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Abstract: We consider the deconvolution problem for densities supported
on a (d —1)-dimensional sphere with unknown center and unknown radius,
in the situation where the distribution of the noise is unknown and without
any other observations. We propose estimators of the radius, of the center,
and of the density of the signal on the sphere that are proved consistent
without further information. The estimator of the radius is proved to have
almost parametric convergence rate for any dimension d. When d = 2, the
estimator of the density is proved to achieve the same rate of convergence
over Sobolev regularity classes of densities as when the noise distribution
is known.

Keywords and phrases: deconvolution, spherical data, unknown noise.

Contents
1 Introduction . . . . .. ... ... e,
2 Identifiability and estimation method ... ... .......
2.1 Preliminaries: deconvolution with unknown noise . . .
2.2 Identifiability theorem . ... .. .............
2.3 Estimation method and consistency . ..........
3 Convergence rates of the estimators . . ............
3.1 The estimator of the radius . ... ............
3.2 The estimator of the density and of the center . . . . .
4 When the exploration density is known ... .........
5 Simulations . ... ... ... ... 00 oo ool
6 Discussion . . ... .. ..t e e e e e e e
7 Proofs . . . . . . @ e e e e e e e e e
7.1 Proof of Proposition1 . ..................
7.2 Proofof Lemmal ... ...................
7.3 Proof of Proposition2 . ... ... ............
7.4 Proof of proposition 3. ... ... ..... ... .....
7.5 Proofoflemma2 ......................
7.6 Proof of Theorem 6 .. ...................
8 Results on Bessel functions . . . . ... .............

Acknowledgments . . ... ... ... 0000000,
References . . . . . . . . i i i i i i i i i i e e e e e e e e e e e e

O© © IO W W N

12

16
27
28
28
30
35
35
37
41
41
42
43


https://imstat.org/journals-and-publications/electronic-journal-of-statistics/
https://doi.org/10.1214/154957804100000000
mailto:Jeremie.capitao-miniconi@universite-paris-saclay.fr 
mailto:Jeremie.capitao-miniconi@universite-paris-saclay.fr 
mailto:Elisabeth.gassiat@unversite-paris-saclay.fr

J. Capitao-Miniconi and E.Gassiat/Deconvolution of spherical data 2
1. Introduction

In this paper, we study the deconvolution problem of random data on a sphere
corrupted by independent additive noise. The observations are

Kin+5i7i:1,...7n (1)

where (X;);>1 (the signal) is a sequence of independent identically distributed
(i.i.d.) random variables taking values on a (d—1)-dimensional sphere (for d > 2)
with unknown center C* and unknown radius R*, (&;);>1 (the noise) is a se-
quence of i.i.d. random variables in R? independent of the signal and with totally
unknown distribution. The distribution of the signal is also unknown, it is only
known that it is spherically supported. To solve the deconvolution problem and
estimate the structural parameters C* and R*, the only assumption we shall
put on the noise is that its d coordinates are independently distributed. Just
notice that in model (1), the observed data may be outside the sphere. This
is different from the model studied in [12], [11], where the observed noisy data
remain on the sphere.

The statistical estimation of the center and of the radius of the sphere is of
interest in various applications such as object tracking, robotics, pattern recog-
nition, see for instance [5], [6], [16], [19], among others, see also [3] and references
therein. For example, in target tracking, one aim is to recover the shape of the
target from multiple measurements of the extent of the target at each time, one
possible shape being a circle. In biometrics, the aim is to identify circular irises
in an image. Several methods have been proposed to estimate the center and the
radius of a sphere, based on least squares, maximum likelihood, see [13] for a
recent likelihood based algorithm, most of them modeling the noise distribution
with a Gaussian distribution.

The deconvolution problem of the distribution of the signal when the radius
and the center are known is studied for circular signals (that is when d = 2) in
[10]. The author proves that the minimax rate of convergence of the estimator
over a wide collection of smoothness classes of the density of the signal on the
circle does not depend on the (known) noise distribution, for a variety of dif-
ferent noise distributions, contrasting with the situation where the signal has a
density with respect to Lebesgue over the whole space.

Recently, it has been proved in [7] that deconvolution with unknown noise
distribution is possible for multivariate signals, as soon as the signal can be de-
composed in two components that satisfy a mild dependence assumption, that
its distribution has light enough tails, and without any assumption on the noise
distribution except that its two corresponding components are independently
distributed. The authors of [7] then consider the situation where the probability
of X7 has a density with respect to Lebesgue measure, and they prove that not
knowing the noise distribution does not deteriorate the estimation rate of the
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density on Sobolev regularity classes for compactly supported signals.

Here, the probability distribution of the signal is singular with respect to
Lebesgue measure on R¢ and their convergence results do not apply. However,
we prove that the general conditions they propose under which deconvolution
with unknown noise is possible are satisfied for spherical signals, this is our first
main identifiability result Theorem 2. The main contribution of our work is then
to exhibit estimators that achieve remarkable properties:

e We propose estimators of the radius, the center, and the distribution of
the signal, which are proved consistent whatever the noise distribution,
see Proposition 2.

e Under the mild assumption that the noise has finite variance, we prove
that the radius of the sphere can be estimated at almost parametric rate
with totally unknown noise distribution, see Theorem 3.

e When d = 2, that is for circular signals, we prove that the center can be
estimated at almost parametric rate and that the density of the signal
distribution on the circle can be estimated at the same rate as when the
distribution of the noise is known on some Sobolev regularity classes, with
a rate which is minimax as proved in [10], see Theorem 4 and Theorem 5.

In Section 2, we first recall general results of [7] and we prove in Proposition
1 a strengthened version of the local L?-consistency of the general estimator of
the characteristic function of the signal that will be a basic stone for all our
convergence rates theorems. We then state our identifiability theorem, give the
definition of the estimators and prove their consistency. Section 3 studies the
rates of convergence of our estimators, and in section 4 we study the situation
where radius and center of the sphere together with the noise distribution are
unknown, though the distribution of the angles of the random signal is known.
Simulations illustrating our findings are given in Section 5. We discuss possible
further work and related questions in Section 6. Proofs of propositions and
lemmas are detailed in Section 7.

2. Identifiability and estimation method

In this section, we prove that model (1) is identifiable with no more assumptions.
We then explain the estimation method and define the estimators which will be
studied in Section 3.

2.1. Preliminaries: deconvolution with unknown notse

We first recall general results in [7]. Then, we prove a proposition which will be
used to obtain the nearly parametric rate of our estimators of the radius and the
center. In [7], the authors consider the situation where the observations Y; € R¢

come from the model
Yy x@ e
v | T \x@) T {.@
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in which YV € R%, d; > 1, and Y € R%, dy > 1, with d; + dy = d, and
where (1) is independent of £(2). They prove identifiability under very mild
assumptions on the signal distribution. The first one is about the tail of its
distribution.

A(p) There exists p < 2, a > 0and b > 0 such that for all A € R?, E [exp (AT X)]
aexp (bl|A[3)-

x @)
X2
Under A(p), the characteristic function of the signal can be extended into a
multivariate analytic function denoted by

Here, X = ( and || - ||2 is the Euclidian norm.

P:ChxCc — C
(21,22) +— E {exp (z‘z;—X(l) +iz;—X(2))] )

The second assumption is a mild dependence assumption (see the discussion
after Theorem 2.1 in [7]).

A(dep) For any zy € C¥, z — ®(29,2) is not the null function and for any
29 € C%2 z 5 ®(2, 20) is not the null function.

Obviously, if no centering constraint is put on the signal or on the noise, it is
possible to translate the signal by a fixed vector m € R? and the noise by —m
without changing the observation. The model can thus be identifiable only up
to translation.

Theorem 1 (from [7]). If the distribution of the signal satisfies A(p) and
A(dep), then the distribution of the signal and the distribution of the noise can
be recovered from the distribution of the observation, up to translation.

An important step of the identifiabiity proof is to prove that, since the char-
acteristic function of the distribution of the signal is a multivariate analytic
function, it is enough to recover it in a neighborhood of 0. Thus, investigation
of the characteristic functions outside a neigborhood of 0 is not needed, and
decays of the characteristic function of the noise will have no impact on the
convergence rates. In fact, as proved in Theorem 4 below when d = 2, the rate
of convergence of the estimator of the density of the signal on the sphere will
not depend on the unknown distribution of the noise.

The first step in the estimation procedure is the estimation of the characteris-
tic function of the signal by a method inspired by the proof of the identifiability
theorem. For any S > 0, let T, s be the subset of multivariate analytic functions
from C¢ to C defined as follows.

