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Abstract

This paper deals with estimation of the spectral density f(z) = |1 — ®| 724 f*(x),
of a stationary fractional Gaussian process, where —1/2 < d < 1/2 and f* is positive.
The optimal rate of convergence of an estimate of f is shown not to depend on d but
only on the smoothness of f*, and thus is the same for a long range (d > 0) and a
short range dependent (d = 0) process. When the Fourier coefficients of f* decrease
exponentially fast, the exact asymptotic behaviour of the minimax risk is obtained.
The log-periodogram regression estimate is shown to achieve the best possible rate of
convergence when the smoothness of f* is known, and to have adaptivity property
when this smoothness is unknown.

1 Introduction

Let (Xi)iez be a stationary Gaussian process with covariance function yx (t) = E[XoXy].
The spectral density fx of the process X is characterized, if it exists, by the relation

fey = [ g@etin = x(o),

A Gaussian process is usually said weakly dependent when its covariance function is ab-
solutly summmable. This implies that the spectral density is continuous and bounded.
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The probabilistic and statistical theory for such weakly dependent Gaussian processes is
well established. More recently, models with non summable covariance function have been
considered. Such processes are called by contrast strongly dependent processes. The best
known class of fractional processes is the class of fractionally integrated ARMA processes,
usually referred to as ARFIMA (p, d, q) processes, obtained by fractional differenciation of
a causally invertible ARMA process. It was first introduced by Adenstedt (1974), and pop-
ularized by Granger and Joyeux (1980) and Hosking (1981). Recall that an ARMA(p, q)
process Y is defined by the recurrence equation

Q(B)Y = P(B)e, (1.1)

where B is the backshift operator, € is a white noise sequence with zero mean and variance
02, and P and @ are mutually prime polynomials such that P(0) = Q(0) = 1. If Q has
no roots inside the closed unit disk, then (1.1) has a stationary solution Y whose spectral
density fy can be expressed as

0.2

fr(z) = ?\P(eiz)/Q(ei'z)P-
v
If moreover P has no roots inside the closed unit disk, then Y is causal and invertible.
Given a causal and invertible ARMA(p, ¢) process Y, and a real number d € (—1/2,1/2),
an ARFIMA (p,d, q) process X is defined by

X=(I-B)%,

where the fractional differencing operator (I — B)~¢ is defined for d # 0 by the infinite

series
o

q L(d+7)
(I — B) d_;j!r(d)B‘

This series is summable for d < 0 and square summable for d € (0,1/2). The spectral
density of X is given by

fx(@) =1 = e fy(2) = ;fjrll — 72 P(e) Q).

A natural extension of the class of ARFIMA processes consists in assuming that the
spectral density of the process X can be expressed as

Fx(x) = |1 — e 72 f*(x), (1.2)

where d €] — 1/2,1/2[ and no constraint is set on f* apart from positivity and a certain
degree of smoothness on [—7, 7]. Such processes are often called fractional processes since
they can be obtained by fractional differentiation of a weakly dependent process with
spectral density f*. They are strongly dependent when d > 0. When d < 0, then f is
bounded but vanishes at zero, and this significantly changes the nature of the process
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X. In both cases, the autocovariance coefficients vx(7) decay hyperbolically at the rate
771424 instead of decaying exponentially fast as is the case for the autocovariance of an
ARMA process. Hence, if d # 0, the rate of decay of the autocovariance function is
entirely determined by d. Nevertheless, the smoothness of f* still determine the main
statistical properties of the process X. In particular, Giraitis, Robinson and Samarov
(1997) and Iouditsky, Moulines and Soulier (2001) have shown that the rate of convergence
of estimates of d depends only on the smoothness of f*.

This paper is concerned with minimax and adaptive nonparametric estimation of the
spectral density of a fractional Gaussian process with spectral density given by (1.2). In
the weak dependence context (i.e. d = 0), these problems have been considered by several
authors, see for instance Efromoivich and Pinsker (1982) Golubev (1993), Efromovich
(1998) and Comte (1999). In this context, the measure of accuracy of estimation is the
L? risk. In the context of long range dependence, this risk cannot be considered, since
the spectral density is not square integrable if d > 1/4. Hence an alternate measure of
accuracy of estimation is needed. In the signal processing litterature, it is customary
to consider the log-spectrum (often referred to as the cepstrum) instead of the spectral
density, and to use the logarithmic risk function, defined for positive functions f and h by

R(7.) = [ {log(7(x) ~ loa(h(x))dr = | log( ) ~ log(h).

To assess the performance of the estimate, we now define relevant functional classes and
give lower bounds for the estimation risk over these classes. The most natural family
of functional classes in time series analysis is the class of spectral density functions with
exponentially decaying Fourier coefficients. Since spectral densities are even functions, it
is enough to consider the normalized cosine basis defined as

ho =1/V2m, hj(z) = cos(jz)/V/m, j>1.
For 8> 0 and L > 0, define

AB, L) ={h=">_0;h;, Y 67 < I?}.
=0 =0

This class is important since it is related to the ARMA and ARFIMA processes. If Y is an
ARMA((p, q) process given by (1.1) and such that P and @ have no roots inside a closed
disk centered at zero and with radius 3, then its spectral density fy belongs to A(3, L) for
a relevant choice of the constant L, and so does log(fy) since fy is strictly positive. The
spectral density of an ARFIMA process X can then be expressed as fx = |1 — e[| ~2df*
where f* and log(f*) belong to A(3, L) for some § > 0 and L > 0.

In minimax estimation, it is also customary to consider Sobolev ellipsoids, that is,
classes defined, for 8 > 0 and L > 0, as follows,

S(B,L)={h=> 0;hy, 03+ 207 <L?}.

J=0 Jj=1
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In the context of spectral density estimation for fractional processes these classes are
illustrated by the following example. Let X be a stationary invertible ARFIMA(p, d, q)
process with d > 0 and spectral density fx(z) = |1 —¢e®|722f%(z), and let € be a Gaussian
white noise with variance 2. Assume that the observed process is actually € = X + €. In
that case, the spectral density of £ is fe(x) = |1 — eix|_2df£* () with

2 .
fi (@) = F(@) + 1=,

and the regularity of fg* then depends on d. More precisely, if f% is bounded away from
zero, then log(fg) € S(B,L), for any 8 < 1/2 + 2d, and for a suitable choice of L.

