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This paper addresses the estimation of locally stationary long-range de-
pendent processes, a methodology that allows the statistical analysis of time
series data exhibiting both nonstationarity and strong dependency. A time-
varying parametric formulation of these models is introduced and a Whit-
tle likelihood technique is proposed for estimating the parameters involved.
Large sample properties of these Whittle estimates such as consistency, nor-
mality and efficiency are established in this work. Furthermore, the finite
sample behavior of the estimators is investigated through Monte Carlo ex-
periments. As a result from these simulations, we show that the estimates
behave well even for relatively small sample sizes.

1. Introduction. Even though stationarity is a very attractive theoretical as-
sumption, in practice most time series data fail to meet this condition. As a con-
sequence, several approaches to deal with nonstationarity have been proposed in
the literature. Among these methodologies, differentiation and trend removal are
popular choices. Other approaches include, for instance, the evolutionary spec-
tral techniques first discussed by Priestley (1965). In a similar spirit, during the
last decades a number of new time-varying dependence models have been pro-
posed. One of these methodologies, the so-called locally stationary processes de-
veloped by Dahlhaus (1996, 1997), has been widely discussed in the recent time
series literature, see, for example, Dahlhaus (2000), von Sachs and MacGibbon
(2000), Jensen and Whitcher (2000), Guo et al. (2003), Genton and Perrin (2004),
Orbe, Ferreira and Rodriguez-Poo (2005), Dahlhaus and Polonik (2006, 2009),
Chandler and Polonik (2006), Fryzlewicz, Sapatinas and Subba Rao (2006) and
Beran (2009), among others. This approach allows the stochastic process to be
nonstationary, but assuming that the time variation of the model is sufficiently
smooth so that it can be locally approximated by stationary processes.

On the other hand, during the last decades, long-range dependent data have
arisen in disciplines as diverse as meteorology, hydrology, economics, etc., see,
for example, the recent surveys by Doukhan, Oppenheim and Taqqu (2003) and
Palma (2007). As a consequence, statistical methods for modeling that type of
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data are of great interest to scientists and practitioners from many fields. At the
same time, many of these long-memory data also display nonstationary behav-
ior, see, for instance, Granger and Ding (1996), Jensen and Whitcher (2000) and
Beran (2009). Nevertheless, most of the currently available methods for dealing
with long-range dependence are incapable of modeling time series with these fea-
tures. In particular, much of the theory of locally stationary processes applies only
to time series with short memory, such as time-varying autoregressive moving av-
erage (ARMA) processes and not to time series exhibiting both nonstationarity and
strong dependence. In order to treat that type of data, this paper addresses a class
of strongly dependent locally stationary processes. In particular, these models in-
clude a Hurst parameter which evolves over time. Following Dahlhaus (1997), we
propose a Whittle maximum likelihood estimation technique for fitting Gaussian
long-memory locally stationary models. This is an extension of the spectrum-based
likelihood estimator introduced by Whittle (1953). A great advantage of this es-
timation procedure is its computational efficiency, since it only requires the cal-
culation of the periodogram by means of the fast Fourier transform. Additionally,
we prove in this article that the proposed Whittle estimator is asymptotically con-
sistent, normally distributed and efficient. Thus, this paper provides a framework
for modeling and making statistical inferences about several types of nonstation-
arities that may be difficult to handle with other techniques. For instance, changes
in the variance of a time series could be spotted by simple inspection of the data.
However, variations on the dependence structure of the data are far more difficult
to uncover and model.

The remainder of this paper is structured as follows. Section 2 discusses a
class of long-memory locally stationary processes and proposes a quasi maximum
likelihood estimator based on an extended version of the Whittle spectrum-based
methodology. The consistency, asymptotic normality and efficiency of these quasi
maximum likelihood estimators are established. Applications of the asymptotic re-
sults to some specific locally stationary processes are also presented in this section.
Proofs of the theorems are provided in Section 3. Note that the techniques em-
ployed by Dahlhaus (1997) to show the asymptotic properties of the Whittle esti-
mates are no longer valid for the class of long-memory locally stationary processes
discussed in this paper. This difficulty is due to the fact that these processes have
an unbounded time-varying spectral density at zero frequency. Consequently, sev-
eral technical results must be introduced and proved. Section 4 reports the results
from several Monte Carlo experiments which allow to gain some insight into the
finite sample behavior of the Whittle estimates. Conclusions are presented in Sec-
tion 5 while auxiliary lemmas are provided in a technical appendix. Additional
examples and simulations along with a comparison of the Whittle estimator with a
kernel maximum likelihood estimation approach and two real-life applications of
the proposed methodology can be found in Palma and Olea (2010). The bandwidth
selection problem for the locally stationary Whittle estimator is also discussed in
that paper, from an empirical perspective.
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2. Definitions and main results.

2.1. Long-memory locally stationary processes. A class of Gaussian locally
stationary process with transfer function A° can be defined by the spectral repre-
sentation

T .
(1) Yor= / A° (0™ dB (),
-7

fort=1,..., T, where B(}) is a Brownian motion on [—7, 7] and there is a pos-
itive constant K and a 2w -periodic function A: (0, 1] x R — C with A(u, —A) =

A(I/l, )L) such that
[’l Ta — T )

for all T. The transfer function A?T(A) of this class of nontstationary processes
changes smoothly over time so that ’they can be locally approximated by stationary
processes. An example of this class of locally stationary processes is given by the
infinite moving average expansion

3) Y=o )Z%( Jer-i

where {¢;} is a zero-mean and unit variance Gaussian white noise and {;(u)} are
coefficients satisfying Z —o¥j (u) < oo forall u € [0, 1]. In this case, the transfer
function of process (3) is given by A? nr(A) = a( )Z ~0 1//,( Ye M = A(T ,A),
so that condition (2) is satisfied. The model deﬁned by 3) generahzes the Wold
expansion for a linear stationary process allowing the coefficients of the infinite
moving average expansion vary smoothly over time. A particular case of (3) is the
generalized version of the fractional noise process described by the discrete-time
equation

4) YtT:a< )(1 B) 4/ g, —o( )Zn,< )8, s

(2) sup
1

fortr=1,...,T, where {¢;} is a Gaussian white noise sequence with zero mean

and unit variance and the infinite moving average coefficients {n;(«)} are given by
I'[j+d)]

&) nju) =

TG+ Drd@]!

where I'(-) is the Gamma function and d(-) is a smoothly time-varying long-
memory coefficient. For simplicity, the locally stationary fractional noise process
(4) will be denoted as LSFN.
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A natural extension of the LSFN model is the locally stationary autoregressive
fractionally integrated moving average (LSARFIMA) process defined by the equa-
tion

(©6) O(t/T,B)Y, 1 =0(t/T)O(t/T,B)(1— B)~4"/ g,

fort=1,...,T, where for u € [0,1], ®(w,B) =1+ ¢1w)B + --- + ¢p(u)BF
is an autoregressive polynomial, ®(u, B) =1+ 61(u)B + --- + g w)B? is a
moving average polynomial, d(«) is a long-memory parameter, o (#) is a noise
scale factor and {&;} is a Gaussian white noise sequence with zero mean and unit
variance. This class of models extends the well-known ARFIMA process, which
is obtained when the components ® (u, B), ®(u, B), d(u) and o (u) appearing in
(6) do not depend on u. Note that by Theorem 4.3 of Dahlhaus (1996), under some
regularity conditions on the polynomial ® (u, B), the model defined by (6) satisfies
(1) and (2), see Jensen and Whitcher (2000) for details.

2.2. Estimation. Let 6 € © be a parameter vector specifying model (1) where
the parameter space ® is a subset of a finite-dimensional Euclidean space. Given
asample {Y] 7, ..., Y7 7} of the process (1) we can estimate 8 by minimizing the
Whittle log-likelihood function

1

1
™ L= [ Z{logfe(u,,m 4 v, )

(u]7)\')
f( j’)")

where fy(u, L) = |Ag(u, A)|* is the time-varying spectral densuy of the limit-

ing process specified by the parameter 6, Iy (u, L) = % is a tapered pe-

Jai.

riodogram with

N-1
A —i)e _
Dy, )= h<ﬁ>Y[uT]—N/2+s+l,Te E Hy n = Z h( ) g
s=0

T=SM-1)+N,u;j=tj/T,t;j=S(j—1)+N/2, j=1,...,M and h(-)
is a data taper. The intuition behind this extended version of the Whittle estima-
tion procedure (7) is as follows: the sample {Y1 7, ..., Yr 7} is subdivided into M
blocks of length N each shifting S places from block to block. For instance, if
we split a time series of 7 = 652 observations into M = 100 blocks of length
N = 256 each, shifting S = 4 positions forward each time we get the blocks
(Y1,652, Y2,652, - - -+ ¥256,652), - - - » (¥397,652, Y398,652, - - . » Y652,652). Then, the spec-
trum is locally estimated by means of the data tapered periodogram on each one of
these M = 100 blocks and then averaged to form (7). Finally, the Whittle estimator
of the parameter vector 6 is given by

(8) 07 = argmin L7(0),
where the minimization is over a parameter space ®. The analysis of the asymp-

totic properties of the Whittle locally stationary estimates (8) is discussed in detail
next. Before stating these results, we introduce a set of the regularity conditions.
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2.3. Assumptions. The first assumption below is concerned with the time-
varying spectral density of the process. The second assumption is related to the
data tapering function and the third assumption is concerned with the block sam-
pling scheme. It is assumed that the parameter space ® is compact. In what fol-
lows, K is always a positive constant that could be different from line to line.