IN
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T,s= {q§ analytic s.t. Vz € RY ¢(2) = ¢(—2),6(0) = 1

and Vj € N%\ {0},

' il
Hg:lja! - ||j|||1\1\|1/p

where ||j]|1 = ZZ:l Ja- For all @ satisfying A(p), there exists S such that
® € T,s (Lemma 3.1 in [7]). Let ®.) be the characteristic function of £(P),
p = 1,2, and define for all ¢ € ¥, g and any v > 0,

M) = [ 1ol t2)0(0,0)0(0,12) — B(t1,12)(11,0)0(0. 1)

B4« g2
1By (t1) P2 (L) |Pdt1dlo,

where B, = [—v,v|. It is proved in [7] that if ¢ € T, g satisfies A(dep),
M(¢;v|®) = 0 for a fixed v if and only if ¢ = ® (up to translation). The
estimator of the characteristic function of the signal can then be defined as a
minimizer of the empirical estimator of M.

Fix some vest > 0. Let H be a subset of functions from R? to C¢ such tAhat all
elements of H satisfy A(dep) and which is closed in L?(B¢ ). Define ¢, as a
(up to 1/n) measurable minimizer of the functional M, over T, ¢ N H, where
M, is defined as

M, (¢) :/Bd1 s |6(t1,t2) D (t1, 0000 (0, t2) — B (t1, t2) d(t1, 0)(0, t2)[*dty dts,

Vest Vest

where for all (t1,t,) € C%t x C%,

~ 1 n
¢n(t1at2) = E E exp {itIYe(l) + Z‘t;Ye@)} .
/=1

It appears that, for any v > 0, (En is a consistent estimator of ® in L?([—v, v]?)
at almost parametric rate. The constants cj,co and cs in Proposition 1 will
depend on the signal through p and S, and on the noise through its second
moment and the following quantity:

¢, = inf{|®. (1)), t € BHY Ainf{|®, e (8)], t € B}, 2)

For any noise distribution, for small enough v, ¢, is a positive real number.
Moreover, notice that for fixed p > 0, for S < S’, we have T, s C T, g/, that
is, for S large enough, we can find v € [(d+4/3)e/S, vest] such that ¢, > 0. We
prove the following.

Proposition 1. Assume ® € T, s NH and 1 has finite variance. Fix some
v e [(d+4/3)e/S, Vest] such that ¢, > 0. For all § € (0,1), there exist positive
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constants c1, ¢z, c3 which depend on §, Vess, v, ¢u,p, S, H, d and E(||Y1]|?) such
that for allx > 1 and n > (1V xc1)/ca, with probability at least 1 — e 7,

~ z 22
/Bd |Gn(t) — B(t)|2dt < c3 (nl—é v n2—26> :

Proposition 1 improves on Proposition A.3 in [7] and is proved in Section 7.1.

2.2. Identifiability theorem

For any Z € R?, denote Z(1), ..., Z(® its d coordinates. We shall parametrize
a vector on a sphere through angles. For any u € [0,1]97!, define S(u) on the
unit d-dimensional sphere as

cos(2muV))
sin(2mu) cos(ru(?)
sin(2ruM) sin(mu®) cos(mu®)

S(u) =

sin(2mu) sin(7u?) - - - sin(rul=2)) cos(ruld—1)
Sin(2ﬂ'u(l)) Sin(ﬁu@)) .. ~Sin(7ru(d—2)) Sin(wu(d—l))

Then for a sequence (U;);>1 of i.i.d random vectors taking values in [0, 1]d_1,
we have for all ¢ > 1,
X; =C* + R*S(Uy), (3)

with C* the center of the sphere and R* its radius.
We shall also make the following assumptions.

(H1) The coordinates 551), . ,6(1d) of the noise are independently distributed.
We denote Q* = ®?:1Q§ the distribution of 1, with Q; the distribution
ofs(lj),j: 1,...,d.

(H2) The distribution of Uy has a density f* with respect to Lebesgue measure
on [0,1]471. When d > 2, we assume f* positive on (0,¢*) x (0,1)42 for
some ¢* > 0.

We shall sometimes call f* exploration density of the angles or exploration den-
sity. For any Q = ®?:1Qj, with Q;, 7 = 1,...,d, probability distributions on R,
any probability density f on [0,1]¢7!, any C € R? and any R > 0, let Pc g 1.0
be the distribution of Y7 when X lies on the sphere with center C, radius R,
and U; has density f.

Theorem 2. Assume (H1) and (H2). For any Q = ®?:1Qj, any probability
density f on [0,1]%71, any C € R? and any R > 0, Po r o0 = Pos e =0 if
and only if R = R*, f = f*, and there exists m € R¢ such that C = C* +m
and Q(-) = Q*(- +m). If moreover Q and Q* have finite first moment and are
centered distributions, then m = 0, that is C' = C* and Q = Q*.
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Proof of Theorem 2.

We shall apply Theorem 1. For any probability density f on [0,1]97!, C € R?
and R > 0, A(p) holds with p = 1 and with the constants a = 1 and b =
ICl2 + R. To verify A(dep), since all coordinates of the noise are independently
distributed, we first choose a decomposition of the signal in two components.
We define X() = X{1)7 and X@ = (X{Q), ce de))T, and we prove in Section
7.2 the following Lemma from which A(dep) follows.

Lemma 1. Assume (H2). Then for all z € C, E [exp (iz)z(l)) \)?(2)} is not
P-

< () -a.5. the null random variable, and for all z € C4~1, E [exp (izT)?@)) |)?(1)}
is not Pgy-a.s. the null random variable. Here, Pz, denotes the distribution
of XW) p=1,2.

Then, translation of the spherical signal does not change the radius of the
sphere and the exploration density of the angles on the sphere, but only the cen-
tering of the sphere and correspondingly the distribution of the noise. Applying
Theorem 1 leads then to the conclusion of Theorem 2.

The proof of Lemma 1 proceeds by computing explicitly the conditional ex-
pectation, and then to give an argument why it can not be the null random
variable. The argument for d = 2 does not apply to d > 2, in which case we use
another argument needing the positivity of f* near the origin. Since the choice
of the positive first coordinate to define the angles and the density is arbitrary,
the proof still holds under the assumption that the density is positive near the
point of the sphere at the intersection with one of the 2d axis directions.

2.3. Estimation method and consistency

We shall apply the method described in Section 2.1 to estimate R* and f*. For
any positive real number R and any probability density f on [0,1]¢"!, define
Vs r the characteristic function of the random variable with distribution on the

centered sphere with radius R, and exploration density of the angles f, that is,
for all t € R?,

Vs r(t) = /(0 i exp {iRt"S(u)} f(u)du. (4)

We shall consider functions ¥  for any function f on (0,1)?~! (not only prob-
ability densities) as defined by (4). Notice that ¥; i can be extended to C<.
Since all components of €; are independent, we have to make a choice of d; and
dsy for the definition of M,, and M, thus, in the following, we assume to have
di =1 and dy = d — 1, as in the proof of Theorem 2. For any v > 0, define

M(f, R) :/ i [Wr R(t1, t2)Wpe Re(t1,0)Wse R+ (0,12)
B, X By,

U pe pe(t1,t2) Vs R(t1, 00U g(0,22)|?|®c(t1, t2) | dtrdts.
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The parameter v does not appear in the notation of M and can be chosen as
needed.
Fix some vt > 0, and define

M, (f,R) :/ |\I/f R(t17t2)¢n(t1a )J}n(oab)

— P (tr,t2) Vs g(t1, 0)W s g(0, t2)|?dtdts,
with
Unlty, tz) = Zexp {70 +it] 7}

where for all £, ") = Y,"), and }7;2) —v®, .y

We need to fix the compact subset on which we minimize M,. We choose F a
compact subset of L2[(0, 1)4~!] such that for all f € F, f(071)d,1 f(u)du = 1. For
example, F can be the intersection of a regularity class such as a Sobolev ball
with the closed subset of functions f such that f(O,l)d71 f(u)du = 1, see Section
3.2 in the case d = 2. We also choose real numbers Ry, and Ry.x such that
0 < Rumin < Rmax < +00. Since we shall study minimax rates in Section 3, we
shall fix later F to include all Sobolev classes of interest in that paper. Then we
define (f, R) as any measurable random variable such that

1
R) inf M, (f,R) + ~. 5

(f (f-R)EF X [RuminiRunax] LR+ ©)
Notice that we do not constrain functions in F to be non negative, that is we
do not constrain f to be a probability density. Using Proposition 1 we get the
following corollary which will be the basic stone to obtain estimation rates of
our estimators. For any v > 0, define ¢} as in (2) with Q = Q*.

Corollary 1. Assume f* € F, R* € (Rumin; Rmax) and €1 has finite variance.
For all v € (0,ves] such that ¢, > 0, for all 6 € (0,1), there exist a positive
constants c1,ca,c3 which depend on &, v, c¢&, d and E(||Y||?) such that for all
x>1andn > (1V xey)/ca, with probability at least 1 —e™*,

2

2 xT x
[V’V]d |\I/f7§(t) — \I/f*7R* (t)| dt S C3 (nl—é V 7’L2_26> .

We insist on the fact that the quantity ¢} is unknown, and that its knowledge

is not needed to construct the estimators and to get asymptotic rates, since there
always exists a small enough v such that ¢}, > 0.
For any v>0,cv)>0 E>0, deﬁne QW (v, c(v), E) the set of distributions
Q = ®Y_,Q; on R? such that ¢, > ¢(v) and [, |z[|?dQ(x) < E. The following
corollary gives an upper bound of the maximum risk for the integrated square
loss, showing convergence at rate n'=% for any positive 4.

