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Abstract

We consider semiparametric estimation of the memory parameter in a model which in-
cludes as special cases both the long-memory stochastic volatility (LMSV) and fractionally
integrated exponential GARCH (FIEGARCH) models. Under our general model the log-
arithms of the squared returns can be decomposed into the sum of a long-memory signal
and a white noise. We consider periodogram-based estimators which explicitly account for
the noise term in a local Whittle criterion function. We allow the optional inclusion of an
additional term to allow for a correlation between the signal and noise processes, as would
occur in the FIEGARCH model. We also allow for potential nonstationarity in volatility,
by allowing the signal process to have a memory parameter d* > 1/2. We show that the
local Whittle estimator is consistent for d* € (0,1). We also show that a modified version
of the local Whittle estimator is asymptotically normal for d* € (0,3/4), and essentially
recovers the optimal semiparametric rate of convergence for this problem. In particular if
the spectral density of the short memory component of the signal is sufficiently smooth, a
convergence rate of n?/>=% for d* € (0,3/4) can be attained, where n is the sample size
and 0 > 0 is arbitrarily small. This represents a strong improvement over the performance
of existing semiparametric estimators of persistence in volatility. We also prove that the
standard Gaussian semiparametric estimator is asymptotically normal if d* = 0. This yields
a test for long memory in volatility.

1 Introduction

There has been considerable recent interest in the semiparametric estimation of long memory
in volatility. Perhaps the most widely used method for this purpose is the estimator (GPH)
of Geweke and Porter-Hudak (1983). The GPH estimator of persistence in volatility is based
on an ordinary linear regression of the log periodogram of a series that serves as a proxy for
volatility, such as absolute returns, squared returns, or log squared returns of a financial time
series. The single explanatory variable in the regression is log frequency, for Fourier frequencies
in a neighborhood which degenerates towards zero frequency as the sample size n increases.
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Applications of GPH in the context of volatility have been presented in Andersen and Bollerslev
(1997a,b), Ray and Tsay (2000), and Wright (2000), among others.

To derive theoretical results for semiparametric estimates of long memory in volatility, such
as GPH, it is necessary to have a model for the series which incorporates some form of stochastic
volatility. One particular such model is the long-memory stochastic volatility (LMSV) model of
Harvey (1998) and Breidt, Crato and de Lima (1998). The LMSV model for a weakly stationary
series of returns {r;} takes the form r, = exp(Y;/2)e; where {e;} is a series of i.i.d. shocks with
zero mean, and {Y;} is a weakly stationary linear long-memory process, independent of {e;},
with memory parameter d* € (0,1/2). Under the LMSV model, the logarithms of the squared
returns, {X;} = {logr?}, may be expressed as

Xy =p+Y +n, (1.1)

where p = E[log €?] and {n;} = {loge? — E[log €?]} is an i.i.d. process, independent of {Y;}.

Another model for long memory in volatility is the fractionally integrated exponential
GARCH (FIEGARCH) model of Bollerslev and Mikkelsen (1996). This model builds on the
exponential GARCH (EGARCH) model of Nelson (1991). The weakly stationary FIEGARCH
model takes the form r; = o.e;, where the {e;} are i.i.d. with zero mean and a symmetric
distribution, and

oo
log o? = w—i—Zajg(et,j) (1.2)
j=1
with g(z) = 0z +v(|z| — Elet]), w > 0, @ € R, v € R, and real constants a; such that the process
log 07 has long memory with memory parameter d* € (0,1/2). If § is nonzero, the model allows
for a so-called leverage effect, whereby the sign of the current return may have some bearing on
the future volatility. As was the case for the LMSV model, here we can once again express the
log squared returns as in (1.1) with 4 = E[log €?] +w, n; = log e? — E[log €?], and Y; = log 07 — w.
Here, however, the processes {Y;} and {n;} are not independent of each other. In view of our goal
of semiparametric estimation of d*, we allow more generality in our specification of the weights
a; than Bollerslev and Mikkelsen (1996), who used weights corresponding to a fractional ARIMA
model. As far as we are aware, no theoretical justification of any semiparametric estimator of
d* has heretofore been presented for the FIEGARCH model.

Assuming that the volatility series {Y;} is Gaussian, Deo and Hurvich (2001) derived asymp-
totic theory for the GPH estimator based on log squared returns in the LMSV model. This
provides some justification for the use of GPH for estimating long memory in volatility. Nev-
ertheless, it can also be seen from Theorem 1 of Deo and Hurvich (2001) that the presence of
the noise term {n;} induces a negative bias in the GPH estimator, which in turn limits the
number m of Fourier frequencies which can be used in the estimator while still guaranteeing
\/m-consistency and asymptotic normality. This upper bound, m = 0[n4d*/ (4d*+1)], becomes
increasingly stringent as d* approaches zero.

Recently, Hurvich and Ray (2001) have proposed a local Whittle estimator of d*, once again
based on log squared returns in the LMSV model. This estimator explicitly accounts for the



noise term {7;} in (1.1). It was found in the simulation study of Hurvich and Ray (2001) that
the local Whittle estimator can strongly outperform GPH, especially in terms of bias when m
is large.

The local Whittle estimator, defined precisely in Section 1.1, may be viewed as a generalized
version of the Gaussian semiparametric estimator (GSE) of Kiinsch (1987), which was studied
by Robinson (1995b) under the assumption that the series of observations is linear in Martingale
differences. We assume instead that we observe log squared returns {X;} which are the sum of
a long-memory signal and a white noise. Our signal plus noise model, made precise in Section
1.1 below, includes both the LMSV and FIEGARCH models as special cases.

In the local Whittle estimator as originally proposed by Hurvich and Ray (2001), an addi-
tional term was included in the Whittle criterion function to account for the contribution of the
noise term to the low frequency behavior of the spectral density of {X;}. We will generalize this
idea further by allowing the inclusion of one more term, as described below. The estimator is
obtained from numerical optimization of the criterion function.

Many empirical studies have found estimates of the memory parameter in volatility, d*,
which are close to or even greater than 1/2, indicating possible nonstationarity of volatility. For
example, Hurvich and Ray (2001) obtained a value of the local Whittle estimator d, = 0.556 for
the log squared returns of a series of Deutsche Mark / US Dollar exchange rates with n = 3485
and m = n%8. In view of these empirical findings, we allow in this paper for the possibility that
d* exceeds 1/2. Specifically, we assume here that d* € (0,1).

As mentioned above, in the case of the FIEGARCH model the signal and noise processes will
not be independent of each other. We allow (optionally) the addition of a term to the Whittle
criterion to account for a contemporaneous correlation between the shocks in the signal and
noise processes. This allows the FIEGARCH model to fit within our general framework.

In the context of our general signal plus noise model, allowing all of the generalizations de-
scribed above, we will show that our local Whittle estimator d, based on the first m Fourier
frequencies is log®(m)-consistent. Using this result together with a modification to semipara-
metric Whittle-type estimators originally suggested for linear long-memory processes by An-
drews and Sun (2001), we will establish the \/m-consistency and asymptotic normality of a
correspondingly-modified local Whittle estimator, d*, for d* € (0,3/4).