Al. The time-varying spectral density of the limiting process (1) is strictly pos-
itive and satisfies

fo(u, k) ~ Cr (8, u)|n| =20,

as [A| = 0, where C¢(60,u) > 0, 0 <infyp , dp(u), supy , dp(u) < % and dp(u) has
bounded first derivative with respect to u. There is an integrable function g(A)
such that |Vglog fo(u, 1) < g(A) for all 8 € ®, u € [0, 1] and A € [—m, w]. The
function A(u, A) is twice differentiable with respect to u# and satisfies

g
/ A(u, M) A(v, —=A) exp(ikA) dh ~ C (0, u, v)k% @ +de@)=1
-7

as k — oo, where |C(0,u,v)| < K for u,v € [0,1] and 6 € ©. The function
fo(u, 1)1 is twice differentiable with respect to 6, u and A.

A2. The data taper h(u) is a positive, bounded function for u € [0, 1] and sym-
metric around % with a bounded derivative.

A3. The sample size T and the subdivisions integers N, S and M tend to
ingmity satisfying S/N — 0, /T logZ? N/N — 0, /T/M — 0 and N3log?> N/
T-— 0.

EXAMPLE 2.1. As an illustration of the assumptions described above, con-
sider the extension of the usual fractional noise process with time-varying Hurst
parameter, described by (4) and (5). The spectral density of this LSFN process is
given by

fowry= (2 i )‘)_Wu)
s = — Sin — .
ot 27 \ 735

Note that this function is integrable over A € [—m, ] for every u € [0, 1] as
long as dp(u) < % for all u € [0,1] and 6 € ®. Furthermore, we have that
fo(u, A) ~ %lkl_z@(“), as A — 0. By assuming that |Vydy (1)| < K, we have that
|Vg log fo(u, ))| = |Vadg(u)||log(2sin %)2| < K|log|A||, which is an integrable
function in A € [—m, r]. In addition, from (5) the function A(u, A) of this process
satisfies

I'[1 —dp(u) — dp(0)II'[k + dp (u)]
T[1 — dg()IT[de u)IT[k 41 — dg (v)]’
for k > 0. Thus, by Stirling’s approximation, we get
[l —dy(u) — dy(v)] e (W) +dg (vV)—1
I'[1 —do )] [dp ()]

/” A(u, \)A(v, —A)exp(ikA)dr =

El

/n A(u, \)A(v, —A) exp(ikA) dr ~
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for k — oo. Besides, a simple calculation shows that fy(u, 1)~ is twice differen-
tiable with respect to u and A as long as dp () is twice differentiable with respect
to u. Thus, under these conditions the time-varying spectral density fy(u, 1) sat-
isfies assumption Al. On the other hand, an example of data taper that satisfies
assumption A2 is the cosine bell function

9) h(x) = 5[1 — cos(2mx)].

Note that if § = O(N%) and M = O(N?) then T = O(N4t?) for a+b>1.Thus,
by choosing exponents a and b such that (a,b) eC={a < 1,5 <a+b<2,a <
b}, assumption A3 is fulfilled. Observe that the C is a nonempty set.

2.4. Main results. Some fundamental large sample properties of the Whittle
quasi-likelihood estimators (8), including consistency, asymptotic normality and
efficiency are established next. In addition, we establish an asymptotic result about
the estimation of the time-varying long-memory parameter for a class of locally
stationary processes. The proofs of these four results are provided in Section 3.

THEOREM 2.1 (Consistency). Let 6y be the true value of the parameter 6.
Under assumptions A1-A3, the estimator Or satisfies Or — 6y, in probability, as
T — oo.

THEOREM 2.2 (Normality). Let 6y be the true vaiue of the parameter 0. If
assumptions A1-A3 hold, then the Whittle estimator 01 satisfies a central limit
theorem

VT @r — 69) = N[0,T(6p)™ 1]

in distribution, as T — 0o, where
1 1 pm

(10) re)= - / / [V 1og fi (u, W[V log fo(u, )] di.du.
T Jo J—-m

THEOREM 2.3 (Efficiency).  Assuming that conditions A1-A3 hold, the Whit-
tle estimator Ot is asymptotically Fisher efficient.

REMARK 2.1. Recall that for a stationary fractional noise process FN(d), the
asymptotic variance of the maximum likelihood estimate of the long-memory pa-
rameter, d, satisfies

lim TVar(c?) =—
T—o0

On the other hand, suppose that we consider a LSFN process where the long-
memory parameter varies according to, for example, d(u) = oo + aju. Thus, in
order to estimate d(u), the parameters g and oy must be estimated. Let &y and
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@ be their Whittle estimators, respectively, so that d () = @ + @ u. According to
Theorem 2.2, the asymptotic variance of this estimate of d (1) satisfies

- 24
lim T Var[d(u)] = = (1 - 3u + 3u?),
T—o0 g
and then integrating over u we get

1
lim T | Var[d(u)]du = l—i
T—o00 0 b4
Since two parameters are being estimated, on the average, the asymptotic variance
of the estimate d(u) is twice the asymptotic variance of d from a stationary FN
process. This result can be generalized to the case where three or more coefficients
are estimated and to more complex trends, as established on the following theorem.

THEOREM 2.4. Consider a LSFN process (4) with time-varying long-memory
parameter dg(u) = Zle Bjgj(u), where {g;(u)} are basis functions as defined
in (12) below. Let c?(u) = Zi‘):l ﬁjgj (1) be the estimator of dg(u) for u € [0, 1].
Then under assumptions A1-A3 we have that

_ 6
(11) lim T/ Varld(u)]du = —2.
I
REMARK 2.2. Note that according to Theorem 2.4 the limiting average of the
variances of d(u) given by (11) does not depend on the basis functions g;(-) for

j=1,...,p.

2.5. Illlustrations. As an illustration of the asymptotic results discussed above,
consider the class of LSARFIMA models defined by (6). The evolution of these
models can be specified in terms of a general class of functions. For example, let
{gj(w)}, j=1,2,..., be abasis for a space of smoothly varying functions and let
dp(u) be the time-varying long-memory parameter in model (6). Then we could
write dg(u) in terms of the basis {g;(u)} as follows:

(12) eldg(u)] = Za,g,(u)

for unknown values of k and 6 = (o, o1, ..., o), where £(-) is a known link
function. In this situation, estimating 6 involves determining k and estimating
the coefficients «p, ..., ox. Important examples of this approach are the classes
of polynomials generated by the basis {g;(u) = u’}, Fourier expansions gen-
erated by the basis {g;(u) = e'"/} and wavelets generated by, for instance, the
Haar or Daubechies systems. Extensions of these cases can also be considered.
For example, the basis functions could also include parameters as in the case
{gju) = e'"Pi}, where {B;} are unknown values.
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In order to illustrate the application of the theoretical results established in Sec-
tion 2.4, we discuss next a number of combinations of polynomial and harmonic
evolutions of the long-memory parameter, the noise variance, the autoregressive
and moving average components of the LSARFIMA process (6). Additional ex-
amples are provided in Section 2 of Palma and Olea (2010).

EXAMPLE 2.2. Consider first the case P = Q = 0 in model (6) where d(u)
and o (u) are specified by

14 q
Gldw] =) ajgiw),  Llo@]=Y_ Bih;w),

j=0 j=0

for u € [0, 1], where £;(-) and ¢>(-) are differentiable link functions, g;(-) and

h;(-) are basis functions. The parameter vector in this case is 0 = («p, ..., ap,
Bo, ... ,Bq)’ and the matrix I" can be written as
_(Ta O
- (5 8)
where

. _ﬂ_z[ lw}
¥ o [ydw)?? lij=o,..p

6
U hiu)hj(u) du ]
N'g=2 .
A Uo lo () (o )2 i j=o....4

EXAMPLE 2.3. As a particular case of the parameter specification of the pre-
vious example, consider the case P = Q = 0 in model (6) where d(u) and o (u)
are both specified by polynomials,

d(M):Olo—}—Ollu—}—...—l—Otpup’ o(u):ﬂ0+ﬂlu+...+ﬁquq’

for u € [0, 1]. Similar to Example 2.2, in this case the parameter vector is 6 =
(a, ..., ap, Bo, ...,ﬂq)’, £1(u) = £2(u) = u and the matrix I given by (10) can
be written as in (13) with

712
F(X:[ . . } ’
6+ +1) i j=o...p

.....

1 u'tidu
- 1.
0 (Bo+Biu+---+ Bgu?)*li j=o...q

.....