Corollary 2. For allv € (0,ves), ¢(v) >0, E > 0 and 6 € (0,1), there exists
a positive constant C' which only depends on §, v, c(v), d, E(|Y||?), Ruin and
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Rpax such that for n large enough, uniformly for f € F, R € [Rmin; Rmax), Q €
QW (v, c(v), E),C € R?,

C
Ec R, 1.0 [/{_ y W7 pt) — \I’f,R(t)2dt‘| < s

When Q* has a finite first moment and is centered, we can estimate the center
of the sphere. We define

~ 1 ~ —~
C=- Y, - R S(u) f(uw)du. 6
WYk [ s (©

The estimators of the radius and of the exploration density can be proved to
be consistent by applying M-estimator general results. Then consistency of the
estimator of the radius follows. We give a detailed proof of the following propo-
sition in Section 7.3. Here, it is not needed that the noise has finite variance.

Proposition 2. Assume f* € F and R* € (Ruin; Rmax). Then R =R+
OPie o po o (1) and f(o,1)dfl(f(u) — f*(u))?du = OPis g px on (1) If moreover
Q* has finite first moment and is a centered distribution, then also C=0C"+
OPee i po gr (1)

Comments on the practical computation of the estimator. In prac-
tice, computing the minimum over the infinite-dimensional set defined in (5)
requires to introduce a truncation parameter. In other words, instead of mini-
mizing M, over all elements (f, R) of F X [Rmin, Rmax), we would minimize it
over all (T,, f, R), where m is a truncation parameter and T,, f is the truncated
Fourier expansion of f (also defined in (11)). This truncation has no impact
on the result proved in Theorem 3, Theorem 4 and Theorem 5 i.e. on the con-
vergence rates derived in this paper, as long as this truncation parameter is
chosen sufficiently large with respect to logn/loglogn to obtain the rates for
the estimation of Wy« g+« (see the end of Section 3.2 of [7]).

3. Convergence rates of the estimators

In this section, we prove that the estimator of the radius has almost parametric
rate of convergence, whatever the dimension d of the sphere. We then get rates of
convergence for the estimator of the exploration density and of the center in the
case d = 2 that is for circular signals. Our estimator of the exploration density
achieves the minimax rate on Sobolev regularity classes and the estimator of
the center can be proved to have almost parametric rate.

3.1. The estimator of the radius

Our first main result is the fact that, without any knowledge of the noise distri-
bution and of the exploration density, the radius of the sphere can be recovered
at almost parametric rate.
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Theorem 3. Assume f* € F and R* € (Rumin; Rmax). Assume also that €1 has
finite variance. For all v € (0,Ves] such that ¢f > 0, for all § € (0,1), there
exist positive constants ci, cq,c3 which depend on §, v, ¢, d and E(||Y]|?) such
that for all x > 1 and n > (1 V xeq)/ca, with probability at least 1 —e™*,

2
~ C3 X X
‘R_ R*‘Q < VR ( 1-6 Vv 225) :
R2;,(1 - Ugasliy2 \nt™0 "o

Proof. We denote by A the Laplacian operator in the Cartesian coordinate

system,
A= Z et

and for all K > 1, AF = AF"1o A with A the identity operator.
Notice that Wy g is an eigenfunction of the Laplacian, with eigenvalue R?,

A\I/ﬁR(J?) + R? \Iff,R(I) =0,
so that for all £ > 1,
AR p(2) + (=) IR?* W p(2) = 0.

Define Dy(0,v) = {x € R, ||z|2 < v} the d-dimensional disk centered at
the origin and with radius v, I the gamma function and Az the d-dimensional
Lebesgue measure. Then, according to [15], for all ¥ > 0 and for all multivariate
analytic function ) on C,

_ _ N A*F1)(0) 2%
Ad(Dq(0,v)) /Dd(o,y) Yy = kz:;) 2k H?Zl(d + 2j)y

d = AF(0) 2%
F<2+1>Zz2kk'r( I

Applying this equality to \If 7 and to Wy g+ we get that

1 - B 7 oo B EZI@ (R*)2k
(vav)d /]D)d 0.) (\I]va(x) Viore (z)) do = kz:%( 1)k22kkvr( +k+ 1)V2k’
(7)
since A4 (D4(0,v)) = E dfl) v,

Let Jg/2 be the Bessel function of order (d/2). We collect in Section 8 results on
Bessel functions that will be useful in our analysis. Using identity (I) in Section
8 we get that for all z € R,

2k

k:o 22kklr —|—/<J+1) md/Q ’
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so that using (7), (8), Cauchy-Schwarz inequality and the fact that D4(0,v) C
B? we obtain

~

2
Jipo(VR)  Jg0(VRY) 1 )
g (CZ;?W ~ | < (Va)ar(g +1) /B (¥7.500) = ¥pene @) do

Let H be the function defined by

Jay2(z) 1

Vo #0, H(z) = A2 H(O):m'

Then using (8), H has infinitely many derivatives so that there exists R €
(R*, R) such that

H(vR) — H(vR*) = v(R — R*)H'(VR).
Computation of the derivative and (IV) in Section 8 gives

_ 2(Jgs2—1() = Jaja41(x)) — dJgs2(x)

!/
H'(z) o d/2+1 ’
and using (V) in Section 8 we get
Jd/2+1($)
() —

Using lemma 3 in Section 8, we get that

(vR)Y/2+1 (1 (vR)? ) .

Jd/2+1(’/§) 2

~d2+ip(d 1 2) \ T 2d+38

Since R € (Rmin, Rmax), we deduce that for any v € (0,1/Rpax),

Jaj2(VR) VR _ wRy?
(wR)Y2 |~ 2424104 +2) | 2d+8

. 2
VR umin <1 _ (VRmax) > -0,
+2)

>
~ 2d/2+11(4 2d + 8

|H'(vR)|

so that

R 9d/2+1p(d 4 9
|[R— R*| < (5+2)

- VRmax)?
V2 Ry (1 — Y5l

|H(vR) — H(vR*)|.

Using (9) we get

~ 4T(4 4 2)2 2
IR — R*|* < (5+2) — / (\I/fﬁ(x) — \Ilf*’R*(x)> dz.
VA (Vv R2,, (1 — U2 Jpa A

The end of the proof follows from Corollary 1. O

v
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The following corollary gives an upper bound for the rate of convergence of
the maximum risk.

Corollary 3. For all v € (0,Ves], c(v) >0, E >0 and 6 € (0,1), there exists
a positive constant C which only depends on 6, v, c(v), d, E(|Y||*), Rmin and
Ruax such that for n large enough,

C
1-46°

D 2
sup Ec g, ol — R|” <
FEF RE[Rumini Rmax],Q€ Q@ (v,c(v),E),C€R?

3.2. The estimator of the density and of the center

In this section, we consider the case of circular signals, that is d = 2. In this
case, we can rewrite model (3) using one dimensional angles U; € [0, 1], as
o L« (cos(27U;)
X, =C"+R (sin(Zin)> . (10)
We shall focus on the following regularity classes. For any L > 0, 8 > % and
v >0, set

Ws(L) = {f € L*([0,1]) : §:|nHM”<L%

k=—o0
Ay (L) ={f €L*([0,1]) : §j|fP2W<L%,
k=—o0

where for any function f € L2([0,1]), (fx)rez is the sequence of Fourier coeffi-
cients of f:

1
fr = / f(0)e*™*0dg, ke 7.
0

We fix F as a compact subset of I.2[(0, 1)] such that for all f € F,

fo u)du = 1, and containing as subsets all Ws(L) and A, (L) for all 3 > 1
v >0, and L < L.« chosen. If a lower bound ,6’0 > 1/2 on S is known, we can

choose F = W, (Lmax) N {f € L%([0,1]) fo u)du = 1} We shall now define

an estimator of f* using truncated Fourier expansions of f defined in Section 2.3.
For N > 0 an integer to be chosen, we define T f the trigonometric polynomial
estimator of f*:

Vo€ (0,1), Twflz)= Y fre 2", (11)
|K|<N

Define now the maximum risk of the estimator for any class of densities C
and any class of noise distribution Q as follows.

R [TNJ?; C; Ruin; Ruax; Q| =

sup Ec,r,f,0 (/OI(TNJ?(QT) - f(l‘))QdﬂC) :

f€C,RE[Rmin; Rmax],Q€Q,CER?
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The following theorem shows that a good choice of N leads to minimax adaptive
estimation rate over the regularity classes W3(L) and controlled maximum risk
over the regularity classes A, (L).

Theorem 4. For a € (0,1/2), set

N faEn .
loglogn

Then for all L > 0, 8> 1/2, (resp. v > 0), for allv € (0,ves], c(v) >0, E > 0,

23
R [TNﬁ W5 (L); Ruin; Rmax; Q(2)(V,c(1/), E)} < [Pa~2% (%) (1+0(1))
(12)

as n tends to infinity, and

R [T Fi A (2 R R @ 0,(0). )] < 0 (-2 (0 200 ) ) (140(0)
13

as n tends to infinity.