As long as the spectral density of the volatility (signal) process is sufficiently regular, our
asymptotic results are free of upper restrictions on m arising from the presence of the noise term.
In particular, if the spectral density of the short memory component of the signal is C?, then
we obtain asymptotic normality of \/m(d% — d*) if m = [n¢] with 0 < ¢ < 4/5. This represents
a strong improvement over the GPH estimator of persistence in volatility.

Since we use the Whittle likelihood function we are able to avoid the assumption that the
signal is Gaussian. This assumption was required by Deo and Hurvich (2001), but many prac-
tioners working with stochastic volatility models find the assumption to be overly restrictive.

The remainder of this paper is organized as follows. In Section 1.1, we define the local



Whittle estimator d,. Section 2 presents a theorem on the log®(1m) consistency of dy. Section
3 gives a central limit theorem for the modified estimator, a?;‘L The estimates of the parameters
(d*,6*) converge at different rates, and in the case of the estimates of 6* the rates may depend
on d*. Fortunately, however, the limiting covariance matrix of a suitably normalized vector of
parameter estimates does not depend on *. We present an expression, in terms of d*, for the
variance of the asymptotic distribution of \/ﬁ(a?;; — d*). This expression takes a simple form
when the signal and noise processes are known to be uncorrelated with each other. In Section
3.1, we prove that the standard GSE, without any of the additional terms considered in our
local Whittle estimator, is asymptotically normal if d* = 0. This yields a test for long memory
in volatility.

1.1 The Local Whittle Estimator

Let X be a process with spectral density fx that can be expressed as
fx(z) =1 - fi(a),

d* € (0,1/2), where f% is a positive function, which is moreover smooth in a neighborhood of
the origin. The GSE estimator of d* consists in locally fitting a parametric model for f5 by
minimizing the Whittle contrast function. Originally, the parametric model fitted replaces f%
by a constant. This method yields a consistent and asymptotically normal estimator of d*, under
mild assumptions both on f% and the process X. Its rate of convergence is also known to be
optimal under certain assumptions. In some situations however, this parameterization might be
inefficient. An example is the situation of a long-memory process observed in an additive noise,
in which case the rate of convergence of the GSE depends on d* and is not optimal. In order to
improve this rate of convergence, one can try to fit a more complex parametric model. Instead
of replacing f% by a constant in a neighborhood of 0, it is replaced by G(1 + h(d,0,z)), where
(d,0) belongs to the set of admissible parameters D,, x ©,, which might depend on the sample
size n. To be more precise, we introduce some notation. The discrete Fourier transform and
the periodogram ordinates of any process U evaluated at the Fourier frequencies z; = 2j7/n,
j=1,...,n, are respectively denoted by

n
dej = (27(%)71/2 Z Utefitwj, and IU,j = |dU,j|2-
t=1
The local Whittle contrast function is defined as

m

. —2d IX,Ic
Win(d, G,0) = kzﬂ {log (ka 1+ h(d,t?,xk)) + G211 h(d,0, 21)) } (1.3)

where m < n/2 is a bandwidth parameter (the dependence on n is implicit). Concentrating G
out of Wy, yields the profile likelihood

N 1m $2dIXk "
(d ) =log | — Y — 2k 2E -1\ 241 + h(d,0 . 1.4
ot < og (1 3% R} S M ) (1
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The local Whittle estimates of d* and 6* are any minimand of the empirical contrast function
Jm over a compact set:

(Cina én) = arg (d,H)IEIgSXOn Im(d,0).

We generalize the model (1.1) to a signal plus noise situation, where the signal process Y exhibits
long memory with memory parameter dy € (—1/2,1/2), but the observed process X is either

Xe=p+Y+m, (1.5)
t

or Xp =p+ Y Yitm, (1.6)
s=1

according to whether X is stationary or nonstationary, where (1;);cz is a zero mean white
noise with variance 0,27. We assume moreover that Y admits an infinite order moving average
representation with respect to a zero mean, unit variance white noise Z:

Yi=Y ajZ j, (1.7)

JEL

with ZjeZ a? < oo, and for each t, n; is independent of {Z,,s # t}. We lose no generality in
assuming that Y has zero mean, since the estimators considered in this paper are all functions
of the periodogram at nonzero Fourier frequencies. In the nonstationary case, the assumption
that Y has mean zero ensures that X is free of linear trends.

Define a(z) = ey a;e®. Having fractional differentiation in mind, we assume that a can
be expressed for z > 0 as .
a(z) = (1 - )" a*(z),

with dy € (—1/2,1/2) and for some function a¢*, smooth in a neighborhood of 0. The spectral
density of the process Y is then fy = |a|?/(27), and it can be expressed as

fy(z) = |1 =7 fi(a), (1.8)

with f3 = |a*|?/(2n). Define Uy = 32!, Yy and fy(z) = |1 — €*| 2fy(x). The function f is
referred to as a pseudo spectral density of U. See, e.g., Solo (1992), Hurvich and Ray (1995),
Velasco (1999).

We do not rule out the possibility that for each ¢, Z; and n; are correlated. More precisely
we define

Pn = E[ntZt]/Una (1.9)

the correlation of Z and n and we assume that it is constant. One such example is the FIE-
GARCH model with standard Normal multiplying shocks, for which n; = log(e?) — E[log(e?)],
Zy = Oey + y(led] — \/2/7), and (e;)iez is ii.d. N(0,1). Since we assume E[Z?] = 1, 6 and vy
are linked by the relation 6% +?(1 — 2/7) = 1. In that case, p, = ycov(|eol, log(e3)) /oy, where

op =m?/2.



In general, the spectral density or pseudo spectral density of the process X defined in (1.5)
or (1.6) is then

fx(z) = { fy(z) + 2p2”—7f"Re(a(x)) + g—%, (stationary case), (1.10)

. 2
fulz) + 2’)2”—7?"Re((1 —e%) ta(z)) + g—;, (non stationary case).

In both cases, fx admits the following expansion at O:

* 0.2
Fx(z) ~ 2724 f2(0) + Re ((1 — eix)—d*) 2“7% \2/7{1/(0) + #,

with d* = dy in the stationary case and d* = dy + 1 in the non stationary case.

In order to guarantee that the returns are a Martingale difference sequence, it is helpful to
assume that a; = 0 (j < 0) in the case where p, is assumed to be nonzero. We do not make
such an assumption here, in order to consider the problem in its fullest generality.

The local Whittle estimator, including a term accounting for p,, is obtained by taking D,, =
[€n, 1], where €, is a sequence that tends to zero as n tends to infinity and © = [—2T, 2T x [0, T?]
and

h(d,0, %) = 012 Re (1 — ) ) + 0. (1.11)

The “true values” of the parameters are then

d* = dy (stationary case), d* =dy + 1 (non stationary case)
2ppo o?

and 0% = (61,02) with 6 = ——L— and 65 =-—I—.

(61,02) LT 2r i (0) 27 2 fy(0)

Note that d* € (0,1) implies that dy € (0,1/2) in the stationary case and dy € (—1/2,0) in the
non stationary case. In the case where p, is known to be zero, we would use simply

h(d,0,z) = 0z¢, (1.12)

where the “true” values of the parameters are d*, 8" = 6; as given above, and © = [0,T].