For these functional classes, the following lower bounds hold, which are proved in
section 6

Theorem 1 For any~y >0, 5>1/2, L >0 and é € [0,1/2],

n

lim inf sup  sup E[||l, — ||} > 21/, (1.3)

n—00 j " |d<s 1*eA(y,L) log(n)

Y e R—— 2
liminfinf sup  sup n2+ 1 E[|l, —I||*] > P(8, L), (1.4)
no g, |d<s 1+€S(B,L)

where the infimum is evaluated for all estimates In of the log-spectrum | = dg + I* of a
stationary process with spectral density f = €', based on n observations and P(B,L) =

(4mB/ (B + 1))*/CFFI{L2 (26 + 1)}/ GO+,

Remark These lower bounds are actually proved in the case d = 0, and the proof is
similar to the proof of the lower bound for the minimax risk over an ellipsoid in the
following regression problem

Cng =1U(t/n) + 1y, 1<t <n,

where (1, ¢)1<t<n is a triangular array of i.i.d. r.v.’s with zero mean and variance 27 and
[* is an even function on [0, 1]. For this problem, P(3, L) is known as Pinsker’s constant
(cf. Belitser, 2000).

2 Log-periodogram regression

In this section, we present an estimate of the log-spectrum [ = log(f) of a fractional
Gaussian process. Let (h, ), 1 <k <n, be a sequence of complex numbers to be precised
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later, and define H2 = Y 7'_, |hnx|>. The tapered discrete Fourier transform (DFT) and
periodogram are defined as

dn(x) = 27 H2) V2 by Xpe™ L (2) = |dy ()]
k=1

Choosing hy, = 1, 1 < k < n, yields H2 = n and I,(x) is the ordinary periodogram. Let
xp = 2km/n, 1 <k <n:=[(n—1)/2] be the so-called Fourier frequencies. The ordinary
periodogram ordinates (Ip,(xf))1<k<i have some well known properties which we recall
now. The most elementary one is that they are shift invariant, since ) ;' , etk = 0 for
k=1,---,n. If the process X is Gaussian white noise, then the ordinay periodogram
ordinates are n i.i.d standard exponential random variables. If X is a Gaussian pro-
cess with smooth spectral density f, then for a fixed number u of Fourier frequencies,
the vector of ordinary periodogram ordinates Ip(zg)/f(xk,), -, In(xu)/ f(x,) converge
in distribution to a vector whose components are v i.i.d standard exponential random
variables. In this sense, it is often said that periogram ordinates at Fourier frequencies
are asymptotically i.i.d standard exponential random variables. In the case of a frac-
tional process, this last property no longer holds and it has been shown that the vector
In(zk)/f(xy), -+ s In(zy)/ f(zk,) converges in distribution to a vector whose components
are neither independent nor identically distributed. More precisely, the asymptotic distri-
bution can be represented as Zi+Z23, -+ , Z3,_+2Z3,, where Z1, -+ , Zo, are 2u correlated
jointly Gaussian random variables : see for instance Hurvich and Beltrao (1993) and Terrin
and Hurvich (1994).

Data tapering has been used for quite a long time in time series analysis (see Tukey
(1967) for an early reference). In the long range dependence context, it was introduced by
Velasco (1999a,b) to deal with non stationary time series and by Giraitis, Robinson and
Samarov (2000) to reduce correlation between discrete Fourier transforms computed at
Fourier frequencies. Hurvich and Chen (2000) have introduced a family of complex valued
tapers which are well suited to the analysis of fractional processes. We will consider here
the simplest of these, defined by

By =1—e2mm 1<t <n. (2.1)

This data taper has the desirable property of being shift invariant, contrarily to the Kol-
mogorov tapers used by Velasco (1999a,b). An adverse effect of tapering is that consecutive
tapered DFT ordinates are correlated, even if the observed process is a Gaussian white
noise, and this correlation does not vanish asymptotically. The taper used here neverthe-
less preserves this orthogonality property of non consecutive tapered DFT ordinates, and
non consecutive tapered DFT ordinates are significantly less correlated than in the non
tapered case (see section 5). This is very important when the observed process is a frac-
tional process. Hence, when tapering is performed, only half of the periodogram ordinates
will be used to define the estimates. This results in a twofold increase of the asymptotic
variance of these estimates. This is better than when using the cosine bell taper as in
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Giraitis, Robinson and Samarov (2000), which results in a threefold increase, because in
that case only one out of three Fourier frequencies is used. This efficiency loss can be
partially be compensated by aggregation or pooling of periodogram ordinates. This idea
was first introduced in the context of long range dependence by Robinson (1995). For a
fixed integer m > 1, define

I — ;’;ﬁn(k_l)ﬂ In(x),1 <k <[(n—m)/2m] (ordinary periodogram),
" ;ka(k—l)+1 I (z9), 1 <k <[(n—2m)/4m] (tapered periodogram).

In order to simplify the notations and unify the presentation of the estimates, we will
denote K, = [(n — m)/2m] in the case of the ordinary (non-tapered) periodogram and
K, = [(n — 2m)/4m)] in the case of the tapered periodogram.

If X were a Gaussian white noise, then fx would be a constant and for any sequence
of frequencies (yx)1<k<k,, , the distribtion of I, ./ f(yx) would be the I'(m, 1) distribution,
that is the distribution of the sum of m i.i.d. standard exponential r.v.’s. Recall that if Y is
aT'(m,1) random variable, then E[log(Y)] = ¢ (m) and var(log(Y")) = ¢'(m), where ¢)(z) =
I(z)/T(z) is the digamma function (see Johnson, Kotz and Balakrishnan (1995)). For
instance, —1(1) is Euler’s constant and (1) = 72/6. Define g(x) = —2log(|1 — €*|), and
fork=1,---, Ky, yr = (2k—1)7/2K,, For any process X, denote Y,, j = 10g(fnyk)—w(m),
and €,k = log(Lx/f(yx)) — ¥ (m). If X is a fractional process with spectral density as in
(1.2) : f(x) = [1—€™| 724 f*(x), where f* is a positive function on [, 7], define I = log(f)
and I* = log(f*). With these notations, we can write

Yo =log(f(yx)) + ene = dg(yr) + " (yk) + €npy 1 <k < K. (2.2)

