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Abstract

We introduce a wavelet-based model of local stationarity. This model enlarges the class of
locally stationary wavelet processes and contains processes whose spectral density function may
change very suddenly in time. A notion of time-varying wavelet spectrum is uniquely defined as
a wavelet-type transform of the autocovariance function with respect to so-called autocorrelation
wavelets. This leads to a natural representation of the autocovariance which is localised on scales.
One particularly interesting subcase arises when this representation is sparse, meaning that the
nonstationary autocovariance process may be decomposed in the autocorrelation wavelet basis
using few coefficients. We present a new test of sparsity for the wavelet spectrum. It is based
on a non-asymptotic result on the deviations of a functional of a periodogram. The power of
the test is discussed. We also present another application of this result given by the pointwise
adaptive estimation of the wavelet spectrum. Properties of this estimator in homogeneous and
inhomogeneous regions of the wavelet spectrum are studied.
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1 Introduction

The spectral analysis of time series is a large field presenting a great interest from both theoretical
and practical viewpoints. The fundamental starting point of this analysis is the Cramér repre-
sentation, stating that all second-order zero-mean stationary process X;, t € Z may be written

X = / A(w) exp(iwt)dZ (w), teZ, (1.1)
[—m,m)

where A(w) is the amplitude of the process X; and dZ(w) is an orthonormal increment process, i.e.
E(dZ(w),dZ(pn)) = do(w — ), see Priestley (1981). Correspondingly, under mild conditions, the
autocovariance function can be expressed as

ex (1) = /[_ )fx(w) exp (iwT)dw,

where fx is the spectral density of X;.

There is not a unique way to relax the assumption of stationarity, i.e. to define a second-order
process with a time-depending spectrum. However, this modelling is a theoretical challenge which
may be helpful in practice, since a lot of studies have shown that models with evolutionary spectrum
or time-varying parameters are necessary to explain some observed data, even over short periods
of time. Examples may be found in numerous fields, such as economics (Swanson and White, 1997;
Los, 2000), biostatistics (Ombao et al., 2002) or meteorology (Nason and Sapatinas, 2002) to name
but a few.

Among the different possibilities for modelling nonstationary second-order processes, we can
emphasize the approaches consisting in a modification of the Cramér representation ([1]). Different
modifications of ([LT]) are possible. First, we can replace the process dZ(w) by a nonorthonormal
process, leading for instance to the harmonizable processes (Lii and Rosenblatt, 2002). A second
possibility is to replace the amplitude function A(w) by a time-varying version A;(w) and assume a
slow change of A;(w) over time. Such approach is followed to define oscillatory processes (Priestley,
1965).

However, a major statistical drawback of the oscillatory processes is the intrinsic impossibility to
construct an asymptotic theory for consistency and inference. To overcome this problem, Dahlhaus
(1997) introduced the class of locally stationary processes, in which the transfer function is rescaled
in time. In this approach, a doubly-indexed process is defined as

t
Xer = / A (f,w) exp(iwt)dZ(w), t=0,....,T—1, T>0, (1.2)
[771-77‘.)

where the transfer function A(z,w) is defined on (0, 1) X [—m, 7). Dahlhaus (1997, 2000) investigated
statistical inference for such processes, with a discussion on maximum likelihood, Whittle and least
squares estimates, and showed that asymptotic results when 7" tends to infinity can be considered.
However, in this setting, letting 7" tends to infinity has not the usual meaning of “looking into the
future”, but means that we have in the sample Xo r,..., X7_1 7 more information about the local
structure of A(z,w). This formalism is analogous to the nonparametric regression problems, for
which “asymptotic” means an ideal knowledge about the local structure of the underlying curve.
In this article, we focus on a class of doubly-indexed locally stationary processes defined by
replacing the harmonic system {exp(iwt)} in ([CLZ) by a wavelet basis. By this way, we move from a
time-frequency representation to a time-scale representation of the nonstationary process. Because
wavelets systems are well localized in time and frequency, they appear more natural to model the



time-varying spectra of nonstationary processes. Indeed, by the uncertainty principle, allowing the
spectrum to be time-varying implies that we lose resolution in the frequency domain. As wavelets
decompose the frequency domain into discrete scales, they offer a well-adapted system to achieve
the trade-off resolution between time and frequency (Vidakovic, 1999).

The class of locally stationary wavelet processes studied in this article was initially introduced
by Nason, von Sachs and Kroisandt (2000). Their definition of wavelet processes involves a time-
varying amplitude which is smoothly varying and continuous as a function of time. One first goal
of this article is to extend this definition to the the case of time-varying amplitudes with possibly
discontinuous behaviour in time. This adds some technical difficulties in the proof of our results
but we believe the gain due to this extension to be crucial. Our new definition now includes more
important examples of nonstationary processes. For instance, this extension of the definition is
needed if we wish to model a nonstationary process built as a concatenation of different stationary
processes. Moreover, wavelet processes can now be used for the analysis of intermittent phenomena,
such as transients followed by regions of smooth behaviour.

Our definition of wavelet processes is presented in Section B, where we also define their evolu-
tionary spectrum. This spectrum is a function of time and scales, and measures the power of the
process at a particular time and scale.

In Section Bl we recall that the simultaneous localisation of wavelets in time and scale leads
to possibly very sparse representations of evolutionary spectra. A precise explanation of this phe-
nomenon is given in Section B, but we want now to mention that by “sparsity”, we mean that
only few segments of the time-scale spectrum are nonzero. This knowledge is important for the
exploratory analysis of nonstationary signals, because, at a given time, the analyst can focus on
active scales only. Moreover, a scale may be active (i.e. nonzero) at a given time and not active at
an other time, and this evolution corresponds to physical changes in the process.

We derive a test statistic, based on a functional of the so-called wavelet periodogram. The
test statistic is actually a quadratic form of the increments, which are assumed to be Gaussian,
and the test rule is provided through a nonasymptotic result on the deviation of the quadratic
form of Gaussian processes. However, the variance of the test statistic depends crucially on the
unknown spectrum, and we present a pre-estimator of this nuisance parameter. Finally, we establish
a nonasymptotic approximation of the distribution of the test statistics. This approximation is
constructed with our pre-estimator of the variance. A theoretical study of the power of the test
concludes Section Bl In particular, we discuss the consistency and the local alternatives of the
proposed test procedure.

In the following Section Hl, we show how the result of Section Bl may be useful for other tasks, as
the pointwise adaptive estimation of the wavelet spectrum. In this section, we derive an estimation
procedure following the local adaptive method of Lepski (1990). The behaviour of this estimator
is briefly studied in the case where the evolutionary wavelet spectrum is regular or irregular near
the point of estimation.

Finally, some possible applications and extensions are presented in Section B The proofs are
deferred to appendices. In particular, Appendix [A] derives some properties of the autocorrelation
wavelet system, which are of independent interest.

2 Locally stationary wavelet processes

The wavelet system used to build locally stationary processes is a non-decimated system of com-
pactly supported and discrete wavelets. We first briefly recall some points about this system of
wavelets, and then give a definition of the wavelet processes and wavelet spectra.



2.1 Nondecimated wavelet system

The local basis functions used in the representation of LSW processes are a set of discrete non-
decimated wavelets {1, j = —1,-2,...;k € Z}. We refer to Vidakovic (1999) for a review on
wavelet theory and its applications in statistics, and to Nason and Silverman (1995) for a detailed in-
troduction to the non-decimated wavelet transform. Let us simply recall that, in contrast to the dis-
crete wavelet transform, the discrete non-decimated wavelets at all scales j < 0 can be shifted to any
location defined by the finest resolution scale, determined by the observed data. As a consequence,
this construction leads to an overcomplete system of the space of square summable sequences £2(Z).
The wavelets considered in this article are assumed to be compactly supported in time and we will
denote by L; the length of the support of 0, i.e. L; := |supp¢jo|. Straightforward consequences
of the non-decimated wavelet system imply that |supp x| = £; = (277 — 1)(L_1 — 1) + 1 for all
j < 0. Observe also that, as in Nason et al. (2000), we departed from the usual wavelet numbering
scheme. The data live on scale zero, and scale —1 is the scale which contains the finest resolution
wavelet detail. Then, the support of the wavelet on the finest scale remains constant with respect
to T.

For ease of presentation, recall the simplest discrete non-decimated system, called the Haar
system, given by

wj()(t) - 2‘7/2]:[{0717“.’2—]'—171}(t) - 2‘7'/21[{2—]'—17“.72—]'71}(11,) fOI' j — —1, —2, ce a.nd t S Z,

where [ 4(t) is 1 if ¢t € A and 0 otherwise. The shifted version of 1;o(t) is given by ;5 (t) = ¥jo(t—k)
for all k € Z.

2.2 The process and its evolutionary wavelet spectrum

As we will note below, our definition of locally stationary wavelet processes differs from the original
definition of Nason et al. (2000) as we only impose a total variation condition on the amplitudes
instead of a Lipschitz condition.

Definition 1. A sequence of doubly-indezed stochastic processes X¢r (t =0,...,T—1,T > 0) with
mean zero is in the class of locally stationary wavelet processes (LSW processes) if there ezists a
representation in the mean-square sense

171
X = Z Z Wik Yik(t) ik, (2.1)

j=—o00 k=0

where {11 (t) = Pjo(t — k) } i with j <0 is a discrete non-decimated family of wavelets based on a
mother wavelet 1(t) of compact support, and such that:

1. & is a random orthonormal increment sequence with B, =0 and Cov (§;k, &em) = 050 Okm
for all j, 0, k,m, where d;0 = 1 if j = £ and 0 elsewhere;

2. For each j < —1, there exists a function W;(z) on (0,1) possessing the following properties:

(a) Z];l_oo [W;(2)|* < oo uniformly in z € (0,1),

(b) There exists a sequence of constants C; such that for each T

k

C.
Wi — W} (;) 1 <% (2:2)

sup
k=0,...,T—1




(c) WJ.Q(Z) is bounded by L; in the total variation norm, i.e.

I

™V (Wf) = sup {Z ‘W]-Q (a;) — Wj2 (ai—1)|:0<ap<...<ar<1,I€ N}
i=1

i (2.3)

(d) The constants C;j and L; are such that

<L

—1
Y Li(LLi+Cj) <p< o (2.4)

j=—00
where L; = |suppjol = (277 —1)(L_; — 1) + 1.

LSW processes use wavelets to decompose a stochastic process with respect to an orthogonal
increment process in the time-scale plane. Due to the overcompleteness of the non-decimated basis,
LSW processes are not uniquely determined by the sequence {wj;,r}. However, we can build a
theory which ensures the existence of a unique wavelet spectrum. This property is a consequence
of the local stationarity setting which introduces a rescaled time z = t/T € (0,1) on which W;(z) is
defined. The rescaled time permits increasing amounts of data about the local structure of W;(2)
to be collected as the observed time T tends to infinity. Even though LSW processes are not
uniquely determined by the sequence {wji.r}, the model allows to identify (asymptotically) the
model coefficients determined by uniquely defined W)(z). Then, the evolutionary wavelet spectrum
of an LSW process {X¢ 1}t=0,.. 7—1, with respect to 9, is given by

Sj(2) = W;(2)]*, 2 €(0,1) (2.5)

and is such that, by definition of the process, S;(z) = lim7_ |wj7[zT];T|2 for all z € (0,1), and by
Definition [ Zj;l_oo Sj(z) < oo uniformly in z € (0, 1).

