sobolev-Laguerre and Sobolev-Hermite balls.

Proposition 4.2. Assume that f belongs to W} (D) or to Wi (D) (see (8) and (9)).
IfE(X) < 400 and E(1/y/X1) < +oc in the Laguerre case, or if E|X1|?/3 < 400 in the Hermite
case, then for mepy = [n'/(+3/2)],

- __2s
E(Hfmopt - fHQ) S n 2513,

The results of Section 3.2 apply here. For exponential mixtures in the Laguerre case, or mean
or variance Gaussian mixtures in the Hermite case, the bias is exponentially decreasing. Thus,
the same choices mep yield a rate of order [log(n)]*/?/n.

Similarly as above, the bound O(m?3/2) on the variance term cannot be improved:

Proposition 4.3. (1) Laguerre case: if E(1/y/X1) < 400 and there exist 0 < a < b, with
info<,<p f(z) > ¢ > 0, then, for m large enough, there exists a constant c¢i such that
Vin > 01m3/2, where ¢1 does not depend on m.
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(2) Hermite case: If there exist a < b, with inf,<,<p f(x) > ¢ > 0, then, for m large enough,
there exists a constant co such that V,, > 02m3/ 2
Consequently in each case, for ¢* = c¢1 or co, we have

I i
- :

n

, where co does not depend on m.

E(|fm — fII2) > If = full® +

4.2. Matrix representations. Now, we give formulae providing the links between the coeffi-
cients of f and those of fy on basis (¢)o<j<m—1 and allowing to build easily the estimators.
For ¢ a function, we denote @;(g) := Yao(g),...,ar—1(g)), k > 1, where a;(g) = (g, ;).

e Specific Laguerre formula. Using formula (47) (see Section 7.1), we get ag(f) = (1/2)ao(fy )+
(1/2)ar(fy) and for j > 1,

J 1
a;(f) = —5a-1(fy) + 5a;(fy) + ——ajr1(fv).
Introducing the matrix H,,, = ((Hp]k¢)1<ke<m with size m x (m + 1) given by [Hy,]r, = 0 if
0#k—1,kk+1and [Hyli1 = 1/2, [Hpliz = 1/2 and for k > 2,
k—1 1 k
(20) [Hp]k k-1 = — 5 [Hy]k ke = 5 Hpn]k k1 = 5

yields the linear relation between the vectors of coefficients of f and fy: @mn—1(f) = Hundm(fy)-
We thus have for m > 1, setting am—1 = {a;)o<j<m—1.  am(Y) = "(4;(Y))g< <, the following
relation which is convenient to compute the estimator o

= - : X RN
(21) am-1 = Hpa,(Y) with a;(Y) == - Z 0 (Y
e Specific Hermite formula. From z fi,(z) = — f(z) and the relations (52), we get

ao(f) = (1/2) (ao(fy) — V2a2(fy)), ai(f) = (1/2) (ar(fy) — V6as(fy))
a;(f) = (1/2) (a;(y) = VG + DG+ Dagsolfy) + /G = Diagalfr)) . > 2

Therefore dp,(f) = Amm+2 Gmy2(fy), where Ay, p0 is the m x (m + 2) matrix deduced from
the above relations. So, for m > 1, setting am, = Ya;)o<j<m—1, am2(Y) = t(dj(Y))0<j<m+1,
gives the following relation: o

> Y . R 1 ¢
(22) im = Ammi2 Gmia(Y)  with  a;(Y) = ~ Z: hy(Y5).

4.3. Model selection. Define M,, = {1,...,my}, where m,, is the largest integer of the col-
lection and set

R . - Vi,
(23 i = arg min (= full* + peron)}, pentm) =5,
N 1 n m—1 )
V== [Yaw(%) + (X)),
=1 j=0

where k is a numerical constant. Note that 17m is an estimate of V,,, such that IE(YA/m) = V. We
denote pen(m) = E(pen(m)) = KV, /n.
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Theorem 4.1. Assume that, in the Hermite case, E(|X1]) < 400 and inf,<,<p f(z) > 0 for
some interval [a,b] and in the Laguerre case, E(1//X1) < 400 and inf,<z<p f(x) > 0 for some
interval [a,b] with 0 < a < b. Assume also that the collection of models is such that

(24) mp <nP with B =1/3 for Laguerre case, 3 =6/17 for Hermite case.

Then there exists a numerical constant ko such that, for k > kg, the estimator fm where m s
defined by (23) satisfies

; 1
(1= 12) <© (1= full 4622 ) 4+ 250

where C is a numerical constant(C = 4 suits) and C' is a constant depending on || f||oc-

Note that Remark 3.1 applies here also. The restriction (24) implies that the optimal order
of m, for f in a Sobolev ball, can be reached only if the function is regular enough i.e. s large
enough. More precisely, under the assumptions of Theorem 4.1 and of Proposition 4.2, we have,
for f € W§(D) (Laguerre case) that mep, = [n'/(57(3/2)] can be reached in the model collection
if s > 3/2 (n'/(+3/2) < n1/3). For f € W5 (D) (Hermite case), mopt is reached for s > 4/3
(n}/(5+3/2) < p6/17),

4.4. Deconvolution estimator based on multiplicative censored observations. In Be-
lomestny et al. (2017), for the case of direct observations Xi,...,X,, projection estimators
on the Hermite basis are compared to projection estimators on the sine cardinal basis. The
comparison is relevant as Sobolev Hermite spaces with regularity index s are included in usual
Sobolev spaces with the same regularity index (see Appendix A). For direct observations, the
two estimators are proved in Belomestny et al. (2017) to be asymptotically equivalent. We prove
here that it is also the case in the multiplicative censored case.
Let us recall the definition of the sine cardinal basis. For u,v € L*(R) NL%(R), we denote by
= [e"u(z)dx and (u,v) = [uv = (2m)"Hu*,v*). We recall that u**(-) = 27ru(—-). Let
9(3;) = sm(w:c)/( x) which satlsﬁes 0*(t) = | T (t), where 0* denotes the Fourier transform of
0. The functions (6 ;(z) = V¢0(¢x — j),j € Z) constitute an orthonormal system in L(R). The
space I, generated by this system is exactly the subspace of L?(R) of functions having Fourier
transforms with compact support [—7/¢, 7¢]. The orthogonal projection f; of f on F, satisfies

fz‘ = f*I[fﬂ'@,ﬂ'a and

r 1 e —itx px
(25) fo(z) = 271'/ et = aniOeg,  ary = (f,0e;)-
-t L€
Note that
26 f— fol? / f*(t)|2dt.
(26) 7 =Rl =50 | )

Now, relation (15) holds for t(x)

= T B(e™ 4 juYie™1) = Ee™X1, Therefore, we can
estimate the Fourier transform f*(u)

f e f(z)dz of f by

Q

( uYy + Zqueka)

3\'—‘

This yields the following new estimator of f, of deconvolution type:

n

27 _ —fux — uYy iuY; uYy d
(27) fe(z) /_Me = (e iuYge™) du,

21
k=1
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which is an unbiased estimator of f; given in (25). We can integrate and obtain:

(28) fe(z) = S Z(—x) sin(m(¥ — o)) + Y ¢ cos(ml(Yy — x)).