As already mentionned, the heuristic claim behind spectral methods is that the renor-
malized periodogram ordinates can be replaced by i.i.d. standard exponential random
variables, hence the sequence (e k)i1<k<k, can be considered as an i.i.d. sequence with
zero mean and variance ¥’'(m). Even though this is far from being true, the conclusion
derived from this heuristic claim can be justified rigorously when f*, or equivalently [*,
is smooth enough. More precisely it will be assumed that {* € A(y, L) for some v > 0
or [* € §(8,L) for some 3 > 3/2. To deal with less smooth spectral densities, we need
to introduce the following functional class. For M > 0, let £*(M) be the class of even
periodic functions [* on [—m, 7] such that

* ‘LU - y’
sup |[I*(x)| <M  and sup |1*(z) — " (y)| <
T€[—m,m] z,y€|—m,m]\{0} ‘$| A |y’

When a given function [* belongs to £*(M), then suitable bounds can be obtained. Un-
fortunately, the class £*(M) is not compact since it is not equicontinuous at zero. Hence,
to obtain uniform bounds, necessary in the context of minimax estimation, attention must
be restricted to compact subclasses of £*(M). This is not a practical restriction since the
classes of interest are S(3, L) () £*(M) which are compact.
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The interest of these classes in the context of sectral density estimation is that they
contain the smooth part of the spectral density of an ARFIMA process X possibly observed
with noise. Recall that the spectral density of such a process can be expressed as fg‘ (x) =
f*(x) + 0?/27|1 — €24 where f* is a positive and smooth function, say at least twice
continuously differentiable. It is then easily seen that log(fF) € £*(M) for a suitable M.
Since moreover log(fg) € S(B, L) for any 5 < 1/242d < 3/2, it is clear that this functional
class is well suited to our purpose. Finally, note that for 5 > 3/2, S(8,L) C L*(M) for a
relevant choice of L.

We now return to the log-periodogram regression. Whether valid or not, the approxi-
mation of (e, k)i1<k<k, by anii.d. sequence is the ground for log-periodogram regression

which consists in estimating the coefficients d, 0g, - - - ,0,—1 by ordinary least squares :
K p—1
oA . _ _ _ 2
(d.00, -+ ,0p-1) = arg __min Z(log(ln,k) —(m) — dg(y) — 9jhj(yk)> :
V0, 3

T
H
i
I
<
i
o

For convenience, the performance of the estimates will be measured with respect to a
discretized L? norm. For any u € R%7 define

2 on
lull, = K, Zui,
k=1
and a function ¢ will be identified with the vector (¢(y1),- -+, ¢(yx,))T.

Theorem 2 Let v > 0, 8 > 1/2, L > 0, M > 0 and § € [0,1/2[. Denote p,(vy) =
[log(n)/27] and pn(L,B) = [Lﬁnﬁ] Let X be a stationary Gaussian process with
log-spectrum | = dg +1* and let l}, is the log-periodogram regression estimate of the I based
either on the ordinary or the tapered periodogram. Then,

n ~
lim sup  sup ——E[|ll,. () — U[Z] = 2momy’ (m) /, (2.3)
n—co | y1<s preA(y,r) log(n) P ™

2 28 .
lim sup sup sup L2412 K|\l (1.8) — 2] < dmoma)’(m)+1,  (2.4)
n—oo |d|<é 1*€S(B,L)NL* (M)

where o = 1 when the ordinary periodogram is used and o0 = 2 when the tapered periodogram
s used.
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Remarks

e As already mentioned, for 8 > 3/2, the condition [* € £*(M) is not a restriction.

e Even though the estimate based on the tapered periodogram is inefficient in the minimax
sense, we mention its performance here since it is used in the adaptive framework.

e As can be seen in the proof of Theorem 1 the bounds (1.3) and (1.4) hold for the norm
|||l as well as for the L2-norm. Hence the log-periodogram estimate, whether based on the
ordinary or tapered periodogram, is minimax rate optimal in the classes A(y, L) for v > 0
and S(3, L) for § > 3/2. For 8 € (1/2,3/2], the log-periodogram estimate is rate optimal
over the class S(, L) N L*(M), since it is easily seen that the lower bound obtained for
S(B, L) holds for S(B, L) N L*(M). Moreover, when based on the ordinary periodogram,
it is efficient up to a multiplicative constant m’(m) over the analytic class A(~, L). Since
m can be chosen so that m’(m) is arbitrarily close to 1, we obtain as a corollary the
exact asymptotic behaviour of the minimax risk for the analytic class A(vy, L).

Corollary 2.1 Lety >0, L >0 and ¢ € [0,1/2][.

lim inf sup  sup E[||l, — 1||?] = 27/~.

n—o0  |aj<s 1-cA(8,L) log(n)

The situation for the Sobolev class is not clear. If short range dependence is assumed, i.e.
if it is known that d = 0, then the projection estimator can be modified as in the case of
the regression with i.i.d. noise, to obtain an efficient estimator. Defining

qn
=Y Aibjhy,
§=0

where \j =1 — i 0< i< qni= (L2(B41)(28 + 1)n/47rﬁ)ﬁ, it can be proved that

lim  sup  n@AE(|E - %] = my (m)P(B, L). (2.5)
00 1+ S(B,L)NL* (M)

This upper bound can be proved as Theorem 3.4 in Belitser (2000), with a few additional
technicalities due to the fact that the noise here is not an i.i.d. sequence. Hence we obtain
the exact asymptotic minimax risk for the estimation of the log-spectrum of a shortly
dependent Gaussian process.

8 -
lim inf sup RQETE[HZZ — l*”z] =P(B,L).
o0 I xeS(B,L)NL* (M)

If d is not assumed to be known and equal to zero, the above construction does not yield
an efficient estimator, because of the effect of the function g in the regression. Since our
original purpose is to consider only this latter case, we omit the proof of (2.5) and only
prove Theorem 2 in section 5.1.
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3 Adaptive estimation

The minimax estimates are unfeasible since they depend on the smoothness of the function
I*, which cannot be assumed known, especially in the case of the signal observed in noise
where it depends on the parameter d, which is obviously unknown. Hence a data-driven
criterion is needed to select the truncation order p which defines the spectral density
estimate. Since the problem at hand is very similar to the problem of regression with i.i.d.
noise with known variance, it is natural to investigate model selection criterion commonly
used in this famework. For a given non decreasing sequence of integers p; < K, and a
positive real k, define

Sp(K) = Yo = b7 + 520 (m)pK, (3.1)
p(r) = arg min, Spin (k). (3:2)

The choice p} = K,, and k = 2 yields the so-called Mallows’ C, criterion. It has been
shown in Moulines et Soulier (2000) that if the ordinary periodogram is used, S, (2) is an
asymptotically unbiased estimate of the quadratic risk Ry, (p) = E[||l —1,||2]. If the number
of non zero Fourier coefficients of the true [* is infinite, then R, (p(2))/inf1<,<k, Rn(p)
converges in probability to 1. In the context of regression with i.i.d. noise, this result
was proved by Polyak and Tsybakov (1989). This kind of optimality is rather weak, and
falls short of providing a risk bound for the data-driven estimate l;;(g). In the context
of regression with i.i.d. Gaussian noise, a modification of Mallows C}, has recently been
investigated (see Barron, Birge, Massart (1999) for a comprehensive presentation of this
method). In these papers, a conservative penalization is used and risk bounds are ob-
tained. The main result of this section is an adaptation to the context of log-periodogram
regression of the model selection theory for regression with i.i.d. noise.

