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Abstract

We prove uniform convergence results for the integrated periodogram of a weakly dependent time series,
namely a law of large numbers and a central limit theorem. These results are applied to Whittle’s parametric
estimation. Under general weak-dependence assumptions we derive uniform limit theorems and asymptotic
normality of Whittle’s estimate for a large class of models. For instance the causal 6-weak dependence
property allows a new and unified proof of those results for ARCH(c0) and bilinear processes. Non causal
n-weak dependence yields the same limit theorems for two-sided linear (with dependent inputs) or Volterra
processes.
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1 Introduction

Parametric estimation from a sample of a stationary time series is an important statistic problem both for
theoretical research and for its practical applications to real data. Whittle’s approximation likelihood estimate
is particularly attractive for numerous models like ARMA, linear processes, etc. mainly for two reasons: first,
Whittle’s contrast does not depend on the marginal law of the time series but only on its spectral density, and
second, its computation time is smaller than other parametric estimation methods such as exact likelihood.
Numerous papers have been written on this estimation method after Whittle’s seminal paper and in particular
Hannan (1973), Rosenblatt (1985), and Giraitis and Robinson (2001), established, respectively, the asymptotic
normality for Gaussian and causal linear, strong mixing and ARCH(oco) processes. The case of long range
dependent processes, which is not considered here, was studied by Fox and Taqqu (1986), and Giraitis and
Surgailis (1990) (note also that in a semi-parametric frame, Robinson (1995) and recently Dalla et al. (2006)
proposed an estimator of the long-memory parameter based on local Whittle estimation). The main goal of
the present paper is to provide a unified treatment of this asymptotic normality for a very rich class of weakly
dependent time processes, including those previously mentioned, but also some never studied non causal or
non linear processes.

More precisely, let X = (Xg)rez be a zero mean fourth-order stationary time series with real values. De-
note by (R(s))s the covariogram of X, and by (k4 (¢, j, k))s ;% the fourth cumulants of X defined by

R(s) = Cov(Xo,Xs)=E(XoX;), forseZ,
I<J4(i,j, k) = EXoXlX]Xk — EXoXlEX]Xk — EXoX]EXZXk — EXoXkEXZ‘Xj, for (’i,j, k) S ZS.

*Author for correspondence.
TThis author aknowledges the program ECOS-NORD of Fonacit, Venezuela, for its support.



We will use the following assumption on X
Assumption M: X is such that
y=Y R(0)?<oo and k4= Y |kali,j k)| < oc. (1)
Le .3,k

The periodogram of X is
2
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Now, let g : R — R a 27-periodic function such that g € L?([—, [) and define

Jn(g) / g(MI,(A)dA, the integrated periodogram of X

—T

and J(g)

/ " gNFO) A,
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with f denoting the spectral density of X (that exists and is in L2([—7, 7[) from Assumption M) defined by

f) = % > R(k)e™ for A € [-m,x].

keZ
1 1 (n—k)An
Recall that I,(\) = o Z Ru(k)e™™* with R, (k) = — Z X;jXjtr, which is a biased estimate of
™ n
k| <n J=1v(1—k)

R(k). Thus, the periodogram I,,(A\) could be a natural estimator of the spectral density; unfortunately it is not
a consistent estimator. However, once integrated with respect to some L2 function, its behavior becomes quite
smoother and can allow an estimation of the spectral density. A special case of the integrated periodogram is
Whittle’s contrast, defined as a function 8 — J,(hg), where hg is included in a class of functions depending
on the vector of parameters 3. Whittle estimator minimizes this contrast. As a consequence, uniform limit
theorems for the integrated periodogram J,(-) are the appropriate tools for obtaining uniform limit theorems
for Whittle’s contrast, that imply, under additional conditions concerning the regularity of the spectral density,
limit theorems for Whittle’s estimators.

A uniform strong law of large numbers of integrated periodograms on a Sobolev-type space (included in the
space of 27-periodic L2-functions) is first established only under assumption M. Additional assumptions on the
dependence properties of the time series have to be specified for establishing central limit theorems. Our choice
has been to consider time series satisfying weak dependence properties introduced and developed in Doukhan
and Louhichi (1999). Numerous reasons may explain this choice. First, this frame of dependence includes a
lot of models like causal or non causal linear, bilinear, strong mixing processes and also dynamical systems.
Second, they are independent of the marginal distribution of the time series. Finally, they can be easily used in
various statistical contexts, in particular in the case of the integrated periodogram which is a quadratic form.
These uniform limit theorems can be compared with those obtained in Dahlhaus (1988) or Mikosch and Nor-
vaisa (1997). Roughly speaking, the presented results are obtained under weaker conditions on time series, but
considering different functional spaces.