1 W(Yk — $)2 Yk — X

Alternatively, using a truncated series expansion gives an approximation of the estimator which
may be easier to compute in practice. Let

n _ N 1 ¢
(29) fo )(x) = Z ag ;0 j(x) where ap; = - Z 00(Yi) + Y30 ; (Vi)
lI<Ln k=1

We can prove:

Proposition 4.4. Assume that E(X?) < +o0co. The estimator fo satisfies

~ - 23V 2
(30) B(1F— 112 < f — FolP + o 4 L
If moreover My = fx2f2 )dx < +o0,
n 2£2 62
(31) BT - 712 <10 = el + £ (1+ BT 0 ) +40m + 1)1

As we consider estimators fg with bounded variance, we will impose £ < n. Consequently, if
Ly, > n, the last residual term ¢2/L,, is of order O(¢?/n) and thus less than the variance term
03 /n; if L, > n®/3, it is of order O(1/n) and thus negligible.

In this context, Sobolev balls are defined by

(32) WH(L) = {f € LX(R), /Ra 29| £ ()2t < L < +o0}.

It is easy to see that, if f € W#(L), then, from (26), we have ||f — fo|| < L£=2%. Choosing
lopt = cn™ Y 2+3) implies, from (30), that I[*E(Hﬁopt — flI>) < Cn=2s/(@s+3) This optimal
rate is identical to the rate obtained for fmopt under E(|X;|>72/3) < +o00. Consequently, the
deconvolution and Hermite estimators are asymptotically equivalent (with ¢ = v/m). However,
from the computational efficiency point of view, the Hermite estimator is to be preferred. In
Belomestny et al. (2017), Section 4.5, a notion of complexity is defined. Hermite estimators
are proved to have much lower complexity than deconvolution estimators in the case of direct
observations. Analogous computations of complexity in the present indirect observations case
lead to the same conclusions.

5. PROJECTION ESTIMATOR OF f WHEN Z; = X; + 3; ARE OBSERVED

5.1. Estimation strategy in the Laguerre case. We consider Model (2) where X; and ¥;
are nonnegative. It holds that

f2() = fx fu(a /f ) sz — u)du

The convolution property of the Laguerre functions (¢;); given in formula (49) allows to write

00 +00 +00
Zak(fZ)SOk(ﬂU) = ZZO‘J Dar(fs)p; * or()
k=0 7=0 k=0

00 k
= Z (pk(x) Z 2_1/2 (akfe(fz) - akféfl(fE))af(f%
k=0

=0
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with convention ax(f) =0 if £ < 0.
Define the m x m triangular matrix X, = (0 j)o<i j<m—1 Where

(33) oig =2 2 ((f5, i) Limjz0 — (f5,9ij-1) i j120).

As 0;; = o(i — j)1i—j>0, Xy, is a Toeplitz triangular matrix with diagonal elements o;; =
271/2(fs, o) > 0. Tt is thus invertible and for all m > 1,

(34) an(fy) = (a;(ogjem—1 = Tp' l(a;(f2))o<jcm—1] = '@ (f2),

The projection estimator of f on S, based on (Z1,...,Z,) is given by

m—1

(35) fm = Z ajpj,  am = (aj)o<j<m-1 = Zptam(2), m > 1
=0

where am(Z) = [(@(2))g< j<pn_1) and @;(Z) is defined by

(36) 0(2) =~ 3 9y,
=1

This estimator is proposed in Mabon (2017) and inspired from Comte et al. (2017). The following
risk bound is an improvement of the bound given in Mabon (2017).

Proposition 5.1. Assume that || fx||cc < +00 and either E(Xl_l/Q) < +0o0 or E(El_l/2) < +o0.

Let f, be given by (35). Then we have

- S—HI2 1A © 27:11 2
1o — 1)< 15 ol + YT A 17l 5511

where ||A]|% = Tr( 'AA) (Tr denotes the trace of the matriz) and ||AH(2)p = Amax( 'AA) is the
mazimal eigenvalue of 'AA.

The bias term is unchanged. The variance term is increasing in m because of the special form
of 31 (lower triangular and Toeplitz, see Mabon (2017)). If ¥; = 0 and thus %,, = Id, then
13,12, = 1 and [|=;}]|7 = m thus the variance term is of order \/m/n as expected.

In Comte et al. (2017), the order of |2, }||% in function of m is studied. In particular, if 3;
has a Gamma distribution I'(r, A), 7 € N, r > 1, there exist constants ¢, C' such that

em® < [|Z3H5, < 15 IF < Om®
Therefore the following corollary holds:
Corollary 5.1. Assume that f € W;(D), and that ¥; has a Gamma distribution I'(r,X), r
integer, r > 1. Then fn, given by (35) satisfies, for mep = [n?" 9
E([[ frnope = fIIP) < C(s, Dyn=/ ),

The matrix X, in the case of gamma noise with integer tail parameter can be computed
explicitely: we give it for r = 1,2 hereafter.

Remark 5.1. e For ¥; ~ E(A) = (1, ), we have [2,,];; = A/(1+ ) and

(A—1)~1

(A + 1)—i+1)

We can compute [£,1; ;= (A+1)/Xif i = j, 2/ if i > j and 0 otherwise. Note that
2 1

Hyﬂﬁzﬂﬁ+mu+———y
m N2 A A2

(37) (Zmlij = —2A if j <i and [3,,];; = 0 otherwise.
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o For X1 ~ (2, ), we have [Zy]i; = (0/(1 4+ 1))?, [Bmliv1i = —4p?/(1+ p)* and

2 (p—1)7772

(38) (Emlij =40 — 7 — p)p W

ifi>j+1 and[%,)];; =0 otherwise.

We can propose a method to select m automatically, aiming at a data driven bias variance
compromise and simplifying Mabon (2017). We define

og2+ |25 IR 20 17

. o HF N2 L e S TS ()
(39) m—argmrgjl\r/lln( | frnl +pen(m)) with pen(m) "

where
My ={m e N*, m <n/log(2+n), |E,M% < nl}.

Theorem 5.1. Let f,, be given by (35) and m by (39). There exists a numerical constant ko
such that for any k > kg, we have
Cy

E(|fa— SI?) < Cr_int (I = full®+ pomim) + =2,

In the penalty, we have chosen ||, | rather than /m||; |2, which is easier to handle.

5.2. Estimation strategy in the Hermite case. We consider Model (2) where now (X;)1<i<n
and (X;)1<i<p are real valued. This model is classically dealt with by Fourier deconvolution,
and yields the following estimator

fo(x) = 1 /ﬂé e it E(t) dt  where F(t) = 1 zn:eitz’“
2m —ml f;](_t) d n k=1
is the empirical characteristic function of Z. .
Here we propose projection estimators on the Hermite basis. We use that A7 (t) = v2mi/ h;(t)

and write that fz = fx fs and thus f7 = f*f5;, where f* =21} ., a;j(f)i’hj. Therefore,

(o Gy
(1) = 5 f gy

This leads to define the estimator of a;(f) as follows:

(= ()
o B ) ™

and the projection estimator of f as

[y

m—

(41) fn(@) =) m hy(@).