The above integrals can be evaluated by standard calculus procedures; see, for
example, Gradshteyn and Ryzhik [(2000), page 64] or by numerical integration.
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EXAMPLE 2.4. Considering now a similar setup as Example 2.3 with p =
g = 1, but with link function £(-) = log(-) such that

log[d(u)] = ap + ayu, log[o (u)] = Bo + Biu,
for u € [0, 1]. Then I" can be written as (13) with

B 72 o200 |: 20!12(620” -1 Oll((zﬁtl _ 1)620‘1 + 1) ]
6 408 Lag(Qay — DM +1) (202 — 20y + D1 1]

Fﬂ:ﬁ 2}3]'

EXAMPLE 2.5. Following with the assumption P = Q = 0 in model (6), con-
sider that d(u) and o (u) are defined by the harmonic expansions

d(u) =g +ajcos(Aju) + - -+ apcos(pu),
o(u) = Bo+ Bircos(wiu) + - -+ By cos(wqu),
for u € [0, 1], where Ao = 0, x§¢x§ foralli,j=0,...,p,i#j, wo =0 and

a)lz #+ wf foralli, j =0,...,q,i# j. For simplicity, the values of the frequencies
{A;} and {w;} are assumed to be known. As in Example 2.3, in this case the pa-
rameter vector is 0 = (ap, ..., ®p, o, ..., By)" and the matrix I' appearing in (10)

can be written as in (13) with

r _nz[sin(ki—kj)+Sin(ki+kj)]
2L Ai—ay Ai+Xxj lij=o,..p
and
2 . .
e[ sin(w; —w; sin(w; +w;
Fﬁ=—|: ( i j)+ ( i J)] .
12 Wi —w; Cl)i+60j i,j=0,....q

EXAMPLE 2.6. Consider now the case P = Q = 1 in model (6) where o (1) =
1 and d(u), ®(u, B), ©(u, B) are specified by

d(u) =oqu,
®wm,B)=14+¢u)B, ¢ (1) = apu,
®Ow,B)=1+6u)B, 0(u) = azu,

for u € [0, 1]. In this case, the parameter vector is 6 = (a1, a2, a3)’, with 0 < a] <
%, lej| <1, j=1,2 and the matrix I" from (10) can be written as

Yir Y2 Vi3
C=\|yv1 v2 r3].

Y3t V32 V33
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where
1 1 1+ o 1 g(a1a2) 1
=——=10 — T = - )
vi 20[% g 1 —o (x% iz (100)3/2  ajan
il ) =1 s oe v
=—1|-——1|—|1——|lo ar)i,
vis 200 L2 o ol & !
I+ar 1
Y22 = log - —

o L P [
=5 ) o A ) = 75
V23 20[2 Ol% g 2 ) > V33 18
with g(x) = arctanh(4/x) for x € (0, 1) and g(x) = arctan(,/—x) for x € (—1, 0).

3. Proofs. This section is devoted to the proof of Theorems 2.1-2.4. Before
presenting the proofs of these results, we introduce and prove three useful propo-
sitions which are of independent interest. These propositions involve the large
sample properties of the functional operator defined next. Consider the function
¢:[0, 1] x [—m, m] — R and define the functional operator

1 T
(14) J(¢)=/O £ﬂ¢(u,k)f(u,k)dkdu,

where f(u, A) is the time-varying spectral density of the limit process (1). Define
the sample version of J(-) as

1 Y
(15) @ =23 [ $g i, xda,
M = )n
where M and u;, j =1,..., M are given in Section 2. Furthermore, define the
matrix
b4 .
(16) o) = ( [ ow. x)e“‘“‘”“) ,
-7 s,t=1,..., N

and the block-diagonal matrix Q(¢) = diag[Q(u1), ..., Q(uar)]. For notational
simplicity, sometimes in what follows we have dropped 6 from dp(u) so that it
becomes d(u).

REMARK 3.1. Since the function A(u, ) and the spectral density f(u, )
of a locally stationary long-memory process are unbounded at zero frequency,
the techniques used next to prove the large sample properties of J(¢) and the
quasi-likelihood estimators are different from those used in the short-memory con-
text. For instance, the function A(u, A) does not satisfy the key assumption A.1 of
Dahlhaus (1997) or the coefficients v j(%) of (3) fail to meet conditions (2) and
(3) of Dahlhaus and Polonik (2009). Due to the unboundeness of f(u, A) at the
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origin, our proofs exploit the properties of the Fourier transforms
o~ T .
Fuy=[" raneas,
-
-~ T .
f(u,v,-)::/ A, DA, —1)e da.
-7
3.1. Propositions.

PROPOSITION 1. Let f(u, A) be a time-varying spectral density satisfying as-
sumption Al and assume that the function ¢ (u, L) appearing in (14) is symmetric
in ) and twice differentiable with respect to u. Let f (u, k) and ¢(u k) be their
Fourier coefficients, respectively. If there is a positive constant K such that

logk
g bl <& (<5

forallu € [0, 1] and k > 1, then, under assumptions A2 and A3 we have that

ELIr (@) = J () + 0<1°g;N) + o(%)

PROOF. From definition (15), we can write

|
EUr@)=: 3 [ ¢l 0 EUN; h]dx
=10

1
- ,W)E|Dy(uj, M| dA
ZnMHZN(O)Z/ G (), MEIDy(uj, 1)
1 T
= , A h
2nMH2N(0)Z:/_n¢("] )Z ( )(N)
’ j=1 t,s=0
xc(uj,t, 5)e* 67D g,
where
c(u,t,s)= E(Y[uT]—N/2+t+1,TY[uT]—N/2+s+1,T)-
Thus,
ElJr(®)] =

2n M Hy n(0)

M N-1

X Z Z h( > (%)c(uj,t,s)/_z¢(uj,)»)e”‘(s_t)d)»

j=1t,5=0
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1 M N-1
Zﬁﬁ@;ﬁ;?&%%h( I3 Jetwsre 85 =0

M —1N—t ¢t t k
W(=)h(~+ = e, t,t +k
2nMH2N(O ;;5 <N) <N+N>C(uj’t’t+ )

X puj, k)2 — 8,

where 8y = 1 for k =0 and §; = 0 for k # 0. By assumption A2 and Taylor’s
theorem,

h(% + %) = h(%) + h/(Sz,k,N)%,

for some & kv € (£ t+k) for k > 0. Thus,

1
E[JT(¢)]_mZ Z Zh2< )C(M],l‘ t+k)

J:] =0

X Pluj, k)2 — 8)

M —
+27‘[MH2N(O Z ; Z=:

_]=

(17)
(&)W@MWVWpo+@
X (l)(uj, k)(2 — &k).

Under assumption Al, we can expand c(u, ¢, t + k) by Taylor’s theorem as

clu,t,t +k)

= ~ )
= flu, k) +f(u,k)<p1(u,k)<%>

+ flu, kb)a(u, k)(é) +R(u,t,k, N, T),

where
Cl(ev u’”) /
)= —""" 4 24" (u)logk,
@1(u, k) CO.mm) +2d'(u) log
aC O, u,
C10,u,uy = LG uE D
u v=0
Cr(0,u,u) ,
)= —"""" + d'u)logk,
2(u, k) CO.1) +d (u)log
aC O, u,
Co0,u,uy = LG AV
Jv v=0
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d () = ad" (”) , C(0,u,v) is defined in assumption Al and the remainder term is

given by
R(u,t,k,N,T) = (o{f(u,k)[(;)2 + <%>2} 1og2k}.

Thus, since by assumption Al |d'(u)| < K for all u € [0, 1], we have lpj(u, k)| <
Klogk for j =1,2 and k > 1. Now we can write

N—t

D cujt t +k)duj k)2 —8)
k=0
N—t . R
=Y Fluj bpu; k)2 —8)
k=0
N t+1—N/2
(18) + 3 g, B, e, 2 - ak)(f)
k=0
N—t . . k
+ 2 ) b, g2, 2 = 81—
k=0
N—t

+ ) R(uj.t.k, N, T)u;, k)2 — 8).

k=0

Since by assumption |f(u, k)$(u, k)| < Klogk/kz, for k > 1, uniformly in u €
[0, 1], we conclude that there is a finite limit A(u#) < oo such that

N
A@) = lim 37 fu. )P, k)2 = 5).
k=0

Consequently,

(25 s
R (=) Fuj, k), k)2 —8)
= N = J J

= th( )Zf(u,,k)as(u,,k)(z 81)

YD) Y bdspe -
N
t=0 k=N—t+1
N—-1 t oo R
=Y B )| Awp = Y Fluj, Ddu;, k)2 —8)
N
=0 k=N

+ (’)(log2 N),
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by Lemma 7. Hence,

th( )Zﬂu,,kw(w,k)(z )
—AWZhZ( ) th( )Zf<u,,k)¢(u,,k)(2_3k)

+ (’)(log N).
But,

>, logk log N

3 Fluj opuj k)2 —8) 2 ~
=N

k=N
and consequently,

N—1 00
2 hz(%) > Fluj b, k)2 =)
t=0

=O(ogN).