The evolutionary wavelet spectrum S;(z) is related to the time-depending autocorrelation func-
tion of the LSW process. Observe that the autocovariance function of an LSW process can be

written as
exr (2,7) = Cov (Xpr) 1 Xpor]4r,7)

for z € (0,1) and 7 in Z, and where [ - | denotes the integer part of a real number. The next result
shows that this autocovariance converges asymptotically to a local covariance defined by

—1
ex (7,7) = Y Si(2)¥;(7) (2.6)
j=—00
where W;(1) = >"77 ¥ir(0)9;k(7) is the autocorrelation wavelet function.
Proposition 1. Under the assumptions of Definition [, if T — oo

a 1

T=—00

for all LSW process.



Appendix [A] presents some properties of the autocorrelation wavelet system appearing in (E2)).
Like wavelets themselves, this system enjoys good localisation properties. Consequently, we observe
that equation (EZf) is a multiscale decomposition of the autocovariance structure of the process over
time: The larger the wavelet spectrum S;(z) is at a particular scale j and point z in the rescaled
time, the more dominant is the contribution of scale j in the variance at time z. Thus, the
evolutionary wavelet spectrum describes the distribution of the (co)variance at a particular scale
and time location.

It is worth mentioning that a stationary process with an absolutely summable autocovariance
function is an LSW process (Nason et al., 2000, Proposition 3). Stationarity is characterized by
a wavelet spectrum which is constant over time: S;(z) = S; for all z € (0,1). However, our
motivation to study LSW processes lies in the modelling of time-varying spectra. The regularity of
the wavelet spectrum in time is determined by the smoothness of W;(z) with repect to z. In Nason
et al. (2000), this function is assumed to be Lipschitz continuous in time. In our definition of LSW
processes, we only require the total variation norm of Wj2 to be bounded. This weaker assumption
is not only considered in order to work with minimal assumptions, but also to allow a discontinuous
evolution of the wavelet spectrum in time. Consequently, our definition of nonstationary processes
includes many interessing processes, as piecewise stationary signals for instance. Figure [ shows a
simulated example of such a nonstationary process.

‘ Figure [M about here ‘

3 Testing sparsity of a wavelet spectrum

3.1 Sparsity

It is well-known that wavelets are suited to decompose certain inhomogeneous signals into a sparse
wavelet coefficients vector. One goal of this article is to study how this important property of
wavelets may be exploited in our context of nonstationary covariance modelling.

In the multiscale representation (EZ8) the coefficients S;(z) are depending on the continuous
recaled time z € (0,1). As ¥;(0) =1 for all scales j, (Z8)) decomposes the instantaneous variance
as

-1
cx(z,0) = Z S;i(z). (3.1)
j=—o00

If we assume this variance to be non zero, it then follows that, at each time z, there exists a scale
j where Sj(z) is non zero. If only few scales are non zero for each z, we say that the wavelet
spectrum is sparse. There are many approaches in the literature where the notion of sparsity is
quantified. In the context of wavelet decomposition of signals, we refer to Abramovich et al. (2000)
and the references therein for some possible definitions. In the present work, we do not need a
precise definition for quantifying the sparsity. We only think about wavelet spectra S;(z) which
are non zero along only some segments of a few scales as in Figure [

As already observed in Nason et al. (2000), the possibility of having a sparse representation of
wavelet spectra is a major advantage of LSW processes, in comparison with other locally stationary
models. Sparsity is a very attractive property since only few coeflicients in the multiscale represen-
tation have to be estimated. Moreover, the analysis of sparse wavelet spectra is easier, for instance
if we want to detect significant variations in the multiscale structure of the process (co)variance.



In this section, we want to develop and study a statistical test of sparsity for a wavelet spectrum.
This test is local in the sense that we will test the null hypothesis

Hp : Sj(z) = 0 for a fixed scale j < 0 and for all z € R, (3.2)

where R C (0,1) is an interval with non zero measure. It is then possible to test if, for instance, a
whole scale is “active” or not, or if it is non zero before or after a fixed time point.

The next subsection defines a preliminary estimator of the wavelet spectrum. Then, derivation
of a test statistic is considered in subsections and B4l This test is discussed in Subsection B.H,
where we also study its power under some alternatives.

3.2 A preliminary estimate: The corrected wavelet periodogram

An estimator of the wavelet spectrum is constructed by taking the squared empirical coefficients
from the non-decimated transform:

T-1 2
k ,
Ij;T <T> = ( E Xt,T"bjk(ﬂ) j:—1,...,—]Og2T;k:0,...,T—1.

t=0
I;7(2) is called the wavelet periodogram, as it is analogous to the formula for the classical peri-
odogram in traditional Fourier spectral analysis of stationary processes (Brillinger, 1975).
Some asymptotic properties of this estimator have been studied by Nason et al. (2000), who
showed that the wavelet periodogram is not an asymptotic unbiased estimator of the wavelet spec-
trum. Indeed, Proposition 4 of Nason et al. (2000) states that, for all fixed scales j < 0,

Bl Y A -8 =0, (33
{=—logy T

uniformly in z € (0,1), where the matrix A = (A;/); <o is defined by
Ajp = (U, 0,) = Z 0

Note that the matrix A, is not simply diagonal since the autocorrelation wavelet system {V;}

is not orthogonal. Nason et al. (2000) proved the invertibility of A if {¥;} is constructed using

Haar wavelets. If other compactly supported wavelets are used, numerical results suggest that the

invertibility of A still holds, but a complete proof of this result has not been established yet. As

we need the invertibility of A in our following results, from now on we restrict ourselves to Haar

wavelets, but we conjecture that all results remain valid for more general Daubechies wavelets.
Equation (B3)) motivates the definition of a corrected wavelet periodogram

LJ’;T<§>: Z A (ZXtTWk ) (3.4)

{=—logy T
which is an asymptotically unbiased estimator for the evolutionary wavelet spectrum.

Remark 1. The asymptotic bias of the wavelet periodogram is a consequence of the overcom-
pleteness of the non-decimated wavelet system {v;}. One could ask if it would not be easier to
define LSW processes using a decimated wavelet system because, for this system, the matrix A
reduces to the identity. Unfortunately, the answer is negative: The use of non-decimated wavelets,
as described in von Sachs et al. (1997), would not allow to write the local autocovariance function
as a wavelet-type transform of an evolutionary spectrum, as in (EZ8l). Moreover, classical stationary
processes are not included in the model based on decimated wavelets.



3.3 Derivation of the test statistic and its properties

Suppose we want to test (B2), i.e. to check if the wavelet spectrum is zero at a fixed scale j and
on a given segment of time R = (s1,s2) C (0,1) for s; < s2. Under the null (B2), the averaged
wavelet spectrum

Qir =R [ d5,(2) (35)
R
is zero. If we observe X = (Xo1,...,X7-1,7), a natural estimate of Q;r is
k
-1
Qjrer = [RT|™ Y Ly (f) (3.6)
keRT

where Lj;.7(k/T) is the corrected wavelet periodogram (B4) and k£ € RT means k/T € R. Q;r.T
is the test statistic we use to test Hy. In this section, we will study the statistical properties of
Qjr.r under a set of assumptions.

Assumption 1. The autocovariance function cx 7 and the local autocovariance function cx of the
LSW process are such that

o
t
llex, 71,00 == Z sup  |ex, T (—,7’) ‘ is uniformly bounded in T, (3.7)
L =0, 71 T
and
o0
llex 1,00 == Z sup |ex(z,7)] < o0. (3.8)

e 2€(0,1)

This assumption is needed to control the spectral norm of the covariance matrix of the process
(Lemma B in Appendix [B)). For a stationary process, it reduces to absolute summability of the
autocovariance of the process (short memory property).

Assumption 2. There exists an ¢ > 0 such that, for all z € (0,1), 3. Si(z) = e.

j=—o00
According to equation (BI), the sum over scales of S;(z) is the local variance of the process at
time [27T], and this assumption says that the local variance of the process is nowhere zero.

Assumption 3. The increment process {{;;} in Definition [ is Gaussian.

This assumption allows substantial simplifications in the proofs. It is also assumed to establish
some results in Nason et al. (2000) and Fryzlewicz et al. (2003). However, FryZlewicz (2002) men-
tions that non-Gaussian increment processes would be more appropriate to capture some stylised
facts of economic processes, such as the leptokurtic behaviour of the data. To this end, the ex-
tension of our results to non-Gaussian processes would be a feasible task using the methodology
presented in Neumann and von Sachs (1997) or Spokoiny (2001) for instance.

The following proposition describes the asymptotic properties of @ ;..

Proposition 2. Suppose Assumption [ to [@ hold true. For all LSW process (Definition ), and
for all R C (0,1),

K 23/2 .
EQjrr — Qjr = — L TV (Sp) +0 (272 [RTI) (3.9)

\/T m=—logy T

27/2
”(ﬁ)’



forall j =—1,...,—Jp with Jp = op(logy T'), and where Ky is a constant independent of j,T and
|R|. Moreover, if Assumptions [ to[3 hold, then there exists Ty > 1 such that, for all T > Ty,

Ky 29 [RT|™ (1+ 0r(1) < Var Qs < K 2/[R| 7T~

forallj=—1,...,—Jp with Jp = or(logy T), and where K1 and Ky are two constants independent
of 3,T and |R|.

The proof of this proposition is in Appendix Note that the squared bias and the variance
of the estimator have the same rate of convergence. This phenomenon is due to the nonstationary
behaviour of the process. Indeed, for a stationary process, the total variation norm of S, is zero
at all scales, and then the rate of the bias is 7~!. This is not the case for a general nonstationary
process: When the wavelet spectrum is not constant over time, an additional term resulting from
nonstationarity reduces considerably this rate of convergence. Moreover, even we are dealing with
a local estimator of the wavelet spectrum at a fixed scale 7 < 0 and a fixed time interval R, the
nonstationarity term in the bias involves the variation of the global wavelet spectrum. This may
be observed in equation (BH), which involves a sum over all scales m = —1,...,—log, T and the
total variation norm of all S, over the whole rescaled time interval (0, 1).

This slow rate of convergence of the bias poses a problem to establish the asymptotic normality
of Qjr,;r- In the next proposition, we circumvent this problem and derive a non asymptotic
exponential bound for the deviation of Q; ..

Proposition 3. Assume that (34) and Assumption d to [3 hold. If O'?RT = Var Q; r.,T, then, for
alln > 0 and for all scales j = —1,...,—Jr, where Jp = or(logy T'),

Pr(|Qjrr — Qjr| > 0jrTN)

2
< ¢pex —1 "
X €0 p ] 2j/277V

L+ et i + oy (exlliee +e1p)

with the positive constants co = 1+ e and ¢; = (2 + V/2)/2, where p is given in Definition O and
where v is a universal positive constant depending only on the wavelet .