§=0
Note that we have chosen ¢ = y/m in (40). The following risk bound holds.
Proposition 5.2. Consider f,, given by (41) and (40). Then
; 1 . 1 mvmo
Blfn =S < X @+ 50 [ Ar@Pds o [ s
[t|>my/m

2 o 21 )i [0
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Thus, if f € W} (L) C W3(L') (see (9) and (32) and Appendix A), then the two bias terms

in Proposition 5.2 have the same order:

/
S e [ AF @RS Lt ) = O
j=m 27 Jjt|zr yim or

For comparison,
1 v

2mn | PR

1
B(lfm - 1)< 5 [ _IF P+
vim 27 Jit|znym
This shows that the two estimators have asymptotically the same rate. The deconvolution
estimator has a smaller risk bound. However, in terms of computational efficiency, as described
in Belomestny al. (2017), the Hermite estimator is to be preferred as it has lower complexity.
For sake of brevity, we do not develop the adaptive procedure.

6. EXTENSIONS AND CONCLUDING REMARKS

In this paper, the use of a Laguerre basis to estimate a function f € L2(R*) or a Hermite
basis to estimate a function f € L2(R) is illustrated in examples of inverse problems. Projec-
tion estimators which are easy to implement are built and studied. Data-driven choices of the
projection dimension can be proposed leading to adaptive estimators.

Using formulae of Section 7.1.2, the estimation of a function f € L.2(R*) by projection estima-
tors on a Laguerre basis (gog-é)) for all 6 > —1 is possible for direct observations or multiplicative
censored observations. Thanks to Lemma 7.2, we can obtain risk bounds of the same type.

In the case of multiplicative censoring, setting ag-é)( f) =, cpg.é) )+, and using relation (50), we
obtain:

w) a0y = YO0 ()4 Loy U0, )

(9)

This allows to define analogously a matrix H,g which helps practical computing of the projec-
tion estimator. On the contrary, except for § = 0, the bases (¢§-5)) do not seem fitted to the
deconvolution setting of densities on RT.

An extension of the results presented here could be to study the combination of models (1)

and (2) and estimate f, the density of X; if observations are either (X; + 3;)U; or X;U; + %;.

7. PROOFS

7.1. Formulae for Laguerre functions. The Laguerre polynomial with index 6, > —1, and
degree k is given by

k .
@y Lo sd sk o) _ k+ 0\ (—z)’
L, (x)—Hex W(ere )—Z k—i) T
§=0

The following holds:

+o0 2
(43) (L,(f) (x))/ = —ngll)(:n), for k > 1, and / (L,@(w)) e dy = ————
0
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1/2
The sequence (qﬁg) (x) = L,(f) (z)xd/2e/2 <W> ) is an orthonormal basis of L2(R*). In

this paper, we rather consider the Laguerre functions with index ¢, given by

1/2
)y — (%) _ o(0+1)/2 k! (9) —z,_6/2
44 © =2 2x) =2 L, (2
(44) k(@) \[(b’f (22) (F(k+6+1)> p (2w)erats,

which are more convenient for computing derivatives or integrals of the basis functions especially
when § = 0. The family ((pgs))kzo is an orthonormal basis of L2(R™).

7.1.1. Formulae for § = 0. For § = 0, we set Lg)) = Ly, go,(co) = . Formula (22.7.12) in
Abramowitz and Stegun (1964) states that

(45) aLj(x) = —=(j + DLjpa(z) + (25 + DLj(x) — jLj1(2),  2Lj(z) = j(Lj(x) — Lj-1(x)).

implying
(46) roi() = ~L T 0i(@) + (G + i) — Loy (),
(47) (rp3(@)) = 3(2) +20(x) = ~Ls1(2) + 35() + Lo o).

Using (43), we obtain for j > 1:

(43) #i() = —p;(@) - \/Z ).

The following convolution property (formula 22.13.14 in Abramowitz and Stegun (1964)) makes
the Laguerre basis relevant in the deconvolution setting

(49) Pk x pj(T) = /O or(u)p;( — u)du =27 (pp1(2) — Prrjer (@)
where x stands for the convolution product.

Lemma 7.1. For all z > 0, ¢y(x) = —po(2), ¢ji(z) = —pj(z) - 22{;%) or(x),j > 1. More-
over, | () < V2(25 +1) <2v2(i + 1), |aj(a) +95()| < V20 + 1),

Proof of Lemma 7.1. The following equality holds ¢’ (z) = —¢;(z) + Qﬂe_mL;.(Qx) which is

a polynomial function of degree j multiplied by e™®. Thus, it can be decomposed as (p;(x) =

Za,(gj)gpk(x) with
k=0
af) = (Jor) = /0 (@) er(x)dr = [pj () pr(2)]5> — / wi(@)er(@)d

400
= —¢i(0)¢x(0) —/0 oj(@)p(z)dr = =2 — (pj, ¢)) = =2 — a;ﬁ)



LAGUERRE AND HERMITE BASES FOR INVERSE PROBLEMS 15

Notice that this formula is also true when k = j: (¢}, ¢;) fo (x)dx = (1/2)g0?(0) =
—2/2 = —1. Thus we obtain:

J ' J J
Pi(x) = Y alor(a) = -2 enl@) - D (w eh)enla
k=0 k=0 k=0

j—1
= —pj(z —22% (05, Pl ()
k=0

Note that the (p;, ¢}.) are zero for k < j — 1. Thus we obtain the first formula. The bound on
@’s() follows from ()| < v/2 and the bound on 2@’ (z) + @j(x)] from (47). O

7.1.2. Formulae for § > —1. The following holds:
2L (z) = —(j + DL (@) + 25 + 6 + DL (@) — (5 + )L, (),
) .+ (0 )
(L) (@) = G2 (@) = (j + 6) LY, (2),

implying
o) = VI TDOEIHD 0,y 4 (54 TN 00y - VIOED 0,
60 (@) = UV 0 )4 L) YUEDUEIRD o) )

7.1.3. Asymptotic formulae. From Askey and Wainger (1965), we have for v = 4k 4+ 20 + 2, and
k large enough

(a) (xv)/? ifo<z<1l/v
b (axv)"/4 ifl/v<xz<v/2
5 ) vV — )14 ifr/2<z<v—ul/3
W’(“)(x/2)|§0 d)) 1/_1/3( ) ifu/—u_l/3;$§1/+yl/3
e) v 1V4z— V)_1/46_71V71/2($_V)3/2 if v+ Y3 <2 <3v/2
f) e m2* if x > 3v/2

where v; and v, are positive and fixed constants. From these estimates, we can prove

Lemma 7.2. Let p be a nonnegative real number. Assume that a random variable R has density
fr on RT and that E(RP~Y/?) < +o0 and E(RP) < +oo. For k large enough,