In [10], the author studies the estimation of the exploration density for noisy
circular data on the unit circle (known radius) and with known noise distri-
bution. Theorem 1 in [10] proves that for centered 2-dimensional Gaussian
noise having variance o?I, the minimax rate for estimating f over Ws(L) is

28

L? (loilo&) (1+0(1)). Thus, our estimator is rate minimax adaptive to un-
g(n)

known radius, unknown noise distribution and unknown regularity over classes

W5 (L) for the signal, with a constant deteriorated by a factor at most 224, The-

orem 2 in [10] proves that with the same noise, the minimax rate for estimating

f over A, (L) is L? exp (—27 (%)) (1 + o(1)). In our result, there is a

loss in the upper bound for the rate of convergence of the maximum risk of our
estimator in case of unknown radius and unknown noise distribution on classes
A, (L) for the signal.

Note that, as in [10] and [7], the convergence rates do not depend on the error
distribution. This is in contrast to the standard density deconvolution problem
where, when we know the error distribution, the optimal convergence rate de-
pends on the rate of decrease of the Fourier transform of the noise distribution
(over classes of noise distributions satisfying such decay), see [14] and references
therein. Here, analyticity of the Fourier transform of the signal distribution al-
lows us to dispense with the knowledge of the noise, in particular of the decay
rate of its Fourier transform. It would be interesting, in the context of unknown
noise, to recover noise dependent minimax risk by restricting the set of possi-
ble unknown noises. One way could be to make in our methodology v = Vet
go to infinity and to study the square integrated risk with ¢, , having a pre-
cise decreasing behavior. But this would require new ideas as explained in the
concluding section of [7].
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Proof. For any f € F,

[ () - s@) o= ¥ 1+ Y IAP

|k|<N |k|>N

so that for any R € (Ruyin; Rmax), Q € Q(v,¢(v), E), C € R?,

1 -~ ~
Ec r 10 (/o (TNf(x)—f(x))Qdf) =Ecrso | D, e =Bl + D Il

|k|<N |k|>N

The first term on the right hand side will be shown to be negligible with respect
to the second term thanks to the following proposition, for which a detailed
proof can be found in Section 7.4

Proposition 3. Assume f* € F and R* € (Rumin, Rmax). For all v € (0, ves)
such that ¢ > 0, for all § € (0,1), there exists a constant ¢ > 0 depending on ¢,
v, ¢, d, R*, Rumin, Rmax, and E(||Y||?) such that for allz > 1, n > (1Vxcy)/ca,
with probability at least 1 —e™7,

> Ui- it se(op

|k|<N i

2

)2N (N + 1)(N1)2 (nf_é v nf_%> . (14)

Choose § small enough so that 2a < 1 — §. Then for large enough n, for a
constant ¢ > 0,

Ecrpe | Y |fe = fil?| ¢ (WRmin) 2N (N + 122N (N1)?n =9,
K|<N

and using the fact that, VN > 1, NI < eNNJF%e*N, we finally have,

Ecrpo | Y k= fil?| <€ (VRmin) >N (N 4 1)22N N2V HL 2N =140,
|k|<N
(15)
The term at the right hand side of (15) is at most of order

exp {(204 +d—1) log(n)|1+o0(1) }
Now,
sup Y |fil> < LPNT (16)
FEWS(L) |k|>N
and

sup > |fil? < LPe N (17)
fEA,(L) k>N

Equation (12) follows from (15) and (16), and equation (13) follows from (15)
and (17). O
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Theorem 5. Assume f* € F and R* € (Rumin, Rmax). Then for any § € (0,1),
for allv € (0,ves], c(v) >0, E >0,

—~ 2
sup EC,R,ﬁQ HC — C* =0 (n71+5) .

FEF,RE[Rmin; Rmax],Q€EQP (v,c(v),E),CER?

Notice that we can not get exponential deviations for the empirical mean of
the observations when nothing more is assumed about the noise apart having
finite variance.

Proof. Notice that

1 1
r = ) f*(u)d i in(27u) f*(u)d
11 /0 cos(2mu) f*(u) u—i—z/o sin(27w) f*(u)du

so that

and in the same way

2
+3|R—R*|*+3Rumax
2

2

IC—C*5 <3

Thus, using the triangle inequality, and the fact that R < Rupax and Ifrl <1,
1 ¢ ) — Re(f;
,ZYZ — E[Y] Re(f7) Re(]il
r Im(f1

we get
)
Im(f7) = Im(f1)

The theorem follows from Theorem 3, Proposition 3 and the upper bound on
the variance of the observations.

2

O

4. When the exploration density is known

In this section, we assume that f* is known. By exchanging the role of the signal
and of the noise, we can look at model (1) as a semi-parametric deconvolution
problem in which the noise has known distribution (up to centering and radius)
on a sphere. But we are able to estimate the radius and the center without
solving the semi-parametric deconvolution problem, that is without estimating
Q. We estimate the radius using the contrast function M, (f*, R). Since this
function is continuous, we can define

R = Argmin {M,(f*,R), R € [Rmin; Rmax]}-
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If moreover Q* has finite first moment and is a centered distribution, then the
estimator of the center is defined as

~ 1 ~
C=-— Y- R S(u) f*(u)du.
P> /( (u) f* ()

0’1)d—1

Theorem 6 states that /n(R — R*,C — C*) converges in distribution as n tends
to infinity to some centered Gaussian distribution. It will be a consequence of
the lemma stated below. In the following, for R € [Ruin, Rmax|, we omit f* as
an argument of M and M,,. We write M’, M/, their derivatives with respect to
R and M", M their second derivatives with respect to R.

Lemma 2. The following results hold true under the assumptions of Theorem
6.

(1) R is a consistent estimator of R*.

(2) There exists a matriz V such that \/n (£ 37 | Y; — E(Y1), M}, (R*)) con-
verges in distribution to a centered Gaussian distribution with variance
V.

(8) M"(R*) # 0 and for any random variable R, € [Rumin, Rmax] converging
in probability to R*, one has

M/(R,) = M"(R*) + 0pgu o e o (1)

The proof of Lemma 2 is given in Section 7.5.
Define the (d 4+ 1) x (d + 1) matrix

0 —3pme 0 1
s={ msw) |V 1 BT
M//(R*) _M//(R*) ]\/I//(R*)
Theorem 6. Assume that Q* has finite second moment and is a centered dis-

tribution. Then \/ﬁ(é — R*,C — C*) converges in distribution to a centered
Gaussian distribution with variance X.

The proof of Theorem 6 is detailed in Section 7.6.

5. Simulations

The aim of this section is to illustrate our method with examples for which the
noise is not bounded. We choose d = 2 and we consider the model (10) with
R*=3,C*=0and R* = 0.6, C* =0, with U, ¢ generated as follows.

(1) U ~ Unif(0,1) and ¢ ~ N(0,(0.12)21), figure 1 (R* = 3) and figure 2
(R* =0.6). ‘

(2) U ~ Unif(0,1) and for i € {1,2} ¢ ~ 154 + 3Exp{5iz}, figure 3
(R* = 3) and figure 4 (R* = 0.6).

(3) U ~ Unif(0,1) and € ~ N(0, 1), figure 5 (R* = 3) and figure 6 (R* = 0.6).
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~ __exp{eos(2ma)} (L6 (022 0
@ U~ 72 €0 = ro ooy 2048 M( 2.5 > ( 0 (0572))
figure 7 (R* = 3).

~ f* . exp{cos(27x)} - 0 (02)2 0
B) U~ f*:2€(0,1)— T exp{con(na) [ da and e ~ N( <0) , < 0 (0.57)? ),
figure 8 (R* = 3).

For each case, we generate n observed points for n € V with

V ={10%2-10%3-10%4-10%5-10%10%2-10% 3 - 10 5 - 10%,10% 5 - 10*,
7.5-10%,10°,3-10°,5 - 10°,8 - 10°,10}.

In the case the exploration density is known, we estimate only the radius of the
circle. When the exploration density is unknown, we estimate the radius and
the exploration density. To numerically visualize that the center of the noise has
no impact on the estimation of the radius and the exploratory density, we can
look at figure 7 and figure 8 .