The proof of this proposition is to be found in Appendix This proposition gives a non
asymptotic approximation for the distribution of the test statistics @ ;r.7. It can be used in order
to construct a test rule, i.e. to choose 7 such that the exponential function in the proposition
is the nominal level of the test (see Section below, where the test rule is given explicitely).
From an asymptotic viewpoint, i.e. as T" — oo, we note that this exponential bound does not tend
to zero, meaning that the standardised statistic ();r r is asymptotically non degenerated. This
phenomenon is well-known in the context of pointwise estimation, see Lepski (1990) and Brown
and Low (1996). In order to have a consistent result when 7" — oo, it is then necessary to impose
that 7 = nr grows with 7. The appropriate rate for 7 is derived in the next corollary. The proof
is given in Appendix and is essentially based on the bounds derived in Proposition

Corollary 1. Under the assumptions of Propositions [A and [3, if kr tends to infinity and is such
that
k12772 logy Jr = op(1), (3.10)

then there exists a Ty > 1 such that, for all T > Ty,
Pr < sup ‘Qj,R;T — Q]}R’ > kT\/KQ‘RT‘_1> = OT(l)
—Jr<j<0

where Ko is as in the assertion of Proposition [



Remark 2. An example of admissible rates is Jr ~ log, log% T and kp ~ log% T. The sequence kr
will play a crucial role in Section Hl

3.4 Estimation of the variance

If we want to use Proposition B to test Hy, an estimator of the variance 0']2-7RVT = Var Q; ;7 is

needed. This variance depends on the unknown autocovariance function of the LSW process in the
following way (see Lemma Bl with equation ([B3)):

UJZ,R,T =2 HUJ/’,R;TETH%a

where Y7 is the T' x T (non-Toeplitz) covariance matrix of the LSW process (Xor,..., Xr-17),
and Uj g7 is the T' x T matrix with entry (s, t) equal to

-1
vy =IRTITT 3" AL ST wals)vm(t).

{=—log, T kERT

We also denote by o5 51, the entry (s,s + ) of the matrix Xr.
We will estimate O'?RT by:

O;RT = 2 “U;,R;TST“%

where Y7 is an estimate of the covariance matrix Yp. A first idea is to define the elements Os,54u
of X7 by plugging @; .7 into the local autocovariance function (), i.e.

1
&s,s—&—u = Z Qj,’R(s);T\I]j (u)7

Jj=—logy T

where R(s) denotes an interval which contains the time point s/7". However, the convergence in
probability of ¢, 414 t0 0 4 is not faster than the rate of o sy, itself, and we need to modify the
estimator in two ways.

(i) Assumption [ indicates that the covariance |os s14| is small for large |u|. Then, following the
method of Giurcanu and Spokoiny (2002), we set &4 ¢4y to zero when |u| > My, for an
appropriate sequence Mr tending to infinity with 7

(ii) It is necessary to control the distance in rescaled time between the spectrum S;(z), for z € R(s),
and S;(s/T). To do so, we allow the window R(s) to depend on 7', which is denoted by Rr(s),
in such a way that its length |R| shrinks to zero when 7' tends to infinity. This is analogous
to the estimation of a regression function by kernel smoothing, where the window usually
depends on the length of the data set.

With these two ingredients, we propose to estimate o ¢4, by

-1
&s,s+u = Z Qj,’RT(s);T\IIj(U)HW\gMT’ (311)
j=—1logy T

and the following assumption makes precise the appropriate rates for the sequences |Rr| and Mr.

10



Assumption 4. |Rr| tends to zero such that |Ry| = or(27/7), where Jr = or(logy T) and My
tends to infinity such that 277 |RpT| =2 Mykylogd T = op(1).

With the rates given in Remark Bl admissible rates are |Rr| ~ logy® T and M ~ log§ T with
a > 0. It is worth mentioning that, with this assumption, |Rp| shrinks to zero in the rescaled time,
whereas, in the observed time, the interval length |TRp| tends to infinity. This means that our
estimate of Sj(s/T') is built using an increasing amount of data in the observed time, but, at the
same time, with an average around S;(s/T') in the rescaled time on a shrinking segment around
s/T.

The next proposition shows that on the random set where the estimator @ ;g (s)r Is near
QjRr(s), the estimator (BII) has a good quality. Our proof of this proposition may be found in
Appendix [B:4] and needs the following technical assumption, which is a slightly stronger condition
than the point 2(a) of Definition [ in the sense that we need to control the decay of S;(z) with
respect to 7 and uniformly in z.

Assumption 5. The evolutionary wavelet spectrum S;(z) is such that

—logy(T)—1
Z sup Sp(z) =0 (T71).
=0 2€(0,1)

Recall that the estimator (BTl involves the scales —1 up to —log, 7. However, an explicit
computation of the covariance Cov(X, 7, Xsyy, ) may be written along the lines of the proof of
Proposition Bl and shows that this covariance involves all scales j = —1,—2,.... Then, when
we estimate this covariance function by & sy, Assumption Bl helps to control the reminder of
approximation at all scales lower than —logy T'.

Assumption 6. The local autocovariance function ¢(z,7) is such that

oo

> suplex (zu)Lusar, = o (2777) .
4

U=—00

This last assumption on the decay of the local autocovariance function uniformly in z, is very
sensible in a context of short-memory processes, i.e. when ¢(z,u) does not depend on z. With the
rates specified above, a typical condition is to assume |cx (z,u)| < ¢- 27l uniformly in z € (0,1).

Proposition 4. Suppose Assumptions [ to[@ hold and kr is such that
k23772 log, Jp = op(1). (3.12)

Then, there exists a positive number Ty and a random set A independent of j and such that Pr(A) >
1 —op(1) and

K,
‘Qj,'RT(s);T - Qj,'RT(S)‘ < kr ‘RTT’

for all T > Ty. Moreover, on A,
2/r=I T \~32',R,T - UJQ',R,T’ =op(1) (3.13)

holds for all j = —1,...,—Jp, where op(1) does not depend on R.
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Finally, Proposition B together with Proposition Bl leads to the following result, which will be
used to construct the test in practice.

Theorem 1. Suppose Assumptions[ to[@ hold. Then, there exists a o7 = or(2'T~1) and a positive
number Ty such that, for all T > Ty,

Pr (|Qjr:r — Qjrl > 6jr11)

1 n?
< ¢ €eXpy§ — 5 7 I 2/ 2y + OT(l)
1 + ‘RT|U]',R,T j + ‘R‘\/TU]’,R;T (HCXH1700 + Clp)
forallj=—1,...,—Jp, wheren = n(l—goT/ajzR,T)l/Q, and the positive constants cqy,c1 are defined

in the assertion of Proposition [

Remark 3. Theorem [l gives an approximation of the distribution of the normalized loss |Q ; r.7 —
Qjr|/Gjr,r. This depends on the unknown quantities |cx||1,00 and p, cf. (Edl). These two
quantities may be understood as nuisance parameters of the problem, depending on the global
sprectrum. The estimation of these quantities is based on a preliminary smoothing of L;.7(2)
with respect to z, which we denote by L;.T(z). Here, we think about using a kernel smoothing
procedure, or a wavelet transform shrinkage as studied in Nason et al. (2000). Then, a preliminary
estimate of [cx||1,00 is obtained by plugging L} (2) into [[cx||1,c0, cf. (ZH) and (EF). Next, the
preliminary estimation of p necessitates the estimation of TV(S;), cf. @3)). We estimate TV(S;)
by >, |L;*»;T(z;-na.‘x) - L;*;T(zlr-nin)|, where the sum is over the local minima and maxima of L7 1(2),
with 2" < 2 < 2709 for all 4.

3.5 Discussion of the test procedure

We now propose our test procedure. Under Hy, see ([B2), the approximate distribution of the test
statistic is given by

Pr (’Qjﬂg;(ﬂ > 77/5]'77277“‘ HO) < h(n/) (3.14)

for T sufficiently large, and where h is the exponential function following from Theorem [[l Let «
be the nominal level of the test. We reject Hg if

Qjrir| > 0GR, (3.15)

where 7, is such that h(n,) = a.

We now discuss the power of this test and, for this, we need to be more specfic about the
alternative hypothesis H;. We will work with the sensible alternative hypothesis that there exists
a strictly positive real number  and a measurable set with a non zero measure Y C R such that
Sj(z) = 0 for all z in Y. Formaly, if [U/| denotes the Lebesgue measure of U:

Hy:36>0and Y CR with [U| >0and S;j(z) >0 Vzel. (3.16)

The next proposition evaluates the type II error of the test. The proof is to be found in Appendix
Bl Section

Proposition 5. Suppose Assumption [l to @ hold true. Let the null hypothesis (ZA) against the
alternative hypothesis (Z10) be given and consider the test rule (Z13) with

ne < 20792 lex || S IRT V2 Qj R

12



Then, there exists Ty > 1 such that, for all T > Ty, the type II error of the test is bounded as
follows:

T 02U

VT 0
logs T [R[?

logs T |R]

Pr (Ho is not rejected ‘ H1> <O exp [—c’ ] +C" - exp [ + or(1),

where the positive constants ¢/, C',¢",C" and the op(1) term do not depend on R, U and 6.

The last result shows the consistency of the test procedure. Moreover, it allows to discuss the
local alternative of the test. We first note that the alternative hypothesis (BIG) depends on the two
parameters 6 and . Consequently, to study the local alternative of the test, we need to investigate
both cases § = 07 — 0 and U = Uy such that |Ur| — 0. However, the upper bound of the type
IT error in Proposition Bl depends on the product O7|Ur|, and then the local alternative of the test
is studied when this product tends to 0 when T — oco. By straightforward considerations, we see
that if

log% T
OrUr|VT

tends to zero as T' — oo, then the type II error of the test aymptotically vanishes.

4 Pointwise adaptive estimation

Theorem [l may be also useful for other statistical applications. In this section, we derive one
important application given by the pointwise estimation of the wavelet spectrum.

Indeed, the estimator Q) ; z,7 may be seen as a smoothing over time of the inconsistent corrected
wavelet periodogram. It can then be used for the pointwise estimation of the wavelet spectrum.
In this problem, we want to estimate S;(zo) at a fixed point zy. This estimation can be done by
computing the histogram @;z.r constructed on a segment R containing the fixed time point zy.
Consequently, the question how to choose the best segment R arises, and the goal of this section
is to provide a data-driven procedure to select R automatically.

The proposed method goes back to the pointwise adaptive estimation theory of Lepski (1990),
see also Lepski and Spokoiny (1997) and Spokoiny (1998). Suppose that the wavelet spectrum at
Sj(z0) is well approximated by the averaged spectrum @, for a given interval U containing the
reference point zg. The idea of the procedure is to consider a second interval R containing ¢/ and
to test if Q;r differs significantly from @ ;. As we describe below, this test procedure is based on
Proposition Bl or Theorem [0 If there exists a subset U of R such that |Q;r — @;u/| is significantly
different from zero, then we reject the hypothesis of homogeneity of the wavelet spectrum S;(z)
on z € R. Finally, the adaptive estimator corresponds to the largest interval R such that the
hypothesis of homogeneity is not rejected.

This section contains a formal description of this algorithm and derives some properties of the
estimator.

