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LOCALLY STATIONARY LONG MEMORY ESTIMATION

FRANCOIS ROUEFF AND RAINER VON SACHS

ABSTRACT. There exists a wide literature on parametrically or semi-parametrically modeling
strongly dependent time series using a long-memory parameter d, including more recent work
on wavelet estimation. As a generalization of these latter approaches, in this work we allow
the long-memory parameter d to be varying over time. We adopt a semi-parametric approach
in order to avoid fitting a time-varying parametric model, such as tvARFIMA, to the observed
data. We study the asymptotic behavior of a local log-regression wavelet estimator of the time-
dependent d. Both simulations and a real data example complete our work on providing a fairly
general approach.

1. INTRODUCTION

There is a long tradition of modelling the phenomenon of long-range dependence in observed
data that show a strong persistence of their correlations by long-memory processes. Such data
can typically be found in the applied sciences such as hydrology, geophysics, climatology and
telecommunication (e.g. teletraffic data) but recently also in economics and in finance, e.g. for
modelling (realized) volatility of exchange rate data or stocks. The literature on stationary
long-memory processes is huge (see e.g. the references in the recent survey paper HE]), and
we concentrate here on the discussion of long-range dependence resulting from a singularity
of the spectral density at zero frequency - corresponding to a slow, i.e. polynomial, decay of
the autocorrelation of the data. Although a lot of (earlier) work started from a parametric
approach, using e.g. the celebrated ARFIMA-like models, it occurs that since the seminal work
by P. Robinson (see m, @]), the semi-parametric approach is known to be more robust against
model misspecification: instead of using a parametric filter describing both the singularity of
the spectral density at zero frequency and the ARMA-dynamics of the short memory part, only
the singular behavior of the spectrum at zero is modelled by the long-memory parameter, d say,
whereas the short memory part remains completely non-parametric.

Driven by the empirical observation that the correlation structure of observed (weakly or
strongly dependent) data can change over time, there is a also a growing literature on modelling
departures from covariance-stationarity, mainly restricted to the short-range dependent case.
One prominent approach, that we adopt in this paper, too, is the model of local stationarity,
introduced by a series of papers by R. Dahlhaus (IE, , ]) in a non-parametric set-up, the
spectral structure of the underlying stochastic process is allowed to be smoothly varying over
time. Of course, time-varying linear processes (of ARMA type) arise as a subclass of these locally
stationary processes. In order to come up with a rigorous asymptotic theory of consistency
and inference, the time-dependence of the spectral density f(u,A) of such locally stationary
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2 FRANCOIS ROUEFF AND RAINER VON SACHS

processes is modelled to be in rescaled time u € [0,1], leading to a problem of non-parametric
curve estimation: increasing the sample size T' of the observed time series does no more mean to
look into the future but to dispose of more and more observations to identify f(t/T,\) locally
around the “reference” rescaled time point u ~ ¢/T.

In the aforementioned spirit of semi-parametric modelling, and in contrast to the parametric
approach of E], one of the very few existing approaches on time-varying long-memory modelling,
we consider in this paper a locally stationary long-range dependent process with a singularity
in the spectral density at zero frequency which is parameterized by a time-varying long-memory
parameter d = d(u), u € [0, 1], i.e. defined in rescaled time. Our approach is a true generalization
of the stationary approach in that the latter corresponds to a time-constant d for our locally
stationary model. As in the case of ﬂﬁ], the long memory parameter is estimated by a log-
regression of a series of wavelet scalograms (estimated wavelet variances per scale by summing
the squared wavelet coefficients per scale over location) onto a range of scales (corresponding
to the low frequency range of the spectrum). Although wavelets do not improve the estimation
of d in the standard stationary context —1/2 < d < 1/2, their use is of interest in various
practical situations (presence of trends, under and over-differenced series leading to d > 1/2 and
d < —1/2 respectively), see details in [13]. However, in our work now the challenge is to localize
the estimation of the no more constant parameter d. Wavelets are favorable in this situation
since, in contrast to a Fourier analysis, they are well localized both over time and frequency,
i.e. scale. The localization is achieved by smoothing over time the series of squared wavelet
coefficients on each of the coarse scales which enter into the log-regression, giving raise to a local
scalogram. We propose both a more traditional method based on two-sided kernels and also a
recursive scheme of one-sided smoothing weights, adapted to the end point of the observation
period.

The model studied in this paper arises naturally in the now long history of time series mod-
elling in presence of persistent memory. A survey on this subject is provided in @] In Chapter 3
of this reference, it is recalled how long memory and non stationarity have been used as concur-
rent modelling approaches, in particular for financial data, see e.g. [19]. Long memory modeling
for financial data goes back to ﬂﬁ] Originally investigated on absolute powers of stock returns,
long memory models are currently widely used for realized volatility data since they were proven
efficient for forecasting purposes in this context in E] It is interesting to note that only 3 years
after ﬂﬂ], the need for time varying long memory parameters was pointed out in ﬂl_;l.'], see Sec-
tion 5 and in particular Figure 6 where an estimated d is plotted evolving between the values
0.358 and 0.714 over a 60 years long period. In this reference two approaches are suggested for
coping with a time varying d, namely, a stochastically evolving d or a regime switching between,
say, two values of d. These two approaches have been developed, respectively, in E_ji and ﬂﬁ]
(see also HE] where singularities in the spectral density at frequencies different from zero are
considered in a piecewise stationary context).

As outlined earlier the alternative approach developed by Dahlhaus for locally stationary
(short memory) processes is quite appealing as it allows a meaningful asymptotic study of the
estimators. It was recently used for volatility estimation using time varying (short memory)
non-linear processes, see [9, @] The first attempt to adapt Dahlhaus’s approach in the pres-
ence of long memory appears to be the unpublished preprint HE] The authors use the log
linear relationship of the local variance of the maximum overlap discrete wavelet transform and
their scaling parameter, plus a localization with a rectangular window in coefficient domain,
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to estimate the time-varying long memory parameter. However, the asymptotic analysis of the
proposed estimator is not provided. Although it is not essential in their analysis, the considered
model is a tvARFIMA(q,d, ), see our examples below. An asymptotic analysis is provided in
B] for a different estimator applied to the same model. Roughly speaking, the standard way to
estimate a time varying parameter d(u) at rescaled time u = ¢/T € (0, 1) of a locally stationary
process is to use that, for a sample size T', T'b observations around time index ¢ approximately
behave as a stationary sample as the bandwidth parameter b — 0. In B, Theorems 1] the
proposed estimator of the time varying long memory parameter d is claimed to satisfy a central
limit theorem at rate (76)~/2. On the other hand Theorem 2 in B] says that the bias is of
order b? if d is two times continuously differentiable. Such results are somewhat similar to that
for estimating the time varying parameter of a locally stationary short memory process, see @ ,
or, in a more general fashion, Example 3.6 in ﬁ] Hence the presence of long memory in é]
seems not to affect the estimation rates. It can be explained by the parametric approach for the
correlation structure of the observed locally stationary time series in that the filter in the linear
(although infinite) locally autoregressive representation of the process is completely determined
by a finite-dimensional parameter. It follows that only a finite number of local correlations are
needed to determine the local parameter d. In other words the estimation of d(u) can be ob-
tained from an analysis over a fixed set of frequencies taken away from zero. This would however
induce a high sensitivity to model misspecification. In contrast, as usual in semi-parametric vs
parametric estimation, we want our approach to be robust against model misspecification. To
impose this robustness in the semi-parametric model, the memory parameter d is disconnected
from the spectral content out of the origin so that short range correlations does not carry any
information about this parameter. This fully justifies the semi-parametric context even though
it is more involved as it necessitates a low frequency analysis (where the long memory behavior
occurs) which, at first sight, seems contradictory to the local stationarity framework. In fact,
this contradiction is inherent to any locally stationary model which rely on a compromise be-
tween stationarity, which appears at small scales, and analyzing bandwidth, which requires a
large scale to decrease the randomness in the data. As a consequence practical applications of
these models require very long data sets. Our results will prove that this apparent contradiction
can still be overcome for locally stationary long memory models, but with some price to pay on
the rate of estimation (although we are unable to prove that this price is optimal). It is not as
surprising as it may appear. To understand why, consider a piecewise stationary context where
a finite number of regime switching times occur over the observation sample. One clearly sees
that the long memory over each stationary segment can be estimated at the same rate as in
the stationary context. As we will see, the picture is more complicated in a locally stationary
context but it can still be handled. More precisely, we will show that looking at low frequencies
is allowed in a locally stationary model but with an additional cost on the rate of convergence
depending on how small the frequency used for the analysis is. We believe that such theoretical
results are crucial for the practical estimation of the time varying long memory parameter as
they demonstrate the viability of such an approach while indicating that it should be applied
with care.