2 Consistency of the local Whittle estimator

Our results will be derived under regularity conditions on the function a(z) =3,y a;e’®. We
introduce the following functional class:

Definition 1. For o € (0,7], 8 >0 and 0 < p < 0o, F(a, B, ) is the set of functions g defined
on [—m, 7] satisfying [*_|g(z)|dz < p and for all z € [—a,

lg(z)| < plzl®. (2.1)



We now introduce our assumptions.

(A1) Z = (Zi)iez is a zero mean unit variance white noise such that
“N@zE-1) 5o (2.2)
n
t=1

and for any (s,t,u,v) € N* such that s < t and u < v, Z,Z,Z,Z; is integrable and

1 fu=sandt=v

ElZ.2,2:2] = { 0 otherwise.

(2.3)

Remark 2.1. This assumption is implied by assumption A3 of Robinson (1995b) which states
that Z is a martingale difference sequence satisfying moreover E[Z? |0 (Zs, s < t)] = 1 a.s. (which
implies (2.3)) and strongly uniformly integrable (which implies (2.2)).

(A2) There exists a real number ¢ > 0 such that
1 n
=) (% 1) = 0p(n™),
t=1

For reference, we recall the assumption on 7.

(A3) 1 = (n)tez is a white noise with variance o, such that for each ¢, 7; is independent of
{Zs,s # t} and for each t, we define p, = E[n; Z;]/o,.

(A4) Y admits the linear representation (1.7) and the function a(z) = >,y a;e’® can be

expressed for z > 0 as a(z) = (1 —e®)~¥a*(z) (z > 0), where (a*(0)~'a* — 1) € F(a, B, ) for
some « € (0,x], 5 € (0,2] and p > 0.

Theorem 2.1. Assume (A1), (A3) and (A4). Let m be a non decreasing sequence such that

lim (m ' +m/n) =0. (2.4)

n—00

Define e, = (log(n/m)) V2. Then d,, is a consistent estimate of d*. If moreover (A2) holds
and the sequence m satisfies

lim log?* (m)e~Voe(n/m) — (2.5)

n— oo
for some positive integer s, then d, — d* = op(log™*(m)).

Remark 2.2. Tt must be noted that we only prove consistency for d,, but not of 6,. In order to
prove asymptotic normality of d,, we will need to modify the definition of the estimator of d*.

Remark 2.3. Assumption (2.5) holds as long as m < n° for some § < 1.



Proof of Theorem 2.1. Define D) = (—o0,d*—1/24€)ND,, and Dy = [d* —1/2+¢€,+00)ND,, for
some small positive real € to be set later. As originally done in Robinson (1995b), we separately
prove that lim,,_, s lP’(cZn € D1) = 0 and that (cin —d*)1p, (czn) tend to zero in probability. Note
that D; is empty if it is assumed that d* € (0,1/2) and € is chosen small enough. In case D
is not empty, the proof of lim, s P(cin € Dy) = 0 is a straightforward adaptation of the proof
of Robinson (1995b, pp. 1638-1639). For the sake of completeness, we provide a proof in the
Appendix. We now prove that lim,,_, P(cin — d*,czn € Dy) = 1. Denote

1+ h(d*, 0%, zy) LA 2s
d,0) = Kpn(s) =1 E*# ) — =) log(k
Oék( ) ) 1+h(d,0,$k) 9 m(S) Og Z mkzl Og( )7

y 1 m
d— d —2d
I (d,0) 10g< § :x2 2 9)) - _?—1: log (x,f {1 +h(d,0,xk)}>,

R (d,0) = Jm(d,e) — T (d*,6%) — Kpn(d — d*) and

L k22 (A ) {3 L/ ([ (0) (1 + A, 0", ) — 1}
Y P (4, 0) |

e

E,(d,0) =

With this notation, we get

Jm(d,0) = log(1 + En(d,0)) + Jiu(d, 0) + log(f%(0)). (2.6)

Due to the strict concavity of the log function, (d*,6*) minimizes J,,, and, by definition, (d,, én)
minimizes J,,. Hence we have

0 < J(dy,0n) — Jp(d*,0%)
= Jn(dn, 0n) — Jin(dn, 0y) + Jon(dy, 0,) — jm(d* 0*) + Jyy, (d* 0*) — Jpn(d*,0%)
= log(1 + En(d*,6%)) — log(1 + E, (CZ é ) + I (dn, 0,) — T (d¥,67)
< log(1 + Ey(d*,0")) — log(1 + Ey(dn, 0,))
<2 sup |log(l+ E,(d,0))|

(d,0)€D2 x©

Proposition 2.1 below states that FE, converges in probability to zero, uniformly with respect

o (d,0) € Dy x ©. Thus we obtain that J,,(dy,0,) — Jmm(d*,0%) converges in probability
to 0. Note now that K, converges uniformly on compact sets of (—1,+00) to the function
K(s) = 2s — log(1 + 2s). Hence it can be bounded below uniformly with respect to m: there
exists a constant ¢ > 0 which depends only on D such that for all m > 2 and d € D,

Kp(d —d*) > c(d — d*)%. (2.7)

Hence R R o o
0 <eldy, — cl*)2 < Knp(dy —d*) < Jp(dn, 0n) — I (d,0%) — Ry (dy, 0r).

To conclude the proof of the consistency of Jn, we need only prove that R,,(d, ) converges to
zero in probability uniformly with respect to (d,0) € D x ©). By definition of h and D,,, we



first obtain a bound for ay(d,6) — 1:

sup |ag(d,9) — 1| < CemV1ost/m),

deDy,0€0

To bound R,,, note that it can be expressed as

> ohey K22y (d, 0) 1 &
Rm(da 0) = IOg ( Z;nzl j2d_2d* - E ; IOg (ak (da 0)) '

Hence we obtain
sup  |Rn(d,0)| < Ce™Viosn/m), (2.8)
(d,0)eD,, xO

We now prove the second part of Theorem 2.1. For any positive real A and any positive
integer m, define D4, = {d € D : 2log®(m)|d — d*| > A}. We want to prove that

lim sup P(dy, € Dam) = 0.

n—0o0

Since for large enough m, Dy C Dy, and since we already know that lim lP’(cZn € Dy) =0, we
can restrict our attention to D4y = Dam N Do.