Therefore,

Z h2< ) Z Fluj, K)uj, k)2 —8) = Au;) Z h2<N> + O(log? N).

k=0

On the other hand, by analyzing the term involving the second summand of (18)
we get

Z hz( ) Z o1, ) Fluj, 0P, k)2 — a@(ﬁ)

k=0

NZ ( )[Nzlw(uj,k)f(u,,k)(p(uj,k)(z 5%(%)

N-1

~0
Ng: (_) 2. 901(uj,k)a(uj»k)f(”j’k)(w)

k=N—t+1

N—-1 1—N/2
g | P
t=0

Nlog?> N
o\l———)
~o(=77)

by Lemma 8. Now, since A (-) is symmetric around 1/2, we have

Ee(1)(52)-0(t)



2972 W. PALMA AND R. OLEA

Besides, [Y N olo1 (uj, k) fuj, k), k)2 —8) < K YN, (‘Og") < 00. Con-
sequently,

Z h2< ) Z Q1@ k) Fuj, o, k)2 — 50(%)

k=0

:(’)(?logzN).

The third term of (18) can be bounded as follows:

N—t N 1
—~ ~ ogk 5
> @a(uj k) fluj )y, k| <K <Klog’ N,
k=0 k=1 k
and then
N—t N
( )sz(uj,mf(u,,k)c/)(u],k)— <Ko log? N.
k=0

The last term of (18) can be bounded as follows:

N—t

S R, t,k, N, T)p(u;, k) (2 — &)

N2
<K10g N( )
k=0

and then

N—-1N—t

> th( )R(u,,t kN, T)puj, k) (2 — )| <

N3
K—logzN.
T2
t=0 k=0

Note that by assumption A3, the term above converges to zero as N, T — oo.
Therefore, the first term in (17) can be written as

1 M N-1 5
m;tkzoh< >C(u,,t t )G, h) (2 — 5)

- log> N
= Alu;)+ 0 .
it 23400 +O(F)
Now, by Lemma 1 we can write A(u) =27 ffn ¢(u,w) f(u, w)dw, and then

|- 1
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On the other hand, the second term in (17) can be bounded as follows:
leQuj, 11+ R)(uj, k)2 = 80)]

~ ~ N ~ —
= K{f(btj,k)¢(uj,k) + ?|f(”j,k)¢(“j,k)(/)l(”j’k”

If(uj,k)¢(uj,k)<p2(uj,k)|+ 10g N|f(u]7k)¢(uj’k)|}

Since |@;(uj, k)| < Klogk fori =1,2,j=1,..., M and k > 1, we conclude that

N logk
lc(u;,t, t+k)¢(uj,k)(2—3k)|<l(? 2

Therefore, since |A'(u)| < K for u € [0, 1] by assumption A2, we have

N—t N 2
lo k 10 N
3 e, t+k)¢(uj,k)—h Ean) < o3 08k glog N
k=0 T k=1 k r
Consequently,

N—t

. k
(%) D el 0+ K0P k)@ = 8 G w)
k=0

log? N
<KN .

Hence, the second term of (17) is bounded by K (log2 N)/T. From this and (19),
the required result is obtained. [

PROPOSITION 2. Let f(u, L) be a time-varying spectral density satisfying as-
sumption Al. Let ¢1, ¢2:[0, 1] x [—m, ] = R be two functions such that ¢1(u, 1)
and ¢y (u, )) are symmetrlc in A, twice dlﬁ”erentlable with respect to u and their
Fourier coefficients satisfy |¢1(u k)|, |¢2(u k| <Klk|™ —2d(w)— 1for u €0, 1] and
|k| > 1. If assumptions A2 and A3 hold, then

1 T
lim T covlJr (@), Jr(¢2)] = 4 /0 L 3G, Mo 1) £ (u, )2 dodu.

PROOF. We can write

T cov[Jr(91), JT(92)]

T M T T
= d1(uj, AP (g, )
M2 ],kZ::l /;7-[ /77'[ /

x cov[In(uj, A), In(ug, p)ldrdu.
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But,
cov[In(uj,r), In(ug, 1]

= [ iy ) SOV IPN @ I, Dy )

~wror = G2

t,s,p,m=0
x et M =D +ip(m—p)
X COV(¥Yu; T1=N2+45+1,T Y TI1=N /2+14+1,T
V71N /24 p+1.7 YTV =N /24m+1.T) -
Now, an application of Theorem 2.3.2 of Brillinger (1981) yields
cov[In(uj, A), In(ui, u)]
1

[27 Ha, n (0)]?
N-1

S GREMGpGI
N N N N

t,s,p,m=0

X {cov(Yu,; 71-N/24141.7» Ylux T1-N/24+m+1.T)
X COV(Y(u,; T1-N/2+5+1.T> Y[uy T1=-N/2+p+1.7)
+ coV(Yiu, T1-N/2+41+1.7> Y{uy T1=N /24 p+1.7)

X COV(Y[u; T1-N/2+5+1.7» Vg T1-N /24 p+1.7) }
_ 1
 [27 Hy v (0)]?

4 m .
0
X ‘/‘_n /;” HN (Alj—N/z‘Fl"r‘,T(x)h(N)’ A— X)
x Hy (A%—N/2+1+.,T(x)h(ﬁ>,x - M)
. >’ o A)
x Hy <A2<—N/2+1+.,T(Y)h<ﬁ>, y M)

% M= +inim=p) g, dy

Z|

0
x Hy (Az,»—N/2+1+~,T(Y)h(

y
+
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[2nH2N(0>]2/ [ ( N T(x)h(zv) A"‘)

x Hy (A? —N /2414, T()’)h<ﬁ>’ -y A)

)s-)

0
X HN(Az,< N/2414-, T(y)h<

x gM=DFinm=p) 4, dy.

=z -

Thus,

B T (1 )
@) TeovUr(@). 1) = s [BY + BY)
where

B = 3 [ #16us. )ata u)HN( 0 i T(x)h<N> _x)

Jj.k=1

X HN<Azk N/2+1+-, T(x)h<N> X—M>HN

X (A?,—N/2+1+-,T()’)h<ﬁ>’ -y - A)

X HN(Azk N/2+1+-, T(y)h<N) y—l—,u)

w et VWi =1) g dydudhx,

with IT = [—7x, 7]*, and

BOZ 3 [ 16 1t mHN( O et T(x)h( ) —x)

j.k=1

X HN(A;k N/2+1+4, T(x)h<N) X+ M)
x Hy (Az —N /2414, T(Y)h<N) -y A)

x HN(Az —N/2+1+, T(Y)h<N) y— M)

x @t AN g, dydudh.




2976 W. PALMA AND R. OLEA

The term BI(\}) can be written as follows:

M
BY =Y /Hm(uj,)»)«zsz(uk,m

k=1
X AGj, x)AQug, —x)Auj, y) A, =)
X Hy (= x) Hy (x = ) Hy (i + ) Hy (=y = 2)
x ' IV gy dy dadp + Ry

(21)
M
= % [ 0100 04 A D2k A, )
k=1
X Auk, —y)HnN (A —x)Hn(x — W HN (L + y)
x Hy(—y — M) G0 gx dy didu
+AJ + A7 + Ry,
with

M
AY =3 /H[asl(u,-,x)—¢>1(u,~,x>]¢z(uk,u)A(uj,x)Amk,—x)A(u,-,y>

jk=1
X A(ug, —y)HN (A — x)Hn(x — ) Hn (L + y)
x Hy(—y — M)l VG gy dy drdp,

M
AP =Y fljcbl(u,-,x)[d)z(uk,u)—¢z(uk,y)]A<uj,x>A<uk,—x)A(uj,y)
jk=1

X Auk, =y)Hn (A —x)Hn(x — W) HN (L + y)
x Hy(—y — M)l TG0 gy gy dadp,

and by Lemma 2 the remainder term Ry can be bounded as follows:

N
IRN| < —
T

M
3 / 1.1t Wb (s 1) A X) Alug, —x)
k=171

x Auj, )y "Ly (y + p)
(22)
x Hy(A —x)Hy (x — )

x Hy(—y — el TG gy dy drdpl.
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By integrating with respect to p the term Ag\l,) can be written as

1 MoN-1 o\
AV = 3 X ({5 )Rt =)
2 2Ny )"\ N
Jj.k=1t,s=0

X /_7; f_n /_7; (11, A) — 1 (uj, X)IAuj, x) Alug, —x)

X A(uj, y)A(ug, —y)Hy(A —x)Hn(—y — 1)
% ei(x-l-y)(tj—tk)—ixt—iys dx dy d)\,

and by integrating with respect to y we get

W M N-1 ¢ s p

A= 3 n(=)n(=)n(=

N — ‘. <N) (N) (N)
J.k=1t,5,p=0

X o (up, t — ) fluj, ug, t; —ty — s+ p)
x[ [ (1, 2) — (1, )]

x Auj, x)A(ug, —x)Hy (A — x)

X el'x(lj—tk—l‘)—l—l'lp dx d)\.
M N—1
t s P
) N N N
Jj.k=1t,s,p=0
X f(uj,uk,tj—tk—s—}—p)
X en(uj,ug, p,tj —tp —t),

where f(u, v, k) and e (r) are given by f(u, v, k)= ffﬂ A, M Av, =1)e*  dx,
and

en(uj,ug, p,r)

N-1 R - _
= h(%)ﬁbl(’/‘j» pP— m)[ Auj, ) Aug, —x)e™* "+ dx
m=0 -7
p T ;
_27'[h<—>/ ¢1(Mj,x)A(uj,x)A(uk,x)e’X(’“’)dx
m -
b4 T . N-1 m .
= [" [ #1005 b(R )0 drd
- J-n 0 N

g .
—27[/ h(%)d)l(uj,x)A(uj,x)A(uk,—x)e’(r'”’)xdx.