Theorem 3 Let 6 € [0,1/2) and M > 0. Let F* be a compact subclass of L*(M). Let
X be a stationary Gaussian process with spectral density f = e+ with |d| < § and
I* € F*. Define p, = VK, /log(K,) and for k > 0, define p(k) as in (3.2) where I, is the
log-periodogram regression estimate of the log-spectrum | = dg + I* based on the tapered

periodogram. There exists a constant k., > 0 (which depends only on m) and a constant
C(9, F*), such that

Ellpu — U3 4 0t (=TI 4+ 2! (m)pK ) + OO0, F1) K

The value of the constant k,, is a crucial point to implement this method. It appears from
the proof of Theorem 3 that a suitable value is &, = {4096(1 + /247¢/(m — 1/2))? +
(V2m + /247 (m — 1/2))?}/(m¢'(m)). This is far from being satisfactory, from the
theoretical as well as from the practical point of view. Nevertheless, minimax adaptive
properties of the data-driven estimate can be inferred from Theorem 3.
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Corollary 3.1 Let 0 <y, <~*, 1/2< B, <%, L* >0, M >0 and § € [0,1/2].

limsup sup sup sup sup o E ZAA,,i — 13 < 00,
1 p( m) n
n—oo fB,<f<B* 0<KL<L* |d|<§ 1*€A(v,L) og(n)

limsup sup  sup sup sup nw/(mH)E[HlAﬁ(,{m) —11?] < 0.
N—00 4, <B<y* OKLL* |d|<§ 1*€S(B,L)NL* (M)

We have proved that the adaptive estimator is rate optimal, but we have failed to prove
exact adaptation up to the constant, at least in the case of the analytic class. In the weak
dependence context, this could probably be done using classical method such as the Stein
method. In the strong dependence context, it is unclear that these methods work, because
of the technical problems described after theorem 2. Hence we have chosen the model
selection approach, which on one hand is inefficient because of the constant x, but on the
other hand is easy to prove since it only involves a standard chaining argument.

4 Conclusion

The objective of this paper was to obtain a data-driven estimator of the spectral density
[ = e¥*" of a Gaussian stationary process, where d € (—1/2,1/2) and [* belongs to a
certain functional class F*. The case d = 0 corresponds to weak dependence and d > 0
to strong dependence. We have shown that the log-periodogram regression estimator is
rate optimal in various classes, and that its adaptive version is also rate optimal. We
have also found the exact asymptotic minimax risk when [* € A(y, L) for some v > 0 and
L > 0, and shown that the log-periodogram regression estimator is quasi-efficient. Some
problems remain open.

e The exact asymptotic minimax risk must be computed for the Sobolev ellipsoids
S(B, L) when d # 0. The standard techniques have failed to produce this because of
the special role of the function g in the regression.

e [s exact adaptation up to the constant possible when d # 0 ?

In order to answer to these questions, it might be of interest to consider first the following
regression problem
Ent = dg(t/n) +1°(t/n) +1ns, 1<t <n,

where (1,+)1<t<n is a triangular array of i.i.d. r.v.’s with zero mean and known variance
and [* is an even smooth function on [0, 1]. The conclusions derived from this model could
probably be applied to the problem of log-periodogram regression, even though they are
not equivalent since the noise sequence (€, ) is not asymptotically uncorrelated in the
strong dependence context.
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5 Technical material

Functionals of the periodogram (tapered or not) of a Gaussian process are functionals of
the discrete Fourier transforms which are jointly complex Gaussian vectors. Hence the
basic tools to study these functionals are covariance bounds for the discrete Fourier trans-
forms computed at the Fourier frequencies. Such bounds were first rigorously obtained
by Robinson (1995a,b) and Giraitis, Robinson and Samarov (1997,2000) in the context
of local estimation of the memory parameter d. Under the assumptions of this paper,
they were obtained by Moulines and Soulier (1999) in the non tapered case and Hurvich,
Moulines and Soulier (2000) in the tapered case. These bounds are then used in connec-
tion with general moment bounds for functions of Gaussian vectors. Such bounds have
been investigated for a long time, but their interest was revived by the study of long range
dependent Gaussian processes, in the time domain as well as in the frequency domain.
Moment bounds for functions of Gaussian variables were obtained by Taqqu (1977), and
generalizations to Gaussian vectors were obtained by Arcones (1994) and Soulier (1998).
In the context of adaptive estimation, exponential inequalities are a fondamental tool.
Such inequalities for tapered log-periodogram ordinates were first obtained by Giraitis,
Robinson and Samarov (2000) under different assumptions related to local estimation of
the memory parameter d, and adapted to the present context by Iouditsky, Moulines and
Soulier (2001) and Hurvich, Moulines and Soulier (2000). We summarize the tools used
in this paper in the following Theorem, adapted from the previous references.

Theorem 4 Let M > 0, and 6 € [0,1/2). Let F* be a compact subclass of L*(M). Let
(X1)iez be a stationary Gaussian process with spectral density given f = et with |d| < §
and I* € F*. There exists a constant C (6, F*) such that for all1 <k < j < K,,

lcov(er, ¢j)| < C(8, F)ri(k, j), (5.1)
E[ex]| + [E[e] — ' (m)| < C(6, F*)ra(k, k +1) (5.2)
with
. log(j)k 1l jldI=1 (ordinary periodogram,)
Td(],k) = 1y - 9/ . |d| .
k=g —k)2(3/k)'“,  (tapered periodogram)
In the case of the tapered periodogram, if o, wui,--- ,uk, are real numbers verifying
kK£1 ui <1 and a maxi<p<r, |ux| < 1/6, then
Kn
E[exp{aZukek} < C(9, f*)63¢l(m_1/2)a2. (5.3)
k=1
5.1 Proof of Theorem 2
Let L, denote the linear span in RnK of the wvectors g, hg, -+ ,hy,—1 and let II, denote

the orthogonal projection operator on L,. Define Y, = (Y, 1, ,Yn,Kn)T and €, =
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(€n1,--- ,enyKn)T. With these notations, we obtain Y,, = + ¢, and

~

L, =11,Y, =1Ll + 1€,
and, II,, being an orthogonal projector,
h 27 2 2
Efllty = U] = 10 = Ttl5 + Bl Tpen]ly]-

We now bound separately the bias and variance terms above.