Since (dy, 0,) minimizes J,, it holds that

P(dp € Dam) <P(inf inf  {J,(d,0) — Jnu(d*,0)} <0)

0cO deﬁA,m,s
—P(inf inf {Jn(d,0) — J(d*,6%) + log(1 + Ey(d,8)) — log(1 + En(d*,6%))} < 0)
fcO dEDA,m
<P(inf inf {Kn(d—d*) + Ru(d,0) + log(1 + En(d, 0)) — log(1 + E,(d*,6%))} < 0).
fcO dEDA,m

Since  — K,,,(z) is strictly convex, applying (2.7), for large enough m, yields

inf K,,(2(d — d*)) = K,,(Alog *(m)) A K,,(—Alog*(m)) > cA? log %(m).

d€Da,m
Hence
P(dy € Dayn) < Plsup sup ([log(1+ Bu(d,0))] + |B(d,0)]) > cA%log™"(m).
0€0 4gecDy
The proof of Theorem 2.1 is concluded by applying (2.5), (2.8) and Proposition 2.1. O

Proposition 2.1. Assume (A1), (A3) and (A4). Then supg)ep,xo [En(d,0)| = op(1). If
moreover (A2) holds, then, there ezists a positive real number n such that

sup |E,(d,0)] = Op ((m/n)77 + m_") ,
(d,0)ED2x O



Proof. Denote
ap (d, 0)k2d72d*
>ty aj(d, 0)52d-2d
Ixk
o 2 [ 0)(1 + h(d*, 0%, m1))

Yk (dv 0) =

Ty = - 27TIZ7]§.

Then

0) =D (d,O)ri + D (s 0) 2Lz — 1) = Bya(d,0) + Bn(d,0).
k=1 k=1

Since h is uniformly bounded on (0,1) x © x [0,27m/n], we obtain
O B2 |y

m2d—2d*

> i1
Applying (4.21) in Theorem 4.1, we obtain, for some v > 0 and C > 0:
Ellre[] < C(E™7 + (k/n)7).

If d € Dy, there exists a constant c¢(e) such that

|E1n(d,0)] <

m

. . * . *
§ :]2d 2d > c(e)de 2d +1‘
Jj=1

Without loss of generality, we assume that 2¢ < y. Thus, we obtain:

k2d72d* —(k+ 1)2d72d*| k m
E sup  |E1n(d,0)]| <c¢ Z sup ZEHTJ‘ ] +em™! Z]Eﬂrj 1]
; =

(d,0)€Dax© 1 deDs m2d-2d"
j;2d—2d" ~1 m
sc Z dSllp T2d—2d 1 ZE [rjll +em™' Y Ellr; ]
€Dz j=1 j=1
m
gc k/m )2k~ QZ T4+ (5/n)") +em” IZ(j_7+(j/n)7)
-1 j=1
m—1
< em™% Z 722 (B 076 + em™Y 4 e(m/n)?
k=1
< c(m™ + (m/n)*).

Write now 2nlz, —1=n"'Y) (Z2 = 1) +2n 1 3 o, ycp cOs{(s — )@k} Zs Z; and

m—1

Es,(d,0) —n_lz ZZ—1)+2n7! nyk (d,0) Z cos{(s — t)zy} ZsZ;

=1 1<s<t<n
=: FEy 10+ E22,(d,0).
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Under assumption (Al), E2;, = op(l) and under (A2), Ey;, = Oy(n~°) = op(m™). Con-
sider now Es 5 . Applying Robinson (1995b) Eq. (3.20), we have

2

k
E|[nt > Y cos{(s—t)z;}2,2 | | <k

1<s<t<n j=1

Hence, applying again summation by parts, we get

m—1 2d—2d* 2d—2d*
kE+1 « d,0) —k ai(d, 0
E[ sup |Ez2n| <c Z sup ‘( ) k+12€1—2d1+1 al )‘\/E

deD, xO i1 (4,0)€ED2xO m

m-—1 2d—2d*—1 Vi )
<c sup ——=-—Vk <em
; dopyy 242071
Hence Proposition 2.1 holds with n = ¢ A (2e). O

3 Asymptotic normality of the modified local Whittle estimator

The usual method for proving asymptotic normality of a consistent minimum contrast estimate
is to make a second order Taylor expansion of the contrast function and to say that the gradient
of the contrast function evaluated at the estimates vanishes, since it is consistent and the true
value is assumed to be an interior point of the parameter set. In the present context, we have
only proved the consistency of dn, but not that of 6,. Hence we cannot use this argument.
Instead we will modify the definition of the estimator, following Andrews and Sun (2001).

Define (d*, 6*) as a solution in D, x © of V.J,,,(d,0) = 0, (where V denotes the differentiation
with respect to d and 6), if there exists one, and if there are multiple solutions, choose the one

closest (in the sense of any norm) to (dp,0,). If there are no solutions, set (d*,0%) = (dy,6,).

The first step in establishing the consistency and asymptotic normality of (cz;‘“ é;fb) remains
as usual to study the behavior of the gradient and Hessian of the contrast function J,,. For this
we must strengthen the assumptions on the noise sequences Z and 7.

(A5) (Z;)iez is a martingale difference sequence such that for all ¢, E[Z}] := p4 < oo and
E[Z? | Zs,s <t]=1as. (i.e. Z? —1 is a square integrable martingale sequence).

Remark 3.1. (A5) implies (A1) and (A2) with ¢ = 1/2.

(AB) (7t)ien is a zero mean white noise such that sup,cy E[nf] < oo, a.s. and for all (s, t,u,v) €
N* such that s < ¢t and u < v,

2 .

o fu=sandt=w

Elmanonsme] = { 077 otherwise. (3.1)
K ift1:t2:t3:t4,

cum(Ze,, Zty, ey Mea) = { 0 otherwise (3.2)

11



Denote Ji, = Ju(d*,6%) and H,(d,0) = [;} V2Jun(d* + s(d — d*), 0% + s(6 — 6%))ds.

Proposition 3.1. Assume (A3), (A4), (A5) and (A6). If d* € (0,3/4), p > 2d* and m is a
non decreasing sequence of integers such that

lim (m*4d**1n4d* +n2Bm28+ log2(m)> =0, (3.3)

n—00

then mD: YV J% converges to the Gaussian distribution with zero mean and variance T* with
(i) DX = m'/?Diag (1, (m/n)?"") and

4 4d=(2m)*¢
* — (1+2d)?
_ 4d*(2m)* 4d*?(27)44

(1+2d)2  (142d%)%(1+4d")

if py is known to be 0;
(ZZ) D:L = ml/QDiag (17 (m/n)d*v (m/n)2d*) and

4 _2d*(2m)?” _4d* (2m)2
(1+d*)? (1+2d*)2
I — _2d* (2m)?” 2d*2(2m) 24" 2d*2(27)3d"
(14d~)? (1+d*)>(142d*) (14d*)(1+2d*)(143d*)
4d* (2m)24" 2d*2(2)3d" 4d*2(2m)4d"
T (42052 (1+d7)(1+2d*)(1+3d) (1+2d*)2(1+4d*)

if pp is not known.

Proposition 3.2. Assume (A3), (A4) and (A5). If d* € (0,3/4), B > 2d* and m is a
non decreasing sequence of integers that satisfies (3.3), then mD; " H, (d,0)D;'" converges in
probability to T*, uniformly with respect to (d,0) € {d; |d — d*| < Clog °(m)} x ©, with D}
and I'* defined as in Proposition 3.1.