—TT
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But h(47) = h(4) + 1’ (¢p ) "5~ for some &, € [0, 1]. Thus,

en(uj,ug, p,r)

= h(%) {/_7; /_7; G1(uj, AW, x)Aug, —x)e' P

N-1
X Z MM do dx

m=0

i .
_27[‘/‘ ¢1(MJ,X)A(uj,x)A(uk, —x)el(r+p)xdx
-7

+Zh<spm) ”f / B1 (. ) A, ) Ak, —x)

% eim(x—k)+i(pk+rx) d)dx

V4 1 2
= h(—)Sﬁv)(uj, ug, p,r)+ Ef(v)(uj, Uk, Ps1),

where the term sN)(u], ug, p, r) is given by

N-1
8§\})(u]~,uk, p,r) =/ g(a))e’”" Z &M da — 2 g(0),
- m=0
with g(@) = [7_ ¢1(uj, VAWU;, 0 + M) A(ug, —w — M)e'PT* d). Observe that
by Lemma 1, for every u;,ux, p,r, 85\})(uj,uk,p,r) — 0 as N — oo, conse-
quently we can write

)(u]’uk D7) = / g(w) Z el m+ro 4.

m=N

o0

=Y ¢y, p—m)flujue.r +m).

On the other hand, by assumption A1, |f(uj, ug, r+m)| < K|r +md@+dwo-1,
Thus, the term 8N)(I/tj, ug, p,r) is bounded by

P wj, ur, p,r)]
K Nl - _
=% > m—ploi1(uj,m — p) fuj, up,r+m)

m=0

K N—
- Z |m _ p|—2d(uj)|r +m|d(uj)+d(uk)—1
N o
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<K[Z’N_N

poom @1

} N w—du)—1

N N N
—2d(uj) d(uj)+d(uk)—1
- K/ ‘e _‘ dox N4 w—dup—1
d(u1)+d(uk) 1 p _Zd(uf)
< KNd(Mk) d(u]) 1< ) f X — — dx
N 0 m

< K N~2dWw)) pdwp+da) -1
where for notational simplicity we have dropped 6 from dpg (-). Thus,
P\ w— 2 7
en(j,ug, p,r) = h(ﬁ) Z é1(uj, p—m)f(uj,ug,r+m)
m=N
+ O(N_Zd(uj)rd(uj)+d(uk)_l)-

Hence, A%) can be written as

Ay = Z Z ( ) (N>h<%)$2(uk,t—S)f(uj,uk,tj—tk)

Jj.k=1t,s,p=0

x {h(%> > by p—m)fuj,ui,t; — ti +m)

m=N+1

:A%.l)_i_Ag\}.Z),

say. Therefore, |A§\P| < |A§\}'1)|—|— |A§\}‘2)|. Observe that since ¢ (u, 1) ~ C|A[?4®)
asA — Oand d(u) > Oforall u € [0, 1], we conclude that ¢ (u, 0) = Z,‘z‘;_ooaz(u,

k) =0. Thus,
N—1 ¢ §\
Z h(ﬁ)h<ﬁ)¢2(u,t—s)

-2 T (o,

where for simplicity we assume that 4(x) = 0 for x outside [0, 1]. Now, by an
application of Taylor’s theorem we can write h(# + %) = h(ﬁ) + h (&, k))%
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for some &(z, k) € (& — %, =+ %). Hence,

£ 5 o

Note that Zk - N¢2(u ky=2%72 N(bz(u k). Therefore, |Zk 1 Nqbz(u k)| <

K Y2 yk—2dw=1 < g N—2dW), Consequently, |va Olh( )2 Zk - Nqbz(u,
k)| < KN'=2d@ _On the other hand, | XN ' SN L G ()R (@, k) da(u, k) x
N| <KYN k240 < gNI- Zd(”).Hence,

N—-1 N-1

t
> X (5 )n( o+ )Pt bo| < RN,
t=0 k=1—-N N N
Thus, we conclude that
M N-1
AGV sk YD Y NI IS — k) pldenHd-t
J.k=1,j#k p=0
o0
X Z |p—m|_2d(uj)—1|S(j _k)+m|d(uj)+d(L¢k)_]
m=N-+1
M d(uj)+d(ug)—1
<K X
<K X )+ N‘
Jjk=1,j#k p=0
1 o 2d(uj)—1
X — Z p_m
N m=N+1 N N
d(ui)+dur)—1
m |4 1
k) + _‘ 1
N N
d(uj)+d(ug)—1
2d(uj)—1

lx —y|I™

<K % folfloo‘NU—k)er

‘d(u,‘)-i-d(uk)—l

k)y+y dydx.
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Let§ > 0 and define [1(8) ={j, k=1, M:k< jVk—j> %(1 +68)}and I,(6) =

{(j,k=1,M:0<k—j< %(1 + §)}. Therefore, the sum above can be written as
1.1.1 1.1.2

Z%:L#k- =056 T 2Xhe) = |A§V )|+ |A§V ), say. Observe that over

11(8) we have that |3 (j — k) + x|~ < K|3(j — k)| for a > 0. Hence,

|A§\}‘1‘1)| -k Z d(uj)+d(up)—1
1, (8)

s |
G —k)\

1 roo 5 1
0 J1

S d(uj)+d(ug)—1
—(—k)+
N(J )+y

X dydx

d(uj)+d(up)—1

1 poo 5 !
X/ / Jx — y| 724w
0o J1

x S(' k) +
YAl y

d(uj)+dup)—1
‘ dydx.

Since the integrands in the above expression are all positive, an application of
Tonelli’s theorem yields

M d(u)+d(ug)—1
111 S . J
A<k Y |SG-h
Jok=1, j#k
o dwy)—1
X lx — yl
1 Jo
S d(uj)+d(ug)—1
X |—(j —k)+ dxd
N(J ) y‘ y
M d(uj)+d(ug)—1
<K Z N(j_k)
Jok=1, j#k

O N=2du)) o —2d(u))
x| =D y ]

d(uj)+d(up)—1

X dy.

S
—(i—k
N(J )+y
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Then, by Lemma 3 we conclude that

M 2d (u ) +2d (ug) —2
111 S . i

|A§V )|§K E 'N(J_k)

J.k=1, j#k

M s 20 (u ;) +2d () ~2
<k| 3 ‘Nu—k)‘

J.k=1,j#k
d(u)+d (i) <1/2

M S
+ X ]N(j—/o
k

Jok=1,j#
d(uj)+d(ug)>1/2

2d(u_,-)+2d(uk)—2:|

For the first summand above, we have the upper bound

M

N\?2 N\?2
Z |j—k|1<§> SK(§> MlogM,

Jk=1,j#k

while the second summand can be bounded as follows:

M M

Jj-k=1, j#k N
d(uj)+d(up)>1/2

Thus,
111 N\?
(23) AG! ] < K(E) Mlog M + M>.

On the other hand, if z = {(k — j) then 0 < z < 1 + 8 for j, k € I(5). Thus, an
application of Lemma 9 yields for 2 > § > 0

2d—1

S
s 26 T Semp
5 (3)
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where d := info<, <1 d(#) > 0. Hence, by defining p =k — j and P = N/S we
can write

P(1+6) 2d—1

P

N
<KM— / x|%- 1dx<KM§

Note that from assumption A3, N/S — oc. Thus, by combining the above bound
and (23) we conclude that

N 2
(24) AG"| < K<E> Mlog M + M>.