Summarizing our results, the rest of the paper is organized as follows. In Section 2 we
give the technical details of our locally stationary long memory model of semi-parametric type
and give a series of examples of processes falling into this model. In Section Bl we define our
estimators based on wavelet analysis for which we briefly recall the wavelet set-up. We define
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the local scalogram which is at the heart of our wavelet based estimators. We also prepare our
technique of stationary approximation by defining what we call the approximating stationary
tangent process and its wavelet spectrum, the local wavelet spectrum, as well as the pseudo-
estimator tangent scalogram. We finish this section by discussing a series of smoothing weights,
one- and two-sided kernels, which fulfill our given assumptions. The asymptotic properties
of our proposed estimators are stated in the following Section [@l We derive a mean-square
approximation of the local scalogram through the tangent scalogram (Proposition [I]), followed
by a control of the mean square error of the scalogram as an estimator of the local wavelet
spectrum (Theorem [I]) and a CLT for the tangent scalogram (Theorem (), which finally allows
us to derive a CLT for the local scalogram (Corollary [I]). The results on the asymptotic behavior
of the estimator of d(u) are then obtained: Corollary [ provides the rate of convergence and
Theorem [3] the asymptotic normality. We pursue the paper by Section Bl on numerical examples,
first simulating some ARFIMA process with a time-varying d and comparing the performance
of the two-sided (rectangular) kernel with the recursive weight scheme. Second, we apply the
kernel estimator to a series of realized log volatilities (see also ﬂ3_l|]), namely of the exchange rate
of the YEN versus USD, from June 1986 to September 2004. We conclude in Section [0 before
an appendix section presents all technical details of our derivations including our proofs.

2. MODEL SET-UP AND EXAMPLES

Define the difference operator [AX]; = X — X;_1 and AP recursively. This will allow d(u)
to take values up to p + 1/2 in the following model.

We adapt the approach of @] to the case where the spectral density is allowed to have a
singularity at the zero frequency. Let us fix p =0,1,2,... and AgT(A) be an array of L?([—, 7])
functions with real-valued Fourier coefficients. Let {X;r} be an array of real-valued random
variables such that

APXyp = [ A)p(N) eMdz(N),  t=1,..T,T>1, (1)
where dZ()\) is the spectral representation of a centered weak white noise with unit variance,
at:/ Az, tez, (2)
-
hence Z(\) is a Hermitian complex valued process with weakly stationary orthogonal increments
on [—m,7]. We further assume that there exist a function A(u, \) in L?([0,1] x [~7, 7]) and two
constants ¢ > 0 and D < 1/2 such that
|AYp(A) = A(/T,N)| e THNTP, 1<t<T, —n<A<T, (3)
and
|A(w; \) — A, N)| < clo—u| AP, 0<uv<l, — <A<, (4)

These correspond to the definition of locally stationary processes introduced in @] but with the
term |A\|~” added in the upper bound to allow a singularity at the zero frequency. Relations (),
@) and (@) give rise to the following time-varying generalized spectral density of {X; 1}

Flu,2) = 11— P72 [A(w A (5)
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The first multiplicative factor in the right-hand side of (@) corresponds to the operator AP in
the left-hand side of ([{l). We now focus on time-varying generalized spectral densities exhibiting
a memory parameter at zero frequency.

Definition 1. We say that the process {X;r, t =1,...,T, T > 1} has local memory parameter
d(u) € (—oo,p+1/2) at time u € [0, 1] if it satisfies (1), (3) and (4) and its generalized spectral
density f(u,\) defined by (A) satisfies the following semi-parametric type condition:

Flu,A) = 1= e 720 fou, ) (6)
with f*(u,0) >0 and
|F*(u, A) = f*(u,0)] < C f*(u,0) AP, A € [=m,7] (7)
where C > 0 and (B € (0,2].
The assumption on the model is summarized hereafter.

Assumption 1. The array {X; r} of real-valued random variables has local memory parameter
d(u) € (—oo,p + 1/2) at time u € [0,1]. Moreover {g;} in () is a weak white noise such that
Eleo] = 0, Var(gg) = 1, E[¢}] is finite for all ¢ € Z and the fourth-order cumulants of its spectral
representation dZ(\) satisfy

Cum (AZ(\), 1 <k <4) = ig(N\) du(N), A= (M\p)1<p<s € [-m, 7", (8)

where #4(A\) = &4(\1, A2, A3) is a bounded function defined on [—7,7]?, and p is defined as the
measure on [—,7|* such that, for any (27)-periodic functions Ay, 1 < k < 4,

/ }j{Ak(Awdu(A): /

[_Wvﬂ]:g

3
Ag(=M1 = Ao = Ag) [T Ae() . (9)
k=1

Assumption (§]) is standard for linear representations of time series and was used by Dahlhaus
(for cumulants of all orders) in the original definition of locally stationary processes in B] The
measure p defined by (@) is sometimes denoted as dp(A\) = n(A;+- - -+ Ag)dA1 ... dA\y, where 7 is
the (27)-periodic Dirac comb, sce e.g. [5,]. An immediate consequence of () is the following
bound of fourth-order cumulants, for any set of (27)-periodic functions Ag, 1 < k < 4,

Cum ( [ amazo <k < 4)\ < ca [ Aula | Adll2 [ Azl 1451l (10)

—Tr

where ¢4 is a positive constant and [|Ag|l, = (7, | Ag(\)[PAN) /P,

We now give a small series of examples, adapted from ﬂﬁ] to the time varying setting.

Ezample 1 (tvFBM(H)). The Fractional Brownian motion (FBM) process {Bp(k)}rez with
Hurst index H € (0,1) is a discrete-time version of {By(t),t € R}, a Gaussian process with
mean zero and covariance

E[Bu (1) B (s)] = 5 {2 + Is — |t — s}
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The spectral density of {ABy(k)}rez is then given by A — |1 — e M2+ fopyi(\; H), where
2H+1
+[2sin(A/2) 2N TN 4 2k T2 (11)
k0

2sin(A\/2)

frem(M H) = 3

The time varying Fractional Brownian motion (tvEBM) has generalized spectral density (@)
with p = 1, d(u) = H(u) + 1/2 € (1/2,3/2) and f*(u,A\) = frem(A; H(u)), where H is a
Lipschitz mapping of [0, 1] into a subset of (0,1). Then (7)) holds with 8 = (2H (u) + 1) A2. The
corresponding non-negative local transfer function is

Au, \) = [1 — e 2770 /repn(N H(w)) (12)

In this case, by LemmaBlin [Bl () holds for any D > sup, H(u) — 1/2.

Ezample 2 (tvFGN(H)). The time varying fractional Gaussian noise (tvFGN) is defined sim-
ilarly as the tvEBM by f*(u,A) = frem(A; H(u)) but with p = 0 and d(u) = H(u) — 1/2 €
(—=1/2,1/2).

Ezample 3 (approximated causal tvFBM(H)). The drawback of the tvFBM (and also of tvFGN)
defined above is the non-causality of the transfer function A(u,-) defined in (I2)). Since {A B (k)}rez
is purely non-deterministic, it admits a causal representation. On the other hand, to our knowl-
edge, the corresponding transfer function is not explicitly given and thus ({) is difficult to check.

To circumvent this problem, one may construct an example by approximating a causal continu-
ous time representation of the FBM, see e.g. @, Chapter 6]. Let us fix H in (1/2,1). Replacing
the integral by a discrete sum in this representation, one obtains the following process

Bu(t) =S {t—-o? — (=] e, tez,
SEZL

where {e5}s¢c7 is a standard Gaussian white noise. Then

ABy(t) =Y (K172 — (k- 1))y, tez,

k>0
is a causal representation of a stationary process. Using an integral approximation of the discrete
Fourier transform of the sequence (szfl/2 — (k- 1)1-:71/2)1962, one can show that, as A — 0, the

corresponding transfer function A () satisfies [Az (A\)| = Cpr [NY/2~7 +O(1) for some positive
constant C'ir. Moreover, for any € > 0, there is a constant C' such that, forall 1/2 < H' < H < 1
and A € (—m, ),

[An(N) = A (N < C[H = H|[AT=127e
Let now H be a Lipschitz mapping of [0, 1] into a subset of (1/2,1) and define the approximated
causal tviFBM(H) process by setting A(u,\) = Ag(,)(A). Then Condition (#) holds again for
any D > sup, H(u) — 1/2.

Ezample 4 (tvARFIMA(q, d,r)). The time varying autoregressive fractionally integrated moving
average (tvARFIMA(q,d,r)) process is defined by

w\) = (1 — e H)~dw+r o(u) 1435 Ok(u)e ™
A= ) Vor 1— ZZ:1 o (u)e A7 (13)
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where d : [0,1] = (—oo,p +1/2), ¢ : [0,1] = Ry, ¢ = [¢1 ... ¢g)7 :[0,1] — R? and 6 =
[01 ... 6,]T :[0,1] — R" are Lipschitz functions such that 1 —Y"7_, ¢y (u)z* does not vanish for
all uw € [0,1] and z € C such that |z| < 1. Using this latter condition, the local transfer function
A(u;-) defines a causal autoregressive fractionally integrated moving average (ARFIMA (g, d(u)—
p,r)) process and the local generalized spectral density (Bl satisfies the conditions (@) and (7))
with 8 = 2. Using Lemma [B] in [Bl the Lipschtiz assumptions on d, o, # and ¢ yield the
condition (@) with D > sup,, d(u) — p.

In order to verify Condition (@) trivially, the simplest definition of { A? X, 7} in all the previous
examples is to take A?,T()‘) = A(t/T, \), that is to set the time-varying linear representation

™

APX, = / A(t)T; \) M dZ(N) (14)
—T

as will be done for our simulated tvARFIMA in Section 5. However, one might also want to use

a different transfer function AgT in (), provided that Condition (3)) holds. Such approximated

time varying linear representation is motivated by the tvAR(p) process, which satisfies the

recursion

P
Xir — Z or(t/T) X pr=0(t/T) e, 1<t<T,
k=1
along with appropriate initial conditions. It has been shown in M] that such non-stationary
process does not satisfy a representation of the form (I4]) (with p = 0) but it does satisfy ()
and @) (with p =D =0).