Remark 3.2. The first term in (3.3) imposes a lower bound on the allowable value of m, requiring
that m tend to oo faster than n*d"/(44"+1) This lower bound is necessary to ensure that all the
elements of the matrix D; tend to infinity. This condition can be fulfilled since by assumption
B > 2d*. In the case § < 2d*, the standard GSE will achieve the optimal rate of convergence and
the present construction is then useless. Note that 8 > 2d* holds for # = 2, which is the most
commonly accepted value for 8. It is interesting that Deo and Hurvich (2001), assuming 5 = 2,
found that for m'/ 2(JGPH — d*) to be asymptotically normal with mean zero, where dapp is

the GPH estimator, the bandwidth m must tend to co at a rate slower than n*@"/(4d"+1),

Remark 3.3. Note that Proposition 3.2 holds under a weaker assumption on the noise 1 than
Proposition 3.1: it is only assumed that the second moment of 7 is finite.

Remark 3.4. The assumption a*(0) 'a* —1 € F(a, B, i) is used to validate the Bartlett approx-
imation. In the related literature (Robinson (1995b), Velasco (1999), Andrews and Sun (2001)),
it is usually assumed moreoover that a(z) = x~%*(x) is differentiable in a neighborhood of zero,
except at zero, with za'(z) bounded. Hence our assumptions are weaker than those of the above

references.

12



Remark 3.5. An important feature is that I'* does not depend on the true value of the parameter
0*. This was already noticed by Andrews and Sun (2001) in the context of local polynomial
approximation.

Let now (Jn, én) be a sequence of solutions of ij(d, 0) = 0. A first order Taylor expansion
yields

0= D'V (dn,0,) = D'V Ju(d*,0°) + D~ Hy(dn, 6,)D: ' D ((Jn, 6,) — (d*,o*)) .
As a consequence of Propositions 3.1 and 3.2, we trivially obtain the following corollary.

Corollary 3.1. Under the assumptions of Proposition 3.1, if (dn, én) 1s a sequence of solutions of
VJm(d,0) = 0 such that d, is log®(m) consistent, then D ((Jn,én) - (d*,0*)> is asymptotically

Gaussian with zero mean and covariance matriz T* L.

We give explicit expressions of T* 1. If py is assumed to be zero, we obtain

14-4d*
et (142472 ( L d* (227 )
d*

- 2 1rads (142d*)2(144d")
16d (27r)2d* d*2(27r)4d*

If p, is not assumed to be zero, we obtain

-1 0 0
1 2(14d*)
r-' = — 0 2= (2m)d" 0
16d 0 1424*

0 — —Tr=2
2d*(2r)2d*

(1 4d*)2(1 + 2d*)> —2(1 4+ d*)(1 + 2d*)2(1 + 3d*) (1 +d*)(1 +2d*)(1 4 3d*)(1 + 4d*)
><< —2(1 4 d*)(1 + 2d*)%(1 + 3d*) 4(1 +d*)2(1 + 2d*)(1 4 3d*)? —2(1 4 d*)(1 +2d*)%(1 + 3d*)(1 + 4d*) )
(14d*)(1 +2d*)(1 + 3d*)(1 +4d*) —2(1 +d*)(1 +2d*)2(1 + 3d*)(1 + 4d*) (1 +2d*)2(1 4 3d*)2(1 + 4d*)

-1 0 0
2(14d*)
X ° a*(2m)d” 0 . .
0 0 1424

2d* (27)2d*

We are now in a position to prove that V.J,,(d%,0%) = 0, and d* is log®(m) consistent.

Proposition 3.3. Under the assumptions of Proposition 3.1, ij(ci;‘;,é;fb) = 0 with probability
tending to one and d, is log®(m) consistent.

Proof. Applying Lemma 1 of Andrews and Sun (2001), (with, in their notation, L, = mdpm,
B, = D} and K,, = m/?log®(m)) we know that there exists a sequence (d,,#,) such that

P (me(czn,én) = 0) — 1 and d,, is log®(m) consistent. This implies that (d*,87) also shares

n»’n
these properties. Indeed, by definition, since there exists a solution of ij(d, 0) = 0, with
probability tending to one, V.J,,(d*,0%) = 0. Since we know from section 2 that d, is log®(m)
consistent, and since by definition (d%,6?) is the closest solution to (d,,6,) of V.J,.(d,6) = 0,
then d* must also be log®(m) consistent. O

Proposition 3.3 and Corollary 3.1 yield the asymptotic normality of ci;‘;

13



Theorem 3.1. Assume (A3), (A4), (A5) and (A6). If d* € (0,3/4), B > 2d* and m is
a non decreasing sequence of integers that satisfies (3.3), then ml/Z(d;‘L — d*) is asymptotically
Gaussian with zero mean and variance

(14 d*)%(1 + 2d*)?
164+

If py, is known to be 0, then m1/2(ci;‘;—d*) is asymptotically Gaussian with zero mean and variance
(1 +2d*)?/(16d*2).

Remark 3.6. The rate of convergence o(n??/(26+1)) of the standard GSE in the case of no noise
has been recovered. This rate of convergence is obviously optimal since the case of no noise is
included in the noisy case. The asymptotic variance of dn dramatically increases when d* is
small. Hence the gain in the rate of convergence with respect to the standard GSE is balanced
by the loss in the asymptotic variance. Nevertheless, the simulations in Hurvich and Ray (2001)
indicate that it is better to estimate the variance of the noise.

Remark 3.7. If d = 3/4, then it can be shown that m'/?(d — d) converges to a non Gaussian
distribution and if d € (3/4,1) then the rate of convergence and the asymptotic distribution of
dr — d both depend on d*. See Velasco (1999) in the standard case.

3.1 Asymptotic normality of the standard GSE when d* =

The modified local Whittle estimator cffl is consistent in the case d* = 0, but it would be difficult
to obtain an asymptotic distribution for it. Instead, it is possible to test the hypothesis d* = 0
using the standard GSE. By standard GSE, we mean

st = arg min {lo Iy | — =Y log(k
n ng[—e,e] { & <Z Xk m Z g( ) ’
k=1 k=1

for some arbitrary € € (0,1/2). The theory of Robinson (1995b) cannot be directly applied in the
present context to prove consistency and asymptotic normality of d5!, since the process X =Y +n
is not necessarily linear with respect to a martingale difference sequence. Nevertheless, if Z and n
satisfy assumptions (A3) and (A5), we can define a martingale difference sequence &, which also
satisfies (A5). Note that in the present context, the spectral density of X has the same degree of

smoothness at zero as fy. More precisely, we have fx(0) = f3-(0)+2/f;(0)/(27) pyoy+07/(27).
Define then:
_ V27 f5(0) Zi, + ni
2rfx(0)

X does not admit a linear representation with respect to &, but we can adapt Lemmas 4.1, 4.2
and 4.3 to the present context.

&k

Proposition 3.4. Assume (A3), (A4), (A5), (A6) and

cum(Zy, Zy, Zs, 1) = if s=t=wu=wv and 0 otherwise. (3.4)
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Assume moreover that n is a martinglale difference sequence. If m is a non decreasing sequence
of integers that satisfies lim, ;oo (m ™' +n"2Pm2/+ 1 1og?(m)) = 0, then ml/def s asymptotically
Gaussian with zero mean and variance 1/4.

This result yields a test for long memory in volatility based on the standard GSE estimator.
Another test for long memory in volatility, based on the ordinary GPH estimator, was justified
by Hurvich and Soulier (2000). Since the ratio of the asymptotic variances of the GPH and GSE
estimators is 72/6, the test based on the GSE estimator should have higher local power than
the one based on GPH.