A similar bound can be found for |A§\}'2)| and consequently for |A§\}) |. Further-

more, an analogous argument yields a similar bound for the term |A§3)| appearing
in (21). Now, we focus on obtaining an upper bound for the remaining term Ry
from (22). By integrating that expression with respect to A we get

M N-1

i NI O LTI

jk 1¢,5=0

|RN|<—

xj;¢xub;vouprou,—x>
X AQuj, y)y O Ly (y + ) H(x — )

w X G—AD iyt —t+s) g dydul|,

where the function L y(-) is defined as

_ N, x| <1/N,
LN(X)_{1/|x|, I/N <|x| <.
Hence,
M N-1
t s D
R <— h(— (= )h(
vl = kZ ;ZO <N> (N) (N)

X Gr(uj,s — 1) fuj up,tj —tg +1—p)

T T
xf / B2 (g, ) A, )y~
—7T —7T

X Ly (p —+ y)eY Gt +ivi gy gy,
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N M N-L R
<K= > 1615 — DI F o ug,tj =t +1 = p)]
J.k=1t,5,p=0
b3 b d
[ o2tk myatu, py=ew
—TT J—TT
X Ly (p+ y)e? G iEITR gy d,u‘
N M N-L R
<K= > 1615 — DI F o ug,tj =t +1 = p)l
j.k=1t,s,p=0
b3 b d ) d
/ Ly (u+ y)y~den=duw dydp,'
- -7
NlogN u ot
J.k=1ts,p= Ot;éa
X |S(j —k) +1 — p|dwptdun-1
2 M
N logN Z Z |'s —t|_2d(”j)_lsd(uj)+d(”k)—l
J.k=1ts,p=0,t#s
x |j _k|d(uj)+d(uk)—l
N3logN 5 M d j k14w +dun—1
(uj)+dup)—1
N e

r jok=1

Since by assumption A3, T/N? — 0, we conclude that

N*M? (7 o7 2d—1 33 ,27d—2
—JT J—TT
Thus, from (24) and (25), we conclude
TB\
(2 M H> n(0)]?

. T
~ [2nMHy n(0)]?

x Z f G111, ) A, X) Alutg, =)o (g, ¥)

J.k=1
X A(uj, y)A(ug, —y)HN (A —x)Hn (x — ) Hy (e + y)
x Hy(—y — M STV EG=) gy dy didp + Cy,
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where
26 Cy=0 — +NT
(26) v ( b

Therefore, by assumption A3 we conclude that Cy = o(1). By following succes-
sive decompositions as in (21), we replace ¢ (ug, y) by ¢2(ug, x), A(ug, —y) by
A(ug, —x) and A(u;, y) by A(u;, x), respectively. Thus,

logM T d— 1)

By T
R2rMH, n(0)]?  [27 M Hy y(0)]?

‘3 [ #1605 A ) A, =)2(x. ) Al )

j.k=1
X A(ug, —x)Hn (A — x)Hn (x — ) Hy (e + y)
x Hy(—y — M)l VG gy gy drdp + o(1).
By integrating with respect to u and A, we get

TBY’
[27 M H, n (0)]?

[MHZN(O)]Z Z/ / ¢1(MJ,X)A(M/,X)

X Aug, —x)o(ug, x)A(uj, x)A(ug, —x)
X |Ho,n (x + y) 2" CTVEG=0 dx dy + o(1)

T M T ow
= mjélﬁﬂ /_n[ff?l(uj,X)f(uj»X)][d’z(uk,x)f(uk,x)]

X |Hon (x 4+ )2/ TG0 gy gy + 0(1)

T M n en
= mj%l /_n _/;ﬂ[‘bl(uj»x)f(uj»x)][¢2(uk,x)f(uk,x)]

x |Han (z)IZeiZ[s(j_k)] dxdz+o(1)
B T
 [MH>,n(0)]2

x Z / (61, %) f (@, )1t ) f (g, 1))

Jj.k=1

T
X h2< ) ( )/ U+ =sT gy dz + 0(1)
SIX:O N -
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2nT N M 2 T\, 2f S
~ MH N O tZ 2 ! (N)h (ﬁ)
S(j—k)=s—t

x/_ﬂ[m(uj,x)f(uj,x)]

X [¢2(uk, x) f (ug, x)]dx + o(1).
By assumption A3, for § < N we can write
r (1)
[27t M Ha, v (0)]?
. 2n T
~ [MH N (O]

N—-1(N-1)/S

B GG

t=0 p=—t/S

M—|p|

x Z [ @100 .0

X [p1(ujyp, x) f(ujyp, x)]dx +o(1).

Observe that by the assumptions of this proposition the products ¢ (u, x) f (u, x)
and ¢ (u, x) f (4, x) are differentiable with respect to u. Furthermore, note that by
assumption A3, lim7 s 0 |p L =0 for any |p| < % Consequently,

M Ipl

> Z f (610t 2) £ty )N batt 4 o 3) f 1t e )] d

_)/0 /_7;¢1(M,X)¢2(M,X)f(u,x)2dxdu,

for any |p| < % as M, N, S, T — oo. On the other hand,

27 T2N? NZI(Nf/SM( > (r +pS)S
S2[M Hy n(0)]? =, s \N N N/N?

1 pl—x 1 -2
— 271/0 / hz(x)hz(x +y)dxdy (/0 hz(x) dx) =27,

as M, N, S, T — oco. Therefore, in this case
T 0
27 M Hp n(0)]2 N

1 T
—>2n/0_/; qbl(u,x)¢2(u,x)f(u,x)2dxdu,
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as M, N, S, T — oo. Similarly, we have that

T
(27 M Ha, v (0)]?

1 pm
B,(vz) - 271/0 f d1(u, X)2(u, x) f (u, x)* dx du,
-7
as M, N, S, T — oo. Therefore, by virtue of (20) this proposition is proved. [

PROPOSITION 3. Let cumy(-) be the pth order cumulant with p > 3. Then,
TP/ cum, (Jr(¢)) — 0, as T — oo.

PROOF. Observe that J7r(¢) can be written as

1
J =Y Y,
() 27 MHy n (0) Q)
where the block-diagonal matrix Q(¢) is defined in (16) and Y € RNM 5 a
Gaussian random vector defined by Y = (Y (u1)', ..., Y(up)"), Y (u) = (Y1(u),
S YNW)), Yi(u) = h(3) Yur)-Ny24041,7 With Yur)_n/24141,7 satisfying (1).
For simplicity, denote the matrix Q(¢) as Q. Since Y is Gaussian,
2Pl (p—1)!

cum, LU (@)] = S w(RO)

where R = Var(Y). Let |A| = [tr(AA’)]'/? be the Euclidean norm of matrix A and
let |A| = supHxH:l(Ax)/Ax be the spectral norm of A. Now, since |[tr(QB)| <
|QI|B| and |QB| < || Q||| B| we get [t((RQ)P| < |[RQ|P*|RQ|*.

On the other hand, for fixed A, decompose the function ¢ (-, 1) as ¢(-,A) =
¢4+, A) —¢_(-, A) where ¢ (-, 1), d_(-, A) > 0. Thus, we can write Q = Q(¢) =
O@+—¢-)=0(+)— 0(¢-) := O+ — Q_, say. Now, by Lemma 6 we conclude
that

IRQII=IRQs — RO_|| < [RQ4]| + |RQ—Il < K(MN'~27%=1),

and by Proposition 2 we have that [RQ|*> < K @ Thus,

M?N?
N(RQ)” < K (MN'72"H) ==,
Consequently,
(1-2d)(p—2) p=2
|Tp/zcump[JT(¢)]|5KM1_M2(¥> <§> '

Since p > 3 and by assumption A2, N/T — 0 and /T/N — 0 as T, N — oo,
the required result is obtained. [J
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3.2. Proof of theorems.

PROOF OF THEOREM 2.1. To prove the consistency of the Whittle estimator,
it suffices to show that

sup|L7(0) — L(O)| — 0,
0

in probability, as T — oo, where L(6) := 4n fo ST [log fo(u, 1)+ };90((” ;))] d)du.

Define gg(u, ) = fo(u, r)™ L By assumption Al, gg(u, A) is continuous in 6, A
and u. Thus, gg can be approximated by the Cesaro sum of its Fourier series

oo £ E0-0-)

x 8o (€, m)exp(—i2mwu il —iim),

such that supg |go (1, 1) — geL)(u A)| < g; see, for example, Theorem 1.5(ii) of
Korner (1988). Following Theorem 3.2 of Dahlhaus (1997), we can write

sup |L7(0) — L(O)]

1 € M

16;13 Z Z ( m)(l—%)Suplge(ﬂ m)|

1 Yo
X M;/—n exp(—i2mujl —ikm)

X {In(uj, ) — f(uj, \)}dA|,
where
1 pm
§9(€,m)=// go(u, A)exp(i2nul +iim)dudAi.
0 J—m

Consequently, |8y (¢, m)| < 27 sup ;) |80 (u, 1)|. However, by assumption Al,
|go(u, A)| is continuous in 6, u and A. Thus, since the parameter space is
compact we have that |gy(£, m)| < K, for some positive constant K. Now, by
defining for fixed £,m =1,..., L, ¢(u,A) = cos(Qmuf)cos(Am) or ¢(u,r) =
sin(2wuf) cos(Am) in Proposition 1 and ¢ (u, 1) = ¢ (u, A) = cos(2mul) cos(r x
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m) or ¢1(u, A) = ¢a(u, L) = sin(2wruf) cos(Am) in Proposition 2, we deduce that
I 1£] jm|
— 1——){1—— g0 (L,
16n3€_ZL _Z ( L)( I )Sgplge( m)|
=—Lm=—L

X

1 E
MZ/ exp(—i2mujt — im)
j=1""

X [In(uj, &) — f(uj, A)]dAr

1 & & ] |m| A
= 1673 DD (1_f><1—f)sgplge(€,m)l

{=—Lm=—L
(27)
1 Yo
X : M;/—n cos(2mu j£) cos(Am)
1 Y o
+ ‘M;/n sin(2mu j£) cos(Am)
X [IN(uj,A) - f(uj,)»)]d)u } —0
and

1 M T 1 pm
(28) M;/H{IN(MJ-,A)+f(uj,k)}dk—>2/0 /,,, Fu, n)dhdu,

in probability, as M — oco. Now, from the limits (27) and (28), this theorem fol-
lows. [

PROOF OF THEOREM 2.2. Let 7 be the parameter value that minimizes the
Whittle log-likelihood function L7 (6) given by (7) and let 6y be the true value

of the parameter. By the mean value theorem, there exists a vector Or satisfying
167 — ol < |67 — 6ol|, such that

(29) VLr@r) — VL (6o) = [VLr (0r)1(Or — o).