In practice, when we want to estimate the radius and the exploration density, we
fix N and ves; and we minimize M, (T f, R) for f € F and R € [Ruin; Rmax]-
Since N is fixed, fo = 1 and f is a real function, we have for all k& € N,
fx = f_i, this amounts to minimize a function of (2N + 1) variables. In our
simulations, we noticed that the choice of N and ves does not significantly

change the results thus the simulations are done with N = L%J and

Vest = 0.5. Nevertheless, this point remains to be studied further, especially to
apply the method to real-life data. For each figure, there are 6 plots,

Top left Scatter plot of the 10 observed points.
Top right Scatter plot of the 10% observed points.
Middle left Plot of (log |R— R*|,1og(n))nev + the linear regression, when the density
f* is known and unknown. R
Middle right We choose W C V to better visualize the graph, and we plot (R, n)ncw,
when the density f* is known and unknown.
Bottom left Plot of f* and T f for n € {3-10%,10%,5-10% 105, 106}.
Bottom right Plot of (log||f* — T f||2,log(n))nev -
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FIGURE 1. R* =3, U ~ Unif(0,1) , € ~ N(0,(0.12)2]) and W = {3-10%,4-102,5-10%,103, 2-

10%,3-103,5-103,10%,5-10%,7.5 - 104,105}
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R* = 0.6, U ~ Unif(0,1) , € ~ N(0,(0.12)21) and W = {3 -10%,4 - 102,5
102,10%,2-102,3-103,5-103,10%,5 - 104, 7.5 - 104, 10%}
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FIGURE 3. R* =3, U ~ Unif(0,1) , fori € {1,2} e® ~ 25_) + $€ap{zis} and W =
{3-102%,4-102,5-10%,10%,2-10%,3-10%,5 - 103,10%,5 - 104, 7.5 - 10%,10%,3 - 10°,5 - 10%}
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FIGURE 4. R* = 0.6, U ~ Unif(0,1) , for i € {1,2} @ ~ 15_q) + 3€ap {3z} and
W = {3-10%,4-102,5-10%,10%,2-103,3-103,5-103,10%,5 - 104,7.5- 10%,10°,3 - 10°,5 - 10°}
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FIGURE 5.

R* =3, U ~ Unif(0,1) , ¢ ~ N(0,I) and W = {3-10%,4-10%,5 - 10%,103,2 -
103,3-10%,5-10%,104,5-104,7.5 - 10%,10%,3 - 10°,5 - 105}
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FIGURE 6. R* = 0.6, U ~ Unif(0,1) , € ~ N(0,I) and W = {3-10%,4-102,5 - 102,103, 2 -
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The graph of log|R* — ]§| from figure 1 to figure 8 drive us to reasonably

conjecture that the rate of convergence of |R* — ]§| is the same when the density
f* is known and unknown.
We use Monte-Carlo to estimate M, and the package optimize.minimize in
Python to minimize My, that is, there is possibly a numerical bias that can
explain the fluctuations on the values of R as we can see in the figure 9 (left
histogram) and figure 10. The histograms are computed with Monte-Carlo repli-
cations of 50 values of R for n = 10 000 in the case of figure 1 and figure 3.

" known 16 m funknowin
 unknawn

0
299% 2998 3.000 3002 3.004 3.006 3.008 3010 —0.00075-0.00050-0.00025 0.00000 0.00025 0.00050 0.00075 0.00100
50 value of R 50 values of R +3

FIGURE 9. U ~ Unif(0,1) and ¢ ~ N(0, (0.12)%1)

mm f known

14

mm  unknown

29592 29%4 299 2995 3000 3002 3004 3006
50 value of A

FIGURE 10. U ~ Unif(0,1) and fori € {1,2} ¢ ~ %6(_1) + %Sxp{ﬁ}

__ Finally, for each n € V' in the case of figure 1, we computed 30 values of
R denoted by (R})1<k<so when the density f* is known and unknown, we
give the following table which gives the empirical mean squared error. The
computation time to minimize M, becomes long when the number of data
increases, in particular when f* is unknown. This is why we choose to make
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only 30 replications.

f* known f* unknown
" % Ziozl |R* — §Z|2 % 220:1 |R* — §Z|2
102 7.09-1072 2.86-1073
2102 3.87-1072 1.02-1073
3102 1.87-1072 5.72-1074
4102 1.5-1072 6.15-1074
5- 102 7.28-1073 4.24-1074
103 1.27-1073 2.07-1074
2-10° 3.64-1074 9.97-107°
3-103 1.39-107% 8.73-107°
5-103 1.31-107% 5.29-107°
104 6.99-107° 6.63-107°
5-10% 1.01-107° 4.96-1077
7.5-10% 7.75-1076 2.72-10°7
10° 7.63-1076 1.96 - 1077
3-10° 2.47-1076 6.03- 1078
5-10° 1.88-10°6 3.27-10p~8
8-10° 1.37-1076 2.32-10°8
108 1.02-1076 1.78-1078

6. Discussion

In this paper, we proved that deconvolution of spherical data is possible without
any knowledge of the distribution of the noise, and that the radius of the sphere
can be recovered at nearly parametric rate. The question whether the rate 1/y/n
can be attained is still open. To get the almost parametric rate following the
proposed analysis would require first to be able to strengthen the lower bound
of M in (18). But in [7], getting a lower bound for M requires delicate argu-
ments involving a technical truncation from which it is not possible to derive
a quadratic lower bound. If ever such a lower bound can be proved, new ideas
have to be developed. Also, we were able to prove the identifiability theorem for
all possible densities on a circle, but in higher dimensions the proof holds only
for densities that are positive near the origin. Extending the result to hold for
any density for any d would be nice.

We also proved, for noisy data on a circle that the exploration density can be
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recovered at the same minimax convergence rate on Sobolev regularity classes
as when the noise distribution is known. The analysis we propose here does not
extend to d > 2, and the question of the convergence rate for d > 2 remains
unsolved.

Finally, we were able to run numerical simulations to estimate the radius and
the exploratory density on simulated data, the results illustrate our theoretical
findings. To apply the method to real-life data requires further work, both on
the methodology side to find a data-driven strategy to choose N and ves and
on the algorithmic side to improve on the computation time.

More generally, deconvolution of data coming from observations supported on
a lower dimensional manifold and corrupted by additive noise has been investi-
gated earlier for known noise in [9], see also [4]. The extension of the method-
ology proposed here to analyze those settings and to deal with unknown noise
distribution will be developed in a further work. Understanding how to deal
with noisy observations in topological data analysis is a challenging question,
see for instance [1] and [2], and our solution for additive noise having indepen-
dent components can be understood as a contribution in this perspective.

7. Proofs
7.1. Proof of Proposition 1

We shall denote || - |2, the L?(B7)-norm and |- ||, the L>°(BI*)-norm, where
the dimension m may be d, d; or ds and is clear from the context.
Following the proof of Proposition A.2 in [7] and the proof of Proposition 24 in
Appendix B.5 in [8], we easily get that there exist positive constants b, m; < 1
and 12 < 1 depending only on v, S, d, p such that for all ® € T g,

Ihllo, < m=> M(® + h;v|®) > e ||n)5 52, (18)

with, for any u € (0,1/e),
b

uU) = ———,
) log log +
and such that for any ¢t; € R* and any ¢, € R%,

2—=2¢(l|h]l2,v
Ihllsw <12 = [[A(-0)]3, < |[All3, 2"
2—2¢(||R]|2,»
and Hh(o,)”%’l/ < A5, (Rllz.w) (19)

We now fix n = m A ne. Let Z, be the random process defined, for all ¢ =
(t1,t2) € RT x R%, by

Zn(t) =vn (an(t) — Q(t) P ) (t1) P2 (tz))

Using explicit computation, straightforward upper bounds and (19) we easily
get that there exists a constant C' that depends only on vest, p and S such that
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if h € T, g is such that ||h||2,,., <7, then

[(Mp(® 4 h) — M(® 4 h, Vest| D)) — (M (D) — M (P, Vegt| D))

Zn o0, Ves I‘Z""Hiox’/es 1= (HhH Wes ) o2 (HhH e )
<C |:| U/H t+ n t:| . [thzuzst el 4 Hh”QvVe:t o }
Znlloo,ve 1—e(llhll2,ves)
§6C”HT"||’1||2,V; e (20)

since || Zn ||oo,vee < 2¢/n and ||h]l2,u,.. < 1. Let now h = ¢, — ®. By using that

My (® +h) < My (®) + L, M(®, 004 |®) = 0 and (20), we easily get

> 1 1 Znloc.ve. L=e(1h2,vese)
M (@4 B v @) < - 012,
R venl®) < 4 3OTE e
But for any v < vest, M (-, v|®) < M (-, Vest|®), so that using now (18) we get
that for some constant C' that depends only on v, vest, p and S, as soon as
”h" 2,Vest S n,

~2+2¢(|h c 120l 2 l=e(lBll2,vesr)
h 2+42¢(||A]l2,v) < - C N0, Vest h 2,Vest
|| 2,v — n + \/,E || 2,Vest
1 Zn 00, Vest Tnl—e h v,
< 20 <nv [ Zn ]| so,ves R )) (21)

NG

|1—€(Hh|\2,uest)

[Znlloo vese . |7
In the case === 7=rest A2 ..,

< L. Proposition 1 is proven.
n

Otherwise, we relate ||iz\||2,, to H/I;Hg,,,est. Using Lemma H.3 of [8] and following
Section A.3 of [7] we get that there exists a constant D that depends only on
v, Vest and S, for all h € T g, for all integer m > pd,

ll2,vee, < D™= PE3E 4 DA B,

plog(1/|hll2.v)
loglog(1/[A[l2,.)
only on v, veg, p and S, for all h € T, g small enough,

By choosing m = we get that for some constant C' that depends

1—€é(||h]|2,»
[hll2,e < C|lh]15, W)

1
CEOEO8 L which implies that €(||h2,u,.,) < 2€(|Al|2,) for small

enough ||A]|2,,,. Then using (21) we finally get, for some constant C' that depends

where é(u) =

only on v, Ve, p and S, that as soon as h is small enough,

7 lla )+ (Rll2,) (12 ([ Znllooves
el )+l (1=2e(Rl2.)) o o1 Znllsowe 99
1Rll2,, < NG (22)

The end of the proof follows from the fact that an is uniformly consistent
in L2([~v,v]?), see [7] Appendix A.1, and the following deviation inequality
which is proved in Appendix G of [8]. There exist a numerical constant ¢ and a
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constant C' that depends only on d, ves; and E(||Y1]|?) such that for all n > 1
and x > 0, with probability at least 1 — 4e™7,

x
HZnHoowest < C+C\/§+C%- (23)

Proposition 1 easily follows from the uniform consistency of ¢y, (22) and (23).