4.1 Testing homogeneity

Let R be an interval containing zg, U a subset of R and define

Aj(RU) = |Qjr — Qjul- (4.1)
Under assumptions [l to Bl Proposition Bl implies

Pr(|Qjr1 — Qjur| > Aj(R,U)+n(0jr 7+ 0jur)kr] < h(U,n) + h(R,n)
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with

h(R,n) = coexp ! i
1) = Co -3 ~

S Ut e Lt A (lexhoe + caplRIH2)
and where the sequence k7 is such that (BI0) holds. Under the assumption that the wavelet
spectrum S; is homogeneous on the segment R, the difference A;(R,U) is negligeable. Then, as
a test rule, we reject the homogeneity hypothesis on R if there exists a subset &/ C R such that
|Qjr1 — Qijusr| > n(ojrr + 0jur)kr for a given 7.

In the case where the variances oz r and oy 7 are unknown, they may be estimated as in
Section B4l above. In that case, the homogeneity test is based on Theorem [ and the modification
of the following results is straightforward.

In practice, we choose a set A of interval-candidates R. Then, for each candidate R, we apply
the homogeneity test with respect to a given set p(R) of subintervals U of R.

Assumption 7. In the estimation procedure described below, we assume the following properties
on the test sets A and p(R):

1. For all R, the shortest interval of p(R) is of length at least 6 > 0,

2. The cardinality of p(R) is such that f(p(R)) < \RT\””O‘*/S for some 0 < o < 1 and k <
VEi/v(llell1,00 + c1p)];

3. When we test the homogeneity of the wavelet spectrum on R, we assume that there exists a
subinterval U € p(R) such that & C R and U contains z.

Remark 4 (Test sets). In this remark, we give one example of sets A and p(R). For each scale
j < 0, the corrected wavelet spectrum (B is evaluated on a grid k/T, r = 0,...,7 — 1 in time.
Then, we can choose the set A as

AN =A{[ro/T,r1/T] : 19 < [20T] < 71}

for ro,m1 € {0,T — 1}. Nevertheless, in order to reduce the computational effort, we shrink the
cardinality of A following the method of Spokoiny (1998). More precisely, we first select two sets
Ko = A{rm : rm < [20T]} and K, = {ry, : v, = [20T]} which both contain less than T points, and
we set

A= {[Tm/Tv TTZ/T] 2T € Kyt € ,Cn} .
Then, one possibility to define p(R) is to consider
o(R) =A[r—/T,r/T] :r_,ry € Ky, UK, }.

We refer to Spokoiny (1998) for details about this construction.

4.2 The estimation procedure

The estimation procedure simply starts with the smallest interval in A, assuming that the wavelet
spectrum is homogeneous on this short interval. Then, it selects iteratively longer intervals in A
until the homonegeneity assumption is rejected. Finally, the adaptive segment R is the longest
segment R of A for which the homogeneity test is not rejected:

R = arg max {IR| such that |Q; .7 — Qju:r| < n(ojrr+ ojur)kr forald C p(R)}. (4.2)
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The adaptive estimator of S;j(zp) is then defined by

Sj(20) = Q; r7 (4.3)

4.3 Properties of the estimator in homogeneous regions

The next result quantifies the ¢, risk (p > 2) when the wavelet spectrum S;(z) is homogeneous on
z € R. To define this concept of homogeneity, we introduce the bias

b(R) := Y 19(2) — Qi xl;
zER
which measures how well the wavelet spectrum S; is approximated by Q;r on z € R. We say that
the spectrum is homogeneous (or regular) on R, if the inequality

b(R) < Cj O R,T kr (4.4)

holds with

C; =272 /a+p. (4.5)
In the inequality ([Z), oz 1 is the squared root of the variance of the estimator @Q; .7 of S;(%),
z € R. As in Spokoiny (1998), () can be viewed as a balance relation between the bias and
the variance of this estimate. The k7 term then appears as the correction term necessary in the
pointwise estimation in order to bound the normalized loss (see Lepski (1990), Lepski and Spokoiny
(1997)). In the following results, we set k7 proportional to log3 7.

To write the ¢, risk in the regular case, we need also the following assumption.

Assumption 8. () 7 is uniformly bounded by a constant S.

Observe that, due to the Total Variation constraint on the wavelet spectrum, S;(z) is also uni-
formly bounded, and we assume that it is uniformly bounded by S. On the other hand, Proposition
shows that o 7 is uniformly bounded as well.

Proposition 6. Let R be an interval of (0,1) and consider the test rule ([{23). If the wavelet
spectrum S; is reqular on R in the sense of conditions ([{{-4)—(@-3), then, with A = n = 279/25(2a+
p) and kp ~ log3 T,

Pr (R is rejected) = O (T—Cp\/g)

for some positive constant ¢ = c(v,||c||1,00, p) depending on v, ||c|l1 00 and p only.

Using this proposition, we can evaluate an upper bound for the ¢, risk associated to our esti-
mator.

Theorem 2. Assume that the wavelet spectrum at scale j, S;j(z), is homogeneous on the segment

R in the sense of [-A)-W-2) with

kp ~ log2 T.
If Sj(z) 1s the pointwise estimator of the wavelet spectrum obtained by the estimation procedure
T2 @) with |
n=277/%52a +p),
then there exists Ty such that the pointwise £y-loss is bounded as follows
. . P
E[S;(2) — 8j(2)[P < cluT| P/ [21+J/25*1 +11(2a + p)logi T
with a positive constant c.

The proof is to be found in Appendix
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4.4 Properties of the estimator in inhomogeneous regions

We now describe the behaviour our estimator near a breakpoint located at a time point z,. We
first need to be more specific about the definition of a breakpoint in the evolutionary spectrum.

For a fixed scale j € {—1,...,—Jp}, assume the evolutionary wavelet spectrum to be homoge-
neous on Ry = [20,2«) and on Ry = (z,, z1]. Let us denote R = Ry UR1 = |20, 21] and

Or :=E[QjrT — QjRo:T]

To prove the next proposition, we assume that the estimation procedure is such that Rg and R
are in p(R).

Proposition 7. If the evolutionary wavelet spectrum at scale j contains a breakpoint at z, as
described above and if kp ~ log% T, then

The proof of this proposition is given in Appendix In this result, 7 may be seen as the
level of a jump in the wavelet spectrum. Then, Proposition [dinforms about the minimal amplitude
of the jump which may be detected by the estimation procedure. If 67 is such that

B VTOr
log3 T

T63
Pr (R is not rejected) = O (exp [— r(Ro] v |R1|)} +e

loga T

where ¢ is a positive constant and x V y = max(x,y).

logs T
— 0,
0T

then the estimation procedure is consistent in the sense that Pr(R is not rejected) is asymptotically

Zero.

5 On the application of the results

Above, we have considered two main problems, namely a local test of sparsity (B2) for a locally
stationary wavelet process, and the pointwise estimation of its evolutionary spectrum. From a
theoretical viewpoint, there exists a link between the solution of these two problems, since they are
based on a non-asymptotic result on the deviation of a linear functional of the wavelet periodogram
(Theorem [I).

However, each solution is devoted to a specific class of statistical problems. On one hand, the
test of sparsity is of use when we would like to measure a change of regime in an observed process.
Many examples arise where the effect of an input is measured on a time series, for instance the effect
of a drug on the heart rate measured by an electrocardiogram recording. The resulting time series
is expected to be globally nonstationary, and we think our test procedure may be used to detect
if a scale that is not active before the input becomes active after the input. Moreover, as already
said above, the test of sparsity may be applied on a whole scale, in order to test the significance of
one given scale in an observed process. Another application is the use of the results of Section
in order to construct tests of second-order stationarity. This will lead to a procedure with multiple
tests, and a comparison with existing work in this direction could be done.

On the other hand, the pointwise adaptive estimator of the wavelet spectrum may be applied
time point by time point, leading to an estimator of the whole wavelet spectrum of the process. An-
other extension is to replace the histogram-based pointwise estimation by a smooth kernel estimate.
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Behaviour of the estimator in terms of the smoothness of the kernel would be of interest. As our
procedure is based on nonasymptotic approximations and is fully adaptive, a practical evaluation
of the kernel-based estimator may also be provided through simulations.

Finally, we mention the possibility to combine the two procedures. For instance, the signifi-
cance of some whole scales over the whole time may be statistically tested, before performing the
estimation procedure on the scales which are significantly different from zero.

APPENDICES

A Properties of the autocorrelation wavelet system

This section summaries useful results on the system {¥;} and the operator A. Recall that we
have denoted by £; the length of |supp ;| for all j = —1,—2,... and then it holds £; = (277 —
(L_1 —1)+1 < 277L_1. We have also recalled the definition of the autocorrelation wavelet
system {¥;;j = —1,—2,...} which is the convolution of the non-decimated wavelet system:

[e.e]
i(r) = > eir(0)ehi(7).
k=—00
It is straightforward to check that W, is compactly supported for all j < 0 and the length of its
support is bounded by 2£; — 1.
Our autocorrelation wavelet system is related to the continuous autocorrelation functions of
wavelets studied by Saito and Beylkin (1993) and defined as

W) = [ duvwiu -

—00
for a continuous compactly supported wavelet 1. Indeed, following Berkner and Wells (2002,
Lemma 4.2), it can be shown that the equation

Uy(r) = W (2|7])
holds for all j = —1,—-2,... and 7 € Z.
The following Lemma recalls other useful results on the autocorrelation wavelet system.
Lemma 1. (a) For all scales j and for all 7, W;(1) = V;(—7).

(b) The autocorrelation wavelet system {¥;;j = —1,—=2,...} is linearly independent.

(c) The identity

-1
> 2T (r) = bo(7) (A1)

j=—00
holds for all T € Z.

Property (a) is obvious and implies the symmetry of the local autocorrelation function, i.e.
c(z,7) = ¢(z,—7), as expected. Property (b) is proved in Nason et al. (2000, Theorem 1) and
shows that the local autocovariance function is univoquely defined. Finally, property (c) is proved
in Fryzlewicz et al. (2003, Lemma 6) and implies, for instance, that the wavelet spectrum of a
White Noise process is proportional to 27 for all scales j < —1.

As the autocorrelation wavelet system is not orthogonal, we introduce the Gram matrix A
defined by Aj; = > W;(7)¥,(7). The following properties of A are used thereafter.
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Lemma 2. For Haar and Shannon wavelets, there exists a finite positive constant v such that the

matrix A fulfills the following properties for all j = —1,...,—log,T':
-1
S oAt =240 (2j/2T’1/2> (A.2)
l=—1log, T
ST A < v+ v2)2/2 (A.3)
{=—1log, T
—1 -1
> 27 PA < v 2% 0g, T, > 274 < w2+ V2)2PT 2 (A.4)
l=—logy T l=—1log, T

For all compactly supported wavelets, the matriz A fulfills the following property:
Ajg < (2£j — 1) A (2£@ — 1) AN LoLom (A5)
where x Ay = min(zx,y).