3.2 Proof of Propositions 3.1, 3.2 and 3.4

Proof of Proposition 3.1. Define

£ — xid*Ix,k
g fS‘c( )(1 + h(d*, 0%, zy))
Sm(d,0) = Zakdek“ 2 gy,
k; 1
Unn(d,0) = mSn(d, 0)V I (d, 6),
m m
- Oah(d, 0, xy) dah(d, 0, z;
=21 —2m Yy 1 e oy Gald B 1;)
do,k(d, 0) og(k) —2m Zl 0g(4) "1+ h(d, 0, zx) Z 1+ h(d,0,z;)’
O, h(d, 0,z (d,0,z0)
9,40, Tk) =1,2
90k 0) = T a0 Zl+hd9$z) oo

Ni(d,0) = (do,ks01,k> O2,k)
NE = No(d*,60%), S% = Sp(d",60%), U, = Unn(d*,60%).

With these notations, mD} ™'V J,,(d*,0%) = (S%,) " 'D:~ U, and U, = S0 Ni&. We will
prove that S, tends to 1 in probability and that D,*fflU,f1 is asymptotically Gaussian with
covariance matrix I'*.

The proof of the asymptotic normality of D, *U}, is classically based on the so-called Wold
device. We must prove that for any = € R3, xTD,iflU; converges in distribution to a Gaussian
random variable with mean zero and variance ' T*z. Define

m m
Z (zTD:'NY?, cpp(m) =t (2)2T DEIN,  and T;, = chyk(x)&c.
k=1 k=1

Using this notation, we have z D% U = t,(z)T,, and it suffices to prove that T}, is asymptot-
ically Gaussian with zero mean and unit variance and that lim, s tn(ac)2 = ¢TT*z. This last
property is obtained by elementary calculus (approximating sums by integrals) and its proof is
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omitted. To prove the asymptotic normality of 7T;,, observe that

[ nax e k()] = O(log(m)m™""?) and |c k(x) = cp i1 (x)] = O(K'm™'/2).

Hence (4.3) holds and we can apply Theorem 4.1.

We conclude the proof by checking that S, tends to 1 in probability. In view of the proof
of Proposition 3.2, we will actually prove that S,,(d, ) converges to 1 in probability uniformly
with respect to (d,0) € Dy, x © where Dy, := {d; |d — d*| < Clog *(m)}. Using the notations
of section 2, we can write

_lm -2d—2d*
Sm(d, 0) m; i(d,0); {1+ E,(d,0)}.

By proposition 2.1, E,(d,0) converges in probability to 0 uniformly with respect to (d,0) €
Dy, x ©}. Moreover, on this set, it is easily seen that >y (d,0)] 224" converges uniformly
to 1, and this concludes the proof. O

Proof of Proposition 3.2. We must prove that mD] ™ 27, (d,0)D; ™1 converges to I'* uni-
formly with respect to (d,0) € Dy, x ©. Using the notations introduced above, we have

mVJm(d,0) = S0 > " Ny (d, 0) e (d, 0) k22T ..
k=1

Hence

mV2J,(d,0) = S;ll(d,e)iNk(d,O){V(ak(d,0)k2d_2d*)}T5k
k=1

+5,,'(d,0) Y VNi(d,0)a(d, )k >V &,
k=1

m
— 82(d,0) Y Ni(d, 0)eu(d, O)k* > (VS (d, 0))"
k=1
=: 8.1 (d, 0) My . (d, 0) + S, ' (d,0) M2,,,(d, 0) + S,,%(d, 0) M3 ,,(d, 0).

Since we already know that S, !(d,0) converges uniformly to 1, we only need to prove that
D;_IML”D;‘L_I converges in probability to I'* uniformly with respect to (d,0) € D,, x © and
that D M, D} ' and D} 'M;, D} ' converge to 0. We will prove only the first fact, the
other being routine applications of the same techniques.

Denote M ,(d,0) = (Ml(f#)(d, 0))o<i,j<2- Fori=0,1,2, let D}, be the i-th diagonal element
of the matrix D};. For j = 1,2, we have:
(99].h(d, 07 $k)

Oy, ap(d, 0) = 1+ h(d,0, )

Ozk(d, 0)
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Hence for ¢ =0,...,u and j = 1,...,u, we have

h(d 0 $k)

m
Zl‘sz”“ 1+ h(d, 0, zp)

o (d, 0)k2207 g,

Since ;" 0 = 0, we obtain:

DLIDIMED (0,8) = DD LS 6, 0)04(d, 0 (3.5)
k 1
~1p-] h(d,0,3k) 54 sg- _
D, Zalkdo 1+h(d0mk) (k ax(d, ) 1) (3.6)
,h(d, 6 .
D;'D;, 12% (d, ) (4,9, ) (d, 0)k2424" oy (d, 0)(E — 1).  (3.7)

1+h(d 0, )

It is easily seen that the term on the right hand side of (3.5) converges to the expected limit. Since
d € Dy, and |D;ﬁ(5i7k| < Clog(n)m='/%, we easily obtain that the term (3.6) is O(log?~*(n)).
The term (3.7) can be expressed as

ZC d0 gk—ZWIZk +chkd9)(27TIZk—1)
k=1

where the coefficients cs,’,ﬁ)(d, 0) satisfy

) 2 .
sup max |c d,0 O(log”(m)m™).
(d,0)€Dm X@1<k<m| i (d,0)] = O(log"(m) )

Applying this bound and (4.21) in Theorem 4.1, we obtain, for some y > 0:

m

sup e k(d, 0)|E[|E — 2714 x]] < log®(m) (m™ + (m/n)?).
1 (d,0)€Dm xO

To prove that SUP(q,0)c D,y <O 1> rey ek (d, 0) (2114 — 1)| converges in probability to 0, we use
summation by parts as 1n the last part of the proof of Proposition 2.1. It can be shown that
SUDP(4,0)eD,, x© |c7(f’,‘z) c, k+1| < Clog?(m)m~'k~!, and this suffices to prove the required result.

We now consider the derivatives with respect to d: 0q(c(d, 0)k%4=2%") = ppoy.(d, 0) k242

with pp = 2log(k) — %. Hence,

D, 1Dy M{2)(d,0) = D; Dy lz&k (d, 0)30.(d, 0) (3.8)

+ Dz_viDO_rlb Z 6ik(d, 0) i, <k2d72d* ai(d,0) — 1)

+ D, 1D0n25m (d, 0) o, (d, 0)K2=2 qy (d, 0) (E — 1).
k=1
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As previously, the first term on the right hand side of (3.8) converges to the desired limit and
the other terms tend to 0, uniformly with respect to (d,0) € Dy, x ©. O

Proof of Proposition 3.4. To prove the consistency of the estimator, in view of Proposition 2.1,
we only need to check that there exists a positive real n such that E[|Ix/fxr — 2mlg|] <
C(k™" + (k/n)"). Here, we have defined fx; = fx(0) for all k. With this notation, we obtain:

I = |y + dyil

dyr — /21 f3(0)dzk + /27 f5 (0)de dy — /27 f3-(0)dz
+ 21/27‘(’]";(( (0)Re (dﬁ,k (dy,k — \/27Tf}*/(0)dzyk > + QWf;((O)Ig’k. (3.9)

Applying (4.1) and the Cauchy-Schwarz inequality, we obtain

dy /1 f3(0) — V2rdyy,

E Hdg,k (dy,k/\/% - Jﬂm) H < C(log" 2 (k)k=Y/ + (k/n)°/?).