Two frames of weak dependence are considered here. The first one exploits a causal property of dependence,
the #-weak dependence property (see Dedecker and Doukhan, 2003). Under certain conditions, the uniform
limit theorems for integrated periodogram and asymptotic normality of Whittle’s estimate are established.
These general results are new and extend Hannan’s (1973) and Rosenblatt’s (1985) classical results for causal
linear or strong mixing processes. For example, parametric and causal ARCH(co) or bilinear processes (a
very general class of models introduced by Giraitis and Surgailis (2002), see definition (@)) are considered;
under certain conditions, the asymptotic normality of Whittle’s estimators for those two classes of models is
established with the same method. (The case of causal ARCH(o0), and therefore of GARCH(p,q), was already
treated by Giraitis and Robinson, 2001, under less restrictive conditions. However, their proof is ad hoc and
cannot be used in a more general context).

The second type of dependence under consideration is n-weak dependence. This property allows to derive
central limit theorems for non causal processes, see [E] or [E] These results can be applied for instance, to
two-sided linear or Volterra processes (see their definition below in Section E) Let us remark that usual proofs



of central limit theorems for the integrated periodogram are established by considering increments of martin-
gales or asymptotic results for strong mixing processes, which is not a method adapted for non causal processes,
even in the simple case of two-sided linear models. The proof of our results is a corollary of a general functional
central limit theorem for n-weakly dependent processes, established by using Bernstein’s blocks method. Even
if our results may be sub optimal in terms of the conditions linking the moment assumption with the decay
rate of weak dependence of the time series, they however cover numerous models and open new perspectives
of treatment for non causal processes.

The paper is organized as follows. In Section E, uniform limit theorems are presented with some applica-
tions to time series. Section E is devoted to limit theorems satisfied by Whittle’s estimators, that are applied
to several examples of causal and non causal processes. Section E contains the main proofs, and a useful lemma
is presented in an appendix (Section E)

2 Uniform limit theorems

2.1 Notations and assumptions

Afterwards we shall use the zero mean random variables
Yik = X; X — R(k), forall (j, k)€ Z>
We intend to work in a Sobolev space H, of locally .2 and 27 —periodic functions, defined by

Mo ={g € L*([=m,7) /llglln, < o0} with [|lg[F,, =D (1 + €)% -|ge*, and s >1/2,
LEL

where g(A) = > 17,90 e, This space H, is included in the space C* of continuous and 27 —periodic functions
and [|gllcc = sup[_r (9] < Ve, - gl with

o= S+, 2)

LeL

As usual H[ denotes the dual of H, with norm defined from the identity ||7'[|3;, = supyg,,. <117'(9)[- Hence if
TeH,
—2s il
T3 = sup [T(g)f* =D (1+[e) 72 - |T(")P.
lglle, <1 ~

We study the asymptotic behavior of J,, — J uniformly in the function space H; or equivalently as elements of
the Hilbert space HL.

2.2 Uniform Strong Law of Large Numbers for the integrated periodogram

We develop a uniform strong law of large numbers (Uniform SLLN) for the integrated periodogram (J,(g)),-
An important feature is that the assumptions are only stated here in terms of cumulant sums. Thus we need
no additional assumption on the dependence of the sequence X.

Theorem 1 (ULLN) If X satisfies Assumption M, then

17— T, “% 0. 3)

Remark Let X be a 4-th order causal linear process, i.e. X, =Y ;- ax&,—k for n € Z, where (§;)rez is a
sequence of zero mean i.i.d.r.v. such that >, kai < oo, >, |ax| < oo and E&} < co. From Rosenblatt (1985,
p. 59), and the multilinearity of cumulants (i.e. [ka| <37, ;4 [Ka(i, j, k)| = leal (X5 |ak|)4 where ¢4 is the 4-th
order cumulant of (£x)kez), then X satisfies Assumption M and therefore the previous uniform SLLN yields.
In Mikosch and Norvaisa (1997), uniform LLN for the integrated periodogram are also proved for causal linear
processes. The integrated periodogram is then considered on a general class of functions F endowed with a
pseudometric space of £2. In addition of the fourth moment condition, the assumptions are respectively in
Theorems 3.3 and 3.4, ;2 kai < oo for a uniform weak LLN and } 72, k*/%af < oo for a uniform strong
LLN. As a conclusion, the uniform strong LLN (E) is satisfied by a larger class of causal linear processes but
the functional space H, is different from F (with also a different distance).