Proof. The following argument shows that the main term in (A2) is 2/: Using that ¥,(0) = 1 for
all £ < 0 and the identity ([AJl), we may write

-1

-1 -1 fe'e)
MooAY =D A D 2w T(u) = ) 26 —m) =2

l=—00 l=—00 m,u=—00 m=—o00

from the definition of A. Observe that this argument holds for all compactly supported wavelets.
To compute the remainder of ([A2]), we introduce the auxiliary matrix I' = D’- A - D with diagonal
matrix D = diag(25/2)g<0, ie I'jy= 2j/2Ajg2£/2. Nason et al. (2000, Theorem 2) have proven that
the spectral norm of I' ! is bounded for Haar and Shannon wavelets. Then, we get

—log,(T")—1 —logy (T')—1
Z Aj_el _ 9i/2 Z 2@/2Fj—£1 -0 (2j/2T71/2)
f=—00 f=—00
To prove ([A3),
~1 ~1
oA = YD 22 <221+ V2
l=—1log, T l=—log, T

using supj, |Fj}1| < v. (A is obtained similarly, using the approximation Zj;l_logQT2—j/2 <
(2 + V2)VT. (EX) follows from the definition of A, and the support of the autocorrelation
wavelets, using |¥;(7)| < 1 uniformly in j and 7. O

B Proofs

Suppose M is an n X n matrix and M™ is the conjugate transpose of M. We denote
[M||g == +/tr (M*M)
the Euclidean norm of M and

| M ||spec := max{V/\ : X is eigenvalue of M*M}
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the spectral norm of M. If M is symmetric and nonnegative definite, by standard theory we have
| M ||spec = sup{||[Mz||3 : x € C",||z||2 = 1}. We will also use the following standard relations which
hold for all symmetric matrices B, C":

[Bllspec < [|Bll2

|| Bl|spec = max{A : X is eigenvalue of B}
[BC|lspec < || BllspecllCllspec

|BCl2 < [|Bllspec|Cll2 < [|B]2[C]2

FETW

1
2
3
4

Moreover, if we suppose that the elements of the matrix B are continuously differentiable
functions of ¢, then we shall also use

0 B 10
alog det B = tr (B aB) . (B.5)

In the sequel, we use the convention wj,.r = 0 for £k < 0 and k > T, which leads to helpful
simplifications in the following proofs.

B.1 Proof of Proposition [1I
On one hand, due to Definition [[l and equation (), we have

exr(z,7) = Cov (Xpr 7 Xper)407) Z Z w; it ZT]T’ Vin(0)th(T)

j=—00 k=—o00

Z Z s, (’” "‘T]> 0 (0)55(7) + Restr (2 7)

j=—00k=—00

where the remainder is such that |Restr(z,7)] < T} j,_oo Y e oo Cilthji(0)01 ()| by As-
sumption (ZZ). On the other hand, we have c¢x(z,7) = ]__700 Y e oo S5 (2) ¥jk(0)j1 (7). Then,

Z / dzlexr(z,7) — ex(z,7)|

T=—00

Z / dz Z Z ‘S <1€+ zT> ‘\@b]k )i (T)] + Z/dzRestT(zT)

T=—00 k=—00 j=—00 T=—00

With appropriate changes of variables, this bound may be written

> % 3 3 [l (B (s £ s

T=—00 j=—00 k=—o0 t=0
+ Z / dz Restr(z,7)

T=—00

which is bounded by

71 Z Z Z k[ TV (S5) [¥jx(0)01(T)| + Z / dzRestr(z,7)

T=—00 j=—00 k=—00 T=—00
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where we have used the following property of the Total Variation norm:

T-1

t t
;‘Sp <T+%> — 5 <T+§> ‘ < ’O‘_B‘TV(Sp) for all ., 3 € N. (B.6)

As the support of 1(0) is of length L;, we get |k| < £;. Together with condition (3] of Definition
[, this leads to

) 1 -1 00 00
> [ dexrten —exz ST Y @A LL) 3 Y k00l

T=—00 J=—00 T=—00 k=—00

The compact support of ¢ limits the sums over £ and 7 as follows:

00 Li—1 %)
> Oyl = D Y O)r(r)] < 2L, — 1 (B.7)
T,k=—00 T=—L;+1 —0c0

by the Cauchy-Schwarz inequality for the sum over k. We get the result by Assumption (Z4)). O

B.2 Proof of Proposition

Our proof of Proposition Bl needs the following Lemma quoted from Neumann and von Sachs (1997).

Lemma 3. Let Z, = (Z1,...,Zy,)" be a vector of iid Gaussian random variables with zero mean
and Var Z1 = 1. If M, is an n X n matriz, then

E (Z%ann) =tr M,

Var (Z,M,Z,,) = 2tr M} M, = 2||M,|3,
and, for all v > 2, if Cum, denotes the rth cumulant, we have

| Cum, (Z%ann) | < 2r_1(7" - 1! HMnH% { Amax (Mn)}r_2-

Define X = (Xo1,...,X7r—1,7). By definition, Q; .7 is the quadratic form
Qjrir = XpUjrir X (B.8)
where U; g, is the T' x T' matrix with entry (s,t) equal to
-1
U = [RTI™Y D A D da(s)van(d).
l=—logy T kERT

For notational convenience, we omit the dependence of Uy in j and R. Assuming that the or-
thonormal increment processes {;i} in Definition [l are Gaussian, X1 is a multivariate Gaussian
random variable with covariance matrix X7 = Cov(X;X7). In that case, Q. is a quadratic
form of Gaussian variables and we can apply Lemma B with

Mz =3 °U; rr s’ (B.9)

in order to prove Proposition Bl The following lemmas derive some bounds for the Euclidean and
the spectral norm of U; z.7 and X7.
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Lemma 4. With fired R C (0,1), there exists a Ty such that, uniformly in T > Ty,

Ky 29| RT|7H (L + or(1) < Ujrirls < K2 27|RI72T
forall j = —1,...,Jp = op(logy T'), where K1 and Ky are two constants independent of j, T and
R|.

Proof. The proof is straightforward when R = (0,1). However, one technical difficulty is to deal
with a general interval R = (r1,72) C (0,1). A simple remark which simplifies the proof is to
observe that the quadratic form (B.8) involves X 71,7, .., X717 only. Consequently, the matrix
Uirrisa (T —[rT]+1) x (T —[rT] + 1) matrix, and we can write, from direct computations,

2

T-1 1
Ul = IRT| ) STAL DT duls)be(t)
s,t=[rT] \f=—logy T kERT

The compact support of 1y (s) implies that 0 < k—s, and, as k < [r2T], we can limit the sum over
s,t as follows:

2

~1
1UjRerll3 = IRT| ) o AL vuls)vu(t) ] - (B.10)
s, t€RT \4=—log, T kERT
If we split the sum over ¢ at point ¢7 such that |Ly] < |RT| for all £ = —1,—2,...,¢p, then

|er| = O(logy |RT|) and

—tp—1 2

—1
Ural3 =R S | S A0 ws—0+ S A0 ST dun(s)mi(®)

$,tERT \Ll=—L1 m=—logy T kERT

Expanding the square, we get three terms, herewith denoted by Ir, Il and IIlp. By definition of
U, and Aj, the first squared term is

2

-1 -1
r=IRTI™> > | DY A=) | =IRTI™" D A A Ay
s,teRT \l=—Lp {m=—Lp

If we write the sum over —¢7 < £ < —1 as the sum over —log, T' < ¢ < —1 minus the sum over
—logy, T'< ¢ < —f7 — 1, then we get

[ 1 -1
Iy = [RT|™! Z A 6 — Z Z A AT A
_m:fZT m=—Lp {=—1log, T
[ —bp—1 —tr—1
-1 -1 -1 —1 4—1
= [RT|™" | A} 0,y — Z A 60+ Z A A A |
L l=—logy T ml=—logy T

and, using that the last sum over m, ¢ contains logy(T') — ¢7 = O(logs |R|) elements,

1 <RI [ A7 sy + A Tgeery + 2 log(IR)V?] < 272 |RT| .
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In order to compute a bound for the double product 117, we exploit the compact support of ¥g(s)
implying that k < s + L,,, < [reT] + Ly, and then

7@1" 1 [TQT}‘i’l:m
I =2[RT|> Z o AFAT(s =) D ok(5)Pmi(t).
SEERT b=—Lp m=—logy T k=[roT]+1
With v :=s —t,
—br—1 |RT‘ T'QT] [T‘QT]+£m
Iy = 2|RT| 2 Z SoooAjal Z Volw) Do Y Yan(s)mn(s —w)
b=—bp m=—1logy T s=u+[r1T] k=[r2T]+1
—lr—1 -1 u+[r2T] [r2T)+Lm
+2|RT| 2 Z YooUALSAL T W) Y bek(s) k(s — )
b=—Cr m=—logy T u=—|RT| s=[rT| k=[r2T]+1

and, applying the Cauchy-Schwarz inequality for the sum over s, we finally get

—1 —lr—1
My SARTI2 | D LA, ST LA | <26+ 2V2)R[72L2 2T
m=—{r l=—logy T

using (AF). Similar calculations lead to Il < (2 + v/2)vL2,|R|722/T~!. Putting these bounds
together gives the upper bound of ||U; z.7||3.
On the other hand, from (BI0), we can write

2

-1
U R ll3 > IRTI ) DAL dils)

SERT \l=—logy, T kERT

If we split the sum over ¢ at point {7 such that |L£,] < |RT| for all £ = —1,-2,..., ¢, then
|tr| = O(logy |RT|) and, as |k — s| < |RT| and by definition of {7, >, cxp 2. (s) = 1 in the first
term of the parenthesis, and we obtain

2

—1
Ujmerll3 = IRTI72 Y | Y A + Restr
SERT \f=lr

with |Restr | < ZT 110g2T |Aj}1| = O(v - 27?|RT|71/2|), where the rate follows using the same

techniques to prove (M), except that here the sum over ¢ goes from —log,T to ¢ — 1 with
(7 = O(logy [RT]). On the other hand, (E2) implies that >,=, A7' =2/ + O(|RT|™!), and we
get the result. O

Lemma 5. Under Assumption ([3-7)

1/2)2

||ET||SP€C = ||E Hspec < ||CX||1700 < 0.