3. ESTIMATION METHOD BASED ON WAVELET ANALYSIS

3.1. Discrete wavelet transform (DWT). Following the approach presented in ﬂﬁ] for the
estimation of the memory parameter of a stationary sequence, we compute the discrete wavelet
transform (DWT) of {X; 7, 1 <t < T} (in discrete time) for a given scale function ¢ and wavelet
1. We denote by {W; r.7;j > 0,k € Z} the wavelet coefficients of the process {X;r, 1 <t < T},

T
Wikr =Y hjonXer, k=0,....T;—1, (15)
t=1

where {h;;, ,t € Z} denotes the wavelet detail filter at scale j associated to ¢ and 1 through
the relation

hyo =279 / Bt (2 ) du,

and T} the number of available wavelet coefficients at scale j, which satisfies

7277 —c< T; < T277, for some constant ¢ independent of j > 0 . (16)
The filter ;. and T are defined so that the support {t : h; s, # 0} is included in {1,...7T}
for k=0,...,T; — 1. Observe that here j denotes the scale index of the wavelet coefficient and

k its position index. We use the convention that a large j corresponds to a coarse scale. Let us

define .
Hj(\) = hje (17)
teZ
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the corresponding filter transfer function. The following conditions on the wavelet ¢ and scale
function ¢ are assumed to hold for a positive integer M and a real a.
(W-1) ¢ and ¢ are compactly-supported, infegrable, f_oooo p(t)dt =1 aAnd f_oooo 2(t)dt = 1.
(W-2) There exists o > 1 such that supgcp [1(€)] (14+[¢])* < oo, where ¢p(&) = [ 4 (t) e ¢tdt
denotes the Fourier transform of .
(W-3) The function ¢ has M vanishing moments, [* " (t)dt =0 for all m =0,...,M —1
(W-4) The function ), ., k™ ¢(- — k) is a polynomial of degree m for all m =0,..., M — 1.

Under [[W-3)] and [[W-4)], the filter can be interpreted as the convolution of the AM filter with
a finite impulse response filter. Hence if M > p, Equation (I&]) may be written as

T
Wikt = Z hj,2fk7t(ApX)t,T, k=0,...,T; -1,
t=1

where hj. = iLJ + AP, In particular, we have

Hi(A) =Y hje ™ = Hy(A)(1 - )77 (18)
teZ

3.2. Local wavelet spectrum, local scalogram, tangent scalogram, and final estima-
tor. Recall that f(u,-) in (B]) can be interpreted as a local generalized spectral density at rescaled
time u € [0,1]. Hence, as in the stationary setting used in ﬂﬁ], for each such u, we may define a
local wavelet spectrum o?(u) = {ajz(u), j > 0}, where for each j > 0, ajz(u) is the variance of the
wavelet coefficients at scale index j of a process with generalized spectral density f(u,-). This
variance is well defined under the assumption M > p because in this case the wavelet coefficients
at given scale are weakly stationary. Moreover, by (B) and (IS]),

OB " H; ) f(w:A) dA =

—Tr —Tr

K

Hi(\) A(u; \) C

The following intuitive definition will be also useful when developing our estimation theory using
stationary approximations. For any u € [0, 1] one may define a tangent stationary process for
the p-th increment

™

APX,(u) = / Aluz \) e dZ(N) (19)

—T
whose spectral density is |1 — e7*?" f(u, \). Further we define the wavelet coefficients of the
tangent weakly stationary process at any u € [0, 1], namely,

T
Wik(u) = Z Bj,zjk—t(ApX)t(u) (20)
t=1

™ .
= [ H;\) A(w;\) 2R dz(\), k=0,...,T;—1. (21)
—T
these wavelet coefficients are indeed those of a process with generalized spectral density f(u,-).
Thus the above definition gives

o2 (u) = E [W2,(u)] - (22)
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An important tool for the estimation of the long memory is the scalogram (first introduced
in this context by [3] and developed by [1]) defined as

T;-1

~2 —1 2

o =T Y Wi
k=0

Here to cope with local stationarity, we will need a local scalogram for estimating the local
wavelet spectrum, namely, for a given u € [0, 1],

T;—1
k=0

where {v;(k)} are some non-negative weights localized at indices k ~ «T; and normalized in
such a way that

T;-1
> vk =1. (24)
k=0

The localization property will be expressed by imposing a bound on the increase rate of the
following quantity (see equation (B3]))

T, —1
F(I(u;ja T) = Z |7j7T(k)| |k - TU2ij|q s (25)
k=0

as T — oo for appropriate values of the exponent q.
An important tool for studying the local scalogram is the tangent scalogram defined as

T:—1
Grp(u) =Y vr(k)Wii(u) . (26)
k=0

We note that this definition is similar to that of the local scalogram in (23) but with the
wavelet coefficients W .7 replaced by the tangent wavelet coefficients Wﬁk(u) defined in (20).
The tangent scalogram is not an estimator since it cannot be computed from the observations
Xi7,...,X771. However, it provides useful approximations of the local scalogram.

We conclude this section by deriving an estimator of the time-varying long memory parameter.
The local wavelet spectrum is related to the local memory parameter d(u) by the asymptotic
property a?(u) ~ ¢22WJ a5 j — co. This property will be made more precise when we study
the bias, see the relation ([0) below. An estimator of d(u) is obtained by a linear regression
of (log 3]2.7T(u))j:L,___7L+g with respect to j = L,..., L+ ¢, where / is the number of scales used
in the regression and L is the lowest scale index used in the regression. Let w be a vector
w = [wp, ..., w]T satisfying

l

¢
Zwi =0 and 2log(2) Ziwi =1. (27)
i=0

1=0
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The local estimator of d(u) is defined as
L+/

dr(L) = Z w;j—log (73 (u)) . (28)
j=L

3.3. Conditions on the weights v; r(k) and examples. Let us now precise our conditions
on the weights v, (k). Denote, for any 0 <4 < j, v € {0,...,2" — 1} and X € R,

r(Ni o) = Y yir(24v)e (29)
1ET; (i)
where
Ti(iv)={l:0<1<27Y(Tj_; —v)} . (30)
We moreover define
djr=sup  |yr(k)|. (31)
k=0,...,T;—1

The weights ;7 (k) must satisfy an appropriate asymptotic behavior as 7" — oo for obtaining
a consistent estimator of d(u). More precisely, the following assumption will be required.

Assumption 2. The index j depends on T" so that the weights (v;7(k))s satisfy the following
asymptotic properties as T" — oo.
(i) We have 6;7 — 0, and for any ﬁxed integer i, 6j447 ~ 2i6j7T.
(ii) For all i,i" > 0, v € {0,...,2" — 1} and v € {0,...,2" — 1}, there exists a constant
V =V (i,v;i,v") such that

5%%/ (N4, 0) @50 (N7, v") AN = V (i, 054, 0") . (32)

—T
(iii) For all > 0,4 >0 and v € {0,...,2° — 1}, we have
6;;/2 sup [P 7r(Ni,v)] = 0.
n<|A <
(iv) For ¢ =0,1,2, we have
Ly(u; 4. T) = O ((85,r)77) (33)
where I'y(u; 4,T) is defined in (23]).

We provide several examples of weights satisfying this assumption below. In these examples,
the weights v; r(k), k=0, ..., T}, are entirely determined by 7} and a bandwidth parameter by
and

0,7 = brTj ~bpT277 (34)
In kernel estimation, one may interpret the bandwidth parameter bz as the proportion of wavelet
coefficients used for the estimation of the local scalogram 8]2-7T(u) at given scale 5 and position
u, among the T} wavelet coefficients available at scale j from T' observations Xi7,..., X7 7.
Lemmas Ml and [l show that, for these examples, Assumption [2] is satisfied as soon as T; — oo
and byT; — 0, except in the non-compactly supported case (K{3]) in Lemma @ where we assume
in addition that T exp(—c'brT}) = O(1) for any ¢ > 0, which holds in the typical asymptotic
setting by =< Tj_C with ¢ € (0,1).
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Ezample 5 (Two-sided kernel weights). For u € (0, 1), one has a number of observations before
rescaled time u and after rescaled time u both tending to infinity. Thus we may use a two-sided
kernel to localize the memory parameter estimator around w. For a given bandwidth b = by,
the corresponding weights are given by

v (k) = pip K((uTy = k)/(brT})) | (35)

where K is a non-negative symmetric function and p; 7 is a normalizing term so that (24]) holds.
In the last display we see that by is the bandwidth in a rescaled time sense while b7} is the
corresponding bandwidth in the sense of location indices £ = 0,1,2,...,Tj at scale j . Lemma [l
in the appendix shows that Assumption[2 holds for a wide variety of choices for K. In particular
Assumption 2] holds with §;7 =< (bpT;)~' and V(i,v,;i',v") = 2727""" under the following
assumption.

Assumption 3. The weights (v;r(k)) are defined by [B5) with K = T[_;/5/). Moreover, as
T — oo, by — 0 and Tjbr — 0.

Ezample 6 (Recursive weights). By recursive weights, we here mean that, given 7', L and w, the
possibility of computing 8]2»7T(u) by successive simple linear processing involving a finite number
of operations after each new observations X;.7 as t grows fromt =1tot ="1T.