Proposition 5.1 Let § € [0,1/2) and M > 0. Let X be a stationary Gaussian process
with spectral density f = e with |d| < 6 and I* € L*(M). There exists a constant
C(0,F*) such that for allp=1,--- | K,/6,

|E[| e, ||2] — 2 (m)pK,, | < C(6, F*)plog® (Kn) K, .

n

Proof of Proposition 5.1 For a positive integer p < K,,, denote h(_pi =|lg — Z?;é <
g, hj > hjlln 1 {g — Z?;é < g,hj > h;}. Note that h(_pi depends on n and p, but for

short, the dependence in n is omitted in the notation. Then {h(_pi,ho, -+ hp_1} is an
orthonormal basis of L,. Hence we get

p—1
IMpenlls = > < hjen >
j=—1

For any function u, denote |u|oe = maxi<p<k,, |u(yx)|. For j = —1,---,p — 1, applying
Theorem 4, we get

IE[< hj,en >%] = 20 (m) K, | < C(8, F*) |12 log" (Kn) K, 2,

with r = 3 in the case of the ordinary periodogram and r = 1 in the case of the tapered
periodgram. By definition, for j > 0, |hj|e < 7~1/2 and using the bounds obtained in
the proof of Proposition 3.1 in Iouditsky Moulines and Soulier (2001), it is easily seen that
for p < Kn/6>

) |oe < P2 log(K). (5.4)

The proof of Proposition 5.1 is then concluded by summing the previous bounds.

Proposition 5.2 For any L >0, > 1/2 and v > 0,
. 28 9 2
limsup sup n2+ |1 11, (g )l < L2+,
n—oo *eS(B,L)

lim  sup nlog~!(n)||l — Hpn(,y)lHi =0.
00 1xc A(y,L)
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Proof of proposition 5.2 Recall that l~p = Il and denote [; = Z;”;p O;hj. By defini-
tion, for any p < K, TI,,(I — 1) = 1 — [}, hence
1= Lol = 1= Tl = 118y = Tl < el < N1+ (151l = 12511

If h is an even function defined on [—m, 7], let h, be the even step function defined on
[0, 7] as
K

hn(z) = Z h(yk)l{yk71§x<yk}7
k=1

where we have defined yo = 0. With this notation, we get ||h|, = |||, and
(1Al = 1801 = [l = 1A]] < [ = Bl
If h e S(B,L) for some > 1/2 and L > 0, then it is known that
[hn — R[> < C(B,L)n~".
If I* € S(B, L), this implies that
1= lplln < Nl +C(8, L)t < L2p~*7 + C(B3, L)n~".

2 1
Setting p = [L28+1n28+1] yields

- —28 —206
J = ll < LFFARE 4 C(8, Lin~" = LFF 024 (14 o(1)).

If I* € A(v, L), setting p = [log(n)/2v] yields
= lplln < 11+ C(B, L)n~! = O(n™).

This concludes the proof of Proposition 5.2. Theorem 2 is a straightforward consequence
of Propositions 5.1 and 5.2.

5.2 An exponential inequality

As usual in adaptive estimation, the main tool to the proof of Theroem 3 is an exponential
inequality. In the sequel, we consider only the tapered periodogram, since the basic tool
is the exponential inequality (5.5). Recall that Z(u) =< u, e, >= 27K, * ch{:"l €n k-

Proposition 5.3 Let 6 € [0,1/2) and M > 0. Let F* be a compact subclass of L*(M).
Let X be a stationary Gaussian process with spectral density f = e@9+" with |d| < § and
I* € F*. There exists a constant C(6,F*) such that for all z > 0, all 1 < g < K,,/6 and
all w € By, it holds that

P (Z(u) > omyT + g x,2) < C(5, F*)e e, (5.5)

with o2, = 241’ (m — 1/2) and ry x = 4n(q + 1)"/?log(K).
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Proof of Proposition 5.3 Set 72, = 3¢/(m — 1/2). If a < 1/6|u|, (5.3) obviously

implies that
Ky

Elexp{ay  ugpex} < O(8, F*)emme’/(1=30lulx),
k=1

Hence, for any a < 1/6|u|s and any A > 0, it holds that

Kn
P (Z uper, > A) < O(8, F*)eoMmna’/(1-3alulc)
k=1

It is possible to choose a = A/(272, + 6|u|x\) < 1/6|u|co, and this choice yields, for any
A >0,

KTL
P <Z Up€p > A) < (9, f*)e—AQ/(4T%+3IU\mA)_
k=1

For z > 0, let A = 27,,\/= + 3|u|oox. The previous bound becomes

Kn
P (Z Uper > 2TV + 3\u|oo:v> < C(6, F e ™.

k=1

If ||v]|, = 1, then ZkK:n1 v,% = K, /27, hence, defining u = \/27r/—Knv, we get Zfznl uz =1,
V27 [ K |0|oo = ] and Z(v) = /27K, S0r, upen - Hence

Kn
P (Z(v) > 2T/ 212/ Ky, + 67r|v\oo:):/Kn}) =P (Z Uk€r > 2T /T + 3!uoox> < C(6, F*)e@.
k=1

Setting y = z/ K, yields, for all v such that ||v], =1,

P (Z(v) > 2T/ 2Ty + 47T|v|ooy> < C(6, F*)e Eny, (5.6)

Recall now that v € B, means that v is a function in L,, 7.e. v can be expressed as

971, 0;h;, and such that

[\)

K
s
ol = 22 7 v%(w) = 1.

k=1

The orthogonality properties of the functions h(_q%, ho, - ,hg—1 imply that |[v]|2 can also
be expressed as

q—1
ol = 3 62
n J

j=—1
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Thus, v € By implies that Z?;ll 9?- = 1, and by Holder inequality, Z?;il 10,] < (g+1)V2.
Applying (5.4) and the fact that if K, > 2, then log(K,) > 7~ /2, we now obtain

q—1 a2
oo < 37 1051110 < 10-111A Y e + 7123 |6
j=1 7=

q—1
<log(Kn) > 10;] <log(Kn)(g+1)"2.
j=—1

Recalling that o2, = 247y (m — 1/2) = 8x712, and r,x = 67(q + 1)"/?log(K), we get for
all v € By,

P(Z(v) > om\y +Tq.K,Y) <P (Z(v) > 2T/ 27y + 67r|v|ooy) < C(8, F*)e Kny,

This concludes the proof of Proposition 5.3.