Therefo_re, it suffices to show that (a) V2Lr(0g) — ['(6p), as T — oo; (b)
V2L7(0r) — V2L7(60) — 0 in probability, as T — oo; and (c) ~/TV Lz (6p) —
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N0, I"(6p)], in distribution, as T — oo. To this end, observe that

V2L (0) = Z / UGy, 2) — folu IV i, )"

— V fo(uj, VIV fo(uj, )™ dn

1

471M:Z/ duj, MUN@j, A) — fouj, 1]

+ Zf Vlogfe(uj,k)[Vlogfe(ujvk)]/d/\}
j=1"77

1
=—1J —-J re+ol—|.
U@ = 1@+ +0( ;)
where ¢ (u, \) = V? f(u, A)~!. Hence, an application of Proposition 1 and Propo-
sition 2 yields parts (a) and (b). On the other hand, part (c) can be proved by means
of the cumulant method. That is, by showing that all the camulants of VTV L7 (6)
converge to zero, excepting the second order cumulant. To this end, note that

VL7 (60) = Z / U (s 2) = fao MV fiy (1, )" d
(30) ZLJT(QS)_LZ/‘H f@o(uj,)t)vf%(u],)\)_ldk
47T 47T i=1 —T

1 1
= —Ur@®) — I @)+ O(ﬁ),

where ¢ (u, L) =V fq, (u, 1)~!. Hence, by Proposition 1 and assumption A3, the
first-order cumulant of /7T VL7 (6o) satisfies

o) +o(3)

VTE[VLr(60)] = N 73

€1y

— 0,

as T — oo. Furthermore, by (30) we have that the second-order cumulant of
VTV L7 (8) can be written as

1
T cov[VLr (60), VLT (60)] = WT cov[Jr(¢), JT(P)].
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Therefore, by Proposition 2 we have that

Tlim T cov[VL7(0), VLT (6p)]
1 1 pm B .
:E/o f_n V fo W)UV o, 1)1 fag (u, 1) didu

1 1 pm /
= Efo f_n Vlog fa,(u, [V 1og fa(u, M1 drdu =T (6p).

Finally, for p > 2, Proposition 3 gives TPr/2 cum,[VLr(6p)] — 0, as T — oo,
proving part (c). U

PROOF OF THEOREM 2.3. By observing that the Fisher information matrix
evaluated at the true parameter, I'7(6p), is given by
I'r(60) =T cov[VLr (60), VLT (60)],

the result is an immediate consequence of Proposition 2. [J

PROOF OF THEOREM 2.4. Let V() = [Vl.g.T)]i,j:Lm,p = Var(B), then

1 . 1 PP
/()Var[d(u)]duz/ ZZgi(u)Vii.T)gj(u)du

i=1j=1
P

L T
> V“f gi () (u) du

i=1j=1

where b;; = fol gi(u)gj(u)du = bj;. Therefore, by Theorem 2.2
(T) P p
lim 7 [ Var[di d—zzl V Ezb
Tgnoo / ar[d(u)]du ks 1 lm 121121%] ij»

whereA:(aij),- j=l1,..., p:F_l and

Iy = 47_[/ / S_ﬂ,Ing(u )\)Flogf(u ,AdAidu.

But, log f (u, 1) =log(c?) — log(27) — dg(u) log|1 — '*|2. Thus,

0 in2
—log f(u,A) = —gi(u)log|l — """
0Bi
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Hence, Tj = [ g (w)g;(u)du x 1= [T (log|1 — *[>)2dr = Z-b;;. Therefore,
= %23 and A = %B‘l. Consequently, since A and B are symmetric matrices
lim7 oo T fy Var[d(u)]du = tr(AB) = S tr(1,) = %5, O

4. Simulations. In order to gain some insight into the finite sample perfor-
mance of the Whittle estimator discussed in Section 2, we report next a number of
Monte Carlo experiments for the LSARFIMA model

Yir=0@/T)1-9B)(1— B)—d(t/T)gt,

fort =1,...,T withd(u) = ag +aqu, o (u) = Bo+ B1u and Gaussian white noise
{&;} with unit variance. The samples of this LSARFIMA process are generated by
means of the innovation algorithm; see, for example, Brockwell and Davis (1991),
page 172. In this implementation, the covariances of the process {Y; 7} is given by

E[Y;.1Y, ]—a<i>g<i> T[1—d(s/T)—d(t/T)IT[s —t+d(s/T)]
WO )P\ P = d G/ DIN G/ TITs = 1+ 1= d(t/ )]

><|:1+292—19 s—t—d(t/T) 5 s—t+d(s/T) },

s—t—1+d(s/T) s—t+1—-d/T)

fors,t=1,...,T,s >t.Let0 = (ap, o1, Bo, B1, )’ be the parameter vector. The
Whittle estimates in these Monte Carlo simulations have been computed by using
the cosine bell data taper (9). Figure 1 displays the contour curves for the empir-
ical mean squared error (MSE) for the Whittle estimator 6 defined in this case as
the average of ||§ —0||? over 100 replications of 5, where 6 is the true value of
the parameter. These contour curves correspond to 6 = (0.20,0.25,0.5, 0.3, 0.5),
for sample sizes T =512 and T = 1024, respectively. In these graphs, the darkest
regions represent the minimal empirical MSE while clear regions indicate greater
MSE values. Note that for the case T = 512, shown in the left panel, the minimal
empirical MSE region is located around N = 105 and S ~ 35. For the sample size
T = 1024, displayed on the right panel, the minimal empirical MSE is reached
close to N ~ 200y S =~ 45. As noted in these graphs, there is a degree of flexibil-
ity for selecting N and S as long they belong to the areas with minimal empirical
MSE. Contour curves for other parameters 6 such as those presented in Tables 1
and 2 are similar to Figure 1 and produce similar empirical optimal regions for N
and S. Tables 1 and 2 report the results from the Monte Carlo simulations for sev-
eral parameter values, based on 1000 replications. These tables show the average
of the estimates as well as their theoretical and empirical standard deviations (SD).
The theoretical SD are based on Theorem 2.2 with matrix 'y given by

FO{ 0 Yav

Vo/”} 0 142



LOCALLY STATIONARY LONG-MEMORY PROCESSES

1020 % 40 50 6 70 80 @ M0 130 150 170 10 210 20 20 200 20

2993

s

1020 10 40 50 60 70 80 % 100 120 40 160 80 20 20 240 20 280 30

FI1G. 1. Contour curves of the empirical MSE of Whittle estimator. Left: sample size T = 512.
Right: sample size T = 1024.

TABLE

1

Whittle estimation: sample size T = 512, block size N = 105 and shift S = 35

Parameters Estimates
Case o oy Bo B # ) o Bo B1 U
1 0.15 020 0.5 0.3 0.5 0.130 0.177  0.497 0.299 0.473
2 0.15 020 08 —-0.2 0.5 0.124 0.167 0.795 —0.201 0.463
3 0.20 025 05 0.3 0.5 0.161 0.219  0.497 0.301 0.455
4 0.20 025 08 —0.2 0.5 0.163 0.218 0.797 —0.201 0.453
5 030 -0.20 05 0.3 0.5 0291 —0.183 0.498 0.299 0.506
6 030 -020 08 -0.2 0.5 0287 —0.183 0.797 —0.203 0.501
7 0.15 020 0.5 03 —-04 0.138 0.189  0.496 0.301 —0.407
8 0.15 020 08 -02 —-04 0.138 0.190 0.799 —-0.206 —0.410
9 0.20 025 05 03 -04 0.195 0.228  0.498 0.299 —0.409
10 0.20 025 08 —-02 -04 0.193 0.229 0.795 -0.197 -0.412
11 030 -0.20 0.5 03 —-04 0286 —0.197 0.498 0.298 —0.404
12 030 -020 08 -02 —-04 0279 -0.180 0.796 —0.203 —0.404
Theoretical SD Estimated SD
Case o(@)) o@) o(By o) o@) o@) o@) By B &)
1 0.115 0.119 0.035 0.069 0.109 0.117 0.146 0.045 0.089 0.106
2 0.115 0.119 0.047 0.075 0.109 0.115 0.146 0.057 0.100 0.103
3 0.115 0.119 0.035 0.069 0.109 0.107 0.132 0.043 0.091 0.096
4 0.115 0.119 0.047 0.075 0.109 0.110 0.131 0.056 0.098 0.102
5 0.115 0.119 0.035 0.069 0.109 0.131 0.140 0.043 0.090 0.108
6 0.115 0.119 0.047 0.075 0.109 0.125 0.140 0.057 0.099 0.107
7 0.074  0.119 0.035 0.069 0.051 0.089 0.155 0.045 0.091 0.058
8 0.074 0.119 0.047 0.075 0.051 0.088 0.150 0.054 0.096 0.053
9 0.074 0.119 0.035 0.069 0.051 0.090 0.142 0.044 0.091 0.053
10 0.074 0.119 0.047 0.075 0.051 0.088 0.142 0.057 0.099 0.054
11 0.074  0.119 0.035 0.069 0.051 0.089 0.140 0.046 0.093 0.055
12 0.074 0.119 0.047 0.075 0.051 0.093 0.146 0.057 0.099 0.056
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TABLE 2
Whittle estimation: sample size T = 1024, block size N = 200 and shift S = 45