Hence we obtain E[|Iy s /fxx — 21Ie x]] < C(k™" + (k/n)") for any n < (1 A B)/2.

To prove the central limit theorem, note that ¢ satisfies (A3), with cov(Zy, &) = 1 +
pnoy/ (27 f3-(0)) and (3.4) implies that (3.2) holds with

2 2

2

E < C(log(k)k~t + (k/n)?),

Cum(Zua Z’Ua fsa ft) = Cum(ZOa ZOa ZO? ZO) + 27/ 27Tf;(0) + H/(Q’ﬂ'f;;(())),

if s = ¢ = wu = v and 0 otherwise. Hence we can apply Lemma 4.1 and we obtain that
Siy englx e/ fx e —2mle ), = op(1) and 2w Y )" | ¢ ke i is asymptotically standard Gaussian.
O

4 Technical results

We start by stating the results we use on the DF'T and periodogram ordinates of a stationary long
memory process Y satisfying assumption (A4). Such results can be found in many references,
starting with Robinson (1995b). We prefer to refer to Soulier (2002) which better suits our
purpose. We first introduce some more notation. Define ax = /27 f(0)(1 — %) % and

fy,k = x,;ZdY f5(0). With these definitions, we have, for some numerical constant C,

Fri = lanl/ (2r)

< Czi.
Ty

The following Lemma gathers Lemmas 6.1, 6.2 and Theorem 6.1 of Soulier (2002), in the par-
ticular case of the non tapered periodogram (i.e. with ¢ = 0 in the notations of that paper).
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Lemma 4.1. Assume (A1) and (A4). Then
Elldyx/ar — dzxl*] < Cllog(k)k™" + (k/n)”), (4.1)
B\ Lys./ fyi — 2l z4]] < C (1og1/2(k)(k)—1/2 + (k/n)ﬁ/Q) . (4.2)

Assume moreover (A5) and (A6). Let m be a non decreasing sequence of integers that satisfies
(3.8) and let (cpk)1<k<m be a triangular array of real numbers such that

m

m
k=0, D cp=1 (4.3)
k=1

k=1

m 2
Tim {3 Jene = cupial +lenal} log(n) =0, (4.4)

k=1
Then

lim E
n—0o0

m

I
Z Cn,k (ﬁ — 271'127]9) u = 0, (45)
k=1

Yk

lim E

n— 00

Z Cn iy r(dy/ar — dz k)
k=1

m m Ty
and 2y )0 cnplz e and Yo Co k7

] ~0, (4.6)

are asymptotically standard Gaussian.

We now deal with the approximation of the periodogram of the signal plus noise by the
periodogram of the signal. Define fx =z, 2 f3(0)(1 + h(d*, 6%, z1)).

Lemma 4.2. Assume (A1), (A3) and (A4). Ifd* € (0,1), then there exist v* >0 and C > 0
such that

I I
E||12Xk _ Dy

<C (k™" + (k/n)). (4.7)

fxre  frk

Proof. We first prove (4.7) in the stationary case d* = dy € (0,1/2). Write:

Ik _ vk _ vk _ Ivk  2Re (dy.kdn.r) Dok
Ixk  fve fxp  fyvk Ix Xk

Pt 7 T 2 fY,k d - I
_ fY’k fX,k) Y,k + / Re Yyk dn,k + ~77ak

fxke  fra Xk \/E Fxx

Since E[ly, / fyyk] is uniformly bounded over the class F(«, 3, 1) and

fY,k~_ ka " @ <C ((k/n)dy i (k/n)ﬁ> ,

Ixk Xk
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we obtain (4.7) with v = dy A ( in the stationary case. In the non stationary case, extra terms
appear. Recall that U; = 2221 Ys. Then

dy g, elTk Zn, Y.
d — eltCL’k _ Y itry, o _ s=1 : s ,
Uk = \/—ZZ s \/ﬁz Z L—e%  \/2rn(1 — elzk)

t=1 s=1 t=s
I = IY,k . QRe(ewdeJﬂ) Zs:l YS (Zs:l }/;)2
U,k |1 _ eixk|2 \/ﬁu _ eixk|2 27TTL|1 — ei$k|2’
Ika = IU,Ic + 2Re(dU,kJn,k) + In,k
b Re(dy) YL Ye (D0, V)P
dvy - o Y,
2 = -2 s=1 I,
+ 2Re <1 — i dn,k> Re (\/ﬁ(l = eixk)d"’k + 1k
Hence,
Ixg Iy _ Iy frk ) - 2Re(erdy) Y01 Yy (>r,Y,)?
Ixke Sy fve \L—e® 2 fxy V2mn|l — ek |2 fx . 2mn|l —el®r|? fx p

2d . 2% S Y, Ik
+Re | ——"=—d, | —Re c Zsi:xl sy | + 2 (48)
(1 —e) fxp V2rn(l — ) fx k Fx

Straightforward variance computations yield, for dy € (—1/2,0), that

n 2
(Z Y> < Op2drtl (4.9)
s=1

Thus
I I
B |25 = 28 <0 ((k/n) + (b/m)> 20 4+ k4 B2 4 (/)2
fxpe vk
Y (/) 2 (b /m)* 2 ) < C (K (s fn) + (/) ? 2 )
This proves (4.7) in the non stationary case with v = (—dy) A . O

Lemma 4.3. Assume (A3), (A4), (A5) and (A6). Let m be a sequence of integers such that
lim (m ™' +m?+1n=2%) = 0. (4.10)

n—00

Let (cnk)1<k<m be a triangular array of real numbers that satisfy (4.38). If d* € (0,3/4), then

zmj {IX’“ - ﬂ} = op(1). (4.11)
=1

Ixk Sy
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Proof. We first prove (4.11) in the stationary case.
I I v — I 2 d _
Xk Ivw _ fY,lc~ Xk Yh _9rT,. ) + < Re <dk (;’f _ dZ,k) dq,k) (4.12)
Ixk Sy Ixk Iy, X,k g
Fre = Fxp

I, —o2/(2 2 _
Yk TNk o, 1) 4+ /@) 2 b (ak {dzykdmk - M}) . (4.13)
Xk Ix .k Xk 27

The terms in (4.13) can be easily bounded. Since Z and 7 satisfy assumptions (A3), (A5) and
(3.2), straightforward computations yield:

E[(i ;nk {In,k - 072,/(27T) + (fYk - fX,k) (2mlzy — 1)

k=1 J X,k
+2Re (ak {dz,kczmk - %}) })2} = O((m/n)2). (4.14)

The terms in (4.12) are bounded by (4.5) and (4.6).