Because the DWT is defined as a succession of finite filtering and decimation, it is indeed
possible to compute W) .7 online for all j € {L,...,L+/¢} and k € {0, ...,T;}. Then an online
implementation of the local recursive scalogram can be done by setting

o7 1r=0, je{L,....,L+1{},

and, using the following recursive equation for all j € {L,..., L+ ¢} and t € {0,...,T; — 1},

55w = exp(—(brT) ™) G54 10 + Wi .

where (bTTj)_1 is the exponential forgetting exponent corresponding to the bandwidth parameter
bp. For any u € (0, 1], we define a local recursive scalogram by

~2 12
ojr(u) = P 195 [uTj]-1;T >

where [a] denotes the integer part of a and

[uTy]-1 [T ,
_ _ 1—c¢e [uT;]/(brTy)
P ;] ’ = 1 — e (rTy)~t (36)

Hence (23) and (24)) hold with

v, (k) = Pj_,%ef([UTj]flfk)/(bTTj)ﬂ[o,uqu)(k) . (37)
Observe that these weights are one-sided by construction, since only the observations before
rescaled time u are used for estimating d(u). This is the reason why we may take u € (0,1].
Lemma [5 shows that Assumption 2l holds for these weights, provided that by — 0 and T;byr —
0.
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4. ASYMPTOTIC PROPERTIES

We study the asymptotic properties of c/l\T(L) defined by ([28)) as L, T — oo in such a way that
Assumption@holds for each j = L, L+1,..., L+ and for the chosen weights ; r(k). We provide
further conditions on L, T, 7, 7 under which consistency holds and derive the corresponding rate

of convergence (Corollary ). Under strengthened conditions, we further show that c/l\T(L) is
asymptotically normal (Theorem [B]). These results essentially follow from asymptotic results on
the tangent scalogram (Theorem 2] Relations [@0) and (61l)) and approximation results on the
local scalogram (Proposition [I) based on the tangent scalogram.

4.1. Asymptotic properties of the local scalogram. In order to derive asymptotic results
for 8]2.7T(u), we first establish a bound on the error made when approximating 8]2»7T(u) by 5]2.7T(u).

Proposition 1. Let u € [0,1] and consider a model satisfying Assumption . Assume|(W-1)-
((W-4 )| hold with M > pV (d(u) — 1/2) and o« > 1/2 — d(u). Suppose moreover that Assump-
tion [Azd) hold. Then, the following approximation holds.

N _ 2 4ol Wi o
E |(@3r(u) = 53r(w)?| = 0 (20045 4 4 ot ars2lip=2-2) (38)

Next, we derive a bound of the mean square error for estimating f*(u, 0)K(d(u)) 224" using
the estimator 3]2.T(u), where K is the function defined by

K(d):/oo €2 DO de, 1/2—a<d<M+1/2. (39)

In fact as the estimator dp(L) is defined in (28] using 3]2-7T(u) with j = L+14,1=0,...,4,

and as L,T — oo, it will be convenient to normalize these quantities by 2214 o that

I (u, 0V K (d(u)) 224w j22Ldw) — (4 0)K(d(u)) 224 does not depend on L.

Theorem 1. Let u € [0,1] and consider a model satisfying Assumption[d. Assume|(W-1)H(W-4)
hold with M > pV d(u) and o > (1 4+ 3)/2 — d(u). Then we have, as j — 0o,

o2 (u) = f*(u, 0)K(d(u)) 224 {1 +0 (rﬂj)} . (40)
Suppose moreover that Assumption[Q holds and that
HHP—dWNL =253 0. (41)

Then we have for j = L+ 1 withi=0,...,¢,

E |25 r(u) = f*(u, 0)K (d(u)) 22"‘“”))2}

-0 <5L7T T oL T-252 Q_QBL) (42)
Using the approximation result stated in Proposition [l we may also wish to obtain a central

limit theorem (CLT) for the local scalogram. To this end, we must first derive a CLT for the
tangent scalogram. Define, for any integer ¢ > 0 and d € (1/2 — a, M] the 2-dimensional cross
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spectral density Do ¢(A;d) = [Deo,eu(d)]y—p,.. 2¢—1 of the DWT of the generalized fractional
Brownian motion (see [23]) by

Do o(Aid) =[x+ 2| "> eg(A + 20m) (A + 20m) (2 (A + 21m))
€z
where for all £ € R,
e(&) = 24%/2[1,6442—“5’“',67M2‘44)2—“§]T

In other words Do ¢(A; d) is a vector with entries

Do ro(Xid) = 2792 3 |\ 4 20|24 702 OF2M (x4 2im)p (27N + 2m)), 0 <w <2
lEZ
We can now state the CLT for the tangent scalogram.

Theorem 2. Let u € [0, 1] and consider a model satisfying Assumption[d. Suppose that|(W-1)-
((W-4) hold with M > pV d(u), a > 1/2 — d(u). Suppose moreover one of the two following
assertion holds.

(a) Assumption[3 holds and {e;} is an i.i.d. sequence.
(b) Assumptions[2 [d)-(zd) hold and {e;} is a Gaussian process.

Then, for any ¢ > 0, the following weak convergence holds.
(Se() —E[Sp()] ) = MO, (*(,0)*T(w) , (43)
where _ s
St(u) = 272M5 25 1 (w) 3110 () - igr ()] (44)
and X(u) is the (( + 1) x (€ 4+ 1) symmetric matriz defined by

9i=i' 1 ”
S (u) = 2 20460} S (0,054 —i',v)/ IDooi o (N d(w))|” dr, (45)
v=0 -
on the bottom-left triangle 0 < i’ < i < ¢ with V(0,0;i —i',v) defined in (32).

Remark 1. A CLT for the sum of squares of the wavelet coefficients of a stationary long memory
process was established in ﬂﬁ] for Gaussian processes and extended in @] for linear processes.
We separate two sets of assumptions in Theorem [2l The result in the linear case is directly
applicable under Assumption ] in (a) since the weights are constant. To obtain a CLT for
general weights (Assumption2lin (b)) we use the additional Gaussian assumption. To avoid the
Gaussian assumption for such general weights, one needs to revisit the results in @] to obtain a
CLT for sums of weighted squares of decimated linear processes. Such an extension goes beyond
the scope of this article.

Applying Proposition [[] and Theorem [2, we immediately get the following result.

Corollary 1. Let both the assumptions of Proposition [1 and Theorem [2 hold. Let L be such
that
2 2p=dIDEP =253 0. (46)

Then, for any £ > 0, the following weak convergence holds.

(Sew) —E[Sp)]) = N0, (* (w02 (w) , (47)
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where
Su(u) = 2725 126, 1) 5y (w) - e ()] (48)
and X(u) is the (¢ + 1) x (£ + 1) symmetric matriz defined by ([£J).

4.2. Asymptotic properties of the estimator JT(L). The following result establishes the
consistency of the estimator dy(L) defined in (8) with w = [wy,...,w,]? fulfilling @27) and
provides a rate of convergence.

Corollary 2. Under the same assumptions as Theorem [, if moreover L — oo, then we have

o~

dp(L) = d(u) + O, (&/% + 2(3/2+{p_d(“)})LT_15271T + 2—ﬁL) =d(u) +op(1) . (49)

Let us determine the optimal rate of convergence of c/i\T(L) towards d(u). By balancing
the three terms in the right-hand side of (@), we find that for 2F = T2/ (3+68=2d(u)+2p) 4pq
br =< (Tpépr)~! = T (2d(uw)=2p=25—1)/(3+66-2d(u)+2p)  thege three terms are asymptotically of
the same order. Hence for this choice of the lowest scale L and the bandwidth by (recall that
55,11“ = brT27F — ), we get

dr(L) = d(u) + O, (T-2//GH65420-d)))

We observe that the rate of convergence depends on the unknown parameter d(u). The de-
pendence in d(u) comes from the approximation result (B8]), which appears in ([@9) in the term
2(3/2+{p_d(“)})LT_15£71T. Other error terms in ([@9) have rates not depending on d(u), which is
consistent with the facts that 1) the rate of convergence does not depend on d in the stationary
case ﬂﬁ, Theorem 2|, and 2) these two terms come from the tangent weakly stationary approxi-
mation. On the other hand, the term 2(3/2+{p_d(u)})LT_15Z,1T may seem unusual for estimating
the time-varying parameter for local-stationary processes. For instance, for a time-varying AR
(tvAR) process with a Lipschitz-continuous parameter corresponding to B with D = 0, the
approximation error due to non-stationarity yields the error term by =< (79 L,T)_l- Indeed this
corresponds to the term (np)™? with 8 =1 in m, Theorem 2] which is shown to yield a rate
optimal convergence in Theorem 4 of the same reference. Our error term is always larger as it in-
cludes the additional multiplicative term 2(3/2+{P=d(WHL which tends to oo since p—d(u) > —1/2
and L — oo. Although we cannot assert that our rate is optimal, it can be explained as follows.
In contrast to the tvAR process, our setting is locally semi-parametric, which implies to let L
tend to oo in order to capture the low frequency behavior driven by the memory parameter d.
It is thus reassuring that if L were allowed to remain fix our error bound would be of the same
order as for the locally parametric setting. The fact that letting L — oo decreases the rate of
convergence is not surprising as the low frequency behavior implies large lags in the process,
which naturally worsens the quality of the local stationary approximations. To conclude this
discussion, it is interesting to note that the wavelet estimation of the memory parameter of a
non-linear process may also yield a rate of convergence depending on the unknown parameter.
It is indeed the case for the infinite-source Poisson process, see [14, Remark 4.2].

