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Abstract Let Xy, ..., X, be a random sample from some unknown probability
density f defined on a compact homogeneous manifold M of dimension d > 1.
Consider a ‘needlet frame’ {¢;,} describing a localised projection onto the space of
eigenfunctions of the Laplace operator on M with corresponding eigenvalues less
than 22/, as constructed in Geller and Pesenson (J Geom Anal 2011). We prove non-
asymptotic concentration inequalities for the uniform deviations of the linear needlet
density estimator f;,(j) obtained from an empirical estimate of the needlet projection
277 Gy | fdjy of f. We apply these results to construct risk-adaptive estimators and
nonasymptotic confidence bands for the unknown density f. The confidence bands
are adaptive over classes of differentiable and Holder-continuous functions on M that
attain their Holder exponents.
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364 G. Kerkyacharian et al.

1 Introduction

We consider the problem of constructing confidence bands for an unknown probabil-
ity density f based on a sample X1, ..., X, from f observed on the d-dimensional
compact homogeneous manifold M.The classical statistical applications occur when
M equals the d-dimensional unit sphere S¢ of R4+1: If d = 1 this corresponds to esti-
mating a periodic univariate density, and recent interest lies mostly in the case d = 2,
strongly motivated by statistical problems in astrophysics, see Baldi et al. [2] for an
account of typical problems and applications in astrophysics and directional statistics
more generally. In Baldi et al. [2] a recent construction of wavelet type bases on S¢—
due to Narcowich et al. [24,25], who called these new basis functions needlets—was
employed to construct risk-adaptive estimators for f(x), x € S¢, by a local needlet
series with support concentrated in a neighborhood of x. See also Kerkyacharian et al.
[16] for similar results in the spherical deconvolution problem. The main advantages
of this approach are that they share none of the drawbacks of classical approaches:
kernel methods do not take the manifold structure of the sphere well into account,
orthogonal series methods associated with spherical harmonics have very poor point-
wise (and even worse uniform) performance since spherical harmonics are not well
localized but spread out all over the sphere, and methods based on stereographic pro-
jections of the sphere onto the plane use a distorted approximation-theoretic paradigm.
In contrast needlets are a tight frame constructed on the spherical harmonics which
are highly localized and allow for optimal approximation not only in L? but in general
LP-spaces, including in particular L°°, which is particularly relevant in the problem of
constructing confidence bands for f. Moreover the localization property is of crucial
importance since in astrophysical data sets some parts of the sphere (sky) may not be
covered by the observations, so that non-local procedures may suffer severely from
missing data points.

The main contributions of the present article are three-fold. First, building on recent
results on wavelets and approximation of functions on manifolds in [7,8], we show
how needlet estimators f,(j, y), y € M, with resolution level j > 0, can be defined
also on the more general class of compact homogeneous differentiable manifolds M,
which includes, next to d-dimensional unit spheres, also other relevant examples such
as real and complex projective spaces, or Grassmann and Stiefel manifolds. The main
idea behind this construction is to use tools from harmonic analysis on compact Lie
groups that allow to build a localized frame on the eigenfunctions of a second order
elliptic differential Laplace operator on M, which in the case of the sphere coincides
with the construction of [24,25], where these eigenfunctions are precisely the spherical
harmonics.

The second goal of this article is to prove non-asymptotic concentration inequalities
for the uniform fluctuations

sup [fu(j, ¥) = Efa(js ¥
yeM

of needlet estimators f,(j) around the needlet projections Ef,(j) = A;(f) of the
unknown density f. The constants in these concentration inequalities depend in a
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natural way on the manifold and we derive reasonably tight constants for the case
M = S¢,d > 1. We present both Bernstein-type bounds and inequalities based on
Rademacher-symmetrization in a similar vein as in recent work in [12,18,21].

The third goal is to use the above concentration inequalities to construct estimators
and confidence bands for the unknown density f : M — R. Even the problem of
spherical confidence bands seems not to have been addressed in the literature so far—
one reason may arise from the fact that the classical approach in the univariate case
[3] via extreme value theory does not straightforwardly generalise to sample spaces
with a different geometric structure. Our concentration inequalities hold on arbitrary
compact homogeneous manifolds and can be used directly to construct estimators and
nonasymptotic confidence bands for the unknown density f if one has a priori control
of the approximation error of f by its needlet projection A (f) (the ‘bias’ of estima-
tion), which by results in Geller and Pesenson [8] is equivalent to classical Holderian
smoothness conditions for f on M.

Since knowledge of the bias is usually not available, the question of how to choose
J comes into sight, and to which extent adaptive estimators and confidence bands can
be constructed. It is known on the one hand [22] that adaptive and honest confidence
bands in nonparametric function estimation problems cannot exist over the entirety
of the usual smoothness classes (in our case, Holder-balls on M). Recent work in
this field, however, can be interpreted as a new way of looking at this problem: One
can devise statistically relevant subsets of the usual smoothness function classes for
which adaptive confidence bands do exist. One example comes from shape constrained
nonparametric regression, see, e.g., [4]. Other examples are ‘self-similar functions’
that attain their Holder exponent—see Picard and Tribouley [26] in the case of the
Gaussian white noise model and regression framework and Giné and Nickl [11] in
density estimation on the real line. Moreover, building on Jaffard’s [15] work on the
Frisch—Parisi conjecture [6], Giné and Nickl [11] proved that ‘generic’ subsets (in the
Baire-sense) of the class of Holder balls can be constructed for which asymptotically
honest adaptive confidence bands exist.

In the present paper we follow the line of Picard and Tribouley [26] and Giné and
Nickl [11], but take a nonasymptotic approach. We propose an adaptive procedure jn
based on Lepski’s method [20] to choose the resolution level j for the needlet estima-
tor f,,(j) in a data-driven way. The resulting estimator f;, (f,,) adapts to the unknown
smoothness of f in sup-norm risk. In our main result we devise an analytic condition
on the approximation errors of f by its needlet projections A ;(f) under which we
can establish both an asymptotic and a nonasymptotic coverage result for confidence
bands for f over arbitrary subsets €2 of M that are centered at f;, (fn), and we show that
this band adapts to the unknown smoothness of f in the minimax sense. Intuitively
the results in Giné and Nickl [11] suggest that adaptation is possible for functions
f M — R that attain their Holder exponent, and indeed we prove that our analytic
condition can be interpreted in terms of classical Holder regularity properties of f.
The proof of this result is somewhat delicate and we detail it only in the case S?, where
the representation of the projector onto spherical harmonics in terms of Gegenbauer
polynomials allows for explicit derivations.

Let us finally remark that even in the univariate case S! our nonasymptotic approach
to confidence bands gives an alternative to the more classical asymptotic techniques
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based on extreme value theory, as initiated in the classical paper [3], and as also used
in the adaptive context in Giné and Nickl [11]. Not surprisingly the nonasymptotic
approach has limitations, but in contrast to the classical asymptotic theory referred
to above, the present results give precise conditions for what is necessary to obtain
coverage in finite samples.

2 Compact homogeneous manifolds and needlets

We summarize here some facts on compact homogeneous manifolds and Lie groups
(see [5,13,14,30] for general references), and the construction and essential properties
of the associated needlet frame due to [7,8], generalising the spherical case considered
in Narcowich et al. [24].

2.1 Compact Lie groups and the Laplace operator

Let M be a compact connected differentiable (C°°-) manifold of dimension dim (M) =
d. A Lie group G of dimension 7 is said to act on M via

(g, x) eGXMrH gxeM

if (a) this action is, for every g € G, a diffeomorphism of M, if (b) g1g2.x = g1.(g2.x)
holds for every g1, g2 € G, x € M, if (c) the identity e € G satisfies e.x = x and if
(d) for every g € G, g # e, there exists a point x € M such that g.x # x. A group G
acts transitively on M if in addition

for every x, y € M there exists g € G s.t. g.x = y.

A compact manifold M is said to be homogeneous if it is a compact connected differen-
tiable manifold on which a compact Lie group acts transitively. Examples include the
d-dimensional unit sphere S¢ of R?*!, projective spaces, Stiefel and Grassmann man-
ifolds, see page 125 in Warner [30] and also Wang [29] for the two-point homogeneous
case.