We now consider the non stationary case. Starting from (4.8), we write:

I I f I
Xk Yk f L o (4.15)
Ixk Sy |1 —elwk|2 fx Iy
_ (d - ~
20 (% — dZ,k) d k 2% dds nd. . — Pn%n
+ Re b R— i + Re ak{ 2k ,"’k _ 27 } (4.16)
(1 —el%) fx (1 —er) fxk
fy Iw —o2/(2
o — D) orr - 1)+ Iy = 0y/(2m) (4.17)
|1 —ei®k|? fx fx.k

_ 2Re(e!%*dy ;) S0 Y,
\/27T—TL|1 — eltk |2fX,k
n sz 2 2 iz n_ Ys B
(Zs:l ) _ Re ( € Zs_l d ) (419)

(4.18)

—— = k
27TTL|1 — elTk |2fX,k vV 27m(1 — elxk)f)(’k K
N 200 Re (a5 (1 - ei™) ") + oy Frn o
21 fx 1 — el |2 fy
The terms in (4.15), (4.16) and (4.17) are similar to the terms that appear in the stationary

case. We only consider the terms appearing in (4.18), (4.19) and (4.20). To deal with (4.20),
note that

(4.20)

Fxe = @ v+ {2pgonRe(ar(l — ) 71) + o7}/ (2n).
Hence, denoting ry, ;, the sum of the terms in (4.20), we have

_ . _ _
fx, — T Iy N Iy ] Ty <| 3 _1>‘

= 1 _eiCL’k|2

Ixk 11— elor|2fy x%ka

'nk =
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f}i,k
aq fx ok
obtain 37| ¢nxrn g = O(m®?n=2) = o(1) under condition (4.10).

Consider now the term (4.18), say R,. Define é,; = n% ¢, ze'%ay/(2n|1 — ei"”k|2fX7k),
Rui =30 nk (V2rdy g /ap — V2mdz ) and Ry = Y pl, G pV2mdz k. Then

Since is bounded and 72|l — % |~2 — 1 = O(z2) (uniformly with respect to k and n), we

R, = n~Y/2-dy ZYS (le + Rnyg) .

s=1

Applying (4.9) and the Holder inequality, we obtain
B[R, || < C (EV2[R] ) + EV (R ).

Since Z satisfies assumption (A5) and |&, x| < Cle, |k, it is easily seen that:

E[R2,] < O & k% = o(1).
k=1

The last equality follows straightforwardly from (4.10) and the assumption d* € [1/2,3/4) which
implies that dy € [—-1/2,—1/4). Applying (4.1) and twice the Cauchy-Schwarz inequality, we
now bound Ry j:

m 12 /m
E[RZ,] < C (Z |cn,k|k2dy> (Z el {K7 + (k/n>6}>
k=1 k=1

If (tg)r>1 is a square summable sequence, then under condition (4.3), >°;" |cp xtk| = o(1). For
our purpose, we can even restrict ourselves to non increasing sequences. Split the sum at some
¢ < m to be fixed later and apply the Holder inequality to the sum over k > £:

1/2

1/2

m

te < 0t > ot
D lenklte <ty 2o, len ] + k
k=1 k>0

These last two terms are simultaneously o(1) as soon as the sequence £ = £(m) tends to infinity
not too fast, that is in such a way that lim (¢ maxj <<y, |cnk|) = 0, which is possible under (4.3).
Hence, if dy < —1/4, then 37", |cn |k?® = o(1). Similarly, >°7" e k|k~! = o(1). Moreover,
Sy enkl (k/n)? = O(mP+1/2n=F) = o(1) under (4.10). Finally, E[R%,] = o(1).

Both terms in (4.19) can be dealt with straightforwardly. Applying the bound (4.9), we get

|cna E [ .

27n|l — ek |2fx,k

m
<O len sk = o(1)
k=1
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by the same arguments as above. Since 7 satisfies (A5), applying (4.9) and the Holder inequality,
we bound the last term:

m i n

2eltw Y, -
ch,kRe i Zs.:l s~ dn,k
P V2rn(l —el®r) fx i

m .
Cn,kemk J
§ : n,k

k=1 (1 - eiwk)fX,k

2
E

< On*E < On?¥ (m/n)? 4y = o(1).

0

Gathering the previous Lemmas, we obtain the needed results for the periodogram of the
signal plus noise.

Theorem 4.1. Assume (A1), (A3) and (A4). Then there exist v > 0 and C > 0 such that
B[\ I/ fxn = 2wI4)] < C (k77 + (k/n)?) . (4.21)

Assume moreover (A5) and (A6). Let m be a non decreasing sequence of integers that satisfies
(3.8) and let (cpk)1<k<m be a triangular array of real numbers that satisfies (4.3) Then

i I
S e (ﬂ — 2z ||| = 0. (4.22)

k=1 Xk

lim E

n—o0

If moreover 31" | ¢n . =0 and (4.4) holds, then Y " | ¢y 2

For is asymptotically standard Gaus-
X,k

stan.

Appendix

By definition, P(d, € D1) < P(inf(gp)ep, <o, Jm(d,0) — Jn(d*,0%) < 0). Define py, = (m!)/™.
For d € Dy, if 1 < j < pm, then (5/pn)?? 2T > (§/pm) 7% and if p,, < j < m, then
(j/pm)2d72d* > (j/pm)26n72d*- Define then a; = (j/pm)71+26 if 1 < J < pm and a; =
(j/pm)?» 24" otherwise. As shown in Robinson (1995b, Eq. 3.22), if ¢ < 1/(4e), then for
large enough n, Z;nzl a; > 2. Moreover, if d > ¢,, then, for large enough n, ay(d,0) >
1 — Cecrlog(®/m) > () for some constant C depending on d* and ©. Define (,, = Ce™ log(n/m)
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We obtain:

- 1og{1 + % Z(é’j - 1)} + 2log(1 — ()
(€ = 1)} +2log(1 ~ Ca).

e

Hence

P(d, € D) <P 1og{2 + % S ay(E - 1)} - 1og{1 + % S (& - 1)} +2log(l — () <0
7j=1 7j=1

This last probability tends to zero as soon as m ™" > je1(€—1) = op(1) and m~! > i1 ai(& —
1) = op(1). Since E,(d*,0*) = m ! >_j=1(€;—1), Proposition 2.1 implies that this term is op(1).
As in Robinson (1995b, p. 1639), it is easily checked that Z;nzl aj = 0(m), Y 1<i<p,, a? =
O(m?~%€) and Y pm<i<m a? = O(m). Thus we can apply Theorem 4.1, Eq. (4.22), to obtain

that m ! E;n:l a;j(&j — 2rlz ;) = op(1). There only remains to check that under assumption
A1), m 'Y a;(2nl;; — 1) = op(1). Expanding this sum as the term E, in the proof of

i 17 5] )
Proposition 2.1, we obtain:

n

R 1 «— 1 2 1 &
pon ;aj(%rfn,z -1)= . ;aj X Z(Zt2 -1)+ - Z — Zaj cos((t — s)xj)ZsZy

t=1 1<s<t<n Jj=1

Since Z;nzl aj =0(m)and 7, ;, a? = O(m? %), under assumption (A1), both these terms
are op(1). The proof is concluded.
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