2.3 Uniform Central Limit Theorem for the integrated periodogram

Now, we would like to establish a uniform central limit theorem (UCLT) for the integrated periodogram J, ()
on the space of functions Hs. Assumption M is not sufficient for such a result. The dependence between the
terms of the time series X has to be specified, and we will consider 2 cases. Before this, under Assumption M,
we define for any A, u, v € R, the bispectral density

1 %) oo %) .
_ i(RA+kp+ev)
f4(/\7ﬂa V) - (271')3 E E E H4(ha kvg)e .

h=—00 k=—00 f=—00

the matrix ¥ = (0, ,¢;)1<i,j<m, Where £; are distinct integer numbers, with
ore =D (RUNR(L -+~ k) + R(h + OR(h — ) + kalh, b+ 0)), (4)
heZ

and for g1 and g2 in H,, the limiting covariance I'(g1, g2)

T

I'(g1,92) = 47f/

—T

n M PM D+ 2r [ [ 00920 00— ) A (5)

2.3.1 TUCLT for causal time series

This first case follows a classical methodology: the UCLT results from the finite dimensional convergence and
the tightness of the process Z = (Z,(g))gen. where Z,,(g) = v/n (Jn(g9) — J(g)) for n € N* and g € H,. Since
g — Zn(g) is a linear functional, the finite dimensional convergence is a consequence of the multidimensional
central limit theorem for empirical covariances.

In the sequel, for ¢ € Z, we will denote by ./\/lgé) a o-algebra such that
MY S 6 (Yis, k<0) =0 (X3 Xppe, k<0).

Here o(W;, i € I) represents the o-algebra generated by (W;);c;. An example of such o-algebra ./\/lée) is

Mée) = 0 (Xpy, Xko+te) for a given kg € Z. The most classical of such o-algebra is defined, for any integer p
such that p > ¢,

MY =B, =0(X;, j<p). (6)

Lemma 1 Let ({1,...,¢0y) € Z™ be arbitrary distinct non-negative integers (m € N*). Let X satisfy Assump-
tion M and be such that

3 ’E(YoyeiE(Yk,ei |M5f”))‘ <oo forall i€{l,...,m}. (7)
k>0

. . . , , , D
Then, if ¥ = (04, ¢;)1<ij<m defined in (M) s a nonsingular matriz, with —  the weak convergence,

n—oo

~

(Vi (Bu(:) ~ ER, (1)) L, N (0,5). (8)

1<i<m n— o0

Remark Lemma m is a generalization of a result of Rosenblatt (1985, Theorem 3, p. 58) which asserts the
0o 2 1/2

CLT if for each i € {1,...,m}, Z (IE (E (Y, e, |BO)) ) < 00, and this implies (f]). An analogue CLT in
k=0

Hall and Heyde (1980) (Theorem75.4, page 136) does not seem to be adapted to work out the forthcoming
examples.

Theorem 2 Under assumptions of Lemma [l, the Uniform Central Limit Theorem (UCLT) holds

Zn =i~ 0) 25 7 in the space M), ©)

n—oo

with (Z(g))gen, the zero mean Gaussian process with covariance I'(g1,g2) defined in (E)