On the other hand, under Assumption B, ||S7" ||spec is uniformly bounded in T.
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Proof. For x € CT with ||z]2 = 1 and if 05; denotes the element (s,t) of the matrix X7,

T-1 T-1 T-1 T-1
\\21/295“2 Z x fL'tUst Z Z ’$5f5+u0'578+u‘ < Z sup ’Js,s—‘ru’
s,t=0 s=0 u=—(T—1) u=—(T—1) s=0,...,T—1

which gives the first result using (B2). The proof on the inverse matrix is similar to the proof of
Fryzlewicz et al. (2003, Lemmas A.1 and A.2), itself based on a technique developed in Dahlhaus
(1996, Section 4) for approximating covariance matrices of locally stationary Fourier processes. In
the present case, an additional difficulty occurs since we are assuming a total variation constraint
on the spectrum, instead of the Lipschitz continuity in the cited articles. To deal with the total
variation norm, we can use the techniques of approximation developed in our proof of Proposition
A below. For the sake of presentation, we do not explicitly give the details of this proof here. [

We can now prove Proposition 21

Expectation
EQ;rr = RT|™" 2 A Zm Yer (t) Z > W Pmn(5)Ymn (1)
kERT b=—logy T 5,t=0 m=—00 Nn=—00
- 2
kERT t=—1log, T m=—00 N=—00

defining v :=n — k,

-1 0o 1 . 2
= |7?’T|_1 Z Z Z wzn,u-i-k,T Z A;zl ( Z ¢Ek(s)¢m,u+k(5)> .

kERT m=—00 u=—00 {=—1log, T s§=—00

By Definition [, we can write w2, , ., 7 = Sm(k/T) + Rr(m,u, k) with

u+k k Cm

which leads to
-1 k 00 00 2
EQirr =IRTIT Y. S 8, <T> S o4y ( 3 wgk(swm,m(s)) | Restr
kERT m=—o0 —logy, T U=—00 \8=—00
By construction of the matrix A, we observe that
oo oo 2
A=Y ( > ¢zk(8)¢m,u+k(8)> (B.11)

which implies

k
EQrr=IRT|I™" > S, (T) + Restr = [R| ™! /Rdz Sj(z) + O (|RT|'L;) + Resty (B.12)
keRT
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where the last equality is a standard result on the Total Variation norm (see Brillinger (1975,
Lemma P5.1) for instance).
We now bound | Restr |. As s goes from —oo to oo, we have

| Restr | < fj le A7 f) !RT!‘lkEZ;T [(Sm (u;k>‘5m (%)H%

m=—00{=—log, T u=—00
o 2
(Z wo<s)wmu<s)> :

S§=—00

Using (B) for the sum over k, | Restr | is bounded by
) C —1 o'} 2
m —1
> 3 [ ] % (32 et
M=—00 U=—00 l=—1log, T §=—00
In this last expression, the compact support of ¥y and ., implies that |u| < L,V L,,. Together
with (BIT), we get
| Restr | < |RT|™! Z Z m)(LeV L) + C) A7 Aem

m=—00 f=—1log, T’

with (AJ) and where z V y = max(x,y),

< |RT)! Z Z m)Le(2Lm — 1) + TV(Sm) L (2L0 = 1) + Cpn (2L — 1)) |47,
m—*OOZ—flogQT
= 2+ V2P RT|TWT Z (2L, V(sm)+o(2j/2mTrl) (B.13)

using (A4) and (7).

Variance

Using Lemma B with (BZl), Lemma B and Lemma B, we get the upper bound as follows

1/2
Var Qjrir = 2M; rirll3 < 2081 e I o7 3

<llex | o0 2 IRTIT (B.14)

: : ~1/2 ~1/2

To obtain the lower bound, we use twice (B.4l) on Uz, = X7 "M;r. X, '

—1/2-4

Var Qjrer = 2| My e |3 > 2/1S7 7 te U er 3. (B.15)
Since Y7 is a symmetric matrix, HE;/QngeC = |7 |lspec and Lemma B shows that [|[S5']| is
uniformly bounded under Assumption Bl A lower bound for ||U;z.r||3 is stated in Lemma B and
the result follows. g
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B.3 Proof of Proposition B and its consequences

Our proof of Proposition [ needs the use of an exponential bound for quadratic forms of Gaussian
random variables. For sake of presentation, we recall now this result and refer to Dahlhaus and
Polonik (2002, Proposition 6.1).

Proposition 8. Let Z,, = (Z1,...,Zy,) be a vector of iid Gaussian random variables with zero
mean and Var Zy = 1. If My, is an n x n matriz such that | My||spec < Too and o2 = 2||M,||3, then
for all A >0

1 2?2
Pr ((Z;ann —tr M,) > Un)\) < exp (—5 . W) )

As in the proof of Proposition B equation ([B3), we write Q; . as a quadratic form of Gaussian
variables in order to apply Proposition B with
1/2 1/2
My = 57 Ui ra Sy (B.16)
to prove the assertion.
Proof of Proposition B. Lemma B and B imply with (BJ)) and (B3):
1M ;7 llspec < 272 v[lex 1,00 RITIT 2 (B.17)
which, using Proposition B, implies

Pr((Qjrr — QjR) > NojRT)
<Pr((Qjrr —EQjrr) >n0jr1/2) +Pr((EQ;rr — QjR) > n0jRT/2)

1 n?
Lexp | —2- 7 +Pr(EQjrr — Qjr) 2 n0j,R,7/2) -
8 29/2v|ex 1,00
L R e, e r

To bound the second probability, we observe that
’EQj,R;T — Qj,R‘ < ‘RT‘il {LJ + 2(2 + \/i)pVQj/2\/T}
is obtained using (BI2J) and (BIJ). This implies

Pr((Qjrr — QjR) = NojRT)

1 o R 1 oiRT
< eXp . J’, ) +6Xp 1 _ VD) .
8 ' 21/2v)|ex ||1,00 21 L;j+2(24+v/2)pv23/2y/T)
045 R,T + n |R|T)1(/2 m= [RT]
and the result follows. O
Proof of Corollary [l In the following proof, K denotes a generic constant and k7 is an

increasing function of T. By Proposition B, 0]2-72 7= Var Q; r.r < Ko|RT| ™! uniformly in j, which
implies

Pr ( sup |Qjrir — QjR| = kr/ K2|RT|1>
- T\]<0

—1 -1
<) Pr (|QJ,R;T — Qjr| Z kv KzIRTI’1> < Y Pr(Qirer — Qirl = krojrr).
j=—Jr Jj=—Jr
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Using Proposition Bl this probability is bounded by

1 k2

coJr max exp|—=- A
—Jr<j<0 8 14 b k2 (lex o + c1p)
|RT‘U]',R;T ‘R‘\/TU]',R;T X 1700 1p

Proposition B shows that, for T sufficiently large, oz = 2/1/K1|RT|~1. Moreover, by equation
EZ4), there exists a positive constant p’ such that L; < 21/2 /. This leads to the bound

J 1 k2.
CoJT mMmax exp | —=- -
—Jr<j<0 8 krL, kv
s Lt S mrm T wrviam Uex e +eip)
Since the maximum is attained for j = —J7 and using 277 L; < pLy, we get the upper bound
1 k3.
co JT max exp -3 Yz —7

—Jr<j<0 1+ pLokr (KllRT’) +2JT/2VkTK1 ’R’fl/Q(HCXHLOO +Clp)

which is or(1) by the assumption on k7. O

B.4 Proof of Proposition @

In the following proof K is a generic constant.

Lemma 6. If Uy) = [RT|7' 0, 7 A S crr e (8) (1), then

o\ () —2 -1 20§ 12 i Nplogy T
Y Y UPUN vy < IRITPNET 2L00°2 1og3 T = O | 2 =
t=—00 s, u=—00
Proof. Direct calculations yields
N o) S N
Z Z Uts] Ut(d Hls—uKNT < ‘RT‘_2 Z ’A‘;elHAJ_’I’}L Z HIS—UKNT
t=—00 s,u=—00 {m=—1logy, T $,u=—00

> (Z !wk(s)wk(t)\> (Z ywmn(u)zpmn(t)y)_
t=—o0 \keRT neRT

Using the Cauchy-Schwarz inequality for the sum over ¢, we get a product between two terms
similar to

9y 1/2 1/2
> ( > wek<s)wh<t)> = ) Wk — r)be(s) e (s)
t keRT k,reRT
if K = r 4 u, then the range of u is included in {—|RT1,...,0,...,|RT|}:
RT| 1/2 RT| 1/2
< D0 D W) - [herru(s)vern(s)] < D0 W(u)
u=—|RT|r€RT u=—|RT)|
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using Cauchy-Schwarz inequality for the sum over r and > 42 (s) = 1. Finally, using the basic
properties of W;(7) described in Appendix [Al we get

1/2

2
Z ( Z ¢Ek(5)¢ék(t)> < V2L —1. (B.18)

t keRT

Then
1

SN UPUDL vy STNZIRTI? ST [AMAG L NV2L0 — 13/2L0, —

t=—00 s, u=—00 {m=—logy T

and we obtain the result by ([Al). O

In the proof of Proposition B, we need a modification of Corollary [0, in which R is replaced by
Rr. The proof of the following result is along the lines of the proof of Corollary [

Lemma 7. Under the assumptions of Propositions [d and[3, and under Assumption [}, there exists
To = 1 such that, for all T > Ty,

K,
PT( sup Qi rp(s)r — QjRrr(s)l = kr m)

—J7r<j<0

1 k2
< codrexp |- =
[ 8 1+ plokr (K1 |RrT)) ™2 + 291/ 20kp K, PR |12 (et 10 + c1p)

= OT(l)

where kp is such that (Z14) holds true.

Proof of Proposition H. Define G5 544 = Z[:{ 1og2TQZ,RT(S)\I/Z(U)HIuKMT the entries of a
matrix ¥, and define 5]2.7733 :=2||U ]/',R;TSTH%' Our proof is based on the decomposition

Girr—0irr = Girr—0irr) + (Cirr — OiRT)

where the first term is stochastic while the second term is deterministic.
We will first show that the deterministic term |6?7R7T - o?’R7T| is 0(27=/7T~1). Using (B4), we
can write

1 ,_
5(032',R,T ]RT)_H RTETHQ U ’RTETH2

<N (Er = S5+ 2 U raZrllz - 10 o (B0 — 1)l
<WUjrill3 - 187 = Srl2hee + 2 1Ujr:rll3 - 157 lspec * 1E7 — S lspec

where we know by lemmas Bl and Bl that ||U; z.7||3 = O(2T 1) and ||Z7||spec < |lex|1,00- Moreover,
we can write:

)
||2T - ET”spec < Z Sup(o's,eru - 5s,s+u)
u=—o0 °

0o —1 00

Sosup YD (Wi — Qurats) e ($)¥em(s +u) + R1+ Ry (B.19)

s
U=—00 l=—00 N=—00
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with

Z SUP Z Qo Rr(s)Ve(u) Ly s,

U=—00 {=—00
and
) —logy(T)—1
R2 = Z sup Z Qe rp(s)Ve(u) Ly sy -
u=—oco ° {=—00
As
Z sup Z Qe ry(s)Ve(u) = Z sup]RT]_l/R ()dz cx (z,u)
u=—00 {=—00 u=—o0 ° T\

the rate of Ry is O(277T) by Assumption B Next, using |¥,(u)| < 1 uniformly in £ < 0, we get

) —log,(T)—1 —log,(T)—1
|R2| < > sup|Re|™ / dz > Su(@) Tjenry <2Mp Y supSe(z) = or(2777)
u=—o0 ° Rr(s f=—00 f=—00 z

using Assumption Bl The main term of ([BXI3)) is bounded by

S sup Z S [Ral- 1/R = ot = S W)t + ] (B.20)

u=—o0 ° f=— logy T'n=—00

By Definition [l we can write

w2, — Si(2)] < % + ‘Sg (%) s (n;s +z> ‘+ ‘Sg(z) — 5 <n;s +z) ‘

which, when replaced in (B20), leads to three terms. By (B7) and (24, the first term is O(T~1).
For the second term, with a change of variable z to z 4+ s/T, we get:

w3 Rt [ e () e ) vt

U=—00 o0 N=—00

where R7(0) denotes the interval R (s) shifted by —s. If we use that |1, (s)| is uniformly bounded
and that Y o2 Y, (s+u)| = O(Ly), the second term is bounded (up to a multiplicative constant)
by

Rt S o[ 3 Js(F)-s (5]

n=—oo

1
< IRy Z ,c,g/ dz |4/ TV(S) < [Re| S Lol

{=—00 {=—00

= O(|Rrl)
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by assumptions (Z3)) and Z)). The third term is

3 sup S > Rl 1/ dz‘Sg(Z)_Sﬁ(n;s+Z)"|¢£n(5)¢£n(5+u)|-

U=—00 f=—00 N=—00

If sg denotes the infimum of Rr(s), we decompose the integral as follows:

|RrT|-1 80+k+1

Yoy Sty

U=—00 {=—00 N=—00 SO+—

S

&= [Si() - S, (”; + z) | (s + )]

which can be rewritten with the change of variables y := z — sg — k/T,

> Sup > Y Rl

U=—00 {=—00N=—00

|RTZT: 1 /1/T

Assumption (Z3) for the sum over k with (Bl leads to the bound

n—s+k

k:
dy ‘Se(y+80+f)—5e <y+so+ -

)| n(ehvnts 4

Z sup Z Ly Z IRTT | — s|[$en(8)en(s + u)].