We now state the asymptotic normality of the estimator, which mainly follows by applying
Proposition [I, Theorem [, the bound (0] and the é—method as in ﬂ2_1|]
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Theorem 3. Let the assumptions of Corollary [l hold with o« > (14 )/2 —d(u). Let L be such
that

2B —dNL =253 0 and 2725 0. (50)
Then, the following weak convergence holds:
-1/2,5
64 (dr(L) = d(w) = N (0, V(w)) , (51)

where dp(L) is defined by (28) and
l
1 "
V(u) = Sy (w) 2720 00,
)= Rty 2=,

with ¥(u) and K(d(u)) defined by ({{3]) and (33), respectively.

5. NUMERICAL EXAMPLES

We used a Daubechies wavelet with M = 2 vanishing moments and Fourier decay o = 1.34
(sce [13]). Hence our asymptotic results hold for —0.84 < (1+ 8)/2 — a < d(u) < M = 2 (the
left bound —0.84 corresponds to choose § arbitrarily small). In particular d(u) will be allowed
to take values beyond the unit root case (d(u) > 1).

5.1. Simulated data. We simulate a T = 2'2-long sample X; 7, ..., X7 7 of a tv ARFIMA(1,d,0)
process which has a local spectral density given by (I3]) with 0 =1, ¢; = 0.8 and

d(u) = (1 —cos(mu/2))/3, wel0,1].

The obtained simulated data is represented in Figure[Il We compute the local estimator Ejsz(u)

Simulated ARFIMA process
T

-6 I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIGURE 1. A simulated tvARFIMA(1,d,0) of length T' = 2!2.
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defined in ([23]) with {v;r(k)} given by the kernel weights on the one hand and the recursive
weights on the other hand, for j = 1,2,...,5 with a bandwidth by = 0.25. For the kernel weight

we took the rectangle kernel K" = 1_y/51/9). The obtained local scalograms 6\]2»7T(u) of the local

wavelet spectrum U?(u), j=1,2,....,5 u€]0,1] are represented in the lower parts of Figures
and [3] respectively, with a y-axis in a logarithmic scale. The five corresponding curves exhibit

Kernel Estimator of d using scales 1 2 3to 3 4 5resp.

0.8

0.6

0.4

0.2

scales j=1to j=3
scales j=2 to j=4

-0.2 ! !
scales j=3to j=5
-0.4 true value
L L L L L L L L L J
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T T T T T \J\ T

100 b

FIGURE 2. Local estimates as functions of u € [0,1] for the simulated
tvARFIMA(1,d,0) using a two-sided rectangular kernel. Top: CZT(L;U,) using
scales j = 1,2,3 to 3,4,5 (respectively in blue, green and red) and the true value
d(u) (in thin black). Bottom: 3?’T(u) for j=1,...,5.

different variabilities, the larger j, the larger the variability, which is in accordance with our
theoretical findings. On the top of these two figures, we represented the true parameter d(u),
u € [0,1] (plain black) and the corresponding estimators &\T(u) for three sets of scales, namely
j = 1,2,3 (blue line), 7 = 2,3,4 (green line) and j = 3,4,5 (red line), which correspond to
L =1,2,3, respectively, and ¢ = 2 in the three sets of scales. The displayed bars centered at each
estimate c/l\T(u) represent 0.95 level confidence intervals, based on the asymptotic distribution
given by (BIJ). Since the asymptotic variance depends continuously on d(u), we plug c/l\T(u) in
to compute each interval length. Numerical computations are done using the toolbox described
in HE] One can observe the difference between the two-side kernel estimator and the recursive
estimator. The former exhibits a uniform behavior along time with border effects close to
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Recursive Estimator of d using scales 1 2 3to3 4 5resp.

scales j=1to j=3
scales j=2 to j=4

-0.2
| scales j=3 to j=5
0.4 true value
1 1 1 J
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIGURE 3. Same as Figure 2l using a recursive estimator.

cach boundaries of the interval [0,1] (here we dropped the values of dp(u) for u < bp/2 and
u > 1—br/2 to avoid these border effects). In contrast the latter exhibits a diminishing then
stabilizing variability along time. Thus it is better adapted for estimating the right part of the
interval. It is interesting to note that the choice of L is crucial for this simulated example.
This is due to the presence of an autoregressive component leading to a strong positive short-
memory autocorrelation with a root close to the unit circle. As a result d(u) is over estimated
if a too low frequency band of scales is used (as in the case L = 1), which explains why the
true value mostly lies out of the corresponding confidence intervals. On the other hand this
bias diminishes drastically as soon as L > 2, but, for L = 3, the confidence intervals are
larger since the normalizing term 6y 7 is larger. This larger variance is matched by the fact
that the estimates are varying more widely for L = 3. We made similar experiments for a
tvARFIMA(0,d,0) process. In this case, this bias is no longer observed for L = 1. We have also
tried different values of the bandwidth by which also influences the bias and the variability of
the estimates in the expected way. Finally we tested our procedures on longer series to check the
numerical tractability. The computation of 3]2.7T(u) from Xy 7,...,X¢ 7, with T' = 215 {00k less
than 1 second for the kernel estimator and 7 seconds for the recursive estimator with a 3.00GHz
CPU. We note that the recursive version is about ten times slower than the kernel estimator.
On the other hand the recursive estimator is adapted to online computation, that is, 8]2.7T(t) can
be computed in a recursive fashion for each new available observation X; 7.
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5.2. Real data sets. We now use real data sets made of a sample of realized log volatility
of the YEN versus USD exchange rate between June 1986 and September 2004. The realized
log volatility is represented in Figure @ The series length is 7' = 4470, that is of the same

Realized Log volatility YEN/USD exchange rate from June 1986 to Sept. 2004
4 T T T T T T T

2k N

! ! ! ! ! ! ! ! !
1988 1990 1992 1994 1996 1998 2000 2002 2004

FIGURE 4. Realized log volatility of the YEN vs USD exchange rate from June
1986 to September 2004.

order as the previously simulated series (7' = 2'2 = 4096). Viewing the simulated data as a
benchmark, we used approximately the same bandwidth parameter by = 0.23 and the same sets
of scales, namely L = 1,2,3 with £ = 3 in the three cases. The two-sided kernel estimators of
the memory parameter are represented in the upper part of Figure Bl As previously we also
display the corresponding local scalograms in the lower part of the same figure. We omit the
results for the recursive estimator for brevity. One can observe that here as L increases the
estimates of d(u) globally increases which may indicate a negative bias at high frequencies. We
only plot the confidence intervals for the first 10 estimates for clarity. Indeed, in contrast to
the simulated case, they largely cover each other, which indicates a less important bias. The
green curve appears as a good compromise as in the simulated example. It exhibits a 5 years
periodic-like behavior, which seems to indicate that the long memory parameter is not constant
over time. This seems to be in accordance with the findings of [31] who model long-memory
realized volatilities by a change of the model parameters from one regime to another where the
different regimes can be explained by the influence of changing market factors (such as the Asian
financial crisis of 1998).

6. CONCLUSION

In this paper we have delivered a semi-parametric, hence fairly general, approach for estimat-
ing the time-varying long-memory parameter d(u) of a locally stationary process (or stationary
increment process). Apart from modelling the singularity at zero frequency by the curve d(u),
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Kernel Estimator of d using scales1 2 3to 3 4 5resp.

1 —
scales j=1t0 j=3
0.8 scales j=2 to j=4
' - scales j=3 to j=5
0.6
04
0.2
0 L L L L L L L L L
1988 1990 1992 1994 1996 1998 2000 2002 2004
L Kernel Estimator of the wavelet spectrum for 5 scales.
10 T T T T T
10° | 5
10 <
10*2 ! ! ! !

1 1 1 1 1
1988 1990 1992 1994 1996 1998 2000 2002 2004

FicUre 5. Same as Figure 2 for the YEN vs USD exchange rate realized log volatility.

we do not need to model the time varying spectrum of the remaining part explicitly. Using a
wavelet log-regression estimator, already shown to be well-performing in the stationary situa-
tion, continues to work well due to a localization of the wavelet scalograms across time within
each scale.

The development of our approach is based on a weakly stationary approximation at each given
time point u. As in the stationary case, due to the generality of our semi-parametric spectral
density not to be depending on only a finite number of parameters (as in ﬁ, e.g.), we need to
concentrate our attention to well estimating around frequency zero (where the amount of the
long-memory effect measured by d is visible). So a slightly subtle choice of considered scales
for the log-regression has to be done: asymptotically we need that our estimator involves more
and more frequencies (i.e. scales) but with a mazimal frequency tending to zero. In the wavelet
domain, this means that the lowest scale used in the estimator will be chosen so that i) the
number of wavelet coefficients used in the estimator tends to infinity and ii) this lowest scale
itself tends (slowly) to infinity.