7.2. Proof of Lemma 1

To begin with, for any 2y € C and z € C4~1,
E [exp (z’zof((l) + izT)?(Q))] =F [E [exp (izo)z'(l)> |)N((2)} exp (isz(@))] ,

and usual arguments for multivariate analytic functions on C4~! prove that z
E [eXp (izo)?(l) + izT)?(Q))} is the null function if and only if £ [exp (izo)?(l)) |)?(2)}

is zero P2 -a.s. In the same way, for any 2z € C*~!, 2z — E |exp (isz(l) + izOT)?@))]
is the null function if and only if £ {exp (izg)?(2)> |)?(1)} is zero Pg,-a.s. Also,
the value of the center C* can only change the function £ {exp (zT()Z'(l), )N((z))ﬂ ,

z € C%, by a factor exp(z7 C*) which is non zero, so that we may assume C* = 0
to prove Lemma 1. _

In the following, we write for all u € (0,1),S™M) (u) = cos(2wu) and for all
u € (0,1)71

sin(27u™)) cos(mu?)
sin(2ru) sin(ru) cos(mu®)
S®(u) = :
Sin<2ﬂ'u(1)) SiIl(?Tu(Q)) - Sin(ﬂ'u(d_g)) COS(ﬂ'u(d_l))
sin(2ru) sin(ru®)) - - sin(ru4=2)) sin(rul* 1)

We first prove that for any zp € C, E [exp (izo)?(l)) |X(2)} is not Pg»)-a.s.
zZero.

Since f* is not identically zero, there exists a closed interval [a, 8] subset of
one of the four following intervals : (0,31), (3,3), (1,2), (,1), a vector a =
(a)1<ica—1 € (a, B) x (0,1)472 (if d = 2, a is a real number in (a,3)) and
¢ > 0 such that if we define

= fu= )en, aony € (@8) x 0,02 ¢ [§9@) -5 <),

then the restriction of f* to I, f*|r,, is not the null function.
We choose ¢ small enough such that, if we define A € (=1,1)4 T as A = S@)(Iy),
we have that there exists I, C (0,1)%"! such that I; N1, = ) and (S®®)~1(A) =
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LU L.
We define, for i,j € {1,2}, the C' diffeomorphisms n;; : I; — I, u
(S =1(S@ (u)), such that n;; = Id|;, and 5, j o mj; =
Note that we can explicitly calculate 7; ;(x) for the different possible inclusions
of o, B]:
1. for [a, 8] C (0,%) or o, 8] C (%,3), we have m2(u® u® . uld) =
(2 —u® @ D)y
2. and for [a, 8] C (£, 2) or [o, B] C (3,1) , we have ny o(uD), u®, .. uld=D) =
(2 —u® u®@ D),

We now compute Elexp(izgX )| X @]1 % eq- For any measurable bounded
function w on (—R*, R*)%~!, we have

E[exp(izo)z(l))W(X(Q))l)?@)e;x}

= /~ w(R*S® (u)) exp(izgR* cos(2mu™)) f* (u)du
(§@)=1(a)
= / w(R*S (u)) exp(izgR* cos(2ru™)) f*(u)du
I
+ / w(R*S® (u)) exp(izgR* cos(2mu™)) * (u)du.
I

Define the change of variables w = 7 2(v) in the second integral. Using the
explicit definition of 1, 2 which is differentiable with Jacobian equal to 1 we get

Elexp(izo X W)w(X )1 g 4]

= /I w(R*S® (u)) (exp(iR*zo cos(2muM)) f*(u)

+ exp(iR*z cos(27r771,2(u)(1)))f*(nm (u))> du

_ W(R*§@ (4 f*(w)
/11 ('S ())f*(u)‘i‘f*(?h,z(u))

(exp(iR*zo cos(2muM)) f*(u)
+ exp(iR* 2 cos(2mn1 2 (u) ™)) f*(m(u))> du

(m1,2(w))
+ f(ma(w)

+f (R w) g J; <exp<z'R*zO cos(2ruV)) f*(u)

+ exp(iR* 2o cos(27rn172(u)m))f*(nl,g (u))) du.
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Thus if we define vy : A —» I, such that for all v € I, v1(S®(u)) = u, and
vy : A — I, such that for all u € I, v5(S®) (u)) = u, we get

E [exp(izof(l)ﬂf(z)] T@ea

T T (eXp“R*ZO cos(2m (X)) ) 7+ (1 (X))

+ exp(—iR* 2y cos(2mry (X @)) M) f*(ug(f((?)))) 13 ca

Finally, F [exp(izo)?(l)ﬂi'@)} 13@eq is null P -as if and only if for f*du
almost all u € I,

exp(iR*zo cos(27ru(1)))f*(u) + exp(iR*zg cos(27r77112(u)(l)))f*(nlyg(u)) =0,
that is for f*du almost all u € Iy,
S (m2(w))

f*(u)

Since for almost all w € I, f*(u) # 0, this would imply in particular that for
almost all u € Iy

exp (iR*zo (cos(27ru(1)) — cos(27r771,2(u)(1))>) =—

R*Re(z0) (cos(Qwu(l)) - cos(27r771,2(u)(1))> =m [mod2n], (24)

which gives a contradiction.

Now, let us prove that for any zg € C¥ 1, E {exp (izgf(2)> |)?(1)} is not
Pg1)-a.s. zero.

Let us first assume d > 2, since f* is not identically zero, there exists a closed

interval [, 8] in one of the four following intervals : (0, 1), (5, 3), (3,2), (3,1),

such that f|(,, g)x(0,1)—2 is not the null function. e

Define J; = (o, 8), B = SM(J;), and J, such that J,NJ; = 0 and (SW)~1(B) =
J1UJs. We define the C! diffeomorphism o 2 : J; — Ja, u (g(l))_l(g(l)(u)),
such that 011 = Id|;, and 0120021 = Id|r,. Note that we can explicitly calcu-
late o1 2(u), indeed, for u € Ji1, we have oy 2(u) = 1 —u. The reason of choosing
J1 in one of these four intervals is to have the decomposition of (S())~1(B) in

exactly 2 disjoint open sets on which SM is one to one.
For any bounded and measurable function w on (—R*, R*), we have

E [exp (izOT)?(Q)) w(f(l))lg(l)eB}
= / w(R* cos(2mu™)) exp(iR*z] S (W) f* (w)du
Jix(0,1)d-2

+ / w(R* cos(2muM)) exp(iR* 21 S@ (u)) f* (u)du.
J2x(0,1)4-2
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Define the following change of variables for the second integral, v = 7(v) =
(01,2 ® Id g 1ya-2)(v), which has Jacobien equal to 1. Then

E [exp (izOT)?(Q)) w(f((l))lf{(neB}

_ / w(R* cos(2mu™))
J1x(0,1)4-2

( exp(iR* 25 §® (u)) f*(u) + exp(iR*2§ S ((u))) f *(U(U))> du

_ w(R* cos(2mu® f*(u)

/MO,W (B cosmi ) 5y ¥ F o)
<exp<iR*zg§(2> (u)) f* () + exp(iR* ] (U(U)))f*(o(u))) du
w(R* cos(2mu® f*@(u))

* /J() (B cos2m ) B+ F (o)

< exp(iR* 2§ 5 () f* (u) + exp(iR* 27 5P (@ (w))) f *(U(u))> du.

We now define 7 : B — J; such that for all u € Jy, 71(S® (1)) = u, and
79 : B — Jo such that for all u € Jo, 7(S™M (u)) = u.