U=—00 {=—00 n=-—00

The compact support of 1y, (s) implies |n — s| < Ly, which leads to O(|RrT|~1) by (B20), E3)
and (Z7)). Finally, we get

29T - (05— 0irr) = O (T +|Rpl) + or(2777) = 0p(2777)

by Assumption El
Let us now turn to the stochastic term ’&JZ,R,T — _]27R7T]. Lemma [0 implies the existence of a
random set A which does not depend on j and such that Pr(A) > 1 — op(1) and

QjRr(s)T — QiRp(s)| < kr/ Ka|ReT |1 (B.21)
almost surely on A, for all T'> Ty and j = —1,...,—Jp. We can write

-1

<2 Z ‘ Z U j)U W Z (QE,RT(S);TQm,RT(s);T - QE,RT(S)Qm,RT(S))

h,t=0 s,u=0 {m=—logy, T

Wy(s = h)Wm(u— h)‘ To—nj<vrr luni<ar,  (B.22)

5 R — Gy,

almost surely on A. Using the decomposition

QZ JRr(s); TQm JRr(s Q@ JRT(s) Qm Rr(s) — (Qm Rr(s Qm JRr(s ) Q@ JRT(s)
(Qﬁ Rr(s);T Qﬁ JRr(s) ) Qm JRr(s);T
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the first term of the right hand side of (B222) is split into two terms. On A, the first of these two
terms is bounded as follows (the other term is bounded similarly):

T—-1 T-1 -1 —1
2 Z Z ‘U(J U(J Z (Qm Rr(s);T - Qn ’RT(S)) m(u - h) Z QZ,R\I’E(S - h) H|sfu\<2MT
h,t=0 s,u=0 m=—logy T {=—Mr
T-1 T-1 ~1
< 2kr logy (T) VKR ReT |71 Y 0 > v U - ‘ > Qurr(syVels — B |Tjs—u<anty
h,t=0 s,u=0 {=—Mr
T—-1 T—1 o o0 ~1
< 2k logy (D)W RTI LS. S (U UD W wjconsy - > sup( S Su2)(h)
t=0 s,u=0 h=—oc0 ° f=—log,T
~0 <2jMTkT\RTT]_1/2 T~ log} T) a.s. on A
using Assumption (B8) and Lemma B The result follows from Assumption O

B.5 Proof of Theorem [

By Lemma [ and Proposition Bl and for T' large enough, there exists of a random set A such that
1—Pr(A) =op(1) and (BI3) holds on A. Then, if A° denotes the complementary random set of
A, we can write:

Pr(|Qjrr — Qjrl > 0jrrn) = Pr(|Qjrr — Qjr| > 0jr.11|A) Pr(A)
+Pr(lQjrr — Qjr| > 7R 11| A%) (1 = Pr(A)).
The second term of this sum is bounded using Lemma [l To bound the first term, we observe
that Proposition Hl implies 6]27R7T > 0']2-7RVT — 7 on A with op = op(2/7/7T~1). Together with
Proposition B, this implies
=2
Js

QRT>1— L —1—op(1) > 1 (B.23)
95 R,T 95 R,T
for all j = —1,...,—Jr, as T tends to infinity. Then, we can write:
~ YT
PrQjrir = Qirl > Gjrrn) < Pr||@jrir — Qjrl > ojman, [1 - — ‘«4 + or(1)
JRT
and Proposition Bl leads to the result. [l

B.6 Proof of Proposition

We first prove the following lemma, stating an exponential inequality for quadratic forms of Gaus-
sian random variables. This result is a generalisation of a similar result obtained by Laurent
and Massart (2000) for chi-squared distributions, and is proved in the spirit of Spokoiny (2001,
Appendix).

Lemma 8. Let Zp = (Z1,...,Z7)" be a vector of iid Gaussian random variables with zero mean
and Var Z1 = 1. If My is a T x T symmetric and positive definite matriz, then
(n — tr Mr)?
Pr (ZypMrZy < 1) < exp (—7 .
( ) 4| Mz |3

provided that n < tr M.
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Proof. By assumption on the matrix My, the decomposition M7 = O/ A7Or holds with a diagonal
T x T matrix Ar and an orthonormal matrix Or. If we denote Y = UpZp, then Y is a vector
of iid Gaussian random variables with zero mean and VarY; = 1. We can write Z/TMTZT =
YoArY = S5 NY2 with \; > 0. Moreover, tr My = trAp, trA2 = tr M2 = ||My|3 and

| M7||spec = max{A1,...,Ar}. A Chernoff bound on Y 1 leads to

Pr (ZpMrZy <n) = Pr (YpArYy <n) <exp Ligg (—tn+ 1ogEexp<tz’TATzT))]

T
= exp [%215 (—tn + Z logE exp(AﬁYf))

=1

and, using that
1
log E exp(;Y;?) = —3 log(1 — 20;) < oy + o

holds for «; < 0, we get
Pr (ZpMrZp < 1) < exp [%E(f) (—tn+ttrAp + 2 tr AQT)] :

The result follows by taking t = (n — tr Ar)/(2tr A%). O

Lemma Bl is not directly applicable on the quadratic form Q;r.r = Z7M;j g, Z7 because the
matrix M; .7 is not definite positive in general. In the next lemma, we show how this matrix can
be approximated by the matrix M ;‘R,T, defined as

1/21 1/2
;R;T = ET/ U;R;TET/ )
where the entry (s,?) of the matrix Uz 1 is

-1

ul =[RTIH > 272Wy(s — 1),
{=—1logy T

with 79 > sup;( supy< 2t/ 2|Aj}1| > 0. The matrix Mz 1 is clearly symmetric. It is also positive

definite because Uy 1 is positive definite: For all sequences z = (z1,...,27)" of £2, the quadratic
form
-1 T-1 2
PUlprre =0[RTITH Y 22y ( > wswek(8)>
{=—logy T s=0 \keRT

is strictly positive.
Lemma 9. Assume Assumptions [ to[3 and Assumption [ hold true. Define v, such that

-1

. /2
0<v <v r}zrifo Z 252 A,
{=—1log, T

The following properties hold true for T sufficiently large:

MR e < (Mg — Mirer) < 2llexr 0070l RI ™ (B.24)
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where € is defined in Assumption [4,

HM;R;T - Mj7R§T“§pec < HM]*,’R,T - Mj=R§TH%
SALABIR| P lex|f T log3(T) +O(T 1), (B.25)
and, if Zp = (Z1,...,Z7)" is a vector of #id Gaussian random wvariables with zero mean and

Var Z1 =1, then

\/T tr Mj,'R;T
loga T

Pr (Z’/T( ;R;T - M],R,T)ZT > )\T) =0 (exp

) (B.26)

Proof. 1. We prove ([B24). Write tr(Mp.p — Mjrr) = tr(M;g.5) — tr(M;R;r), Where the
second term is E(ZyMjr1rZr) = Qjr + O(27/2T~/2) from Lemma B and Proposition B

where A\ = tr M;R;T —tr Mg +tr MjRr.r 10g2_1 T.

Moreover,
tr(M; z.r) = tr (27U »or)
00 s —1
—0RT Y exr (Tu> S 22w (u) (B.27)
$,u=00 l=—1log, T
0o s —1
= 70| RT| ! Z cx (f,u) Z 2/2W (u) 4 Restr . (B.28)
$,u=00 {=—logy T

We now derive a bound for Resty. Denote Arp(s/T,u) := cxr(s/T,u) — cx(s/T,u). We
first show that TV(Ar(-,u)) is uniformly bounded in u. For all I € {1,...,T} and for every
sequence 0 < a1 < ag < ...<ajy <1, we can write

AT (ai) U) - AT (aifla U)

_ _Zl i {Sj (%) - S; (ai)} Vi ([ T]) Y ([a; T] + )

j=—00 k=—00
_jgook:ioo {Sj (%) -5 (ai—l)}wjk([ai_lT])¢jk([ai_lT] Cu) oY

where the O(T~!) term comes from the approximation (ZZ). Now, substitute k by k + [a;T]
in the first sum, and by k + [a;—17] in the second one. This leads to

AT (ai) U) - AT (aifla U)

=5 3 s (Bra) s (Bran) + i - e} 0

j=—00 k=—00
+O(T™h).
Consequently, using the Cauchy-Schwarz inequality and (24,

1

—1 0
oA (au) = Ar (g, w)] <20 Y L > [n(0)w(w)] < 2p + K,

i=1 j=—logyT  k=—o0
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where K is a constant (because I < T'), leading to TV(Ar (-,u)) < 2p + K uniformly in u.
We can now bound Restr in (B28]) as follows:

00 -1
Restr = ’)/Q‘RT‘il Z Ar (%,u) Z 26/2\115(11)

$,u=—00 {=—logy T
o (s+1)/T s —1
= y0|R| ™! Z // dz {AT (z,u) + Arp <f,u> —Ar (z,u)} Z 220, (u) |
su=—o00 "’ 5/T t=—log, T

as |Wy(u)| is uniformly bounded by 1,

1 00
<7olR[ /0 iz S |Ar ()]

U=—00

o S [ o (B - ar (s )]

S, Uu=—00

From Proposition [, the first term is O(|RT|~!). Using ([B) and that TV(Ar(,u)) is
uniformly bounded in u, the second term is also O(|RT|™!).

Now, using (Z6) and the definition of the matrix A, the first term of ([B228]) is bounded from
below as follows:

WIRTIT Y CX(%U) > 2P0 (u)

S, Uu=—00 {=—log, T

-1

) -1
=0 RTI™ D D Su(F) Tnlw) Y 2w

8, U=—00 M=—00 l=—logy T

-1

T-1 -1
=[RTS Y Sm(%>glrif0 S 224,

s=0 m=—o0 l=—logy T

and we get the lower bound with Assumption Bl The upper bound is derived from ([B21),
using Assumption [l and |¥y(u)| < 1 uniformly in £ < 0 and u € Z.