Simulations have shown that our estimator performs reasonably well beyond being attractive
from the point of view of asymptotic theory. In our real data analysis example, we adopt the
approach of ﬂﬁ_ln and of HE] to assume that realized volatilities of some exchange rates follow
a long-memory model. We make the interesting observation that for the observed series the
long-memory parameter can clearly not be considered to be constant over time - which suggests
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that in explaining the persistent correlation in this exchange data there are certainly periods of
stronger persistence followed by periods of weaker persistence.
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APPENDIX A. POSTPONED PROOFS

of Proposition [1. By ﬂﬁ, Proposition 3], there is a constant C such that, for all 7 > 0 and all
A€ [—m, 7],

|H; ()] < C3 2272|220 M (14 27 |A)) oM (52)
Applying @), (@), [I5) and 20), we get, for any u € R, j > 0 and k € {0,...,T; — 1},
Wj,k;T = ij(u) + Rj7k(u; T) , (53)

where

RialwiT) = [ S o [AY 2 0) = A )] X9 az(n).
=/
The main approximation result consists in bounding

T.—1
Si(w;T) =Y vr(k)RS(u;T)
k=0
and
T,—1
Dj(uw;T) =Y vr(k)Wjk(w) R(u; T) .
k=0

In the following C' denotes some multiplicative constant. Using (), (), and (65]) in Lemma [I]
we have

Z Bj,s [Agjkfs 7(A) — A(u; )\)] ok
SEL

Recall that D denotes an exponent less than 1/2 which appears in the Conditions (B]) and ().
Using D < 1/2, we get

E[R}p(w;T)] < C 2725 T72 {1+ (k—Tu27/)*} .

Since we assumed « > 1/2 — d(u), we can take D large enough so that 1 —a —d(u) < D < 1/2
(by adapting the constant ¢ appearing in the afore mentioned conditions). Hence we can assume
in the following that

< C 2 |\ {202 |20/ T — u| + 29T} .

M >d(u)—1/2 and d(u)+D+a>1. (54)
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By ([2I)) we also obtain that

IE [W; 1 (u) R 1 (u; T)]| < C 277 {zﬂﬂ |27k T — u) +23j/2/T} /W Hj (N A(u; )\)‘ A2 dx

—T

Using ([I8), @), @), f*(u,A) < Cf*(u,0) (by (@), and ([B2), we further have
| || P ax< e [ o Vi AP a

where we used that [p [|M W=D (14 |¢[)=Md(¢) < oo by (). The last displays provide
simple bounds for the expectations of S; and D;.
To bound their variance, we use m, Theorem 2, page 34|, which yields

Cov (R]%k(u;T),Rik, (w;T)) = 2Cov? (R 1 (w; T), Rj s (us T))
+ Cum (R],k(uﬂ T)a R],k(ua T)’ Rj,k;’ (ua T)’ Rj,k:’(uﬂ T))

and

Cov (Wj(u)R;j(u; T), Wj g (W) Rj g (u; T))
= Cov (Wj,k(u), Wj7k/(u)) Cov (Rj,k(u; T), Rj o (u; T))
+ Cov (Rj i (u; T), Wjr(u)) Cov (W, i(u), Rj e (u; T))
+ Cum (W i (w), Rjgo(w; T), Wy (u), Ry (ws T))
Let us first provide bounds of E [R; i (u; T) R (u; T)| and E [W (u)R; p (w; T)] for k, k' =

0,...,T; — 1. Proceeding as previously, using (54]), we get (in fact the cases above k = k' are
particular cases)

E [Rjs(w; T) Ry (w; T)] | < C 222 2% T72 {14 |k — Tu27|} {1+ [k — Tu277|} .
and
B [W; () Ry pe (s T)] | < C 27 \/f(u; 0) 27 +D=1/2) {2]72 27K /T — u| + 23j/2/T}
Using (I0), we further get
|Cum (R; jo(w; T), Ry (u; T), Rj o (u; T), Ry s (us T)) |
<C 2929 T {1+ (k= Tu2 )} {1+ (K — Tu277)?} |
and, denoting by Bj(u) the variance of the (weakly stationary) process {W; y(u), k € Z},
|Cum (W) i (u), Ry (u; T), W (u), Ry (u; T)) |
< C Bj(u)2%P 2% 772 {1+ |k — Tu27/|} {1+ |k —Tu27’|}

Gathering these bounds, we obtain the same bound for Var!/2 (Sj(u;T)) and E[S;(u; T)] and
thus, using the definition of T" in (23]),

1/2

|E [S7(u; T)]| " < € 27 27 T {To(u; 4, T) + a(u; 4, T)} - (55)
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For D;(u; T), we obtain

E[Dj(us )| < C 277 /F*(u; 0) 2/ NP2 9392 1T (s, T) + T (us f, T)} -
We then obtain that Var'/? (D;(u; T)) is at most

C 297 931/2 7= (T (u: 5, T) + Ty (u: §, T)} { BY2(w) + /F*(u; 0) 20(d@)+D= 1/2>} .

Observe that by [23, Theorem 1] we have, since M > d(u) — 1/2 and a > 1/2 —d(u), Bj(u) <
C f*(u;0) 2247 Hence, since D < 1/2,

B [D2(u; )] ' < € 297 /F*(u;0) 2762400 71 Do, T) + Ty (w4, T)} . (56)
By 23) and ([B3)), we have

7yr(w) = 5p(u) + Sj(w T) + Dj(w T) (57)
where 5?’T(u) is defined in (26). The bound (B8] now follows from (B3)), (B6]), (B7) and Assump-
tion 2] (). O
of Theorem[d. By [22]) and ([24]),

E [677(u)] =E [W2(u)] =07 (u) . (58)
Since the wavelet coefficients (20]) are those of a weakly stationary process, their behavior at
large scales (j — o0) can be studied using ﬂﬁ, Theorem 1]. By [23, Theorem 1], since we

assumed (7)) and M > d(u) —1/2 and a > (1+ 3)/2 — d(u), we obtain {0). In the following we
denote

Ky = f*(u, 0)K(d(u)) .

We now provide a bound for

Var Z Vi, (k) v;r( )COV(W ()W2 ()):Vl‘i‘VZa
k.k'=

where the decomposition in V; 4+ V4 follows from that of Cov <W]2,k(u), Wﬁk, (u)) in
2Cov? (W; jo(u), Wi (u)) + Cam (W go(w), Wi (w), Wy (w), Wi g ()
We easily obtain that
Vi—o / 1©;7(X;0,0)[2 DR2(A) dA, (59)

—T
where D; denotes the spectral density of the weakly stationary process {W; i ,k € Z}, ®;r
is defined in (Z9) and, for any (27)-periodic function g, g*> = g% g(\) = ffﬂg()\ — &)g(&)dg.
Moreover, applying () with 2I]) and 23]), we get that V5 can be expressed as

4
/ . 11 [ﬁjw)A(u; Ak)} O (2 (M + 22);0,0)P57(27 (A3 + Aa); 0,0)R4 () dpu(X) -
T, T :1
Hence, bounding #4, using (@) and setting A = A\; + A2, we have

Vsl < / TR |9,0(202:0,0))% dA (60)
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where we set N;(\) = H;(\) A(u;\). Observe that HNfHOO < |IN;]]3 = ||D;|l1 and HD;QHOO <
|D;||3. Now by [23, Theorem 1] we have, since M > d(u) and o > 1/2 — d(u), IDjlloc =
(0] (22jd(”)) (the constants depend on f*(u;-) only), which implies bounds of the same order for
|IDj|l1 and ||Djl|2. Using (E9), 60), Assumption 2(ii) with i = ¢/ = v = v/ = 0 and observing
that, by (27) periodicity of |®;7(A;0,0)],

™ K
/ |B;7(27%0,0)> dA = [ |®;1(X;0,0)* dA,

we finally get that
Var ('&]2»,T(u)) = 0(24jd(u)5j7T) . (61)

Using (57)) and (58)), E [(/0'\]27T(u) - K 22jd(“))2] is at most

C {Var (3%7(w) + E [S3wsT)] +E [D2wT)]} + 0 (2240-71)
=0 <24jd(u) 8 + 2644 5;% | 9(3+2p+2d(u))j -2 5;% I 22(2d(u)76)j) .

where we used (€1)), (55), (56) and B3]). Using (@I]), the last display gives (42]). O

of Theorem[2. Under the set of Assumptions (a), the proof immediately follows from @, The-
orem 2]. We now consider the set of Assumptions (b). In this case, we rely on the Gaussian
assumption. The proof follows the lines of HZ__'LL Theorem 2], in which the stationary case is
considered, i.e. vjr(u) = 1. We first observe that, for any p = [y ... p’ € R we may
write B

p'S1(u) = ELALEL

where {7, is a Gaussian vector with entries (Wp;x(u)) and Ay is the diagonal

0<i<l, 0<k<TpL4;

trix with diagonal entries (272L4) 5, iy 1y r(u)) . We may thus appl
matrix with diagonal entries L1 MivL+ir(u) 0t 0k e may thus apply ﬂﬁ,
Lemma 12].
To obtain (@3)), it is thus sufficient to show that
p(Ar)p(Cov(Er)) — 0, (62)
where p(A) denotes the spectral radius of A, and
Cov (" S (u)) = (7" (u,0))*u" S (63)

We have, by (3I]) and Assumption 2[(i),
A, ) < 9—2Ld(u) 5=1/2 , o <2—2Ld(u)) .
p(AL) < opr gggggluz! 52%5“@1 0
Using m, Lemma 6], ﬂﬁ, Lemma 11] and that Dyy; is the spectral density of the process
{Wiryik(u), k € Z}, we have

)4 l
p(Cov(€r)) <Y p(Cov(Wrsip(u), k=0,... ., Tr4i]) <21 Y [Drilloo -
i=0 =0
By ﬂﬁ, Theorem 1], since we assumed M > d(u) and o > 1/2 — d(u), we have [|Dp4illcc =
O(2%L4W)), This with the last two displays implies (2.
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We now compute the asymptotic covariance matrix of Sy, (u). Let 0 < j < j. Using ([B0) and
the Gaussian assumption, we have

Tj*l Tj/—l
Cov (5]2',T(u)75]2",T(u)) = Z Z vj,r(k)vjr (k) Cov (W]'Q,k(u)7W]'2',k'(u))
k=0 k'=0
2i—i' _1Tj—1
=2 Z Z Z v (k)v; (12779 + v)Cov? (Wj7k(u),Wj,’l2j_j/+v(u)) .
v=0 k=0 leT;(j—j'v)
Using [23, Corollary 1], we have

Cov (ijk(“)’Wj/,l2f—f/+v(“)) - / D;; (A0 d,

where D ;_j; = [Dm_j/ﬂ,]UZO,___,QJ-_J-LI denotes the 2777"-dimensional cross-spectral density be-
tween Wjx(u) and (W, 19—y, (W)],—g  oj-5_1. It follows from the last two displays and (29)
that
23" —1
Cov (5]27T(u), 5]2»,7T(u)) =2 Z / ;i 7(A; 0, 0)5]'3()\;]' -7, v) f)j,j_jgv()\) d\,
v=0 -

where
T —_—

Dji—jrw(A) = [ Djjjru(§)Djj—ju(§ —A)dE.