Any compact homogeneous manifold M can be realised as a quotient G/ K where K
is aclosed subgroup of G. More precisely, if we fix once and for all a point xo € M, and
let K = {h € G, h.xg = xp} be the closed isotropy subgroup at xo, then M is diffeo-
morphic to G/K and the canonical projection : g € G+ g ={gh,h € K} € G/K
is continuous, onto and verifies 7(g1g2) = g17(g2), see Warner [30], p. 123 onwards.
Moreover the image of the Haar measure on G under 7,

/ Fr(e)dg = / Fodx = / F)dx,
G M

G/K

is a natural “Haar” measure dx on M, invariant under the action of G. (It is the unique
G-invariant measure on M up to a scaling factor.) The usual Lebesgue spaces on M

@ Springer



Concentration inequalities and confidence bands for needlet density estimators 367

are denoted by LP(M) := LP(M, dx),1 < p < oo. Since G is compact, dx is bi-
invariant: for f € L'(M) and g € G letusdefine Lg(f)(x) = f(g_lx), Ry (f)(x) =
f(xg), then

/ Lo(f))dx = / FGdx = / Re(f)(x)dx.
M

M M

The Lie algebra Lie(G) of G is characterized by the fact that
X € Lie(G) — ¥ € G,

and since G is compact, this mapping is onto. Let us recall that we have the Ad
representation of G in Lie(G):

g€G > Ad(g)X = gXg ' € Lie(G), and geXg™! = A4®X

and there exists an Euclidean structure (-, -) on Lie(G) for which Ad is unitary, that
is, such that

Vg e G, VX e Lie(G), (Ad(g)X,Ad(g)Y)=(X,Y), |X|2 =(X,X), ()

see Proposition 6.1.1 in [5].
Every X € Lie(G) generates a vector field on G so that we can define a one
parameter group

t— X eG,teR,

and we can define a metric on G by the ‘length’ | X| of the ‘shortest geodesic’ joining
two points g1, g2 € G,

dg (g1, g2) = inf{| X[, e¥Xg1 = g2} = inf{|X|, gie* = g2} )
The two previous definitions are equivalent, as:
p— 71 —
Xg1 =g = g187 g1 = g2 == §1ME N = g, |Ad(g7 )X = |X]
and it is not difficult to verify that this metric is bi-invariant:

Vg1, 82,8 €G, dg(g1,82) =dc(g81, 882) = dc (818, 828)-
Every X € Lie(G) also naturally generates a one parameter group on M:

teRi>eXxeM

@ Springer



368 G. Kerkyacharian et al.

which describes geodesics of the Riemannian structure on M associated to the
Euclidean structure (-, -) on Lie(G). The metric on M is given by

dm(x, y) = inf{|X|, e*.x = y} =dg/k (x.y)
= inf{dG (g1, g&2), m(g1) = x,w(g2) =y}
So dm(m(g), m(g") < dg(g, g'). Moreover
Vg e G, x,yeM, du(g.x, g.y) =dul(x,y).

This is again due to (1) as

X x=y e gefglgx=gy eMOXg x =gy and |X|=|Ad(g)X].

Now similarly every X € Lie(G) gives rise to a one-parameter group on L” (M), 1 <
p < 00, given by

fT(fH)x) = feXx)teR, x eM, f e LP(M)

and we denote the infinitesimal generator of this one-parameter group by Dy, so
d X
Dx f(x) = Ef(e X)i=0, x €M,

the derivative of f at x in the direction of the X-geodesic.
If X;,i =1,...,1,1is an orthonormal basis of Lie(G) with respect to the scalar
product induced by the adjoint representation, the sum

T
L=>"X;
i=1

defines the Casimir operator, which is independent of the choice of the basis, and
which is a central element of the enveloping algebra of Lie(G). Associated to the
Casimir operator is the following operator on L?(M) (we keep the same notation £)

L=D% +Dg, + -+ Dy .

The operator — L, which is often called the Laplace operator, is a second order, positive,
elliptic differential operator defined on the space C°°(M) of infinitely differentiable
functions on M. Moreover —L can be closed to give a positive, self-adjoint second
order elliptic differential operator on L>(M) with a discrete spectrum of eigenvalues
Mk, k € N, arranged in increasing and divergent order. By the spectral theorem the
corresponding eigenfunctions {e; }ycy constitute an orthonormal basis of L?(M), and
we define, for n € N, the closed finite-dimensional subspaces E,, = E, (M) of L2(M)
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spanned by eigenfunctions e; whose corresponding eigenvalues A; do not exceed n.
Formally

E,M):={x Z crer(x) : cx € R, Ax an eigenvalue of e
k:dp<n

2.2 Connection to the Laplace—Beltrami operator

The operator £ need not necessarily coincide with the Laplace—Beltrami operator on
M, but it does in several important cases. If M is a two-point homogeneous space then
L equals, up to a scaling constant, the Laplace—Beltrami operator, see Proposition
4.11 in Chapter II of Helgason [14]. By Wang’s [29] classification of such spaces this
includes, among others, the d-dimensional unit sphere, real and certain complex pro-
jective spaces. Further examples for manifolds where the Laplace—Beltrami operator
coincides with —L are given in Geller and Pesenson [8]. Since this connection is of
some interest in applications, we discuss this point here in some more detail.

The Laplace operator L is left- and right invariant and symmetric with respect to the
inner product (-, -) induced by the adjoint representation, see [5, p. 162]. By the gen-
eral theory of irreducible unitary representation of compact Lie groups (e.g., Theorem
6.4.1 and Proposition 8.2.1 in [5]):

L*M) = @ Vi, Vi =ker(L —c;I)
j

for constants c;, and Vg € G, Lg(V;) C V;,
g€eG— L, eLin(V))

is a finite dimensional unitary representation of G, where Lin(V;) denotes the space
of bounded linear operators on V;.

Moreover, as a Riemannian manifold, M is equipped with a Laplace—Beltrami
operator A which commutes with the G-action: Vg € G, AL, = L,A. If M is
compact:

L*M) = P He. Hix = ker(A — i),
k

Moreover Hy is G-invariant (Vg € G, Ly (Hi) C Hy), so
g€G— Ly e Lin(Hy)
is a finite dimensional unitary representation of G.

Clearly, if ®(x, y) is the kernel of the projection operator onto Hy, then ¢ (y) =
@ (x0, ¥) verifies ||¢k||% = ¢r(x9) = dim(Hy) and is moreover a zonal function
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(recall that f is zonal if Vh € K, L, (f) = f, see, e.g., [9,14]). If the space of zonal
functions in Hy is of dimension 1 then ¢ € G +— L, € Lin(Hy) is an irreducible
representation. If this is the case for all Hy then £ and the Laplace-Beltrami will
coincide, if we can check that the eigenvalues are the same.

Let us illustrate this in the case of M = S¢, where

G=S0d+1)={AeMd+1xd+1), A7 = A"},
Lie(G)=sod+1)={XeMd+1xd+1), —X = X"}

and we can take
1 t
(X,Y) = ETr(XY ).
An orthonormal basis is then given by
Xij=Eij—Eji, 1<i<j<d+1, Ej;=(@Dki 47 =0ii8ji
We take xo = (1,0, ...,0)s0 K ~ SO(d) and
Vx,yeM = s, dsa (x,y) = arccos((x, y)ga=1)
The eigenvalues of A are Ay = —k(k +d — 1), see Proposition 9.3.5 in [5], the space
‘Hj. equals the space of spherical harmonic functions of degree k, and there is only one
zonal function in each Hj (which is given through Gegenbauer polynomials) so the
induced representation are irreducible (and not equivalent). To see that A = —L it is

enough to compute the eigenvalue of £ on Hy and this can be carried on in the case
of the sphere using the explicit expression of £L = >", _ j D%i r

2.3 A smoothed projection onto the span of the eigenfunctions of —£L

We shall write (g, /) from now on for the standard L?(M)-inner product of two func-
tions g, h € L*(M) := L*(M, dx). We also denote by [gllo = sup,cq [g(y)| the
supremum norm of g : M — R over 2 € M, and we shall write ||g|/oc when Q2 = M.

Let 0 < a < 1 be an infinitely differentiable nonnegative function defined on
[0, o00). We require a to be identically 1 on [0, 1/2] and compactly supported on
[0, 1]. Define the sequence of linear operators A;, j > 0, with

Aof=/f(x)dx, Ajfx):=A;(f)x) =/Aj(x,y)f(y)dy, j=>0,
M

M

where, for Li(x, y) = er(x)ex(y),

A A -
Aj(x,y) =D a (27"/) Li(x,y)= > a (27}‘,) ek (e (y).

k ki <227
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Clearly

A
(Aif )= a (22,) (Lif. f) < IF13 1A Fl2 < 1f12

k
from Parseval’s identity and since |a| < 1. Since a is identically one on [0, 1/2]

h € Epj-1(M) implies Aj(h) = h 3)
and since E,(M), n > 1, is dense in LZ(M) we conclude

lim [[A;f = fll2=0
J—>00

for every f € L*(M). Thus A furnishes us with an approximation of the identity
operator on L2(M).
The kernel A can be ‘split’ as follows: If we define

Cite.y)= > (22])Lk(x y)
kihg<22i
then due to the orthogonality properties of the L;’s we see

Aj(x,y) =/Cj(x,u)Cj(u,y)du. 4)

M

2.4 Gauss cubature formula and needlets on a manifold

The following quadrature formula holds on Ej (M), see Theorem 5.3 in Geller and
Pesenson [8]. For every k € N there exists a finite subset y; of M of cardinality
|xx| < Ck?/? and positive real numbers by := by > 0, indexed by the elements 7 of
Xk, such that

Vi € By, / ferde =S byfn. )

NE Xk

The kernel C; defined above clearly satisfies z > Cj(x,z) € Ey;(M) for every
x € M, and Theorem 6.1 in Geller and Pesenson [8] states that

f.8 € Ex(M) = fg € E4rn(M), (6)
so we deduce z — Cj(x,2)Cj(z, y) € E;p2j+2(M). Note that it is property (6) where

homogeneity of the manifold is used crucially. It is in the same spirit as (but not equiv-
alent to) the addition formula for eigenfunctions of the Laplace—Beltrami operator on
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a Riemannian manifold (see [9]). Combining (4) with (5) thus implies

A = [ € aCGdz= 3 b€y

M NEXp2j+2

and the action of A on L2(M) can hence be represented as

1,50 = [ Aoy = [ 3 b,Cie e im0y

M M 776)(.[22j-%—2

NEX;92j+2

S mcju,n)/ij(n,y)f(y)dy.
M

This motivates the definition of the needlet scaling function ¢ ;, indexed by the cuba-
ture points n € Z;,

Gin(x) :=b, Ci(x,n); n€Z;j= Yppit2.

With this notation we can write

Ajf) = D by Fidjn(). @)

VIGZj

and call this approximation the needlet projection of f onto E_52j+2 (M) at resolution
level j.