Since we assume (H2), when d > 2, we can choose J; = (0, p) with (5 < ¢* and
Co < %

FE [exp (izOT)?(Q)) |)?(1)} lswen

) </ s [GXPUR*ng@)m(W),w)
12 fr(r(52),u) + F(r(52),0) f
F(1) ~ (1) )
£ (T ) exp(—iR* 2 5 () ) (e >,u>] du> Ixoen

and E [exp (z’zOT)?@)) |)?(1)} Lgayep is null Pg-as. if and only if for all u €
Jla

/ exp(iR*zgg(Q) (u,v)) f*(u,v) + exp(iR*zgg(z)(l —u,v)) f*(1 —u,v) do = 0
(071)d—2

f*(’LLﬂ)) +f*(1 —U,U)

In particular, this implies that for all v € Jy,
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/ cos(Re(z0)TS® (u, v))
(0

* xp(—R* 3(2)
e P 0) + (1= o) (f (u,v) exp(= R Tm(20) "5 (u,v))

+ (1 — u,v) exp(R*Im(20) TS (u, v))> dv = 0.

But for small enough u € Jy, cos(Re(z0)TS® (u,v)) stays positive for all v €
(0,1)9=2 which gives a contradiction.
When d = 2, applying an analogous reasoning, we get for any bounded and
measurable function w on (—R*, R*), we have

E [exp (izg)?(z)) w()?(l))lf((l)eB}

= / w(R* cos(2mu)) exp(iR* 2] SP (u)) f* (u)du
J1
+ / w(R* cos(2mu)) exp(iR* 27 S (u)) f* (u)du.
J2

Define the following change of variables for the second integral, u = 7(v) =
o1,2(v), which has Jacobien equal to 1. Then

E {exp (izg)?(z)) w(i(l))lf((UeB}

_ /J e eos(2m)

( exp(iR* 25 8@ (u)) f* (u) + exp(iR*2§ S ((u))) f *(U(u))> du

f*(u)
fr(u) + f*(@(u)

( exp(iR* 25 8@ (u)) f* (u) + exp(iR*2§ S (7(u))) f WT(U))) du

_ /J (R eos(2m)

fr(u) + f*(@(u))

<exp(iR*zg§<2> (u) f*(u) + exp(iR*z] @ (7(u))) f*(a(u))) du.

R f*(@(u))
Jr/J1 w(R* cos(2mu))

We now define 73 : B — J; such that £or all u € Jy, T1(§(1)(U)) = u, and
9 : B — Jo such that for all u € Jo, 75(S™M (1)) = w.
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E [exp (izg)?(z)) |X(1)} l30men

= o e | exp(R 25 S® (n(
f*(ﬁ()ﬁ*))Hf*(Tz()ﬁ*)))(epz S

_ X W
+ exp(—iR* 2§ S (o 7 )))f*(m())) l3mep

and E [exp (izOT)A(:(z)) |)Z'(1)} can not be null Pg,-a.s. since it would require
that for almost all u € Jy,

exp(iR* 2] S (u)) f*(u) 4+ exp(iR* 27 SP (1 — w)) f*(1 — u) = 0.

7.3. Proof of Proposition 2

For f, f* € F and R, R* € [Rmin, Rmax|, denote 6 = (f, R), 6* = (f*, R*), and
1/2
define the distance d by d(6,6*) = ( Sioyios (f () = f*(u))2du) +|R - R*|.

First, using Lemma A.1 in [7] we get

sup [ M (0) = M(0)] = 0pc e s g (1)- (25)
QE-FX[Rmin:Rmax]

Then, using the continuity of M with respect to the distance d and the compacity
of F X [Rmin, Rmax|, using Theorem 2 we get that for any § > 0,

Inf M(6) > M(0*) = 0. 9%
0T xR B, d(0.0°)>5 (6) > M(6") (26)

Consistency of f and R follows from (25), (26) and Theorem 5.7 in [18]. Consis-
tency of C'is then a consequence of the continuity theorem and the law of large
numbers.

7.4. Proof of proposition 3

The functions ¥¢ p on R? can be written as functions ® ¢z on [0, 4+00[x[0,1)
using polar representation. For any r > 0 and 6 € [0,1), define

Qs r(r,0) = Wy g(rcos(2m), rsin(276)).

For all > 0, let (Ap(7))pez be the sequence of Fourier coefficients of ®5 r(r, ),

1
Ap(T) :/ Dy p(r, u)e* ™ du, p € Z.
0
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Using (III) in Section 8, we get that for all » > 0,

1
O p(r,0) = /f(u)exp(ichos(Qwuf27r0))du
0
1
= S PLER([ feTrdne
pEL 0
= ) P fpdp(rR)e” >,
PEZL

so that for all p € 7Z,
Ap(r) = P Jp(rR) fp,

and also R o
)\;(r) =P J,(rR¥) ;, Ap(1) = P T (rR) f,
where (f;)pez (resp. (ﬁ,)pez) are the Fourier coefficients of f*(resp. f) and

(Xp(r))pez are the Fourier coefficients of éﬁﬁ(r, .). We have, using Parseval’s
identity,

1 o~
/0\@f*,R*(Tﬁ)*‘Pjﬁ(?ﬁ@)lzd@ = DM = )

kEZ

= IR = Rd(rR)P

kEZ

S f IR = (R,

[k|<N

IV

We use the fact that |a — b]? > @ — |b]? for all a,b € C, to get

1 *x _ 72 N
/ |®f*7R* (’I”7 0) — q)iﬁ('r, G)Pd@ 2 Z Mc}k(’f’R)z
0

|[k|I<N
— > RPIRERY) - Je(rR) P,

[k|<N

so that

1
S 1= RPRERP <2 [ 050 (r.0) - 07 5l 0) s
0

|k|<N
+2 37 [P (rR) = Ju(rR) .

k<N

Then, for all v € (0, Vegt] such that ¢ > 0, we integrate from 0 to v and we use
(IV) in Section 8 to obtain
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Z |fi — fk|2/0 rd(rR)?dr < 2||¥ e e — W2 pl1 0, 00))
[k|<N

+2 ) |f,:|2|R*—§|2/ rdr.
0

|k|<N

Using corollary 1, Theorem 3 and the fact that Y7, oy [fi® < fol(f*(u))zdu
is uniformly upper bounded in the compact set F, we have that there exists a
constant ¢ > 0 depending on 6, v, ¢}, d, R*, Ruin, Rmax, and E(||Y||?) such that
for all z > 1 and for ¢; and ¢y coming from Proposition 1, for all n > (1Vzey)/co,

—x

with probability at least 1 —e™7,
v 2
x 72 B2 o x
|k§<:N|f,c — Jfx| /0 rdp(rR)“dr <c <n1—5 \Y, n2—25> .

x

Using lemma 4, we finally have that with probability at least 1 —e™7,

x _ 72 32 5 aN 2N (AT1)\2 x a?
Z |fi = ful” < CQ?(VR) (N +1)2°7(N) 5 Ve )
k<N
We finally use Re [Rumin, Rmax] to end the proof.

7.5. Proof of lemma 2

The proof of (1) follows from the same arguments as in the proof of Proposition
2.
For all (t1,t2) € R x R4™1 define

M r(t1,t2) = Upe gty t2)0n(t1,0)00 (0, t2) — U (t1, t2) U p+ m(t1,0) v g(0,t2)
and
mg(t1,t2) = Vps p(t1,t2) U se re(t1,0) p+ r+ (0, t2)
- \I/f*,R* (tla tg)\Ilf*7R(t1, O)‘Ilf*7R(O7 t2),

such that Mn(R) = fB « Ba-1 ‘mmR(tl,tg)thldtQ and
M(R) = fBVXBg_l |mR(t1, t2)|2|(1)€(t1, tQ)‘thldtQ.
Let us prove (2). Differentiation of M,, gives

d -
/ — -
M, (R) —/B i (dR{mn,R(tlat2)}mn,R(t17t2)

Vest Vest

d —
+ ﬁ{mn,R(tla ta) }mn, r(t1, t2)> dtidta,
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where Z denotes the complex conjugate of z. Since m,, r(t1,t2) = My, r(—t1, —t2)
we get

d
M (R) = o ot (et —t
(1) /B i (dR{m Rt te) Yma r(—t1, —t2)

Vest Vest

d
+ ﬁ{mn,ﬁ’,(_tla —to) i, r(t1, tz)) dtidt,.

Let Z,, be the random process defined for (¢1,%2) € R x R4 by

Z,(t1,t2) =/n (@n(tl,h) — ‘I’f*,R*,(t1,t2)‘1’e(t1,t2)) . (27)

The random process Z,, converges weakly to a Gaussian process (Z(t1,%2)), )
in the set of complex continuous functions endowed with the uniform norm.
Using (27), ¥n(t1,t2) = =Zn(t1,t2) + Wpe g (t1, t2) Pe(ty, t2), so that

vy = [ cln)

Vest Vest

{‘I’f*,R*(th —t2) lzn(tla 0)W g+ g (0, =t2) + Zp (0, —t2) W pr pe(—t1, 0)]

— Zon(—t1, —t2) W o e (—t1,0)T o5 (0, —tg)}dtldtg

+/ C(—t1,—t2)
B, . xBi1

Vest Vest

Zn(tla O)\I/f*,R* (O, t2) + Zn(O, t2)\Ilf*7R* (tl, 0)]

1
— Zn(tl, tg)\IJf*’R* (tl, O)‘I’f*)R* (0, tg)}dﬁldtg + O]}»(ﬁ)

where all Op (and later op) are in Pos g+ g+« @+ probability and C'(¢1,t2) is defined
by

d
Cl(ty,t2) = (I)s(tl,tQ)ﬁmR* (t1,t2).