.'L'p (2 i fR z)dxr < y
where ¢ = Cp > 0 s a constant dependmg on p and ]E(R1 1/2), ]E(Ri )

Proof of Lemma 7.2. We have six terms to compute to find the order of

[ el @ ntwde = /2 [T ef? i /D= 31

(=1

=}

1
op+1

1/1/
a) I < / uP ()’ fr(u/2)du < || frllv= 2 < | frlk~ @2,
0

v/2
b) L Sv 2 [ fr(u/2ur Pdu < kTHPE(RPTV?).
1/v
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v—p1/3
c) Is < 1/1/21/1/6/ uP fr(u/2)du = o(1/VE), as v — u > v'/3 and E(RP) < +o0.
v/2
1/+1/1/3/

d) I, < V_2/3/ uP fr(u/2)du = o(1/Vk) as E(RP) < +oc.

v—yl/3

3v/2

)l [ ) a2 du S v B SB(RY) = o1 VR,
v4u1/3

(exp is bounded by 1, u — v > v1/3).

f) I < e 2BY/DE(RP) = o(1/Vk).
The result of Lemma 7.2 follows from these orders. O

7.2. Formulae for Hermite functions. Using (see Abramowitz and Stegun (1964))

(51) 20H;(x) = Hjp1(z) + 25 Hj—1 (), Hj'(:v) =2jH;_1(z), j>1.

we get:

(52 \[h/ fhj 1( )_\/jﬁhj—irl( 2 hy( mhﬁ-l +\/>hj 1(z).
Moreover, h}'f (t) = V2milh;(t).

Lemma 7.3. There exist constants CL_, C” o such that, for all j >0,

(1) [Ijlloo < Co (G + )72,
(2) lyhf + hjlloe < C7o(j + 1)1

Proof of Lemma 7.3. For (1), we use (52) and the first bound:

! Coo \/j 5/12
Nloo < —2(14 L ——— +1 .
Hh]” - \/i( (] +2)1/12) \[C (.] )

Next, (52) implies that
(i) = G+ D2 (y) + V7201 (0)
= 2 (VIT=Dhia) + i) = VG T DG T Dhisaly)

where the last line follows from (52). Thus, |yh/;(y) + ;j(y)| < 2C(j + DM/12. 80 we get (2).
O

The Hermite polynomials are linked with the Laguerre polynomials as follows (see Abramowitz
and Stegun, 1964, p.779, 22.5.40, 22.5.41). For = > 0,

(63)  Honlw) = (—1)"22"ILYD(02),  Hani (@) = (—1) 22+ nle L2 (22).

The Hermite polynomials are even for even n and odd for odd n. From this, we deduce the
following link between Hermite and Laguerre functions:

Lemma 7.4. For xz > 0,
hon(z) = (=1)"V/2/2 oD (22/2),  honia(x D" a/2 oD (22 /2).
Proof of Lemma 7.4. We have
hon () = CQne—xQ/zHQn(x) = (=1)"day, Lf{l/?)(xQ)e_xQ/Q(xQ)_l/‘l(xQ)1/4,
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with can, don > 0. Thus, hon(z) = (—=1)"dap 65 /2 (22) vz = (=1)"dan /2/2 05 2 (22/2).

Therefore,

00 () 2

/ W3, (x)de = 1/2 = d%n/ Ck (x2)> xde = d2 /2.
0 0

This shows d3, = 1, hence da,, = 1. Analogously,
han+1(2) = cani1e™ 2 Hypi1 (2) = (—1)"dons1 V@ LY (a?)e 2/,

with copt1,dant1 > 0. We get hopt1(x) = (—1)"dan41 ,(11/2) (2?) \/z. We conclude as above
that d2n+1 =1.0

7.3. Asymptotic formulae. Now, we can use the estimates of Askey and Wainger (1965) for
(6)

©n’ to obtain the following result:

Lemma 7.5. Let p be a nonnegative real number. Assume that a random variable R has density
fr on R and that B(|R|P?/3) < 4+00. For k large enough,

+o0 5 c
/0 hi o) fla)do < -

where ¢ > 0 is a constant which depends on p.

Proof of Lemma 7.5. We start with the even indexes. Again,we have six terms to compute
to find the order of
6

[T @ e = ar2) [ (o062 e =S

/=1
We take v =4k + 1.

N /v
Jo= /0 xphgk(x)fR(x)d$=% /0 2t (so%‘l/Q)(xQ/?)ffR(:v)dﬂﬁ

1/Vv C 1/vv C
p+1 2 1/4 -
< C/O X ((1’ V) > fR( ) —= V(p+1)/2 /(] fR(x)dx < V(p+1)/2,

Vvi2 Ji !
b / P ) < C/ 2 (2%v) Y2 fr(x)de < ———E(|RPP),
1/ 2/, f
(v—v1/3)1/2
k= / 2P b3y, (x) fr(x)da
(V 1/1/5 1/2 C
< / 1/3a:p+2/3,/*1/2(y _ 332)71/2fR(a:)d C (|R\P+2/3)
) 2w
(V+y1/3)1/2 .
Jy = / aPhd, () fr(x)de < — v~ Y2E(|R[PT/3),
(v—v1/3)1/2 5
Vv/2 .
- Py < — p+2/3
<]5 /(l/+l/1/3)1/2 X th(:U)fR(fE)d$ < 2\/17E(|R| )’

“+oo
Jg = / aPh3, (x) fr(z)dz < O exp (—3721/2).
3v/2
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Now, we deal with

/+Ooxph2 () fr(e)dz = (1/2) /ma;z’“ ( (1/2) (4 2/2)) z)da = ZK
) 2k+1 R = ) Pn = £

and take v = 4k + 3. The only difference is on the first term:

1/vv c Vv C
_ 2 1 2.\1/2
Kio= [ e @aa@dr < G [ ara) R ale)ds < .

This ends the proof. O

7.4. Proof of Proposition 3.1. We first prove the result in the Laguerre case. From Lemma
7.2 with 0 = 0, p = 0, we get that, if E(1/4/X1) < 400, then for j large enough,

400 c
E(p2(X1)) = /0 ) fayde < -

where ¢ > 0 is a constant. As a consequence, for m large enough,
m—1
E(|fo = fml®) < D Elef(X1)] S m'/?,
7=0

which gives the announced result.
In the Hermite case, we apply Lemma 7.5 for p = 0. Thus for k large enough, VX <
2 + S0 kY2 = O(y/m), and the result follows. O

7.5. Proof of Proposition 3.2. We only study the Laguerre case, as the Hermite case is proved

in Belomestny et al. (2017), Proposition 2.2. By Theorem 8.22.5 in Szego (1959), reminding
formula (44), we have: for all § > —1, and for b/k < x < b, where b, b are arbitrary constants,

(54) o (@) = c(ka) "/t (cos(g\/i\/ﬁ —m/2 — m/4) + (k:a:)_l/QO(l)) ,

where O(1) is uniform on [b/k,b] and ¢ = 21/4//7.
Take k such that b/k < a < b < b and set d = inf,<,<p f(z). Then write