We shall need below the following estimates on the cubature set, see Geller and
Pesenson [8]

VneZz 52Y <12l <k2Y @®)

for some explicit constants k1, k> > 0.
Although we shall not explicitly use it in what follows, we can telescope the needlet
projections in the usual way to obtain a wavelet-type multiresolution approximation

Aif=Aof+ D DAL

O<i=j—-1 n

of a function f on a compact homogeneous manifold by needlets

Viy(¥) = /by D cOum /2 Lix, ), n € 21,

@ Springer



Concentration inequalities and confidence bands for needlet density estimators 373

with ¢(y) = a(y/2) — a(y). See Section 8§ of Geller and Pesenson [8] for details.
In particular

fel’M) = | f =" > (fivu)u, | — 0 asj— oo,
I<jneZ 2

and the (,)’s form a tight frame of L2(M):

VEe LX), IIfI5 =D D If vl ©)
jon

2.5 Properties of the needlet frame

We establish some key properties of needlets, including their near-exponential local-
ization property.

Proposition 1 We have, for some constant 0 < D1(M) < oo and every j > 0,n €
Zj,

il <1, ldjyll < D1(M)274/2, (10)

Moreover, for every x e M, n € Z; and every N € N there exists a constant ¢y such
that

en2i/2
lpjn(X)| = T+ 2 ()Y (1D
Proof For the first inequality in (10), let n € M, n € N and note
2
> L, | dx= D Li(n, .
M \kihesn kig<n
On the other hand, by (6),
2
x| D Libem) | € Egen(MD,
k:dg<n
s0 if x4y 1s the set of cubature points of E4;, (M) and n € x4¢n
2 2 2
DLy | dx= D be [ D Lew) | =by [ D) L.
M \kikg<n &€ X4n k:hp<n ki <n
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so, combining these estimates,

1

by < ————————
! Zk:kk<n Li(n,m)

for every n € xaq,. This implies, for every n € Z;,

/ 5, dx = by > aGu/2)LiGn.m) < 1.
M

ki <22

To prove the remaining claims, recall that by definition

$in(x) =/by D \JaOu/22)Li(x,y).

kihg<22]

For f a function from the Schwartz-class on R*, Lemma 4.1 (and the remark after
it) in Geller and Mayeli [7], applied to the elliptic operator f(£/2%/) (notation of
functional calculus, ¢ = 272/ in their lemma), proves that for every integer N > 0
there exists a constant ¢y (f) such that

en ()27
(1 +274d(n, x))N”

> FOu/2)Lix, ) < (12)

kihg <227

Applying this to f = /a and using (8), we infer the second bound in (10) as well as
(11) follows from (8) and (12). O

Proposition 2 We have

sup / Aj(x, y)dy < D2/, sup |A;(x, )| < DaMD2Y (13)
xGMM x,yeM

for some finite positive constant D>(M) that depends only on the manifold.

Proof As Aj(x,y) = Zk a(kk/22j)Lk (x, y), the second claim follows from (12)
with f = a. For the first

[ Acxnay —/Z (22,)Lk(x y)a( )Lz(x y)dy
M
- (22]) Li(x. )

and again using (12) with f = a? gives the result. O
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2.6 The case of §¢

In the case of the d-dimensional unit sphere S? of R*! the above construction is effec-
tively the one in Narcowich et al. [24]. On S? the differential operator £ coincides
with the usual Laplace—Beltrami operator, and we have

L2(§%) = @Hk, Hi = Hi(SY) = ker(A — aI), g = —k(k +d — 1).
k

The eigenfunctions ey in this case are the spherical harmonics with eigenvalues & (k +
d — 1) (e.g., Proposition 9.3.5 in [5]). Thus if we take the subsequence N = N of
N for which k(k + d — 1) = Nj as k runs through the nonnegative integers, then
the spaces Ey(S?) correspond to the spaces Py (S?) of spherical polynomials of
degree less than or equal to NV, which are spanned by the mutually orthogonal spaces
Hye (Sd), 0 < k < n, of spherical harmonics, see [5,27].

If {ef.‘} is any orthonormal basis of Hy, then we write, in slight abuse of notation,

d+1

Li(x,y) = D ef (e (y) = Li(bx, y)av),  (x, y)as = Zx,y,

k d—1
ISY| L (u) = (l + ;) Ciw), v= — e[-1,1]

where C} is the corresponding Gegenbauer polynomial, and IS?| is the Lebesgue mea-
sure of S, i.e., [SY] = [qdx = 2n@*D/2)/T((d + 1)/2). We have furthermore
([27, p. 144]) for every x € S9,

dim(Hy(S7))
Z lef (x)[2dx = =—sq

and thus
IST|Li (1) = dim(Hg (SY)). (14)

Moreover, ford > 2 and any n € N, P, (Sd) = @Z:O Hye (Sd) and as a consequence,
by Stein and Weiss [27],

d+k—2)!(d+2k—1)
ki(d — 1)!

dim(Py(S) =Cd ,+C = '(n+1)(n+2)..(n+d— 1 (n+§)
2 d(1+1)(1+%) (1+d_1)(1+d)
a4 n) n 2n
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So, ford >2,n > 2,

2
2 1) < dimP, (%) < n (ﬂ)
d! n

2
End < dim(Pu_1(S%)) <n? and dim(Pn,_i1(S")) = n.

By virtue of these bounds the constants in Proposition 2 can be explicitly calculated.
To obtain a unified notation define, for_ Jj € N, the integers k(j) = max{k e N: A} =
k(k +d — 1) < 2%/} so that k(j) < 2/ always holds. Then

/ﬁwwM= > laGu/2)PLi(1)
Sd ki <22i

= LS a2 Pdim ()

d
S |k:kk<22j
; (ad jd
- dim(Py;)(§9)) - 2

B 57 — IS4y

and these inequalities imply that the same bound holds for |A;(x, y)|. We can also
deduce, as in the proof of Proposition 1

; [2id
|mm=ﬁ;Z\Mm%mms/Zme]@.
ki <227

kihg<22]

Conclude that the key constants D1 (M), D, (M) in the last subsection can be taken to

be
DN%-L m%—i- (15)
R T N

in the case of the unit sphere. Finally we should remark that in the case of the unit
sphere the addition formula (6) holds with 4tn replaced by 2n as one is multiplying
spherical polynomials. (Indeed whenever the Laplace—Beltrami operator coincides
with £ one can use the addition formula for eigenfunctions of the Laplacian in [9].)
Moreover, if d = 2, for each resolution level j, the HEALPix pixelisation (commonly
used for astrophysical data) gives 12 - 22/ cubature points, so ky = 12 in (8).
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3 Linear needlet density estimators and concentration properties of their
uniform fluctuations

Let X, X1, ..., X, bei.i.d. random variables taking values in a compact homogeneous
manifold M of dimension d. Denote their common law by P and assume that P pos-
sesses adensity f : M — [0, oo) w.r.t. dx on M. Denote further by P, = % > 8x;
the empirical measure of the sample. Let A (x, y) be the needlet projection kernel.
For j € N, the linear needlet density estimator of f is defined as

1 n
i) =2 A = [ A pdnw. yeM. a6
i=1 M

We shall often write, in slight abuse of notation, f;,(j) for f, (-, j).

3.1 A Bernstein-type concentration inequality for needlet estimators

We define now some quantities that measure the ‘Gaussian’ and ‘Poissonian’ fluctu-
ations of the uniform deviations of the centered estimator f;,(j). Recall the explicit
constants D1(M), | Z;| < k>274 from (8), (10) in the previous section. Note moreover
that the second estimate in Proposition 1 implies

2PeoM. j) = sup D [9jy(x)] < 2/ C V). a7
xeM neZ;

The constant co(M, j) = co(M, j, a, Z;) (or an upper bound for it) can be computed
explicitly after the regularizing function a and the quadrature set Z; have been cho-
sen, and a sharp numerical evaluation of it is important in application of Proposition 3

below.
Define then
ld old
on,l,x) =akx, D, —+a(x,1)—

n n

where

a(x,l) = aM, f,x,1) = coM, )v/2(10g 2| Z1]) + )| f I
and

2
a'(x, ) :=a' M, x,1) == co(M, l)ng(M)(log(ZIZzl) +x).
We now prove the following concentration inequality for the needlet density estimator.
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Proposition 3 Let M be a compact homogeneous manifold and suppose f : M —
[0, 00) is bounded. We have, for every n € N, every j € N and every x > 0

)E

[Sup [fn (s ¥) = Efu(G 21 = 5(n,j,x)] <e .