Now, the empirical process Z,, converges uniformly in distribution to a Gaussian

process over the set of functions {Id, exp(it™"), [t| < vest}, so thaty/n (2 37 | Y; — E(Y1), M}, (R*))
converges in distribution to A (0,V) as n goes to infinity for V' the covariance

matrix of the random vector.
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Let us now prove (3). Twice differentiation of M gives

d? d
MN(R) = /Bungl ‘¢€(t1,t2)|2 (WmR(tl,tg)mR(—h,—tz) +2ﬁmR(t17t2)
d d?
ﬁmg(—th —tz) + TmmR(—tl, —t2>mR(t1,t2) dt1dts.

But mp+(t1,t2) = 0 for all (¢1,t2), so that

d 2
M//(R*) = 2/ ﬁmR* (tl,tg) |(I)€(t1,t2)|2dt1dt2.

B, xB&1

We shall prove M"(R*) # 0 by contradiction.

If it is not the case, we have, for almost all (¢1,t2) € B, x B4~1

%mR* (t1,t2)®@c(t1,t2) = 0. Now, there exists r. € (0,v) such that for all
(t1,t2) € By, x B;i:l, O (t1,t2) # 0. Since %mR* is a continuous function
on C* we get “Lmp. (t1,t2) = 0 for all (t1,t2) € B, x B!, that is

d
— W pe(tr, t2)¥ps e (t1,0)¥sx g (0,t2)

dR
d
= Vs e (t1,t2)ﬁ‘1’f*,m (t1,0)W s+ r+(0,12)
d
+\sz*,R*(tl,tQ)qff*,R*(tl,o)E\I/f*’R*(o,tz), (28)
with
U ety ta) = / F*(u) exp(i BT S (u))du
(0,1)d—1

and p

— Ui ge(ty,te) = z/ [tTS(w)]f* (u)e BT Sy,

dR (0,1)d—1

But Wy« g+ and 45Uy e are multivariate analytic functions, so that, using
Lemma C.1 in [8], we have that (28) holds for all (1,t2) € CxC%~!. We shall now
investigate the set of zeros of the functions ¥ ¢« g« (-,0) and %\pf*,R* (+,0). Let
t1 € C be such that ¥ ¢« g« (t1,0) = 0. Then by Lemma 1 it is possible to choose
ts € C%1 such that Ut g (t1,t2) # 0, and also such that Wy« g«(0,t2) # 0
since U« g+ (0,-) is a multivariate analytic function having only isolated zeros.
Equation (28) then leads to 5W s+« g« (t1,0) = 0 so that the set of zeros of the
function Wy« g«(-,0) is a subset of that of the function %W . g« (-,0). Then,
using Hadamard’s factorization theorem (see [17] Chapter 4, Theorem 4.1), and
the fact that U« p«(-,0) and %\Ilf*,R*(-,O) have exponential growth order 1,
we get that there exists an entire function G of exponential growth order 1 such
that for any t; € C,

d
ﬁq/f*ﬂ* (t1,0) = ¥ s g+ (t1,0)G(t1).



J. Capitao-Miniconi and E.Gassiat/Deconvolution of spherical data 40

Plugging into (28) we get that for all (t;,t5) € C x C471,

d
E‘I’f*,R* (t1,t2)Wpr g+ (0,t2) = Wpr re(t1,t2)G(t1) ¥ v rx(0,12)

d
\IJ * * t t 7@ * * 0 t .
+Wpre (ty, t2) o Wy e (0, 12)
The same arguments applied for each coordinate of to gives that there exists a
multivariate anlytic function H such that for any ¢, € C?1,

d
7\11* *Ot :\IJ* *Ot Ht
dR R ( ) 2) f*.R ( ) 2) (2)a

so that for all (t1,%,) € C x C4~ 1

g (b1, 12) = W e (11, 12) (G(1) + H (12)). (29)

But for any ¢ € C¢,

d 1d
E\I/f*ﬂ* (t) = o
so that solving the derivative equation (29) we find that W s« g« (t1,%2) is a prod-
uct of a function of ¢; only by a function of ¢, only, meaning that S()(U) and
S()(U) are independent variables, which is not true and we get a contradiction.
We conclude that M"(R*) # 0.
To end the proof of (3), for all R € [0, +o0],

\I/f*)R* (Ut), ueR

MUR-MUE) = [ ()Pl (1t B (1.t Bty
X

Vest Vest

+/ u W;n(tlaO)|2|J)n(07t2)|2[a2(t17t27R) - a2(t17t2aR*)}dt1dt2
B, xBI 1

+Re /
B

for functions aq, as and ag functions that are, for all (¢1,¢2), continuous in the
variable R and uniformly upper bounded for bounded R. Since for all (t1,t2),
[tn (t1,t2)| < 1, we get that |[M]/(R) — M}/(R*)| is upper bounded by

U (—t1,t2) 1 (t1, 0)0n (0, 82) [as (b1, ta, R)—as(ty, t2, R*)]dty, dt2},

><Bd—l

Vest Vest

/ ., 1(|a1(t1,t2,R) — a1 (t1,t2, R*)| + |ag(t1, t2, R) — a(t1,t2, R*)|
B xX B,

Vest Vest

+ |ag(t1,t2, R) — as(t1,to, R*)|)dt1dts

from which, applying the continuity theorem, we deduce that M/ (R,) —
M]!(R*) converges in probability to 0 whenever R,, is a random variable con-
verging in probability to R*. Then, for any random variable R, € [Rmin, Rmax)
converging in probability to R*, M//(R,) converges in probability to M"(R*).



J. Capitao-Miniconi and E.Gassiat/Deconvolution of spherical data 41

7.6. Proof of Theorem 6

Using Taylor expansion of M,, near R*, there exists R, € (INE, R*) such that

M, (R) = My, (R*) + (R — R*) M,/ (Ry,).

Using M/, (R) = 0 and Lemma 2 we get M/ (R,) = M"(R*) + op(1), so that
5 px M, (R)
V(R - R) = *\/ﬁm(l + op(1)).

We deduce that

A 0 B S Wi AL
ﬁ<5—0*>‘(W;Z?_m—mﬂ)) <1E[S(U)]) (R (roe(l)

and the conclusion follows.

8. Results on Bessel functions
Denote J,, the Bessel function of order « € [0, +oo].
We shall use the following results that can be found in [20].
(I) The Bessel function of order « € [0, +00[ can be represented as

(2/2)a+2m

Y —— C
m!T(a+m+1)’ €,

Ja(2) = 3 (-1

m=0

where for all z €]0, 40|, ['(z) = fj;o t*~le~tdt.
(I) For k>0and z € C

J_k(z) = (—1)ka(Z).
(IIT) For z € Cand § € R

exp(iz cos(d)) = Zika(z)eike.
(IV) For k>0 and z,y >0

| k() = Je(y)] < |z —yl.

Indeed, since, Ji, € C1(0,+00), for k > 0, J/(z) = %(kal(z) — Jig1(2)),
Ji(z) = —Ji(z) and |Jy(z)] < 1.
(V) Fora>1and x >0
2

Jog (@) = ;Ja(x) — Jai(2).
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We prove lemmas giving useful lower bounds.
Lemma 3. For all0 <z < 1, for all a € [0,400[, we have

a 2

x x
Jo(2) > 1 .
@2 5tar Y " sy
Proof. Let 0 < x < 1, for a > 0, we have J,(z) = Z::O(—l)m%, S0,
if we expand the sum using that T'(z + 1) = 2T'(z) for z > 0 :
& 2 00 ($/2)2’m
Ja = 1-— -1H)m .
(z) 2“F(a+1)( 4(oz+1)+mz>2( ) m!(oz+1)~~(oz+m))
Since 0 < z < 1, we have Zizz(—l)m% > 0 thus ,
¢ x?
J > 1-— .
K@) 2 era Y T far )
U

Lemma 4. For all R>0 and 0 <v < 1/R, for all0 < k < N, we have :
v 92 (vR)*N
Zdr > — :
/0 P R)dr 2 S N TN (V)2

Proof. Let R>0and 0 <r <v < 1/R. For all k > 0, since 0 < rR < 1, we
have from lemma 3,

rR)F rR)?
Ti(rR) = (Qkk)! (1= 4EI<;+>1))’
and
r(rR)%* rR)?
rI{rR) 2 zg’f(k)!)Z( - 4((k+)1))2'

Then,

Y 2 Y T(TR)% (rR)* |, RN (VR)® 2 onio
/0 rJe(rR)dr 2/0 i) T2 eyt

To conclude the proof, we use that v < 1/R, so that (1 — (”f)z )2 > 2, which
gives the result.
]
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