—Tr

By [24, Theorem 1(b)], since we assumed M > d(u) and a > 1/2 — d(u), using (), we have, for
j=L+iand j =L+ with ¢/ < fixed,

272D jr — (4, 0) D i () floo = 0.
The last three displays, ([@3]), Lemma [2] and Assumption 2] yield

Cov <§L,T(u)) s (F*(u,0))2%

and hence (63)). O
of Theorem[3. We first show that
‘Z\%,T(u) 23( :
_ O41,7(w) 25
Sy | gk | TEALT ~Kr | T = N (0, (f*(u,00)>2(u)) . (64)
8%+Z,T(u) 220d(v)

Observe that the weak convergence (64]) is the same as ([47)) except for the centering term. Re-
lation (A7) is valid since the assumptions of Corollary [l hold. Applying 67,7 — 0, Proposition [II
and the left-hand side condition of (B0), we have that, for any j = L+ with a fixed i = 0,..., ¢,

07 22 2 [52 1 (u)] = 6, 4227 2K [520(u)] + o(1) .
The bias control ([@0]) and the right-hand side condition of (50]) then imply
~1/26-2Ld(u) T [~ —1/2 o« id(u
6,422 MW (52 1(u)] = 6 12 1 (u, 0)K (d(u) 224 1 o(1) .
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This, with (7)) gives the weak convergence (64]) .
The convergence (E1]) now follows from (64]) by applying the J-method as in ﬂﬂ, Proposition 3.
Indeed, define

l
g(@) = wilog(z;) forall z=I[zg ...z .
=0
Observe that, by [27)) and (28]), we have
g (272Ld(u) [3%,T(U) 3%+1,T(U) 3%+z,T(U)]T> =dr(L)

and

g ( £ (u, 0K (d(w))[1 2240 . zﬂd(u)]T) — d(u) .
Thus (EI) follows from ([64) by computing the gradient of g at the centering term,

wo W1272d(u) o wz272fd(u)]T

f*(u, 0)K(d(w))

Vg (f*(u, 0)K (d(u))[1 224® . 22M<U>]T) _

APPENDIX B. TECHNICAL LEMMAS

Lemma 1. Assume [(W-4), Let hj. the wavelet detail filter at scale index j and hj. any
factorization of it by AP with p € {0,..., M}. Then we have
> ksl < COPTVR and Y (14 |s]) [Bys| < C 2702 (65)
SEL SEL
Lemma 2. Suppose Assumption@holds. Leti,i >0, v € {0,...,2=1} andv' € {0,...,2" —1}.
Define, for any (2m)-periodic function g,

s

Ir(g) = 5% / ;N 0) 8,7 (N0 g(A) dA .

Then the two following assertions hold.
(i) If h — g in L*>®([—=,x]), then sup |Ip(h) — I7(g)| — 0.
T>0
(ii) If g € L>([—m,7]) is continuous at zero, then, as T — oo, IT(g) — V (i,v;i',v") g(0).

Proof. By linearity of Iy, we may take g = 0 to prove Assertion (). We have, by the Cauchy-
Schwarz inequality

—1/2 . —-1/2 .
()] < [hlloe 8532195050, 0)l2] [6,22 1950 (58 0)la] -

Using Assumption [2(ii), the terms between brackets are bounded independently of j and we
obtain ().

We now prove (). By linearity of I, we may assume g(0) = 1. By Assumption 2(ii), we

have I7(1) — V(i,v;i',v"). On the other hand, we have, for any 1 > 0

‘IT(Q) - IT(l)‘ = {IT((Q - 1)]1[—7],77] + (g - 1)]1[—77,n}c)

< |Ir((g = D)1—yu)| + [Ir((g = D)Ly e)
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Observe that by continuity of g at the origin, (g — 1)1_;,;llcc — 0 as 7 — oo. By (i), we get

|IT((g - 1)]1[,77,,7])! — 0 as 7 — oo. It thus only remains to show that ‘IT((g — DI —yme)| = 0
for any n > 0. This follows from the bound
. ~1/2 .
Ir((9 = D) < llg = 1lls |77 sup [@;r(A; %v)\] [5j,T/ sup [ @5 r(N V)]
n<|A[<m n<[A|<m
and by applying Assumption [2(iii). O

Lemma 3. For any a > 0 and b > 0, there exists ¢ > 0 such that
|z* = 1] < c{l+1log(|z])} ¢ forall «a€l0,a],z€C with |z|<b.

Lemma 4. Assume one of the following.

(K-1) K =1[_1/2,1/9-

(K-2) K is compactly supported and |K(€)] = o(|€|73/?) as €| — oo, where K denotes the
Fourier transform of K.

(K-3) K is integrable, K has an exponential decay, i.e. for some ¢ >0, |K(€)| = O (exp(—c¢|¢]))
as |€] — oo, K(t) = O(Jt|7°) as |t| — oo for some py > 3, the derivative K' of K
satisfies | K'(t)| = O(|t|7P*) as |t| — oo for some p1 > 1 and Tjexp(—c'brT;) = O(1) for
any ¢ > 0.

Suppose that br — 0 and that j depends on T' so that T;br — oo as T — oo. Then, for weights

given by ([33), Assumption[D is satisfied with

1K |0
T~ (brTy)~" (66)
ZRR TN
. o ”KH% —i—1' .. 7 / i’
V(z,v;z,v):27T7HK” K]l 2 , 4,1 2>0,0<v<2,0<v <2 . (67)
1 0

Proof. For convenience, we will omit the subscripts 7 and ;7 in this proof section when no
ambiguity arises. Under (K{IJ), one has p = b7+ O(1). Under (K{2), K is uniformly continuous
on its compact support S and, since u € (0,1), b = 0 and T};b — oo, S eventually falls between
the extremal points of {(uT; — k)/(bT}), k =0,...,T; —1}. Thus,

ST K (T - k)/(0T))) — /S K(s) ds = [|K]s -

Under (K{3)), using that |K'(t)| < ¢(1 + |t])7P* for some p; > 1 and ¢ > 0, we get

Tj—1 u/b T
Y K((uTy - k)/(bTy)) —/( 1)/bK(s) ds = 2N (1 +1/(bTy)
k=0 u= =0
=0(0b1)™) .

Hence the last three displays yield that, in all cases,
pjr ~ || K[ (brT}) - (68)

The asymptotic equivalence (G6) then follows from the definitions ([B5) and (31]), and we obtain
Assumption 2({) by (I4).
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Let us now prove that Assumption 2i{) holds under (K{IJ), (K42) and (K{3]), successively.
Note that, by definition of (29]), we have

/ @, (N7, 0)®; 7 (N7, 0") AN = 27 > Vi (24 )y (27T . (69)
- 1€T; (3,0)NT; (i ")
Under (KI), using 27/Tj_; ~ 2~ T i ~ T; by @), bT; — oo and b — 0, we easily get that
the supports of the sequences {7],Z7T(22l—i—v), [ >0} and {yj,l/j(QZ l4+wv), I > 0} are eventually
included in 7;(i,v) N T;(i',v") and their intersection is of length asymptotically equivalent to
bT};. Hence, using ([69), (G8) and (G8)) with | K[| = [[K||c = 1, we obtain that, in this case,
™ T2

1 oD (N3l ) J
P, . o A ~T "
0 5N 4 )R (A5 i, 0') dA " T Ty

—T

By (I8), this is Assumption BIE) with V (i, v;i,v") = 2r27"~% which coincides with (BZ) under
(KD.
Under (K{)), we proceed by interpreting the sum in (69 as a Riemann approximation of [ K2
up to a normalization factor. For [ € T;(i,v) N T;(¢',v"), we approximate
Jy = (bT) " pjmirpjmir 17—t (21 + v)vj— (271 +0)
= (bT)) ™ K({uTj—s — (2'1 + v)}/{bTj—i}) K ({uTy_i — (21 + )}/ {bT;_ir}) ,
by the local average

Ji= | K*(s)ds,
I

where [; is defined as the interval [{uT; — (I 4+ 1)}/{bT}}, {uT; — l}/{bT};}]. Observe that

1 2! |T;—; — 2'Ty|  |v]
—{uT;_; — (2 - —uTj 12 / :
supls = 0 = (L0 < [ | =
Using ([I8), ¢,v = O(1) and | = O(T}), we obtain, for any fixed integers i and v,
sup sup‘s—{u (2l+v }/{bT} Z}‘ _1) , (70)

0<I<2Tj sl
and the same holds if 4, v is replaced by i’,v’. Note that
ﬁ(iﬂj) ﬂﬁ(i/,?)l) = {071 {2 ( Jj—i _U)} /\{2 v ( Jj—i _U)} - 1} ’
which, by (6] and the fact that K is compactly supported, is eventually contained in {0, 1, ...,27}}

and eventually contains the set of I’s such that J; # 0, which is of size O(bT}). By (), we also
see that, out of a set of length O(bTj), both J; and J; vanish. Hence we have

> \Jl—i(:0<ijsup\Jl—£\> -
€T, (1), (') :
Using (70) and the uniform continuity of K, there exists a constant ¢ such that

sup|J; — Ji| < (bTy)~! sup [K?(s) — K(t)K ()| = o(bT})™").
l Js—th|s—|<e/(bT;)
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The last two displays, ([69) and the definitions of J; and J; thus yield

%/_ B, (N, 0) B (N 7, 0) dA ~ QW/KQ(S) ds = 27| K2 . (71)

By (66]) and (G8]), this gives Assumption i) with V (i, v;4',v") given by (@1).