5.3 Proof of Theorem 3

The proof of Theorem 3 is adapted from the proof of similar results in the context of
regression with i.i.d. noise (see for instance the proof of Theorem 3.1 in Baraud et al.
(1999)). For short, denote p = p(k), pen(p) = 2wky’(m)p/K,, and [, = II,l. Denote
<, > the scalar product associated to the norm |||, (we omit the index n in the notation).
Since for any fixed p, [, is the OLS estimate of dg + Z?;é 0;h;, by definition of p, for all
1 <p <p;, it holds that
1Ys = Lpll7 + pen(p) < [|Ya = bll7 + pen(p) < [[Ya — Bl + pen(p).

Since Y,, = [ + €,, it follows that

L= Gl15 < 11 = Tpl17 + 2 < eny I — I > +pen(p) — pen(p),
=l = Dl2 +2 < en,l — 1y > +2 < €n, 1 — Iy > 42 < €y, 1, — | > +pen(p) — pen(p)
<= Bl + 20l — Iplln Z (@) + 2Z(1 — 15) — 2Z(1 — I,) + pen(p) — pen(p),

where we have defined for all u € R%» (or any function u identified to a Kp-dimensional

vector as explained above) Z(u) =< u, €, > and w(p) = ||l; — l3|l,* (l5 — l5). Note that by

definition, ||w(p)|[, = 1. For any a > 0, it holds that 2ab < aa? + a~tb?. Applying this
inequality to 2||l; — l5||nZ(w(p)) yields
L= Tll% < 2= BplI7 + ality = GlI7 + o~ 2% (w(p))
+ 2Z(1—13) — 2Z(1 — I,) + pen(p) — pen(p)
=1L = Lpll% + alll = Bsl17 = alll = 1]17 + o™ 22 (w(®))
+ 2Z(1— ;) — 2Z(1 — I) + pen(p) — pen(p),



Adaptive estimation of the spectral density 16

whence

(1= a)lll = igll5 <l =Tl + pen(p) + o' Z2(w(p))
| —

+ 2Z(1— 1) — all = lsl5 — 2Z(1 — L) — pen(p). (5.7)

We will prove in Lemmas 5.1, 5.2 and 5.3 below that there exist constants C(d, F*), C,
and D}, (which depend only on their arguments) such that
E[{Z*(w(p)) — CrpK, ' }1] < C(6, F) K,
E[{Z( - 1) — @/~ I - D/ (oK)} ] < 0O F) K,
2E[Z(1— )] < 1= Bll7 + O, F) K,
Using these bounds, Eq. (5.7) becomes

(1= @)E[[[ = I3[I2) < [l = L7 + pen(p)
+207 ' E[Z(w(p))? — CppK, '] + E[2Z(1 — 1) — alll = )17 — Dyp/ (akn)]
—2E[Z(l — I,)] + E[—pen(p) + a~1(2C}, + D} )pK, ] + C(6, F K, "
< 2|l — l~p||721 + pen(p) + C(6, .7-'*)[(7:1 + E[—pen(ﬁ) + oz_l(QC’;; + D;)ﬁKgl].

Choosing a = 1/2 and k = (2C}, + Dy,)/(wy'(m)) yields,
E(lll — I]17] < 411 = blI% + 2pen(p) + O (6, F) K,

Since the left hand side above is independent of p, the right hand side can be minimized
in p, which concludes the proof of Theorem 3.

Lemma 5.1 Let § € [0,1/2) and M > 0. Let F* be a compact subclass of L*(M). Let X
be a stationary Gaussian process with spectral density f = e with |d| < § and I* € F*.
There exists a constant C(0, F*), and a constant C};, such that

E{Z*(w(p)) — ChpK, '} < C(6, FHK, .

Proof of Lemma 5.1 For ¢ < K,,, let B, denote the unit ball of L, for the norm ||.||,.
Denote

Z(q) = sup Z(u).
u€ By
Since by definition ||, — Iy[l; (I — Iy) € By, then for all ¢ < K, Z([|ly — Iy]l; Iy — 1)) <
Z(q). We now use a chaining argument sometimes referred to as the “peeling device” (cf.
Van de Geer, 2000) to obtain an exponential inequality for Z(q). For any &y €]0,1] and
any k > 0, set 8 = 002 %. For all k > 0, B, can be covered by a collection of at most
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(3/0x)9 balls {B(u, i), u € T}, } with center v € B, and radius 0y, (see Van de Geer (2000),
Lemma 2.5). Any u € B, can then be expressed as

u=ug+ Zk>1(uk — Ug_1),

with ug € Ty and ||z —ug||, < Ok, which implies that o < [Jur —uk—1||n < Ik +dk—1 = 30k.
Let © = (xp)reny be a sequence of real numbers to be precised later and define n, =
Om/Tk + Tq.K, Tk and v = (10 + Y _p>1 30k7Mk)-

P(Z(q) > v) <P (Vk €N, 3wy € Th, Z(uo) + Y, Zlux — ) > o))

<2 ey PEO) > 00+ 3D ety e fuolss, FE = 0) > 30kmk).

Applying Proposition 5.3, we get
Vu € Ty, P[Z(u) > no] < C (5, F*)e Kno,
and for all u € Ty, and w € Tj_; such that ||u — w||,, < 3d,
P[Z(u —w) > 30km] < P[Z(|Ju— wll7 (u —w)) > m] < O, F*)e™ .
Since T}, has at most (3/6y) elements, denoting Hj, = ¢qlog(3/dx), we obtain

P[Z(q) > v] < C(6, F)eomfnto - C(6,F7) Y efltleafom,

For £ € Ry, k € N* and g € N*, define K,,xg = Hyo+q+&, Kpxp = Hp+Hp_1+(k+1)(g+£).
We now obtain

P[Z(q) > v] < C(8, F*)eMoFnmh 4 C(6,F*) Y~ Mt Himr=Knr
k=1
C(6, 7)Y e Mt = (5, Fr)e @) /(1 — e @) < (5, F¥)e W) /(1 — 71,
k=0

We must now evaluate v in terms of k and ¢. By definition, Hy = qlog(3/do) + kqlog(2),
and the series Y -, kdj is summable, hence we can write

U(TI) < A(50)(0m V Q/Kn + TqJ(TLQ/Kn) + 3(50)(0m V S/Kn + Tq,KnE/Kn)a

where A(dp) and B(dp) can be computed explicitely and minimized with respect to dy. For
short, we just choose §p = 1 and a rough evaluation yields

v(n) < 32{omV/q/Kn + 741,90/ Kn} + 15{om/§/Kn + 74 Kk,8/Kn}.