Proof The explicit cubature formula for eigenfunctions of £ allows to reduce the
infinite supremum supcn | fn (J, ¥) — Ef (j, y)| to one over a finite set, so that finite-
dimensional probabilistic methods can be applied. Indeed, the estimate (17) implies
that the supremum of any & € E5 ;-1 (M) over M can be bounded by the (finite)
maximum of the needlet coefficients of i: Clearly from (3)

Vh € Epj1i(M), h(x) =Ajh(x) = Z (Bjn: h)Pjn(x)
l’]EZj
so that for Z; a cubature set of E_52j+2(M) one has

sup |h(x>|<max|<¢m, | sup D 1y (x)|=27"2co(M, J>max|<¢>,n, )

xeM xeM T}EZ

(18)
Now using (-, -) notation also acting on finite signed measures,

I fn(J) = Efa(j)llcc = sup Z Gjn(¥)@jy. Pn — P)

yeM UEZj

2092 ¢o(M, j) max |(¢j, Pn — P)|
nGZj

IA

by (17) above. Consider the finite empirical process indexed by the class of func-

tions {¢ j,,k}LZ:jll which has envelope U = 2/ 4/2 Dy (M) in view of (10). The class of
functions

G =@ /2U. ... by, 120},

is thus uniformly bounded by 1/2 and its weak variances o2 satisfy

I/ lloo
sup Eg%(X) < o? = _
s B = = S
since [|¢p;,ll2 < 1 (again (10)). Recall Bernstein’s inequality (e.g., p. 26 in [23]): If
Zy,...,Z, are ii.d.centered random variables bounded in absolute value by 1 then
21‘ t
[ Zz v —] <27 (19)
3n
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where v > E Ziz. Therefore, using the notation ||illg = supycg | f gd | for signed
measures /L,

2(10g(212;]) + )27 flloo
n

Pry /(i) — Efa(Dllcc = coM, j) \/

202742 (log(2| Z;|) + x)
+ 3n ‘

2(log 2| Z; ) +x) 11 f lloo L 2U (log(2| Z;)+x)
n 3n

<Pr max| (@Djns Pn }_\/
ne

2(log(2|Z; log(2|Z;
<pr{yp - Plg = (Og(2| 4/|)“i‘x)||f||oo+ 0g(2|1Z;]) +x
D?(M)274+2p 3n

=Pr max

(X)) — Egm (X
o Z(g() gm(X))| =

n

\/2(log(2|Zj|) + x)o2

log(21Z;]) +
n 22| Z;]) +x
3n

\/ 2(log(2|Z;]) + x)o

n

1 n
— 2 (8n(Xi) = Egn(X))| =

1Z;] ‘
i=1

< ZPr
m=1

log(21Z;]) +
" 22| Z;]) + x
3n

<2|Zj|exp {— log(|Z;]) —log2 — x)} =e ¥,
which completes the proof of Proposition 3. O

We should mention that a minor modification of the proof of Proposition 3 com-
bined with the usual blocking arguments (as, e.g., in Theorem 1 in [10]) implies under
standard conditions on j, (including 2/* ~ n' for some 0 < n < 1) that

2jlld
lim sup Jn sup | fu(j,y) — Efy(y,d)| < D almost surely (20)

n ye

where the constant D depends only on M, k7 and || || -

In some proofs below we shall need that 6 (n, [, x) is monotone increasingin/ € N.
In general whether this holds true or not depends on the cubature Z; as well as on
the function a. Monotonicity of o (n, [, x) can be easily ensured if we replace a(x, /)
and &'(x,[) by their upper bounds «(x, ), o’(x, ) obtained from the inequalities
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|Z1] < k22!, co(M, 1) < C(M). While we do not advocate this in practice, for the
theoretical development we define

old ld

on,l,x)=a(x,l) +ao (x, ) —, A(n,l,x)::|:(x(x,l)+o/(x,l) 21d/ni|.

2

n n

The constant A(n, [, x) allows for o (n, [, x) to be written as a constant multiple of the

‘Gaussian component’ /24 /n, that is, o (n, 1, x) = A(n, [, x)+/24 /n.

3.2 Concentration inequalities via Rademacher processes on manifolds

Despite its conceptual simplicity the approach from the previous section has one draw-
back: the uniform deviations of f,, — E f, are controlled globally on M by the function
o(n,l, x) — constant on M. For functions f that exhibit spatially inhomogeneous
regularity properties it is of interest to have a ‘localised’ version of o (n, [, x). This
could be achieved in Proposition 3 by means of proving a ‘local’ analogue of (18),
which, however, is a rather intricate matter that we do not pursue here. Instead we
show how a simple symmetrization technique can be used to deal with this problem.
This is inspired by Koltchinskii [18] and also Giné and Nickl [12]. For 2 any subset
of M, define a Rademacher process {(1/n) Zi giAj(X;, y)}yeq and set

R, (L2, j) = sup
yeQ

l n
—ZSiAj(Xi,Y)
I

i=

with (si)?zl an i.i.d. Rademacher sequence, independent of the X;’s (and defined
on a large product probability space). R, (2, j) can be computed in practice by first
simulating n i.i.d. random signs, applying these signs to the summands A;(X;) of
the needlet density estimator, and maximizing the resulting function. The idea is that
the supremum R, (€2, j) of the symmetrized process serves as a random surrogate
for the unknown supremum sup,.q [ fx(j, ¥) — Efa(j, y)| of the centered process.
Indeed Proposition 4 shows that supyeq | fa(y) — Efn(y)| concentrates around (a
constant multiple of) R, (€2, j). Define the deviation term

2/ Dy (M) | £ lloo (x + log 2)
n

o®(Q,n, j,x) = 6R(Q, j) + 10\/

274 D> (M)(2x + 21og2)
p .

+22

Proposition 4 Let M be a compact homogeneous manifold and suppose f : M —
[0, 00) is bounded. We have for every n € N, every j € N, every Q C M and every

@ Springer



Concentration inequalities and confidence bands for needlet density estimators 381

x > 0 that

Pr {Sug | oo ) = Efay. DI = 0R(Q, 1, j,x)} <e.
ye

Proof We use the following general result for empirical processes.

Proposition 5 Let F be a countable class of real-valued measurable functions defined
on M, uniformly bounded by 1/2. We have for everyn € Nand x > 0

1 — 1 — (x 4+ log2)o2
Pr[H;Z(f(xi)—Pﬂ > 6 ;Zeiﬂxi) +1o,/7g
i=1 F i=1 F
log2
ppf el
n

The proof, which is based on Talagrand’s [28] inequality with constants (e.g., [23]), is
inspired by ideas in [12, 18], and can be found in Proposition 5 in [21]. Now to prove
Proposition 4 note that

I /n (/) = Efa(jllo = sup
yeQ

1 n
;Z(Aj(Xi,y) —EAj(X, y))’

i=1

for € € M. This amounts to studying the empirical process indexed by the class of
functions {A; (-, y) : y € Q} for @ € M. This class has envelope 2/¢ D,(M) in view
of Proposition 2. Define thus

G:=G; = {A;¢.0)/@* D) 1 y € @) 22)

which is uniformly bounded by 1/2. (In fact, by continuity of the mapping y
Aj(x, y) for every x € M we can restrict ourselves to a countable subset of €2, which
we still denote by 2.) Furthermore the upper bound for the weak variances can be
taken to be

(23)

Il flloo / 2 I/ oo 2
sup Eg2(X) < ——2 "X gy AS(x, V)dx < ———— =:
geg §°(X) = D%(M)22/d+2 yel\%M J( y) - Dz(M)2~/d+2
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in view of Proposition 2. Then, recalling the notation || - ||g from the proof of Propo-
sition 3

2/ Dy(M)|l £ lloo (x + log 2)
n

Pryllfu(i.) = Efa(js Dllg = 6R, (R, j) + 10/

274 Dy (M) (2x + 210g2)
n

+ 22

6R, (2. j) +10\/||f||oo(x+log2)

1 n
=Pr H; > (g(Xi) — Pg)

> _—
P . = 2/d+1Dy(M) D>(M)2/d+2p
log2
4 oppXtlogs
n
1 w 1 < (x 4+ log2)o2
=Pr HEZ“’(X")_ PO z 6| > eigX) +10‘/+
i=1 g i=1 g
log2
+ Zzﬂ
n

and the last expression is less than or equal to e~ using Proposition 5 with G as in
(22) and o specified by (23). O

It is interesting to compare o ® to & from Proposition 3. On the one hand the sec-
ond and third terms defining UR(Q, n, j,x) are of a smaller asymptotic order than
o(n, j, x) for j — oo due to the absence of | Z;| in o®. On the other hand the term
R, (2, j) is random, and one is led to ask whether in average o® will be larger or
smaller than o. Our proofs imply, for some constant C independent of j, n, that

2jdj  2Jd;
ERy(R2,j) =C | —+
n n

so that o ® has the same size as o as a function of J, n, up to constants.

Inspection of the proofs and arguments similar to those in the proof of Proposition
2 in Giné and Nickl [12] show that R, (S2, j) in Proposition 4 can be replaced by its
(conditional) expectation E; R, (2, j)—a quantity that may be more stable in appli-
cations. Moreover, the constants appearing in the definition of o X may still be fairly
conservative: the proof is based on an application of Talagrand’s [28] inequality with
explicit constants (see [23]), and in the lower deviation version thereof the optimal
constants are not known yet.
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4 Confidence bands

If the size of the bias ||Ef,(j) — fllco Were known, one could directly use Proposi-
tions 3 or 4 and a suitable choice of j to obtain confidence bands with prescribed finite
sample coverage. For instance, if f is the uniform distribution (volume element) on
M, the bias Ag(f) — f of the estimate f;, (0) is exactly zero. In analogy, if f € Ey(M)
is a finite linear combination of eigenfunctions of £ (so in the spherical case a poly-
nomial) then the estimator f,(J) for sufficiently large but finite J also has bias zero
(cf. (3)). As usual, going beyond finite-dimensional smoothness classes is possible by
considering spaces of differentiable functions on M. For instance one defines C¥ (M)
as the set of continuous functions f € C(M) such that for all Xy, X5, ..., Xk in
Lie(G), Dx,Dx, ...Dx, f € C(M). It is a Banach space when equipped with the
following norm:

Ifllcx = sup IDx, Dx; - - - Dx; flloo + 1 f lloos
X111 | Xi <1

and C*°(M) is the intersection of all the spaces C¥(M), k € N. One can define such
spaces also for noninteger k by introducing a modulus of continuity along vectorial
directions X, and the resulting scale of Holder—Zygmund function spaces C¥ (M) can
be characterized by the decay of their needlet coefficients in very much the same way
as in the case of Holder—Zygmund spaces on Euclidean spaces: A k-regular function
in CX(M), k > 0 then satisfies the estimate

IA;(f) = flloo < €275, (24)

See Geller and Pesenson [8] for these results. If the smoothness degree t of f is
known such bounds can be used, together with Propositions 3, 4, in the construction
of asymptotic confidence sets, proceeding in the same way as in the classical paper [3]
via choosing a resolution level j, that leads to ‘undersmoothing’, i.e., a bias of smaller
order as a function of n than the random fluctuations of the centered estimators.