+oo b
| d@r@eza [ s,
0 a
We have,
o3 (z) = C;(k:x)_l/Q(l + sin(4v2kz)) 4 (kz)1O(1).
Therefore, as fab sin(4v/2kx)dx = 2 f\/\/g sin(4v2ku)udu = O(1/VE),
b 2 1 1
/a o2 (z)dx > mk 1/2 <b —a+ O(\/E)> +0(3)-

Consequently, for k large enough, we get

+o0
[ Gz Vi o
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7.6. Proof of Proposition 3.3. Let X have density f(z) = [;70 exp(—0x)dIL(f). Then,
X =, Z/T where Z,T are independent, Z has exponential dlstrlbutlon with parameter 1 and
T has distribution II. For fixed 6 > 0, elementary computations yield

Ep;(Z/6) = me exp (—0z)p;(x)dr = va (0L J.
0 6+1\0+1

Then, we compute

—+00

_ J _ J
Boy(X) = BB,z = [ Vet (557 ante) - (f s (fﬁﬁ))

Consequently,
42
_1\J
E T T-1
T+1\T+1

()= () o

Choosing mept = [log(n)/|log(p)|] and using Proposition 3.1, the result follows.O

2m
< EET E < Ep2m_
2 T+1 2

jzm jzm

Note that for Z ~ £(1),

7.7. Proof of Theorem 3.1. The Hermite case is proved in Theorem 2.1 of Belomestny et
al. (2017b).
The Laguerre case is identical, except for one point. We use that sup,, Z?:ol go?(x) < 2m,

instead of sup, >_", ! h2( ) < C' m®/. This explains the new bound on m,. O

7.8. Proof of formula (13)-(14) and Lemma 4.1. Equality (13) is elementary. For y > 0,

Fely) = / 2 —/+°°/+°°f ats = [ ([ a1ty < oy

o) +oo
- [ (m—y)ﬂ)dx:/ sz —y [ I =r) g

X

Ao = [ = [ as [ e [([ a9 016 < i

/ <y—x>f”x—yfy<>+F<>

]

Thus, Fy (y ) F(y) — yfy(y), which is (14).
For (15), by (13), yfy(y) tends to 0 as both y tends to +00 and —oo. Integrating by parts
yields

/h +WUMF—AW@MWW@
0 “+00
= {A w@(%?MW/‘w@ﬂwMZ/ t(y) f(y)dy.
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Note that EY*t?(Y7) < EX?t?(U;X1). Then,

+00 T 0 0
EX%2(U X)) = /0 :cf(x)(/o t2(v)dv)daz+/_ \az|f(x)(/ t2(v)dv)dz
< E(IXlt*. o

7.9. Proof of Proposition 4.1.
e Laguerre case. First, we bound V;, in the case ¢; = ;. We write

E [(1¢(Y1) +9;(11))%] = E [(Y19j(11))°] + E [2Y1¢5 (Y1) (Y1) + 95 (Y1)] -
Formula (15) applied to ¢t = cpjz yields

E [2Y19}(Y1)p;(Y1) + ¢ (V1)] = E(¢5(X1)).
Therefore
E [(Y1¢(Y1) + ¢;(Y1))?] = E [(V1¢}(11))?] + E(¥3(X1)),
where the second rhs term is the same as in the direct case, and thus E(cp? (X1)) <57V for j
large enough and if E(1/v/X7) < +oc.

For the first rhs term, we use formula (48): y¢(y) = —\/2jyg0§-£)1(y) —yp;(y). Therefore, for
j large enough, we have

+o0 oo +oo
/ [y ()] fy (y)dy Sj/ Yol (y )]ny(y)der/ v205(y) fy (y)dy
0 0 0

Now we apply Lemma 7.2 to the first term with p = 1 and § = 1, so that we get that
oyl )2y (y)dy < 1/VF if B(X)) s finite.

For the second term, we use formula (46) and uv < (u? + v?)/2 and obtain

+oo +o0o . .
| dwnua = [ s enm + 6+ e - Jenal i

2 2

3j 3, [T j+1 [t
29+4)/0 yg@?(y)fy(y)dyﬁL]Z/o Y3 (W) fy (y)dy

j +o0o ) p _O f
+4/0 yp;_1 () fy (y)dy = O(\/j)

by Lemma 7.2 with p =1 and ¢ = 0, if E(X}) is finite.
Therefore, we get that, for m large enough, if E(1/v/X;) < +o00 and E(X;) < 400,
m—1
Vin =Y E[(Yigj(V1) + ;)] S m?/2.
j=0

< (

e Hermite case. Now, we bound Vm in the case wj = h;. Using (52), we get that
ohly(x \/h] 1(x) = Vi + 1hj(x))

and the order of [ (yh!(y) + j(y)) fy(y)dy follows from Lemma 7.5 applied for p = 2 and
p = 0. We obtain a bound of order /j for j large enough, if E(|X;|>*?/3) < +-00. Therefore, we
get that, for m large enough, if E(|X;[**%/3) < +o0,
m—1
Vin =Y E[MR(V1) +hj(11))?] Sm*? O
§=0
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7.10. Proof of Remark 4.1. Using Formula (15) with ¢t = hjz,

m—1 m—1
(55) V=Y EYZ(h Z ER3(X1) = ) E(Y; N2 + V.
7=0 7=0
We know that V <e¢ m®/6. For the first term of the r.h.s. above, we can use Lemma 4.1:

’ ’ . 1
E(Y{ (h;(Y1))?) < E|Xu[[h;° = EIX1|(G + 5

5)
as h;. = (Vjhj—1 — /7 + 1hj+1)/V2 (see (52)). Consequently,

2

m—1
(56) > E(Y?(h;(11))?) <
j=0

Joining (55) and (56) gives the first risk bound.
For the second point, we note that

’ ’ 1 ’
E(Y?(h;(11))%) < EY?[|hyll% = gEXthjHZO

where ||h;||OO < C' (j+1)%'2 by Lemma 7.3. Therefore,

,_.

(57) 3 E(Y; )?) <
7=0

EXZ m!l/S.