Remark Dahlhaus (1988) and Mikosch and Norvaisa (1997) established also UCLT of the integrated pe-
riodogram for a general class of multivariate processes with high-order spectra (including certain Gaussian
processes) and for causal linear processes, respectively. The considered functional spaces require to satisfy
conditions close to the classical Dudley’s conditions. The UCLT theorem E needs the simple assumption s > %,
besides the conditions for finite dimensional convergence. Recall that assumption s > % is also required for
obtaining uniform equicontinuity, however additional dependence conditions are always needed (see, for exam-
ple, Dedecker and Louhichi, 2002). The book edited by Dehling et al. (2002) contains also two other articles
on empirical spectral processes, concerned respectively with uniform results for Gaussian processes (Dahlhaus
and Polonik, 2002) and long range dependence processes (Soulier, 2002). Tails of the variables and measures of
entropy need to be controlled as this is usual for empirical processes (see the paper by Dedecker and Louhichi
in the same monograph); we do not have such assumption to the price of very specific Hilbert type classes. An
important feature is the fact that assumption s > % is the best possible assumption for empirical CLT in order
that the corresponding Dudley entropy integral converges. Uniform theorems on Hilbert classes are indeed
usually weaker results as stated in several works of Suquet (see for instance Oliveira and Suquet, 1998); using
De Acosta (1970)’s criterion, entails that essentially the same assumptions that those ensuring fidi convergence
usually implies functional uniform convergence in Hilbert spaces.

Examples of time series satisfying Theorem E This theorem is first applied to 3 classical examples
of time series, which extend the known multidimensional CLT for integrated periodogram. Then, the UCLT is
established for a very rich class of causal time series, the #-weakly dependent processes.

1. Causal linear processes: let X be a linear and causal time series such that X, = Z;o:o ax &n_y for
n € Z, where (& )kez is a sequence of zero mean independent identically distributed random variables
such that E&§ < oco. Assume also that the real sequence (ay) satisfied Y, ka? < oo and Y, |ag| < oo
(these conditions are weaker than those of Mikosch and Norvaisa, 1997, which are >, k%/27 a? < oo with
e > 0, but the considered function spaces in both the UCLT are different). Thus X satisfies assumption
M and from Rosenblatt (1985, p. 59), we have for all £ € N, Z | (Yie | Be)ll2 < oo and thus () is also

k=0
satisfied. Then the UCLT (f]) holds.

2. Gaussian processes: let the sequence (X,,)necz be a zero mean stationary Gaussian process such that
> R(k)? < co. Then X satisfies Assumption M for all £ € Z and k € N, and, with the o-algebra defined

by (B) for m =k + £, |E (Yo E (Ve | M) | = ‘]E (XoXe X0 Xnpe) — R(E)Q‘. But
E (XoX¢ Xy Xpre) — R(0)* = R(k)? + R(k + ()R(k — €)
for a zero mean stationary Gaussian process. Thus,
1/2 1/2
ST IE (YouE (Yie IMO))| < ST R(K)? + <Z R2(k + m) : (Z R2(k — e)) ,
k>0 keZ keZ keZ

from the Cauchy-Schwarz inequality for £ sequences. Therefore the UCLT (E) applies and the assumption
(3", R(k)? < 00) seems to be sharp in this case.

3. Strong mixing processes: here, we consider the probability space (Q2, 7, P).

Corollary 1 Let X = (X, )nez be a sequence of random variables on (2, T,P) satisfying Assumption M.
Assume that X is a o' -mixing process, i.e.

aj, = sup {a(a(Xn, Xnaie), BO)} — 0,

ezo n—oo
where a(A, B) = sup ‘]P’(A NB)— IP’(A)IP’(B)‘ for A,B C T. Moreover, with Qx| denoting the
A€A, BeB
1
quantile function of |X| and o/ 7' (u) = Z][“S%’ assume that / o/fl(u)QfXO‘(u) du < co. Then the
k>0 0

UCLT ([§) holds.



Remark We note that o), < o, = a(o(X K, k>n), BO) the standard mixing coefficient in Rosenblatt

(1985). However, no simple counter example seems to be available. Therefore, if X is a strongly a-mixing

1
process satisfying Assumption M such that /0 a_l(u)QfXU‘(u) du < oo, the UCLT (f]) also holds.

4. Causal 0-weakly dependent processes: Doukhan and Louhichi (1999) introduced the class of #-weakly
dependent this notion was developed later on in Dedecker and Doukhan (2003). It includes numerous
kinds of causal times series, for instance the strong mixing processes (see other examples in Section )
First, for h : R* — R an arbitrary function, with u € N* denote

h cesYu) —h(x1, ..., Ty
Llph _ sup | (y17 Y ) (1‘1 &€ )|
(Y15 s Y ) A (L1 s Ty ly1 — 21|+ 4 [y — 2