However, in the typical nonparametric function estimation problem the size of the
bias is not known, and the above assumptions are far from realistic. So we have the
more ambitious goal to obtain confidence sets for the needlet estimator with an auto-
matic choice of the resolution level ;.

4.1 Estimate of the resolution level

Split the sample into two parts S| and Sy, each of (integer) size n; > 0 and np > 0
respectively. For asymptotic considerations we shall require that n1/n> is bounded
away from zero and infinity as n — oo. Denote by

1 < 1 &
P, = — (3)([., and P,, = — 8}(" i
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the empirical measures associated with the first and the second subsample, respec-
tively, and define the associated needlet density estimators

f,,v(j,y):/Aj(x,y)dPnu(x), yeM, v=1,2.
M

We use the sample S to choose the resolution level j. For no > 1, choose an
integer jmax ‘= Jmax.n and define the grid of candidate bandwidths as

J =T, = 1[0, Jmax] N N}

For asymptotic considerations we shall only require

‘ 1/d
2]max ~ n2 , (25)
(logn)?

but a practical choice is to first choose I* such that a(x, [*)/2"" /ny = o/(x, %)
(21*/n2) and to define jmax such that 2Jmax — 21*/(10g nz)l/d. Such a choice of jmax
is just slightly below the boundary where the Poissonian term starts to dominate the
Gaussian term in o (n2, [, x) in Proposition 3, and choosing j > jmax Would then
result in inconsistent estimators, so that jyax is a natural upper bound for 7.

The goal is to select a data-driven bandwidth fn from J,. Heuristically, for/ > j,

Jna (D= Fay D) =f () = Efny (DI =[fny (D = Efrry DIF[A; (f) = f1-[A () — f]

and with large probability the first two terms should not exceed 2o (12, [, x), a quantity
that increases in /, and we would like to choose fn to be the smallest j such that the
approximation error 2(A;(f) — f) (which decreases in j) does not exceed the size
20 (ny, [, x) of the random fluctuations.

We shall use the subsample S to select fn following this idea, which is due to
Lepskii [20], formalised as follows:

Jo=min{j €T | fu,()) = fa, Dl <4o(n, 1) VI > j.le T} — (26)

where o (n, [) = o (na, 1, klogny), cf. (21), where « > 0 is any numerical constant.
By definition j, = jmax if Vj, 31> j, I, j € T, 1 fu,(J) = fua (Dl > 40 (n, D).
A few remarks about the constants involved in the definition of o (n, [) are in order:
All these constants are explicit once the function a and the cubature Z; have been
chosen, except for the quantity || f||co. If no upper bound for || /| is known we
advocate that || f||s be replaced by || f, (jmax)|lco- Standard arguments imply that this
random quantity exponentially concentrates around || f ||, see for instance Giné and
Nickl [12]. Consequently we neglect the case of || f||cc unknown in what follows in
order to reduce technicalities. Moreover we shall see below how the choice of the
numerical constant « influences the finite-sample performance, but our results hold
for any choice ¥ > 0, in particular it does not have to be ‘large enough’ (as is often
assumed in the adaptive estimation literature). See Remark 3 for discussion.
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4.2 Confidence bands with random sizes
To construct the center of the corridor of the confidence band over QA C M we evaluate
the linear estimator f,, (-, y) from (16) at the random bandwidth j,. It turns out that

some undersmoothing is useful—in fact crucial—so let #,, be a sequence of natural
numbers and define

fn()’) = fn1 (jn +up,y), y€Q.
We shall see below how the sequence u,, influences our results but heuristically, and

for asymptotic considerations, one may think of u, of the order loglogn.
The confidence band we propose is centered at f,,(y), y € €2, and has random size

sn(x) = 1.010 (n1, Ju + tn, X),

cf. (21), more precisely
Co = Calw, ) = [ i) = 520, o) +5a(0)], x>0, ye QM. @)

Alternatively one can use the band size s,f (2,x) = 1.01c® (2, ny, f,, +u,,x),andall
results proved below go through by virtue of Proposition 4 and using techniques from
Rademacher processes (as in [12]), but we abstain from this to reduce technicalities.

4.3 Coverage and adaptation properties of C,

4.3.1 Coverage over eigenspaces of L—the finite dimensional case

We first consider here the important case where f is a very smooth function, that is,
a fixed linear combination of eigenfunctions of £, so f € E,;_; (M) for some fixed
J. For simplicity of exposition let us consider the case of global confidence bands
2 = M only in this subsection. We start with the case where f equals the volume

element of M.

Theorem 1 If f is the volume element of M, fM fdx = 1, then we have, for every
neN

Pr(jn =0>1- 2jmaxn2_2K-
Furthermore, for every n € N and every x > 0 we have
Pr{f(y) € Cu(x,y) forevery yeM}=1—¢" (28)

and, if 24 /n — 0 asn — oo then s,(x) = Op; (2“2 /. /n).
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In other words our automatic band C,, attains exact finite sample coverage if f is
uniformly distributed, and in the usual situation where u, = loglogn the size of the
band shrinks almost at the parametric rate 1/./n.

It is instructive to consider next the case where f € Eys-1(M) \ Eys—2(M) for
some fixed J/ € N. We would then hope that fn = J with large probability, as then
Aj(f) — f = 0 (see (3) above). In the following theorem we restrict ourselves to
asymptotic considerations to highlight the main ideas.

Theorem 2 Suppose f € Eys—-1(M) \ Eys—2(M) for some fixed J € N. We then
have that

Pr(ju ¢ [J —1,J]) = O(n > + e~
as n — 00 for some constant c that depends on f only through || f || s and through

b = inf — > 0.
(= inf p= Fl

Moreover ifu, > 1Vn € N then
Pr{f(y) € Cp(x,y) forevery yeM}=1—e¢"—0( ") (29)

and if 24 /n — 0 asn — oo then s,(x) = Op; (2“2 //n).

Thus the confidence band C,, has asymptotic coverage for any fixed spherical poly-
nomial, and the asymptotic size of the band C, is of order 1//n up to the undersmoo-
thing factor.

Clearly we have neglected the question of honesty of C,, that is we have not
addressed the question whether (29) holds uniformly in f € Up<j<j—1E,; (M).
Inspection of the proof implies that C,, is honest over linear combinations of eigen-
functions of L for which the separation constants b (f) are bounded below by a con-
stant multiple of 1/./n. That uniformity over all densities between E,2s-1 and E7-2
cannot be attained for our ‘adaptive’ procedure is related to impossibility results for
post-model selection estimators in finite-dimensional models, see Leeb and Potscher
[19].

4.3.2 Asymptotic coverage over Holder balls

Theorem 2 just resembles the finite dimensional situation, and if it were indeed known
a priori that f € E,;-1(M) for a fixed J one could simply use f,(J) as an estimator,
circumventing the uniformity problems raised in the previous subsection. However
if no finite-dimensional model seems realistic for f we may accept these uniformity
problems for which b1 (f) is not well-behaved if in return our procedure performs
well in the infinite-dimensional setting. Note that in the usual infinite-dimensional
nonparametric models the default estimator f;,(jmax) has only a logarithmic rate of

@ Springer



Concentration inequalities and confidence bands for needlet density estimators 387

convergence to zero in supremum norm risk, and will lead to unnecessarily large con-
fidence bands. In contrast our confidence band C,, adapts over an infinite-dimensional
class of Holder continuous densities f as we show in this section.

Our first main result is that the size of the band C, equals, with large probabil-
ity, the optimal band size that one would obtain from balancing approximation error
Aj(f) — f and random fluctuations f,(j) — A;(f). For asymptotic considerations
this will imply that our band shrinks at the optimal rate of convergence depending on
the regularity of f. To formalize this statement we shall impose a regularity condition
on the density f, namely that its approximation errors ||A;(f) — fllq are bounded
by a constant multiple of 27/ for some unknown ¢ > 0. As mentioned in (24) above
this is tantamount to assuming a classical #-Holder condition on f. The theoretical
bandwidth that balances bias and variance is then, up to additive constants (see (38)
below for an exact definition)

i) = (logy n — log, log n).

1
2t +d
Theorem 3 (Size of the band) Let 2 be any subset of M. Suppose f : M — [0, 00)

is bounded and that |A;(f) — flla < by277" for some by > 0 and some t > 0. Let
25, (x) be the diameter of the band C, (x, y). Then, for everyn € N, x > 0,

Pr {5, (x) > 1010 (n1, jy (1) + tn + 1, 1)} < 2(jmax — Jio (D)0 “.

In particular, if the undersmoothing constants u,, are such that

logn 2] und
ra(t) = 277 =o(1)

n

asn — oo then s, (x) = Op(ry(1)).

Note that the proof of the theorem, combined with standard arguments from adap-
tive estimation (e.g., [12]), implies as well that f;, is rate-adaptive in sup-norm loss,
that is, for every ¢t > 0,

Sup E sup | fu®) = ()] = O (). 30)
A ()= flm<ba2—it xeM

The rate of convergence r,(¢) cannot be improved over classes of functions that are
t-Holder, see for instance [17] in the case M = S¢, and since these Holder classes are,
up to constants, sets of the form {f : [|[A; f — flloo < by277"} for suitable by (see
the results in [8]), this implies that (30) is optimal, and that the band C,, in Theorem 3
shrinks at the optimal rate in a minimax sense (up to the undersmoothing factor, which
will typically be of size +/Togn).