(CL)?
3

This gives the second risk bound. O

7.11. Proof of Proposition 4.3.

e Laguerre case. By assumption, there exist 0 < a < b and ¢ > 0 such that inf,<, < f(z) >
¢ > 0. This implies that we can find 0 < o’ < V' and ¢ such that infy<,<py yfy(y) = ¢ > 0.
Indeed,

a b X ca
il yfy) > o / T 0> rog(v/a).

a/2<y<a

Thus infy<y<p yfy (y) = ¢ > 0 holds with ¢’ = a/2, V = a, ¢ = (ca/2)log(b/a).
Now

E[(Vigj(Y1) +¢;(M))?] = E[(V¢;(11))*] + E(¢7(X1))
> E{[V2ZiViel (V) + Yig; (V) }

v o
2j / / Yo\ ()2 fy (y)dy +24/2) / , oS ()i (v) fy (y)dy
=T +Ts.
We have, by applying Lemma 7.2 for p = 0 if E(1/v/X1) < 400,

Vv

;
112 < VR [ (0P 0) + ) )y = 0.

a

Next, using (54), we proceed as in the proof of Proposition 3.2,

b/
12 2¢ [ 1P w)dy = V7.
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We conclude that V,, > Cm3/2 + O(m).

e Hermite case. Analogously, we can find o’ < ¥ and ¢ such that inf, < <y y*fy (y) = ¢ > 0.
For instance if b > 0, we can assume a > 0. Then

2 b 2
o2 >a/f<x> S .
Aty Frly) = o dz > —-log(b/a)

Thus infy<,<p ¥? fy (y) = ¢ > 0 holds with @’ = a/2, V/ = a, ¢ = (ca®/4)log(b/a).
Here, we can use as in Walter (1977), the following expression for the Hermite function h; (see
Szegd (1959, p.24%)):

(55) hy(w) = A cos <(2j IR 32”) " W@(z)
where \; = |h;(0)| if j is even, \; = |1;(0)[/(2j + 1)/% if j is odd and
(59) (@) = [ sinl(zi+ 12— 0] #hy(0)dr
We have ’
)l V2 +1

e VTP VPN L./l
T TR TP

By the Stirling formula and its proof, Ag; ~ n1/25-1/4, A2j41 ~ 7=1/25=1/4 and for all j, there
exists constants ¢y, co such that, for all j > 1,

C1 (&)
(60) 2172171 <A< YRV
By derivating (58), we get
) = /2] in (i V2 I 4 L o
(61) hi(x) = —/2j + 1 Ajsin <(2j+1) T = > + (2j+1)1/2€j(x)

with
€(x) = V2 + 1/ cos [(2) + 1)Y?(z — £)] £2h;(1)dt.
0

Then we have, using (61),

)
/ PG fr )dy > ¢ / (H)2(y)dy

’

/

(25 + 1)A§/ sin? <(2j +1)12y — ‘7277> dy

Vv

a

/ 4 1/2 ITN o
—2c /\j/ sin <(2j +1)2y — 2) H(y)dy.

’

We have j*3/4cl/\/77r < ﬁ < j*3/4\/2/7r02 and
ol

b : b
A [ osin (254 1)V20 — 25 ¢ (@) da) < /25 1,\»/ da <
[ (42 - D) ad < var T i [
Thus, the second term is lower bounded by —O(j'/4). For the first term, /\]2- > 122 /1 and
b .
b—a 1
2j + 1)A2 [ sin® (25 +1)"%0 — 25 )do = (25 + 1)A2 O(—) ¢
@i+ [sin? (@402 = T )ao = @i+ 02 {2 o)

a
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Therefore, as )\3(2]' +1)>CVj,
[rPuwrsway = e[ Vit ogm) -t

Consequently, for j large enough, ny(h;(y))2fy(y)dy > j1/2. This implies, as V.X < mb5/6
(5/6 < 3/2), Vin = 275 B[R} (Y1))?] + Vil = em®/2. O

7.12. Proof of Theorem 4.1. Recall that S,, is the space spanned by {vy,...,%¥m,—1} and
B, = {t € Sp, ||t|| = 1}. We have f,, = arg minscg,, 7, (t) where

(62) W(t) = [ =207 Y S an(Yh),  @u(Yi) = Yit' (Vi) + (V)
i=1
and v (fm) = — | fm|?. Now, we write, for two functions ¢, s € L2(R) ,

(t) = m(s) = [t = FI? = s = fI* = 2vn(t — 5)
where

(63) valt) = -3 l6u(¥D) — (1, )

=1

recall that (¢, f) = E(¢¢(Y1)). Then, for any m € M,, = {1 <m < m,}, and any f,, € Spn,

Yn(fin) + Pen(m) < yn(fm) + pen(m).
This yields
fir = £I? < IIF = Fnll? + BeR(m) — Pen(r) + 200 (fi — fin).
We use that

2n(fin ~ f) <4_sup (0 + 1~ il
tEBmvm

and some classical algebra to obtain:

a1 < ?2’||f—fm||2+5éﬁ<m>+4< “up [Vn(t)]Q—p(m\/m)>
tEBmvin "

(64) +(4p(m V i) — pen(rn)) + (pen(r) — pen(r)).
Lemma 7.6. Assume that E(X; + (1/v/X1)) < 400 in the Laguerre case, E(|X1|) < +oo in the

Hermite case, and that m,, < n® where § = 1/3 for Laguerre and = 6/17 for Hermite. Then
for p(m) = 4V, /n, we have

(65) E ( sup [l/n(t)]2 —p(mV m)) < 57
t€Bmyvimn N n
(66) and E(pen(iin) — pan(mn)). < LE(pen(im)) + 5",

where ¢ and ¢ are positive constants.
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Taking expectation in (64) and using Lemma 7.6 yields

SE(fn— 17 < S1F = fnll + pen(m) + E(p(m v i) — pen(i)) + S E(pen(in)
Jog(n) | e

+c .
n n

Now we note that, for £ > 32 := kg, 4p(m V 1) — spen(1m) < ipen(m). Finally, we get, for all
m € My, E(||fm — fI12) < 3| — fmll? + 3pen(m) + c”logn(n) which ends the proof. O

7.13. Proof of Lemma 7.6.

7.13.1. Proof of (65). Note that

(67) E ( sup [vn(t)]? — p(m V1) > Z E ( sup  [vn(t)]? — p(m Vv m'))

t€Bmvin m'eM, teB

mvm/

+
We apply the Talagrand Inequality (see Theorem B.1):

C _conH: M2 _oonH
E ( sup [I/n(t)]2 — 4H2> < it <U2e C2 qg + e Cs Ml>
teBm 1 n n

where H,v, M; are such that E (sup;e g, [va(t)]?) < H?, supycp,, Var(¢y(Y1)) < v* and supye g, sup, [é(y)] <
M;. We have

m—1 Vm
B sup b0 < 3 BUA()] = o= 2

Using Lemma 4.1, we have

sup Var(¢:(Y1)) < sup E(¢7 (V1)) < sup [E(YP[H'(Y1)]?) + E(£2(X1))] -

For any t € By,
E(t*(X1)) < HtHoo/!tlf < tllsoll Il S Vmll£1l-
We need a specific study for the term sup,cp E(YZ['(Y1)]?).

Laguerre case. From formula (48), we get
1

m— m—1
yt'(y) = — Y a;(t)yei(y) a;(t)v/25y¢, (
3=0 3=0
By (13) and (14), 0 < yfy(y) < 1and 0 < y?fy(y) = [ £ v 1,5y f(x)dz < E(X7). Thus, using
the orthonormality of (¢;)o<j<m—1 and (gog ))ggjgm,1 , we have, for ¢ € B,,,
Lo m—1 Lo m—1
B 0P) < 2 [ (D w0y +2 [ a2 0Pl ()
Jj=0 Jj=0

< 2E(X;) +4m.
Thus sup,cp,. Var(¢:(Y1)) < Cm := v* where C' depends on E(X1) and [ f||.