By definition of ry i, and since it is assumed that ¢ < V' K,,/log(K,), we further get

v(n) < 32(0m + 1)V aq/ Ky + 15{om &/ Kn + 1.k, &/ Kn}.
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We have obtained

P(Z(q) > 32(1 + 0m)Va/ Kn + 16{om €/ Kn + 74,1,6/Kn) < C(6,F)e™ "¢ (5.8)

Denote C, = 2048(1 + 0,,)%. By linearity and symmetry, Z(q) is a non negative random
variable, hence

E[{Z2(q) - Coak; '} ] = /O TB(22(q) - CrgKt > v)dv

_ /OOO]P’(Z(q) > \/Crak +v)d
< [T > 20+ o) Vil + VoD

Set a = 150, /K, and b = 157, i, /Ky, and v = 4a*¢ + 4b%¢ in the last integral above.
Applying (5.8), we get

B{22(0) - Crak '} < [ B(2(0) > 320+ on) VaT + Voo

0

/OO P(Z(q) > 32(1 + 0m)V @/ Ky + ay/€ + bE) (4a? + 8b%€)dE
0

IN

< C(6, F et / e~¢(4a® + 8b%¢)dE.
0
By assumption, if ¢ < p}, then rg’ K, < Kp, hence we conclude that
E[{Z%(q) — CpaK, '} 7] < C(6, F)K, e
Summing these bounds over ¢ yields
j2 ~ N
E[{Z%(w(p)) - Cpk, 1] < 3B [{23(g) - Gk '}
q=1
<CO,FHK,NY e < C(6, F)K,

g=1

Lemma 5.2 Let 6 € [0,1/2) and M > 0. Let F* be a compact subclass of L*(M). Let X
be a stationary Gaussian process with spectral density f = e with |d| < § and I* € F*.
There exists a constant C(0, F*), and a constant D}, which depends only on m such that

E[{Z( — 1) = (a/2)ll = lI2 = D/ (@)} | < O, 7K
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Proof of Lemma 5.2 For any non negative integer ¢, define vy = ||l —I,|,* (1 — ;). For
x > 0 and € > 0, it holds that

10— 1412 + 22 L= 112 + 22
P(Z(—-1 —0 | <P(Z — 1 ) <P(Z .
< ( q) > € 2.%' — (Uq) > € 2(13”[ - qun = ( ('Uq) > 6)

Choosing = = €/« and € = 0p,\/y /27 + 14 K,y for some y > 0 and applying (5.6) yields
P (20— 1g) = (/21 = lg]2 > a7 (0mv/5/27 + [vgloct)?) < C(6, )5,

where |v|oo = maxj<p<k, [V(yr)|- If [|v]|n, = 1, then it necessarily holds that |v]ee <

/Ky /27 Choosing K,y = 2m/q + € for ¢ > 1 and € > 0 yields

P (Z(—1g) = (/2L = lg]2 > a7 (om(g+ )4 + 2mlg + §)°K, 1) < C(6, F)e VT,

Define now D, = (V21 + 0,,)%. Since ¢ + & > 1, the previous inequality implies that
P(2(1—1g) = (/)1 = 1g]I7 > o ' Di(g + O K, ') < O3, Fr)e Vare,

Integrating and summing this bound finally yields

E[{26) ~ (/2 - 412 - Dppf(akin)} | < 067K

Lemma 5.3 Let § € [0,1/2) and M > 0. Let F* be a compact subclass of L*(M). Let X
be a stationary Gaussian process with spectral density f = e with |d| < § and I* € F*.
There exists a constant C(0, F*),

2AE[Z(1 = D)l < |l1 = bll7 + C6, F) K

Proof of Lemma 5.3 Applying Cauchy-Schwarz inequality and the bound (5.2),

K
2 n

2E(Z(p)]| = 2E[< en,l = b ]| < 1= Bl + 2 > Exlens] < 11— bl12 + O, F)EG
" k=1

6 Proof of Theorem 1

We follow here the proof of Theorem 3.2 in Belitser (2000). Apart from Lemma 6.1 below,
there are no significant differences, so we omit most technicalities.
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Let A be a continuously differentiable probability density function on [—1, 1], such that
A(=1) = A1) = X(—1) = X(1) = 0 and with finite information :

1
I = /_ (V(2))2/A\(@)dz < oo,

1

Let (pn)n>1 be a non decreasing sequence of integers, such that for all n, p, < K, let m;

1 < j < p, and R be positive real numbers and let 6,, = H?Ql[—ij, Rmy].

Let A be the probability density function on ©,, defined as

Pn

A(z) = [ [(Rmy) " AM(Rmjz;).
=1

Let © denote either S(, L) or A(v, L) and r, = inf; supgee Eol/|0 — 0/|2]. In the sequel,
we identify a sequence 6 = (theta;);>o with the function » .-, 6;h;. The orthonormality
properties of the h;’s yield that for any
o0
10012 =>_(0; - 0;)?,
=0
and if 0; = 0, = 0 if j > Kj, then it also holds that || — 0|2 = > o0 — 6;)?. Hence

we have
o0

Tanf/ ZEg (6; — 0;)*>A(d9) = inf /Z 0(0; — 0,)>A(d9)
0n€O, JO
> inf / Eq(6; — 0;) — sup / Eo(6; — 0;)?A(d6)
0n€®n n jz;) Gne®n n\@ Z

2
_6:2(;21@0 0;)? — 4R?A(©,,\ ©) ;mj,
where the infimum inf; is taken over all possible estimates of ¢ based on a realization
{X1, -+, X,} of a stationary Gaussian process (X;)icz with spectral density ele By de-
notes the distribution of this process, and E denotes the joint ditribution of (6, X') when
the distribution of 6 is A.