Clearly without a sharp evaluation of the probability of the event { f € C,} Theo-
rem 3 is useless for statistical inference. It is known (see [22]) that adaptive confidence
bands for densities on R cannot have coverage over a continuous scale | J,. ( X(t, b2)
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of Holder balls X (¢, b2). In a way Low’s results can be seen as an infinite-dimensional
analogue of the pathologies in finite dimensions mentioned above. On the other hand
recent results in Giné and Nickl [11] show that adaptation is possible over ‘generic’
subsets of | J,. o X(t, by) when densities are estimated on the real line. The idea is
that even if some pathologies cannot be avoided there are still exhaustive classes of
densities for which adaptation is possible, and we show how this applies to density
estimation on M.

To this end we assume the following crucial approximation condition. While the
upper bound is standard, the quantity occurring in the lower bound can be viewed as
an infinite-dimensional analogue to the constant b; that appeared in Theorem 2. Note
that whereas b is always positive the lower bound in the following condition may fail
to hold for any ¢ for a given continuous function f, at least for large enough j. We
discuss this in Sect. 4.4.

Condition 1 Assume that f : M — [0, 00) is bounded and let t, by > 0 be real
numbers. Suppose that there exists a sequence b(n) such that 0 < b(n) < by for every
n € N and such that f satisfies, for every j € J,, the inequalities

bm277" < |A;(f) = flla < b227". €19

Under this condition we can prove asymptotic coverage of our nonparametric con-
fidence band. We should note that inspection of the proof reveals that this coverage
result is ‘honest’: it holds uniformly over classes of densities satisfying Condition 1.

Theorem 4 (Asymptotic Coverage) Let Q2 be any subset of M. Suppose f satis-
fies Condition 1 and that the undersmoothing sequence u, € N is such that u, +
%logz(b(n)) — 00 as n — 00. Then we have, for every x > 0,

liminf Pr{f(y) € C,(x,y) forevery y € Q}>1—e". (32)
n

For instance if one knows that lim inf,, b(n) > 0 (we shall see generic examples for
this below) then any undersmoothing sequence u;,, — oo gives asymptotic coverage
of the band. On the other hand if u#,, — oo then b,, — 0 is admissible and the lower
bound requirement in Condition 1 becomes more and more lenient as sample size
increases. This result and the discussion in Sect. 4.4 below shows that our nonpara-
metric procedure does well asymptotically for ‘typical’ Holder-continuous functions
on the unit sphere.

4.3.3 A nonasymptotic coverage result

The asymptotic Theorem 4 is in fact a consequence of the following finite-sample
result. While the stochastic terms are similarly well-behaved as in Theorems 1 and
2, the presence of nonnegligible approximation error is the reason why the following
theorem is more intricate.

Theorem 5 (Finite Sample Coverage) Let 2 be any subset of M. Suppose [ satisfies
Condition 1 and let m* := m};(f) be the smallest integer such that b(n)2"™" > Tb,.
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Set m := m, (f) = min(j,}(¢), m*). Then we have, for every n € N and every x > 0
Pr{f(y) € Cph(x,y) forevery ye Q}>1—e"—v, (33)
where
Un = 2(jmax —m)ny < + I,

with

I -1 [100 [n1 Ana, j.,f(t) t1klogny) o gu,—m—1)4+n) 7
ny A(ny, jE@) +u, —m, x)

with k > 0 equal to the constant from after (26) and where A(n, [, x) was defined in
(21).

Remark 1 (Undersmoothing in finite samples) Note first that if «,, > m, then the frac-
tion on the Lh.s.of the inequality in the definition of 7, is bounded away from zero
and infinity. Consequently the tradeoff between the constants u,, and b(n) is such that
ifup + 17! log,(b(n)) — oo then Z,, = O for all n from some no onwards, which in
particular implies Theorem 4. Not surprisingly obtaining coverage in finite samples is
more delicate, as ng depends on f: The undersmoothing constant u, should be chosen
so large that Z,, = O for every n. Closer inspection of Z,, shows that this is possible
if an upper bound for m is available, which can be obtained by requiring an a priori
lower bound for the sequence b(n) as well as for 7. The discussion in Sect. 4.4 will
show that such a priori bounds can indeed be obtained in relevant cases.

Remark 2 (Admissible lower bounds in Condition 1) Another point of view is to start
with an undersmoothing sequence u,, and to ask which sequences of b(n)’s are admis-
sible to obtain coverage. Assume for simplicity that the sample size is 2n and that
n1 = ny = n. Let C,,(k logn, y) be the confidence band from (27) with undersmoo-
thing sequence u,, € N and x = k logn. If f satisfies Condition 1 and if

b(n) > 17by - (100)1/(’+‘1/2)2(—un+2)t’
then
Pr{f(y) € Cp(xlogn,y) forevery y e Q}>1— 2jmax+3)n"". (34)

For instance if d = 2 and f is at least once differentiable, then finite sample cov-
erage holds for the set of densities that satisfy Condition 1 for I < ¢t < oo and
b(n) > by - 2827un,

Remark 3 (The role of the thresholding constant «) The thresholding constant k plays
an important role in the construction of j,. Our results are presented for fixed « with-
out any restriction on this constant. This is an advantage since this constant has to be

carefully chosen in applications. Our bounds typically contain a term of the form n™",
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and one could be tempted to choose « as large as possible, however it is important to
notice that choosing « very large will increase the difficulty of cancelling 7, in Theo-
rem 5. An adaptive choice of this tuning constant is possible but beyond the scope of
this paper.

4.4 Regularity of functions on the sphere and Condition 1

Condition 1 can be characterized in terms of classical Holder regularity properties of
the unknown density f : M — R. We shall only discuss the case M = S¢, which
is the case of primary statistical interest, but all findings below generalize to M with
suitable modifications.

There are several ways to approximate unknown functions defined on S¢, but it is a
fortiori not clear whether a given method retrieves the natural intuition that the degree
of smoothness of a function f is the driving quantity of the approximation proper-
ties of f. For instance, while L?(M)-projections onto spherical harmonics constitute
a way of approximating a continuous function f : S¢ — R, it is well known already
from the special case d = 1 that this approximation may diverge at any given point
x, which is particularly worrying when one is interested in the local or even uni-
form behavior of the approximation errors. Furthermore the important question arises
whether the approximation method allows for very smooth (for instance infinitely
differentiable) functions to be approximated in an optimal way.

The fact that needlets form a tight frame of L?(S?) implies good approxima-
tion properties in that space, similar to those of the spherical harmonics. Moreover,
these approximations are also optimal approximands for differentiable and Holder-
continuous functions in the uniform norm on S¢ (as follows from the results in [8]), so
the upper bound in Condition 1 has a natural interpretation in terms of Holder—Zyg-
mund-norms on S¢.

The lower bound in Condition 1 is more intricate. The results in Jaffard [15] and
Giné and Nickl [11] for functions on R suggest that this condition should be satisfied
if f ‘attains 7 as its Holder exponent’ viewed as a function on the unit sphere (in fact a
slightly stronger requirement is necessary). In the simplest case, if a real-valued func-
tion f defined on R scales like |x — xo|" at some point xo (if # > 1 a similar property
has to hold for the highest existing derivative), then f attains the Holder exponent ¢,
and the results in Jaffard [15] imply that ‘quasi every’ function (in a Baire sense) in
C'(R) does this. Indeed Proposition 4 in Giné and Nickl [11] implies that quasi-every
function in C’(R) satisfies the lower bound in the R-analogue of Condition 1 (where
A (f) has to be replaced by a corresponding wavelet projection). Proving such gen-
eral results in the case where f is defined on the sphere is technical, mostly since
needlets only form a tight frame but not an orthonormal basis. We therefore return
to the intuition of Holder exponents and show that ‘typical’ «-Holder functions on
S? satisfy Condition 1: let us consider spherical analogues of functions on R that
scale like |x — xg|: If xq is any point in S, then the zonal functions dsa (x, x0) or
(1 — {x, xo)d+1)1/ 2 are natural candidates for the class C! (S%). More generally

Fu®) = (1 = (x, x0)a+1)*"?
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for0 < o < 0o, /2 ¢ N, is a natural candidate for C*(S?). We prove in Proposition 6
below

b1279% < ||A;(fa) = falloo < b2279%

for some fixed constants 0 < by < by < oo. Note that obviously, for « = 2k, k €
N, fu(x) = (1 = (x, x0)a+1)* = 1 — cos(dsa (x, x0))* is actually a polynomial on S¢.