Hermite case. By Lemma 4.1, 2), we have sup;cp  E[(Y1t/(Y1))?] < supiep E(|X1])||t']|* and
by (52) we easily get that ||#’[|> < 2m. Thus v?> = Cm where C depends on E(|X1|) and ||f]|.
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Next we note that, using Lemma 7.1 in Laguerre case and Lemma 7.3-(2) in Hermite case,
we get, recalling that ¢¢(y) = yt'(y) + t(y),

sup sup |¢¢(y)| < em® = M,

with w = 3/2 in Laguerre case and w = 17/12 in Hermite case. Therefore in both cases, by
using condition (24), M%/n <1 and we obtain

V 1 Vm _t YVm
E<sup [un(t)]2—4m> <4 (me—%vm 4o Gk )
t€EBm n + n

Therefore as V,, > m?/? under our assumptions, we get, using that m3/4=3/2 = m;=3/4 > p=9/34

~

under m,, < n%'" (Hermite case, which contains the Laguerre case m,, < n'/?),
Vi J /
E ( sup [vn(t))? — 4m> <4 (me_%\ﬁ +e 3 "4/17> .
teBm, n + n
Choosing p(m) = 4V, /n and using Inequality (67) yields (65). O

7.13.2. Proof of (66). We proceed in this proof similarly to Massart (2007), chapter 7 (see
Theorem 7.7). Let us define

(m) _ 9 5 1 )
=1

Bernstein’s Inequality (see (2.23) in Massart (2007)) writes P(|S,,/n| > \/2s%z/n + bz /(3n)) <
2¢7% for S, = Y. (Ui — E(U;)), and iid. U’s, with Var(Uy) < s%, |U;| < b. We consider
Ui = Zi(m) and z = 2log(n). We have, using Lemma 7.1 in Laguerre case and Lemma 7.3-(2) in
Hermite case,

m—1
Var(2™) < E[(Z{")] < Vi | 3 63, < Om'PV = o,
j=0 ~
and |Z™| < Z <ml8.—p
=0

Let us define the set

n

S (z™ ~EZ™))

i=1

n

< \/ 2V, /8 21080 le/za?log(”)} _
n 3n

Now, applying the Bernstein inequality gives P(Q2°) <7\ 2e2108(") < ¢/n. We write

E(pen(ii1) — pen(i))+ < E[(pen(ii) — pen(rir)); 1o] + E [(pen(r) — pen(rin)); Lac]

~ 21 21
On Q, Vi —Val < \/2VmCm1/ﬁOg<n)+Cm1/’6(;gn(m

1 8 m'/Plog(n)
~Vj+ 208,
2 3 n

IN
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using that 2zy < 2% + y? applied to V2VA = 2,/V/2V/A < V/2 + A with V = Vj, and
A =20m'/Blog(n)/n. Thus, as by definition of M,,, m!/# < my/? < n,

E [(pen(rm) ~ Fon(n)) s 1a] + < SE(pen(i)) + ¢ .

On the other hand, on Q¢ E[(pen(m) — pen(m))+1gc] < 2kP(Q2¢) < ¢/n. Thus ( 66) follows
from the last two inequalities.O

7.14. Proof of Proposition 4.4. We have for all £ > 0,
Elllfe — FIP) = 1f = Fell® + Elll fe = Fel®)-

Next,
. _ 1 ~ 112 1 (g4 - .
Ellfe— Fl?) = 5B - P = 5— / Var (¢ 4 ju¥ie™) du

L ¥ w2, el

= E}ezu 1+ZUY€W 1‘ du 1nJen
2mn n
1 “E 2

= Py €(1+U2E(Yf))du— HffLH

—Tr

¢ m? 1fell?

= Z(1+=E@yP)e*) - L.
L1+ Teopye) - 1

Gathering the two terms gives Inequality (30). On the other hand, we have for all £ > 0,

68)  E[IF™ = FI2 < \If = Foll? + 21 fe — EFT2 + 2B]|F — B(F)?) = T+ To + T,

The term T is the same bias term as before. The term 75 is bounded in Belomestny et al. (2017),
Proposition 3.1 and we have the bound Ty < 4¢2(My + 1)/L,,. This term is O(¢/n) if £ < n and
L, > n?.

For T3, using Lemma 4.1 with t = 02 j» we write that

T3 = Y Var(ag,) Z Var [0,,;(Y1) + Y10, ;(Y1)]
\J\<Ln " jI<Ln
< - Z [67,;(Y1) + 216, (Y1), ;(Y1) + Y (6,;(Y1))?]
|]|<Ln
= - Z E[07 ;(X1)] + E[Y{(6;,;(Y1))*]
" jI<Ln
Next, we know that >,/ 95] <Yz H?J ¢. As moreover
1 0 el 1™ w2f3
S0 = 5= 3 [tein| = L [ =T
= 2 = 2T 21 ) _ e 3
we obtain
¢ w202
ngn( +E(Y) - >

Plugging this bound in Inequality (68) gives Inequality (31). O
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7.15. Proof of Proposition 5.1. The risk of the estimator can be written as usual
||fm - f||2 = Hf - fm||2 + ||fm - fm||2

where f, = Z;”;Ol a;j(f)e; is the projection of f on Sy, = span(po, . .., Pm—1) and || f — fm|? is
the square bias term. Next we have
_ m—1
1 = finll* = D (@5 = a;(f)* = 251 (@(Z)m—1 = E(@(Z)m-1)|I3,
=0
where ||Z||2 denotes the Euclidean norm of the m-vector Z. So,

—

E(lfm = fml?) < IZ5 I3EIG(Z)m-1 — E(G(Z)m-1)I3)

m— m—1
_ . 1
< =5, D Var(a;(2)) = ﬁllﬁmlllﬁp > Var(p;(Z1))
7=0 j=0
1 C\FHE m I3
< EHE Z E( 90] n —

using Lemma 7.2. On the other hand,

E(|fm — ful®) = %ZVar > 1B esei(Z) S%ZE > [Z5 esei(Z)
V j ¢ j
2

/2] > [ ZEee | o
HfZHUDZE:jE: J _»HfEHGDHz: HF

Combining the previous bounds 1mphes the result. O

IN

7.16. Proof of Proposition 5.2. Let us denote by fy,,(z) = Z;n;ol ;o hj(z) and E(fr,n) =
jznt“&wrefznzzzzl7Blajéhw

aiel) =EGze) = SX ™ pmoa
- 7 VGZ; —7l /
We have
E(|fom — FI2) = 1f = feml® +E(l fom — foml?)
m—1 m—1
= Nf = Sl + D (a5 (f) = aje(£))* + > Var(ajye)
j=0 Jj=0
= > 2(f)+m_l( (f) —aj (f))2+1mijlv ( el t)dt>
= jZmaj pr a; aje n - \/ﬁ o 2 t)
Then
m—1 m—1 1 2 1
(@) a3 = 3 o | [ 7 Oleets] <50 [ 1o
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On the other hand, for the variance term, we have

lm )y (it Z1 hj(t) 15 y
w2 Ve (e f;(t)dt> = nZE<

Jj=0

. o I (t) 2
AR
171‘( ¢ f;) (t) dat >

2

m—1 itZ
1 1if <o
= —F /hA t)dt
2rn ]Z; 5(t) i)
1 1ig<ne
< = dt.
= 2mn ) |f5(0)?
Therefore we obtain
; 1 1 1i4<ne
E fg,m—fQS f+/ f*t2dt+ - dt.
(Il %) Z 2() 5 |t|2ﬂ! ®)l 2mn | TP

j=zm

Choosing ¢ = /m gives the announced result. O

7.17. Proof of Theorem 5.1. Let 9T = max M,, the maximal element of the collection. We
follow the lines of the proof of Theorem 4.1, with (62) replaced by

n(t) = [It* = 242, fon),
and (63) by 7,,(t) = (t, fan — fon). Note that for t € Sy,, then oy,(t) = (¢, fu — fm). Then we get