Applying the Van Trees inequality (cf. Gill et Levit (1995)), we get

R 1
E(0; — 6,)* > —,
T TR0 4 m; T

where I,,(6;) is the j-th diagonal element of the Fisher information matrix of the distri-
bution of the vector (X1, -, X,).

The only difference with the proof of Theorem 3.2 of Belitser (2000) lies in the evalu-
ation of I,,(6;). We state it as a Lemma whose proof is postponed.
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Lemma 6.1 Assume that there exists a integer s such that lim,_ nz/spn Z§l1 mj2 =0.
Then, uniformly with respect to 6 € ©,, and 1 < j < py, it holds that

I,(85) = (4m) " tn(1 + o(1)).

Using this bound, we now obtain

47[_ Pn m2 Pn
n > — J — 4R?A(0,,\ © 2, 6.1
= ;m§(1+o(1))+4m/n (On ) );m] (61)

If © = A(y, L), then assumption Fy of Theorem 3.2 of Belitser (2000) holds. Hence we
can choose R = 1, p, = {log(n) — loglog(n)}/2y and

s _dn(l— ¥ /y/m)

m’:

J V/nevi ’

Then the assumption of Lemma 6.1 holds, ©,, C © for large enough n and

1 <7< pn

4 & m? Amp, AT o 4rTy 4dmpy,
— = - — = O(1/n).
n o mj2-(1+0(1))+47rl,\/n n n ;nm?(1+o(1))+4wl)\ n +0(1/n)

Altogether, this yields r,, = %ﬁ(n)(l +o(1)).

If ® = §(0, L), tehn the assumption of Lemma 6.1 holds. Assumption F; of The-
orem 3.2 of Belitser (2000) also holds, and this allows to choose p, = {L*(8 + 1)(28 +
1
D)n/(4m3)} 2541,
4 (1 — p,”5%) .
2
mj=——F7_—"—"", 1<j<pn,

! npn" j°

and for any € > 0, we can choose R = R, and the measure A in such a way that I, <1+e€

and
Pn

A(©n\©)) mj = o(n /O,
Jj=1

(cf. Belitser (2000), pp. 71-72 for details). Similar computations also yields that

i - m; L A §- m3
n m3(1+o0(1)) +4nly/n ~ n(l+e) = m3(1+o(1)) + 47 /n

)

dn  ~1-pai? _PB.L)

> n — ’ —268/(26+1) (1 1)).
_n(1+6); 7 o(1) " (1+0(1))
Since € is arbitrary, we conclude that 7, > P(8, L)n~2%/(8+1)(1 4 o(1)). This concludes
the proof of Theorem 1.
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Proof of Lemma 6.1 Let X(0) denote the covariance matrix of the Gaussian vector
(X1,-++,Xp)T. The Fisher information matrix I,(f) has diagonal elements I,,(6;) given
by

In(gj) = %tr {(2(9)_189j2(9))2} .

For a given integrable function ¢, let T,,(¢) denote the n-th order Toeplitz matrix of ¢,
with entries

Ta(@)uw = ¢( )el e, 1< u,v<n.

Let J,, denote the n-dimensional 1dent1ty matrix and hy = e —1—0. With these notations,
we can write

2(0) = Ty () = T,(1 4 0 + hg) = 21y, 4+ T (0) + T (he).

Recall that the spectral radius p(A) of a symmetric matrix A = (A4; j)1<i j<q is the greatest
eigenvalue of AAT, and that it is bounded by max;<;<, 23:1 |A; j|. We will also use the
following properties : for all symmetrix matrices A and B, it holds that

p(AB) < p(A)p(B), tr(AB) =tr(BA), |tr(AB?) < p(A)tr(B?). (6.2)

Let p, () denote the spectral radius of W, (0) := (27)712(0) — J, = (2m) 1T, (e? — 1). If
pn(0) < 1, then S74(0) = (2m)71(J, + Vi (0)), with Vi, (0) = S°52,(—=1)kWk(0) and the
spectral radius of V,,(0) verifies p(V;,(0)) < pn(0)/(1 — pn(0)). Hence, using the properties
(6.2)

Ar*tr {(S71(0)0p,2(0))* } = tr { (0, 5(0))} + 2tr {Vp(p,£(6))* } + tr { V57 (s, (0))*}
= tr {(9;2(0))*} (1 + O(pn(9)))- (6.3)

Note now that 9p,3(0) = 0, Tn(e %) = T,,(hje?). Applying the Parseval-Bessel Theorem,
we get

2 20(x _ i 20(x
hi(z)e @) dy —n(1+o(1))/ 2@y,

—T

(T2 (h;e)) = 2en(1 + o(1)) / i

—T

By definition, if 8 € ©,,, then

Pn
16]loc < 712 "my = o(1),

j=1

uniformly with respect to § € ©,, under the assumptions of Lemma 6.1. Hence lim,, . | fﬂ e

2w, and 0, X:(0) = 27n(1 + o(1)).

We must now prove that lim,,_,. p,(6) = 0, uniformly with respect to 6 € ©,,. Denote
Ye(0) = (2m) 7! [7_(e? — 1)e’dx. With this notation, we get

n—1
0) <> In(6)
k=0

20(2) Jp —
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Let s > 3 be an integer. A Taylor expansion of the function z — (e* — 1) up to the s-th
order yields

(0 f9k+z / 0" (x ““d:n+/ )’ da,

where |rg o] < |0]%¢ll. If € ©,, then

[0lloc < 7~ I/QZm < /%1,
7j=1

where we have defined 72 := ?Zl m? Also, for r > 1, 0" is a trigonometric polynomial of

degree at most rp,, thus ffﬂ 0" (x)e**dx = 0 if k > rp,. Let C denote a generic numerical
constant whose value can change upon each appearance. By the Parseval-Bessel inequality,

/ gr( ) zkxdx

The last term in the expansion is bounded by

/ ro.s(x)e R g

Z 7(0)] < Cpp/ 2 + Cnpl/*n = o(1),

n

D

k=1

< Cp1/2||92r|| < Cp1/2 r— 1”02” < Cpl/Q

n

D

k=1

Pn
< CanJ < Cnps/*n
7j=1

Altogether, we get,

uniformly with respect to 9 € O, under the assumptions of Lemma 6.1. This concludes
the proof of Lemma 6.1.

Acknowledgement [ thank the anonymous referee for his very valuable comments that
greatly improved this paper. All remaining errors and shortcomings of the paper are
obviously mine.
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