Parameters Estimates
Case a9 o Bo B ¥ o ) Bo B U
1 0.15 0.20 0.5 0.3 0.5 0.127 0.193  0.498 0.301 0.475
2 0.15 020 08 —-02 0.5 0.131 0.195 0.796 —0.198 0.479
3 0.20 025 05 0.3 0.5 0.179 0.239  0.497 0.304 0.473
4 0.20 025 08 —-02 0.5 0.176 0.241  0.798 —0.199 0.475
5 030 -0.20 05 0.3 0.5 0286 —0.189 0.500 0.298 0.493
6 030 -020 0.8 -0.2 0.5 0286 —0.197 0799 —0.202 0.488
7 0.15 020 0.5 03 —-04 0.143 0.198  0.498 0.302 —0.404
8 0.15 020 08 —-02 -04 0.144 0.197 0.797 -0.197 —0.404
9 0.20 025 05 03 —-04 0.195 0.245  0.500 0.300 —0.405
10 0.20 025 08 -02 -04 0.197 0.243  0.797 -0.199 —0.405
11 030 —-0.20 05 03 —-04 0293 —-0.197 0.500 0.299 —0.402
12 030 -020 08 —-02 —-04 0293 -—0.200 0797 —-0.199 —0.403

Theoretical SD Estimated SD

Case o(@) o@) oy o) o@ @) @) &PBy) @Y M)

1 0.081 0.084 0.025 0.049 0.077 0.089 0.106 0.032 0.064 0.081
2 0.081 0.084 0.033 0.053 0.077 0.097 0.106 0.040 0.069 0.085
3 0.081 0.084 0.025 0.049 0.077 0.093 0.097 0.031 0.062 0.078
4 0.081 0.084 0.033 0.053 0.077 0.090 0.095 0.038 0.067 0.073
5 0.081 0.084 0.025 0.049 0.077 0.107 0.103 0.030 0.061 0.091
6 0.081 0.084 0.033 0.053 0.077 0.101 0.104 0.040 0.068 0.079
7 0.052 0.084 0.025 0.049 0.036 0.066 0.110 0.031 0.061 0.039
8 0.052 0.084 0.033 0.053 0.036 0.065 0.113 0.039 0.066 0.040
9 0.052 0.084 0.025 0.049 0.036 0.066 0.100 0.030 0.060 0.040
10 0.052 0.084 0.033 0.053 0.036 0.058 0.087 0.040 0.068 0.037
11 0.052 0.084 0.025 0.049 0.036 0.066 0.103 0.029 0.060 0.039
12 0.052 0.084 0.033 0.053 0.036 0.064 0.101 0.039 0.068 0.039

where Y9 = []og(}?_’?), log(zl—ﬂ)]/, Yo = #, and the matrices 'y and I'g are

given in Example 2.3. The bandwidth parameters N and S for each table are
based on values found in Figure 1 for 6 = (0.20, 0.25, 0.5, 0.3, 0.5). As mentioned
above, these values are very similar for the other parameters reported in Tables 1
and 2. Observe from these tables that the estimated parameters are close to their
true values. Besides, the empirical standard deviations are close to their theoreti-
cal counterparts. These simulations suggest that the finite sample performance of
the proposed estimators seems to be very good in terms of bias and standard de-
viations. This, despite the fact that in many of these simulations we have tested
the method with large values of the long-memory parameter, that is, close to %
In Table 1, for example, for the combination «g = 0.20, o1 = 0.25, the maximum
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value of d(u) is 0.45. Additional Monte Carlo experiments with other model spec-
ifications are reported in Palma and Olea (2010). Those simulations explore the
empirical optimal selection of N and S and the finite sample performance of the
Whittle estimators. Note, however, that further research is needed to establish op-
timal selection of N and S from a theoretical perspective. A comparison of the
performances of the Whittle method with a kernel maximum likelihood estimation
approach proposed by Beran (2009) and two data illustrations are also discussed
in that paper.

5. Final remarks. A class of locally stationary long-memory processes has
been addressed in this paper, which is capable of modeling nonstationary time
series data exhibiting time-varying long-range dependence. A computationally ef-
ficient Whittle estimation method has been proposed and it has been shown that
these estimators possess very desirable asymptotic properties such as consistency,
normality and efficiency. Moreover, several Monte Carlo simulations indicate that
the estimates perform well even for relatively small sample sizes.

APPENDIX

This appendix contains nine auxiliary lemmas used to prove the theorems stated
in Section 2 and the propositions stated in Section 3. Proof of these results are
provided in Palma and Olea (2010).

LEMMA 1. Let f(u, \) be a time-varying spectral density satisfying assump-
tion Al and let ¢ :[0, 1] X [—m, w] — R be a function such that ¢ (u, A) is contin-
uously differentiable in A. Consider the function defined by

g, 1) =/_” (. A+ ) f (. ) do,

and its Fourier coefficients g(u, k) = ["_ g(u, Ve K dx. Under assumption Al,
for every u € [0, 1] we have that lim, o > y__, §(u, k) =2mg(u,0).

LEMMA 2. Consider the function ¢ :[0, 1] x [—x, 7] — C, such that 3¢ (u,
v)/0u exists and |3¢(u,y)/du| < K|y|~24W  where 0 < d(u) < d for all u €
[0, 1]. Then, for any 0 <t < N we have that

[0 (5 (5 ) 2| =0 (57 ) Evoo +0 Ty L],

LEMMA 3. Consider dy,d; € [0, 1/2) and for any € € Z define the integral
1(0) = [{°l(x — D72 — x 7240 4 x| dx . Then 1(£) = O(je|1+42T),

LEMMA 4. Let ¢(u,A) be a positive function, symmetric in A, such that
¢(u,r) > C|A|2d("),f0r A € [—m, ], where d(u) is a positive bounded function
foru €[0,1]and C > 0. Let Q(u) foru € [0, 1] be the matrix defined in (16). Then
there exists K > 0 such that X' Q(u)~'X < KX'XN??® _ for all vector X € RN
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LEMMA 5. Let ¢(u,A) be a positive function, symmetric in A, such that
o(u, ) > C|A|2d(”),for A € [—m, ], where d(u) is a positive bounded function
foru e [0,1]and C > 0. Let Q(u) for u € [0, 1] and Q(¢) be the matrices defined
in (16). Then there exists K > 0 such that

IX'10@)" — 0@IX| < KX'XN* /2,
where ¢(u, -) = ¢ (u, ~)_1/4n2, d=supd(u) <ocoand X € RNM,
LEMMA 6. Let ¢(u,A) be a positive function, symmetric in A, such that
d(u, 1) = CIA4Y | for » € [—m, 7], where d(u) is a positive bounded function

foru €10,1] and C > 0. Let Q(¢) be the block-diagonal matrix defined in (16).
Then there exists K > 0 such that

X'RX
X'0@)~'X

where d = supd(u) < % and X e RVM,

sup I < KMN'-272-1,
X

LEMMA 7. Let f(X) and ¢()) be two real-valued functions defined over
A € [—m, ] with Fourier coefficients f(k) and ¢ (k), respectively, satisfying
|f(k)$(k)| < K/kZ,for some positive constant K and |k| > 0. Let C(N) be given
by C(N) = YN h2(4) oo, )@ (k) with bounded data taper, |h(u)| < K,
for all u € [0, 1]. Then there exits a positive constant K such that |C(N)| <
Klog’ N.

LEMMA 8. Define DN, T) = 4 X105 S50 ) %95 (52) with fune-
tion |p(k)| < ClogN for all 0 <k <N, N > 1, where C is a positive constant.

2
Then there exists a constant K > 0 such that |D(N,T)| < K logTN.

LEMMA 9. Letze€[0,1468]with2 >8> 0and2B > 2a > 0. Then, the pos-
itive double integral I (z) = fol |z —x|*1 - x)"P(y —2)* Vdydx, satisfies
1(z) <K|[1 -z b,
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