1fa = FIP < 3If = finll? + 2pe0(m) +8( sup 77(t) — p(m, 1)) + 8p(m, 1i2) — 2pen(in)

€ m,m

with p(m,m’) satisfying 4p(m,m’) < pen(m) + pen(m’) for k > kg, where p(m,m’) and kg are
specified by the next Lemma.

Lemma 7.7. Under the assumptions of Theorem 5.1, for m* = mV m/ and
Yo
pm ) = 22V [ fll) (1 + 2clog(z + 155 N IEEE o (o, 20226

where b is a constant given in Theorem B.1, we have

(69) E ( sup ﬂi(ﬂﬁ(?ﬂﬁ)) <
FGB(ﬁL,m) +

We obtain that Vm € M,,,
= . K
E(|fo = fI*) < 3If = fml® + 4pE0(m) +8—,
which ends the proof of Theorem 5.1. O

7.18. Proof of Lemma 7.7. The proof of (69) follows the line of the proof of Proposition 7.1
in Mabon (2015). We start as in the proof of Lemma 7.6 and compute the terms H?, v and M
of Theorem B.1. For ¢t € B(m, m) and m* =m VvV m/, we get

m*—1 m*—1
E( sup ﬂi(t)) < Y E@@) < X E (s o = fn)?) = Bl = e ).

teB(m',m j= j=0
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From Proposition 5.1, we deduce H? = (2 V || fs|loo) |22 |%/n. Clearly, v = nH?. Moreover
1 n m*—1
() = L S () - B@(Z)). in@) = Y (o) Vi e ),
i—1 =0
where Gp,—1(z) = Ypo(z), ..., om—1(z)) and [Z]; denotes the jth coordinate of vector Z. Thus

sup sup [(2)] < sup || S5 G -1 (2) |2 < (1B lopv/2m == M.
teB(m/,m) T x

Let a(m*) = clog(2 + ||21,.]|%), and let us apply Theorem B.1

E sup  72(t) — 2(1 4 2a(m*)) H?

teB(m/,m) " +
O — SRS L ) >t % V2b /am || = |
< — | I3l exp(=ba(m™)) + —————exp | — T
n T vm[Elop
C 1 12 V20 -
< p W + |13, |7 exp —T\/Oé(m Jlog(n+2) | |,
where we have used that m* < n/log(n +2) and |2, '|2, < [|3,;![|*. Therefore
C 1 1
E sup  72(t) —2(1 + 2a(m*)H? | < = — — +
teB(mm) IR /b S St 8 MR
For ¢ > max(3/b,212/2b%) and as | E,;}[|% > 2m*/ao(fs), we get
El s 72(t) — 2(1 + 2a(m*))H? | < ¢ 1
up Ui(t) — alm < —
teB(m/,m) " I n (m*)4
so that
E sup  D2A(t) —2(1 +2a(m*)H? | <C”/n.
m'eMp teB(m/,m) I

This concludes of Lemma 7.7. O
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APPENDIX A. REGULARITY PROPERTIES OF FUNCTIONS IN SOBOLEV-LAGUERRE AND
SOBOLEV-HERMITE SPACES

For this appendix, we refer to Bongionanni and Torrea (2006,2009), Belomestny et al. (2016,2017)
and Comte and Genon-Catalot (2015).
Laguerre case. For a > 0, consider the functions

(6,a) (64+1)/2 k! 2 §/27 (8
,a ° > .
o (x) =a (I‘(kz 5 1)> exp (—ax/2)x° L, (ax), k>0
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This sequence is an orthonormal basis of L2(R¥). We set al(f’a)( =, (pgj’a)> and define the
Sobolev-Laguerre space with regularity index s and scale parameter a by:

Wia=1{f:(0,400) = R, f € L*((0,+00)), Y k*(a"” (f))? < +o0}.
k>0

For f a derivable function on (0, +00), consider the operator
5 _ / a0
O0)(a) = Vaf (@) + (57 - 32 @)

If g = exp (ax/2)x~%/2f and f is m + 1 times derivable, then, the following holds:
A 0t 0 (f)(x) = g™ (z) exp (—ax/2)xTMTI/2,
For s integer, the space Wy, is exactly the space of functions f : (0,+00) = R, f € L?((0,+00))

such tht f is s — 1 derivable, &1 is absolutely continuous and 83*"‘ ...0 62“ o 8;5( f) belongs
to L2((0,4+00)) for m =0,1,...,s — 1.

The choice a = 2,6 = 0 seems the simplest one, and W} = Wg,.

Hermite case. For s integer, f € W}, holds if and only if f admits derivatives up to order s
which satisfy f, f/,..., f®), 25=¢f® £ =0,..., 5 — 1 belong to L2(R). The usual Sobolev space
with regularity index s is defined by

(70) W* = {f e L’R), |If1I3 s = /R(l +12)[ f*(t)Pdt < +o0}

If s is integer, then
W = {f € L*(R), f admits derivatives up to order s
such that [[[f][12s05 = 17+ [LF17 + - + |77 < +o0}.
Therefore, for s integer, W C W?. Morevover, the following properties are proved in Bon-
gioanni and Torrea (2006): for all s > 0,
o W5 ¢ We. If f € W? has compact support, then f € Wj.
o feWs = 2°f e LA(R).
APPENDIX B. TALAGRAND’S INEQUALITY
We recall the Talagrand concentration inequality given in Klein and Rio (2005).

Theorem B.1. Consider n € N*, F a class at most countable of measurable functions, and

(Xi)iequ,..,ny @ family of real independent random wvariables. Define, for f € F, vn(f) =

(1/n) >0 (f(Xs) — E[f(X5)]), and assume that there are three positive constants M, H and

v such that sup||fllec < M, E[sup|vn(f)|] < H, and sup(1/n)> ", Var(f(X;)) < v. Then for
feF feF feF

all o > 0,

E[(sup\yn(f)\2—2(1+2a)H2> ] <
+

4<U w2 49M? _ﬂbmowanH>
== e
fer b

—ba
bC?(a)n?
with C(a) = (VI+a—1)A1l, and b= .

By 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.