5 Proofs for Section 3
5.1 Proof of Theorem 1
If f is the volume element of M, then
1A4;(f) = flle =0 (35)

for every j > 0. Clearly by definition of f,,
Pr{j,, ”) 0} < > Pr{|fn© — fi, 0], > 400D}
[eT >0
Now since Ef, (1) = A;(f) = f forevery [ > 0, the [-th probability is bounded by
Pr{|| fu,(0) = fu, (1) = Efu, (0) + Efo, (D, > 4o (n. 1)}

< Pr{] f1,(0) — Efo, ()| > 20(n. 1)}
+Pr{Hf"2(l) - Efnz(l)Hoo > 20 (n, l)} < ZnZ_ZK

in view of Proposition 3, so that Pr{ fn # 0} < 2jmaxny < follows. To prove the

second claim of the theorem, we have from independence of f,, and f,,, from (35)
and from Proposition 3

Pr{f(y) € Cu(x,y) forevery ye M}

= Pr{ sup
yeM

) = 1) = sn<x)]

> 1—Pr[sup T G + ttns ¥) = E1 fnGin + 4, ) >o(n1,fn+un,x>]
yeM
=1— > Pr{llfu,(+utn, )= Et fu, U+, )l > 0 (n1, I+t )} Pr{ju =1}
0=<I<jmax
>l—e* > Prijp=l=1-¢".
0<I< jmax

The last claim of Theorem 1 follows from the first and definition of o (1, [, x).
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5.2 Proof of Theorem 2

Since jmax — 00 as n — oo and since this theorem is of an asymptotic nature we
assume J < jmax in what follows. We recall from (3) that f € Ejs-1 implies

[AI(f) = fllo =0 (36)

for every [ > J. Then

Pr{fn > J} < > Pr{|fu) = f®], > 40D},

leJ:1>J

and the /’th summand is bounded by

Pr{| fus () = fis O = Efurs(D) + Ef (D], > 40 (n. D)}
< Pr{] fi,()) - Efnz(f)”OO > 20(n, )}
+Pr{|| Jna (D) — Efny (1) HOO >20(n, D)} < 2n2—2K

in view of (36) and Proposition 3.
For integer I < J — 1 (so that 2! < 27-1y we have

[Ai(f) = fllo = inf [Ip— flloo=b1 >0
peE

2J=2

since A;(f) € Es— and since E,2s—2 is a closed proper subspace of E,2s-1. By
definition we have

Pr(jn =1) < Pr (| fay() = fi (D], <40 (n. ). (37)
The triangle inequality and (36) now give
| fa @ = Fra (D || o Z WAL = Flloo= | fra ) = Efay D) = fuy (D +E Sy (D) | o
so that the probability in (37) is bounded by
Pr (|| fuy () = Efay (D) = fary () + Efuy (D o, = b1 — 4o (n, ]))
<Pr (|| fio ~ Ef @], 2 2 =20, J))
+Pr (nfnz(J) — Efu,(D] o, = % —20(n, J)).

For n large enough depending on b; we have 20 (n, J) < b;/4 so that Proposi-
tion 3 implies, for J fixed, Pr{j, < J — 1} < > _;_Prijn = I} < 2Je"
for some constant ¢ > 0 depending on b1, J and those constants appearing in the
definition of o (n, [, x) that do not depend on n, /. Summarizing we deduce Pr{ fn ¢
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[J=1,J1} < 2jmaxtty X4 2Je " forn large enough. To prove coverage we proceed
as in Theorem 1, noting u,, > 1,

Pr{f(y) e C,(x,y) forevery y e M}

yeM
>1—-2Je "
— > Pr{lfn Ututn, )= E1 fo Uttt Yoo >0 (n1, L4y, x)} Pr{j, =1}
J—1<I< jmax
>1—=2Je " —e ¥ Z Pr{fn =[}>1—-e*=2Je" "

J—1=<I=< jmax

> 1 —Prisup fur G+t ) = f )| > o o +un,x>}

where we used (36) and Proposition 3. The last claim of the theorem is proved as in
Theorem 1.

5.3 Proof of Theorems 4 and 5

We first prove Theorem 5. For f satisfying Condition 1 there exists a unique ¢ := #(f)
such that f satisfies Condition 1 for this 7. Define

B(j, 1) =b27 7", jr(t) = min{j € T\ {0} : B(j.1) <o(n2, N} — 1. (38)

If no j € J exists such that B(j, 1) < o(na, j) we set j(t) = jmax — 1. We shall
assume without loss of generality that b, is large enough such that b, > o (1, 0). In
this way B(j*(t)) > o(n2, j¥(t)) also holds when j(t) = 0.

It is easy to see that j*(¢) satisfies

1
20 ~ (—"2 )M, (39)
log no

so is a ‘rate optimal’ resolution level for estimating f satisfying Condition 1 for the
given ¢. The constants in the definition of j(¢) depend only on b, ¢, a,d, ky and

I flloo-
Lemmal (a) Foreveryn €N,
Pr(jy > ji(®) + 1) < 2(jmax — Ji (0)n5~. (40)
(b) Let m = min(j;(t),m*) where m* is the smallest integer such that
(b(n)/b)2"™" > 7. Then, for every j € J satisfying 0 < j < i) —m

and every n € N we have Pr(fn = j) < 2n3". As a consequence, for every
neN,

Pr(ju < ji® —m) =205 —mn3* (1)
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Proof Since this lemma only involves the sample S», we set n = ny for notational
simplicity. We also put j** = j*() + 1. If j** = jmax Part (a) is proved. Otherwise
one has

Pr(jn > iy < D Pr(| G = D] g > 40 (D).

leJ:1>jit

We first observe that by Condition 1 (noting also Ef,(j) = A;(f))
152G = 1D o | /G D= fu D= Efu G +EfuD | g+ B 4B 1),
and that

B(jy*, 1)+ B, 1) <2B(jy", 1) <20(n, ji) < 20(n,1)

by definition of j*(¢) and since / > j**. Consequently, the /-th probability in the last
sum is bounded by

Pr (| fuGa ™) = ful) = EfaGiH) + EfuD || o > 20 (n, D))
<Pr (| £ GiNH—EfGiD) | g0 0, D) +Pr (1 o= Efa(Dllg >0 (n, 1)) <207

where we have used Proposition 3.
To prove the second claim, fix j < j*(#) — m. Clearly we only have to consider
the case m = m*. Observe that

Pr(jn = ) < Pr ([ fa() = falis )| < 40 (. j @) (42)
Now using Condition 1 and the triangle inequality we deduce
bn) , . .

— 52D = Efa () = £uGr @) + Efu G () |

1 £ = FuGin @) | g =

so that the probability in (42) is bounded by

b
Pr (H FalD) = Efa() = fuGi ) + Ef G| g = %Bu, £ = BGE0, 1)

— 4o (n, j,f(t))).
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By definition of j,’(¢) and B(j, t), we have

MB(u) B(ji(t),1) = ()2’%(” DBk, 1) — B@), 1)

by
> (b(")z“" _ 1) B (1), 1)

by

as well as B(j(t),t) > o(n, ji(t)) = o(n,j) so that the last probability is
bounded by

Pr ( | £2 () = Efo) = faGin @) + EfaGr@) | o

> [(Mz”" - 1) - 4} o(n, j;f(t)))
by

. . —1 b(n) tm .
SPT(an(])—Efn(J)HQZZ (—b2 2 —s)am,n)
[ fa G ) — EfuGii@) | = 27 b0 yim s o(n, jr(1)
2

By definition of m, the term in brackets is greater than or equal to two, and then—using
Proposition 3—the last two probabilities do not exceed 2n . Moreover,

Pr(jo<izr—m)= > P(h=ps2 > a7

0<j < (1) —m 0<j<ji(®)—m
< 2(j, () =m)n™*,

which completes the proof. O

Combining (40) with (41) we have, for every n € N and for m as in the lemma

Pr{jn ¢ Ljg(®) —m. ji(®) + 11} < 2[5 () = m) + Gmax — J ()3 *
= 2(jmax — m)n{'( =Zy, (43)
a fact we shall use below.
We now prove Theorem 5. Denoting by E| expectation w.r.t. S, one has by defi-

nition of s, (x) that

Pr{f(y) € C,(x,y) forevery y € Q}

=Pr {Sup fn(y) - f()’)‘ < Sn(x)}
yeQ
=1—Prisu§o2 F ) = E1 fu O +E1 fa) = fF()| > 1010 (11, i +un,x>}
ye
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= 1= Pr{llfu = Etfulle > 00, fu +un, )
—Pr{IE1fu = flla > 0.010.Gr1, fu + un, )}
=1-1-1I

About term /: This probability equals, by independence of f,, (j, y) and ]A'n,

Pr{ILfon G s ) = Et o G+t i > 01, o+ 1, )}

= > Pr{lfa,Utttn. ) —Er fu, A +un. V@ >0 (01, I+un, x)} Pr{jy =1}

0=/<jmax

<et > Prla=l=c"

Oflfjmax

in view of Proposition 3.
About term //: Using Condition 1 as well as (43), and recalling (21), this quantity

equals
Pr {HEfnl(fn Fu,) — fHQ > 0.010 (1, o + ttn, x)}
<Pr {100b22*f<fn+“n> > (11, fy + tin, x)}

2 d N
—Pr [1004/_n1b2 > 2(’"+””)(2“)A(n1, Ju + i, x)]

J .
< > I [1oomb2>2(’+”"’(2+t)A(n1,l+un,x)]Pr{jn=l}+Zn
Jn@O—m=I<jr)+1
k. d d
- [ .1OOb2«/n1 _ Ui (l)+1)(2+t)2(u,,—m—1)(2+t)] 4z,
A(ny, jx@) +uy —m, x)

. .
<1 ‘100 [n1 Ana, Ji (1) + 1, k logno) - 2(unm1)(2+t)] +z,
ny A(ny, jr@) +u, —m, x)

where we have used that (38) implies

QU O+D($+1) Vb
A(na, jy (1) + 1,k logna)

in the last inequality. This proves Theorem 5. Theorem 4 follows from Theorem 5
using that tradeoff between b(n) and u,, through the constant m (cf. also Remark 1).