. We prove (B.23). The first inequality is (BJ)). From (Bd)), we write || M} .7 — M; |3 <
|Z1/2)|4 U o — Ujr.rl3. Then, with Lemma £

spec

U rr — Uirirlls < 21U r.rll3 + 20Uj=r |15
-1
<SRRI Y 2R A, 4 K R|TPT!
m=—logy T

with (A3) and LL,, < 2-Em™/24L
<AL R T ogs(T) + O(T ™).

The result follows from Lemma Bl
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3. We prove (B26l). For T large enough, A\p is strictly positive. Using Proposition § and, from
Lemma B using p2 = Var(Zp (M} r.r — Mjrir)Z7) = 2||M} . — M; 7|3 and denoting
ar = HM]*RT - MJ,R;THspeCa

1 (tI‘MJ'RT)2 >

Pr (Z' X op — M Zopr > A ex
(_T( PR T T) =T T) P < 2 pT 10g2 T + 2gr tr(Mj,R;T) logy T

([B20) gives the rates for pr and g7, leading to the result. O

Proof of Proposition Bl The type II error is

Pr (1Qjr;r| < mbjrr|H1) < Pr(Qjryr < nefjrr|Hi) .

In the proof of Proposition Hl we define a random set A such that Pr(A) > 1 — or(1) and BI3)
holds. Proposition Bl implies that 5]2‘,R,T < o?’R7T+7T on A with y7 = 0(2/=/TT~1). Together with

Proposition Bl this implies
~2
2
P <1+
O R.T ] R,T

— 1,

and then the type II error is bounded by
Pr (Qjr:r < UTUj,R,T| Hi) +or(1)

with np = n. /1 + ’YT/UJQ‘,R,T-
With the notations of Lemma [ we can write the type II error as

Pr (Qjrir < nrojror| i) = Pr (Z0 Mg Zy < nrojrir + Zp(Mj g — Mjg.r) Zp| Hi)
(B.29)
where Zp = (Z1, ..., Zr)" is a vector of iid Gaussian random variables with zero mean and Var Z; =
1. We now define the random set Py = {Z%(M}:R;T — Mjrr)Zr < Ar} with Ap = tr M;R,T
tr M; r.7(1 —logy ' T). Lemma[, equation (B28), gives an upper bound for Pr(P¢). Conditioning
on Pp, we can write

Pr (Qjrr < nTJj,R,T| Hi) < Pr(ZrMip.rZr < nrojrr+ )\T| H,)
. \/T tr Mj,’R;T
log2 T

+0 (exp

Then, we are in position to apply Lemma Bl and we get

Pr (Zr M r.rZy < nrojrr+ Ar|Hp) <

_ 2
exp (77T0'j,R,T —tr Mj R: T(l — log2 1 T))
A M r.rlI3

provided that nroj g, + Ar < tr M7 (which holds true for 7" large enough by definition of Ar).
Proposition B allows to write EQ;r.r = tr M .7 = Qjr + rr with rp = O(T~'/?), and then the
first term of the type II error is bounded in order by

exp [ | M} .73 °Q2R] + exp [~VTQsr logy T
We conclude using that, under Hq, we can write
Qjr = UIRI'Qju+ (IR| = UDIRIT' Qv > UIIRIT1E,

from ([I0) and applying Lemma @ equation ([BZH) to [[M] .12 O
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B.7 Proof of Proposition
Let U be a segment of p(R). Consider the a.s. inequality
Qi rir — Qiur| < |Qjur — Qjul + |Qjrr — Qi r| + Aj(R,U)

where A;(R,U) is defined in ([@I). In the regular case, A;(R,U) < b(U) +b(R) < Cj(ojur +
o r1)kr. Consequently, in the regular case,

Pr (R is rejected) < > Pr{|Qjur — Qjrer| > (nojur +nojrir) kr)

Uep(R)
< Y Pr(Qjrr — Qrl > —Cjojurkr + nojurkr)
Uep(R)
+ Y Pr(Qjrr — Qirl > —Cjojrrkr +10j R k)
Uep(R)

Proposition Bl implies

. 1 U
Pr (R 18 reJeCted) < (ﬁ@(R)) o €Xp _§ . 1+ nr L 29/2n7v(|lex |1,00 +C1p)
[RTojr,T 0‘j7R;T|RT|ﬁ
1 U
T Z Py TR 14 ki 2/ 2npv([lex|lr,c0+e1p)
Uep(R) UT|oju,T ojurUIVT

with

nr := nkr\/1 —or — Cjkr
= kr2792 [5(2a +p) — Va +p] .
Proposition £ leads to 0']-_7713771 < 2774/ K{YRT| and similarly for U;LILT. As 6 < |R| < U] <1,

we consider the dominant terms in the sum, and we can write, for T' large enough, and with
277 Lj < pL_q,

Pr (R is rejected) < 2¢o (8p(R)) exp _% ) T n%Tu(llcxlll,oo+c1p)
VE1|RT| V2 K18
Replacing nr and using 2« + p > /a + p lead to the result. O
B.8 Proof of Theorem
We first prove the following technical lemma.
Lemma 10. Let Zp = (Z1,...,Z71) be a vector of iid Gaussian random variables with zero mean

and Var Zy = 1. If Mg is the matriz (BI8), v is a positive constant and p > 2, then, there
exists Ty such that

p . p
B (Z'TMJ‘,R,TZT —tr M7+ UkTT*l/Q) < C (5,1, llex |l1,00,p) TP/ (ZHJ/ IR + “kT)

for all T > Ty.
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Proof. First, we write
/ —1/2\?
E(ZrMjrrZr — tr MR 1+ vkrT
P
=X ( f > E(ZpMjrrZy —tr Mjgp) o" "k~ 0 (B.30)

Due to the relationship between the centered moments of a random variable and its cumulants, we
can write

T
E (Z/TM]','R,TZT - ter,R,T)r = Z Zc(pla <oy Pmy My T, e T, )'V”'pll K’;)r: )

where the second sum is over pi,...,pm,T1,..., Ty in {1,...,7} such that Y pim = 7, kp, is
the p;th cumulant of Z;M;r1Z7p and C denotes a generic constant in this proof. From Lemma
Bl we can write, using ([Bj:ﬂ) and Proposition B

i < 2072 (py — WIVar(Zp My Zr) | My r 7|l
< 272 (p; — 1) KouPi™ 2||CX||11)foo 2IPi/2| R |~PiT—Pi/2,

Consequently,
E(ZpMjrrZy —tr Mjrr)" < CK, llex |[1,00, 7, )2 2RI T2
and using this inequality in ([B30) leads to the result. O

Proof of Theorem 2. Let R be the interval selected by the estimation procedure. We consider
two cases: |R| < |R| or |R| = |R|. In the first case, and since the estimator and the wavelet
spectrum are uniformly bounded by S,

EIS;(20) = Sj(z0)l" Tz <y < (28) Pr (IR| < [R]).

As Pr(|R| < |R|) < Pr(R is rejected), Proposition B allows to write E|S;(29) — S;(z0)[? Lzi<ir) =

o(r CP\/_) We consider now the second case. Select a subinterval U in R N p(R) containing z.
Then, consider the decomposition

~ p
E|Sj(z0) — Sj(z0)P Lz siry < E [’Qj,u = 8j(20)| + |Qjuir — Qiul +1Q; r.r — Qi

As the wavelet spectrum is regular on U C R, the term |Q;y — S;j(20)| is bounded by Cjo;y Tk
On the other hand, using Proposition B, |Qju.r — Qjul = |Qjur — tr Mjy.r| + Rr with Ry =
O(27/27=1/2). Moreover, as R is selected by the estimation procedure, it holds Q; rr — Qiusr| <

(16 ; 2.1 +n0ju,r)kr. Finally,
E|Sj(z0) = Sj(20)l" Tizj>ix)
p
E {\Qj,u;T — tr Mjur| + Rr + Cioju,rkr + (Wjﬁ,T + Wj,u,T) kT} -
With 2a + p > /o + p, we can write

Cjo'j,lxl,TkT + (770]-77%771 + 770'j,Z/I,T> kr < 11(2a + p)K21/2|UT|*1/2k‘T
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Lemma [[T proves the existence of a constant c5 depending on k, v, p, K and on ||cx ||1,00, such that,
for T > Ty,

p
E [le,u;T — tr Mjur| + Ry + Ciojuror + (770j,7é,T + A%ZAT) kT}

< eslUT| P2 [21”/25*1 1120 + p)kr|
since |R| > [U| > 6, and the result follows. O

B.9 Proof of Proposition [7
Suppose |Ro| V |R1| = |Ro| w.l.o.g. and write

Pr (R is not rejected) < Pr[Qjr. 1 — QjRror < 1(0jRT + 0jRo,T)ET] -

As in the proof of Proposition B we approximate My = X.(Ujr;r — Ujryr)Er by M =
E’T(U;‘,R;T — U;"RO;T)ET, where U;R;T is defined in Lemma Define the random set Pr =
{Z&(M;ﬂ - MT)ZT g )\T} with AT = tI‘M% - (1 - 10g2_1 T) tl“]\ff7 where ZT = (Zl,... ,ZT)/

is a vector of iid Gaussian random variables. As in the proof of Lemma [, equation (B26), we have

Pr (R is not rejected) < Pr [_/TM:?Z <n(ojr1 + 0 R0, T)RT + )\T] +0 (exp

\/Ttr M
log3 T

Pr(Pr) =0 (exp

Conditioning on Pr, we can write

\/Ttt‘ MT
log2 T

) |

We are now in position to apply Lemma [§ with the symmetric, positive definite matrix MJ*RT As
n(ojr1 + 0jRo1)kT + A < tr MJ for T large enough, we can write, with Lemma B

1 (n(o; : kr 4+ Ap — tr M)?
Pr (R is not rejected) < exp |—= (n(ojrr & Jj’RO’T,) 7+ Ay tr My)
2 Var (ZTMF}Z)

\/TtI‘MT

+O0 |e
( P logs T

) |

Lemma [ leads to Var (Z5-M%Z) = O(|Ro|T logs T), and then, replacing Az, the rate of the
probability becomes

The result follows using tr My = 0p. O

\/Ttl"MT

loga T

T (tr M7)2|R.
o o [- o
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Figure 1: The first figure is an example of theoretical spectrum S;(z). This spectrum is used in
the second figure to simulate a locally stationary wavelet process. This simulation uses Gaussian
innovations §j; and non-decimated Haar wavelets.

40



	Introduction
	Locally stationary wavelet processes
	Nondecimated wavelet system
	The process and its evolutionary wavelet spectrum

	Testing sparsity of a wavelet spectrum
	Sparsity
	A preliminary estimate: The corrected wavelet periodogram
	Derivation of the test statistic and its properties
	Estimation of the variance
	Discussion of the test procedure

	Pointwise adaptive estimation
	Testing homogeneity
	The estimation procedure
	Properties of the estimator in homogeneous regions
	Properties of the estimator in inhomogeneous regions

	On the application of the results
	Properties of the autocorrelation wavelet system
	Proofs
	Proof of Proposition 1
	Proof of Proposition 2
	Proof of Proposition 3 and its consequences
	Proof of Proposition 4
	Proof of Theorem 1
	Proof of Proposition 5
	Proof of Proposition 6
	Proof of Theorem 2
	Proof of Proposition 7

	References