Under (K{3]), we proceed similarly but we can no longer use that K has a compact support.
Instead we use that K is bounded and |K'(t)| < ¢/ (3 + |t|)~P* for some p; > 1 and ¢ > 0 and
thus, for any ¢ > 0, as soon as (¢ +1)/(bT}) <1,

sup sup |K?(s) — K()K ()| < " (bT;) 71 (2 + |uTy — 1|/ (bT;)) 7P .
€l [t—sl,[t'—s|<c/(bT})

With (70) and since the length of 7;(i,v) N T;(i',v') is O(Tj), we get

T;
S a-d|=o om0 ken) | =o(mn)) .
€T (i,0)NT; (i ") k=0

Moreover

B u/b
> di= [ K9 KB
1ET;(i,0)0T; (i ') —u'/b

where v/ = [{27(Tj_; — v)} A2 (Tj_y —v)}]/Tj —u — 1 —u by (@T). This yields (7)) as in
the previous case and thus the same conclusion holds.

Let us now show that Assumption [ () holds under (K{IJ), (K{2) and (K{3)), successively.
Under (K{IJ), we have
N

Z eikA

k=1

where N = N, denotes the number of [ € T;(i,v) such that ~v;_; 7(2°l +v) > 0. Since the
Dirichlet kernel satisfies

[D(Xi,0)| = pj i p

)

N

Z eik)\

k=1

sin(AN/2)
sin(\/2)

[Dn(M)| =

)

we observe that, for any 17 > 0, supy>1 Supejy2r—y PN (A)] < 0o. Hence, with (G6) and (GS),
we obtain Assumption [2] ().
Under (K&) and (K), using that K(t) = (2m)~! [ K(£) e¥'d¢, we get

o .
d(\;i,0) = (27T,0jiT)_1/ K (&) 40D/ (bTi=) N = ollAF28/(0T5-0)) ¢
- 1€7T; (i)
where 7;(i,v) denotes the set of all I € 7;(i,v) such that v;_; 7(2'] +v) does not vanish. Denote
the length of 7;(i,v) by N = N;r as in the previous case. We thus obtain

o0

B i,0)] < (2mpyir) ! /

—00

[K(©)| 1Dx (A + 26/ (6T;-) | de .
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Let n > 0. Splitting the above integral as f_oooo = f2i|f|/(ij—i)<7i/2 + f2¢\§\/(ij—i)>n/2’ we obtain

sup [0(A;d,0)| <(2mpj—ir)™"  sup  |Dn(N)]
A€n,m [A€[n/2,m+n/2]

+ (2mpj-ir) " |1 Dwloe &) as.

/Qilfl/(ij—i)>n/2
Now, we have, for 77 small enough, sup 1 Sup|jefy/2,7-44/2 [PNI(A) < 00, [[Dnlloc < N and, un-
der (K£), N = O(bTj) and f2i\§\/(ij—i)>n/2 f((g)( d¢ = o((bT;)~/?), which, with the previous
display, (66]) and (IBEI) implies Assumption 2] (). Under (K{3)), the same conclusion holds using
that N = O(T)). fy(e//or,_yons2 ‘K ‘dg — O(exp(—c2--1nbT})) and T exp(—'bT; i) —
O(1) with ¢ = 02 =1y,

Finally we show that Assumption 2 (iy]) holds under (K{Il), (K{2) and (K{3)), successively.
Using the definition (25]) and (I6), we get for some positive constant C,

Ty(u; 4, T) < ZK ((uTj — k)/(bT})) + O(To(u; 5, T))

p]T

where K,(z) = K(z)|z|?. By deﬁmtlon of pjr, one has I'g(u; j,T) = O(1). Under (K{I) and
(KL, K, is bounded and compactly supported, so that >, K,((uT; — k)/(bT})) = O(bT;).
This, with (G8) and the previous display, implies (B3] for all ¢ > 0. Hence, to conclude the
proof, it only remains to show that, for ¢ = 1,2, under (K{3)),

> Ky((uTj — k)/(bT})) = O(bT}) .
par

Using that K(z) = O(|z| ") as x — +oo, and ¢ < 2, we separate the sum Zk 01 in

Z|uTj—k|§ij for which K ((uT; — k)/(bT})) is O(1) and Z|uTj—k|>ij for which K ((uT} —
B)/(bT3)) is O(|(uT; — k)/(bT;) P~#). Hence, we get

Z Ko((uT; = k)/(bTy)) = O (bTj) + O | bTI™2 Y~ 127
I>bT;—1

Observing that bT; — oo and pg > 3, we obtain the desired bound. ]

Lemma 5. Suppose that by — 0 and Tjby — oco. Then, for weights given by (37), Assumption[2
18 satisfied with

8jr ~ (brTy) ™ (72)

Vii,vi' W)=72""" i’ >0 ve{0,...,20 =1}, v €{0,...,2" —1}. (73)
Proof. For convenience, we will omit the subscripts r and ;7 in this proof when no ambiguity
arises. We set u; = [uTj] in the following. Using (B6), b7; — oo, b = 0 and u; ~ uT}, we get
that

o~ (bT}) (74)

Observing that § = v(u;) = p~!, we get (T2) and Assumption 2if) follows.
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Let us now show that Assumption 2i{l) holds. Using (69), we find that

. F D (N3l ) 27 Ui +v+1  wi_y+v+1
DN, 0)P5 (N, 0 d)\ziexp<_ Jj—t Uy >
/ﬂ s ( ) s ( ) pj—i,ij—i'vT ij,Z ij—i’

N—-1
<3 2 /(0T )27 /6T, )}
=0
where N = {27 (uj_; —v)} A{277 (uj_y —v')}. Using ([@8), (), bT; — 0o, b — 0 and u;j ~ uT},
we obtain pj—; ~ 2(bT5), (uj—; + v+ 1)/(bTji) ~ u/b, 21/(bT;) ~ 1/(bT}), N2 /(DT;_) ~
u/b and similar result with i’,v" replacing 4,v. Using these asymptotic equivalences and the
previous display, we obtain

T ) — 2w A_O(l)
| waio @) 277 (bT, ) 2/(bT}) )

B Uj—j + U+ 1wy + v +1 21 2
A=oxp <_ DT bhs T N{bTM T, }) '
Using ([6]), we have N = uT;+O(1) and u;_;+v+1 = uT;2°+O(1). Thus N2! — (u;_;+v+1) =
O(1) and the same holds with i’, v’ replacing i,v. This implies that A = exp (O ((bT})"!)) — 1.
This, (70 and ([72) yield Assumption Bil) with V (i, v;4',v") defined by (73]).
We finally show that Assumption i) holds. By setting N = 27%(u;_;+v) and k = N —1—1
in (29)), we obtain

where

N-1 i
. i o 1 + e*N2 /(ij,i)

s _ 1 —k{iA 21/ (bTj-i)} | « —1 .
(N4, 0)] = p kE_O e = < p 1= o D278, )

Using that N2'/(bT;_;) ~ b™' — oo, 6 /2p~1 — 0 and that, for any 1 > 0, |1 — 2| does not
vanish on the compact set of complex numbers z = re? such that r € [0,1] and n < |#] < 7 and
thus is lower bounded on this set, we obtain Assumption RI().
Finally we show that Assumption [ ([v)) holds. By (I6]), we have, for any g > 0,
uj—1
To(u;f,T) = p ' Y e /Ty — 1 — |7+ O (To(us 4, T)) -
k=0
Observe that I'g(u;7,7) = 1. Setting [ = u; — 1 — k, and separating the above sum over
I < [gbT}] + 1 for which we bound the exponential by 1 and I > [¢ghTj] + 2 so that e~®/(?Ti) 2 ig
decreasing on x > [ — 1, we get

uj—1 [bT;]+1
Z e*(urlfk)/(ij)mj — 11—k < 19 + Z e~ V/(bTj)1a
k=0 1=0 1>[bT)+2
<0 ((ij)qul) +/ e~/ (bT}) 14 4
x>[gbTj]+1

=0 ((bTy)™") .
The last two displays, ({4 and (2] yield (B3]), which achieves the proof. O
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