5.4 Proof of Theorem 3

The size of the band is 2.020 (n1, fn + uy, x). In view of (40)—whose proof only
requires the hypotheses of Theorem 3—we have j, < j¥(t) + 1 with probability
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larger than 1 — 2(jmax — J,r ()n, ¥, so the size of this band is less than or equal to
2.020 (ny, jr(t) + u, + 1, x) with the same probability bound. The second claim of
Theorem 3 then follows from definition of o (1, [, x) (cf. (21)) and of j(¢) (cf. (39)).

6 Precise validity of condition (31)

In this section we investigate examples of functions verifying condition (31)if M = S¢.
Let us recall that the projection kernel on H (S9) is given by

. () Cd-1
k((xsy)d+1)—|S—d|( +;) (s Y)a+1), V—T

where C}(x) is the corresponding Gegenbauer polynomial. For ease of notation we
shall redefine A;(x, y) = D> ;o a(k/27)Li(x, y), to be in line with the notation in
[2,24,25]. (For j — oo this modification is immaterial.) We shall use the classical
symbol

VkeN,(a)kza(a—i—l)-(a—i—k—])(: %if —a gZN),(a)o:].

The following Olindes Rodrigues formula defines the Gegenbauer polynomials and is
useful for integration by parts: fort € I =[—1, 1]

1L Qv DM =Mo" @)

Ak Vi (1 _ s2\v—1/2
K12k (v 1) o' (1) , o' =>0-17) ,

HOEXCVE
k
(44)

Proposition 6 For 0 < o < oo, % ¢ N, we define the following functions:
2

fu) = (VI= (e x0)art) = (V1= cos(daalr,x0)))

where dga is the geodesic distance on S9. Then there exist constants ¢; > 0, ¢y > 0
independent of j such that

1277 <A (fo) = falloo < c2277%.
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Proof of the upper bound: Let us consider first the case 0 < « < 1. We have

1A (f) (x) = fa ()| = / Ajx, y) fa()dy = fu(x)
§d-1

= /Aj(x, Y (fa(y) — fa(x))dy
§d

< / A ) — fa0)ldy
Sd

But

.6 e
sin — —sin —
2 2

1
V0,0 €0, 7], |v1—cosf—+1—cos0|=+2 5—2|9—6’|,

7

SO

|1(0) = fiy)| = [V/1 = cos(dsa (x, x0)) — /1 — cos(dsa (y, x0))|

1 1
< —=ldga(x, x0) — dsa(y, x0)| = —=dsa(x,y)
\/5 S S «/E S
And, by the subadditivity of x > x* for0 <o <1

1
|fa(X) = fa = 1T (0) = [T = 1/1x) = filn)|* = 20W(dgd(x,y))‘”

So, by the integration formula for zonal functions on the sphere (Section 9.1 in [5]):

—— /|A,-<x,y>||fa(y>—fa<x)|dy
gd

<27 / A ((x. Y)ar))|(dsa (x. y))*dy
Sd

g
= a5 / Ajj(cos 0)0% (sin )"~ d6
0

b3
< 2*“/2|Sd*‘|/A,-(cos@)@d”*“de
0

But using the following concentration result from [25]

VK >0,3Ckg <00, Aj(cosf) < Cx2/9[1 A1/(276)K]
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Taking K > d 4+ «, we obtain

2= 1
IA;(f) — flloo < 2728?71 Ck 274 / 041+ qp + / gd—1+
0

2-J

1
@

K
d+a)(K—-—d—-a)

S 270{/2|Sd71 |CK27j01

Let us now consider the case « > 1. Taking d = 2 the previous proof shows
that, on the classical torus T , for 0 < « < 1, the 2w -periodical function ¢y (6) =
(W1 —cos0)* = 29 sin%|°‘ belongs to C*(T). But, if for k in N, « equals ¢ =
k+ B < k+1,itis clear that ¢ () is k-times differentiable, and D¢, (6) as a linear
combination of C, periodical functions times | sin %Vg” , j=0,1,..., k belongs
to CP(T). So, ¢y € C¥(T), and, as moreover ¢, () is even, there exists Pj(cosf), a
sequence of trigonometrical polynomials of degree less than 2/ such that:

(V1 —cos0)* — Pj(cos0)|lo < c2 i

But Pj(cos{x, x0)q+1) is a polynomial on the sphere of degree less than 2/ and

(/T = cos(x, x0)at+1)* — Pj({x, X0)a+1)lloo < C277.

Proof of the lower bound We only have to consider the case j large enough since f,
is not a spherical polynomial and thus not in E (S?) for any finite N. Using again the
integration fomulae for zonal functions

\

||Aj(foz) — falloo = |Aj(fot)(X0) = Ja(x0)]

= | [ Aj 00 (ar) = futxody
Sd

_ / A0, /T = (3, 0)a D) dy
Sd

T
IS4 / Aj(cos8) (VT — cos8)* (sin0)? 1 ag)|
0

|Sd—1|/Aj<z><1 — 021 — %=1 2ay)
1
s9-1|
9]

> a (2k,) (H'k)/Clg(’)(l—l)“/z(l—;z)v—l/zdt

0<k<2i 7
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But, using (44)

/C,g(z)(l — 0?1 =) 2q; =/C,§(t)(1 — )% 0" (1)dt

I 1

= (D k,lzk o el / (1= *2DH((1 = o’ (1))ds
= k!%%/ﬂ‘{(l — 021 = )k’ (t)dt

- ,}2% (-3), / (1= 021 — ke’ (1)ds
- k%% (—%)kl/(l — 021 + Dt (t)dr = uy

Clearly Vk > 0, uy # O (because 5 & N), uy = (=D¥|uy| for 0 < k < 5+ 1 and
up = —(— D2y | for k > 5 + 1. By the upper bound, and for j large enough:

. gd-1 k k
C2—12||Ajfa—fa||oo—||g|| Z a(zl)(1+ )

0<k<2J

|Sa-1 k k ‘ )
= al> ) (14+=) D ur]— (=D’
|Sd| Z 27 )
O<k<a/2+1

() (o)

oc/2+1<k<21

s k » k k
=5 = Ju—(= Dl X" q o7 ) (1= ) el
0<k<[a/2] j

o/24+1<k<2/

So if [w/2] is even, and j large enough

> ) (4))m

0<k<2/

= > (1—1—%)141(

0<k<[a/2]

- > a(zﬁj) (1+§) |k |

o/24+1<k<2J
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= > (1+%)uk+ > .a(%)(l—i—%)uk.

0<k<[a/2] af2+1<k<2/

So

Z.(l+§)uk§ Za(%)(l—f—%)uki zl(l—i_%)uk'

0<k<2/ 0<k<2/ 0<k<2/-

Now, if [«/2] is odd, and j large enough

> (o) ()= ( 2, (00)

0<k<2/
k k
+ > (21)(1+ )Iuk|

a/24+1<k<2/
k
0<k=<[/2] Y
k k
+ Z ,a(i)(]—i_;)uk
af/24+1<k<2]
So
k k k k
_ Z(Hg)m 3 (21)(1+ )ukf— > (1+;)uk,
0<k<2i 0<k<2i 0<k<2i-1

and in any case

0<k<2/ 0<k<2/

k k k
> a(ﬁ) (1+;) w|~| > (1+;)/c,f(t)(l—t)a/z(l—ﬂ)“—l/zdt
1

Denote now by (-, -), the Lz([—l, 1])-inner product w.r.t. w" and recall (see
[1, p. 343])

K\ W+ 20)C) — (1 + DCY, ()
2 (H;) Gl = 20(1 —x)

0<k<n
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so that

k
— v _\a/2 _ v e
2v <0<kz<”(l + 1))Ck()c),(l x) > = (n+2v){C’(x), (1 — x) b

v

—(n+ D(Chy (x), (1 —x)*h),

I AY) _
Y (x), (1 — x)%/2), = (=D /1_ a/2=1 pk((1 — 2w,
(G, A=)y = (D +%)k,( ) (1 = >, (0))dt
I (v o @/2—1—k 20k 23v=1/2
=— 1—= (1—-n (1 =% = 2H=12g¢
K12k I ( 2)/
(V+2)k k,

_ 1 F'@v+k T (v + %) F(=%5+k+1) /(1 —pyrrel2=32 () g gy /24 gy
KT T+k+d) (-9

sin &% 1 TQu+k) TE+1 g
= —2T@/2) @+h I 2)1r(—9+k+1)22vﬂ—1+7
7 k28 T@v) T (v+k+3) 2
Fv+%-Hrw+e+1)
X
Fr2v+k+%)

C2%Psin(B)T (v+§ - 3)T@/2)T (k+1—-%)TQv+k)
B NN KT (20 +k + %)

Using the following standard formulaes

Il —a/2)l(a)2) = SmL

. TQuYT =2""rW©w + 1/2).
mTa/2

We deduce

< > (1 + 5) Cre). (1 —x)“/2>
0=k=n Y

29 2sin (G)T (v 4§ = ) T@/2) | (04200 (n+1- §) Qv +n)
20 (V) /T nl’ r'(2v+n+ %)

o mr1=9)
(2v+n+%)
_(ZV—1+°f)2“/zsiﬂ(”7“)r(v+%— %) L(@/2) (n 4 20)T (n 41— %) TQ2v +n)

20T (v) /T (n+2v+a/2)nl’ (2v+n+%)

(n+2v) T(+1-%)TQv+n)
(n+2v+a/2)  al(2v+n+%)

v

X sin (7170!) C(a,v)
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Clearly sin (%) determines the sign, and by Stirling’s formula:

Fn+1-%5)TQv+n) B
n!F(Zu—I—n—i—%) "

So the lower bound of ||A;(fa) — fulloo is of order 2-Je,
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