The time series X = (X, )nez is said —weakly dependent when there exists a sequence (6, )ren converging
to 0 such that for all 7 € N, all function f : R?* — R satisfying || f||cc < 1, and all random variable Z € By
such that || Z]e < 1,

|COV(f(Xj1,Xj2>,Z>| §2L1pf97~ fOI‘ all jl,jQZT. (10)
Let us denote | X||,, = (E|X|™)'/™,

Corollary 2 Let X = (X,,)nez a 0—weakly dependent process satisfying Assumption M. We also suppose
> m-a
that there exists m > 4 such that | Xo||m < oo and ZG,;"’l < 0o. Then the UCLT () holds.

k=0
2.3.2 UCLT for non-causal weakly dependent time series

(From the seminal paper of Doukhan and Louhichi (1999), a second class of weakly dependent processes can
be considered. This class includes also non causal time series. A process X = (X,,)nez with values in R? is a
so-called n—weakly dependent process if there exists a sequence (7, )ren converging to 0, satisfying

[Cov (91(Xir, -, X2,), 02(Ks- -+, X5,) )| < (wlLi g0)llg2 o + 0(Lip 92)llg1 o )1 (11)

o (u,v) € N* x N*;
b (Zlvvlu> € Z" and (jlva]U)EZv Wlthll < S’Lu<lu+r§jl SS]U
of
[g1llec < 00, [lg2]loc < 00, Lip g1 < oo and Lip g2 < oo;

As a particular case of the functional limit theorem presented in Bardet et al. (2005) a UCLT for integrated
periodogram can also be established, and more precisely a convergence rate to the Gaussian law

Theorem 3 Let X = (X,)nez be n-weakly dependent process and such that assumption M holds. Suppose also
that

2m —1
Im > 4, such that || Xollm < oo and 7, = O(n™%) with o > max (3; m 1 )
m —
Then the UCLT (E) holds. Moreover, for ¢ : R — R a C3(R) function having bounded derivatives up to order
3, and for g € H,

t (a(mf4)72m+1 )

[E [6(Vala(e) = T(9))) = (x(9) - N) || < € - neim Vatizets

m _T —1) A (s— l)), N ~N(0,1) and v*(g9) =T(g,g) defined in ().

m — 2

where C >0, t = ((2a

Corollary 3 Under the same assumptions as in Theorem E’, fort € Z and ¢ : R — R a C3*(R) function having
bounded derivatives up to order 3,

a(m—4)—2m+1

‘E [éf)(\/ﬁ(ﬁn(f) - R(f))) — ¢(oy N)” < C-p~ Soeriram

with C >0, N ~N(0,1) and

o? =4n /Tr cos?(M)) f2(N)dX + 27 /Tr /F cos(Al) cos(ul) fa(N, —p, p)dAdp.

-7 -7 —T



Remark The convergence rates in both the functional limit theorems in Theorem [ and the Corollary f§
are obtained by using Bernstein’s blocks method. Even if the conditions are perhaps not optimal we derive
convergence rates n~> in those theorems with A < 1/2. This A could be made as close to 1/2 as one wants by
taking s and « large enough.

3 Applications to parametric estimation

Now we will apply the previous results to finite parameters estimates. Let X = (X,,),ez be a time series
satisfying Assumption M. We denote by f the spectral density of X. Define

0? = exp <% /7; log f(\) d/\) . (12)

Following Rosenblatt (1985) we shall assume that the one-step prediction error variance satifies 2ra? > 0.
Assume that f belongs to the family of functions defined in the form

fON) = fgory(A) =0 - gg(N) forall X € [—m,7], (13)

the function f thus depends on a finite number of unknown parameters, a variance term o2 and a RP-vector
B, where 8 = (81),..., ). The normalization condition ([J) implies:

/_Tr log gg(\) dX = 0. (14)

Denote also o* and §* = (3()*, ..., 3P)*) the true value of o and 3. As a consequence, for all A € [—x, 7[, we
will now denote o*2gg«(\) the spectral density of X. We will also consider the following conditions

e Condition C1: the true values ¢* and §* are such that ¢* > 0 and 8* lies in a region K C R? where K is
an open and relatively compact set.

e Condition C2: if 1, B2 are distinct elements of I, the set {\ € [—m, 7, gs,(\) # gs,(A)} has positive
Lebesgue measure.

e Condition C3: for all 8 € K, the function A — ggl()\) = € H, and sup ||g§1||H8 < oo with s > 1/2.
BeK

1
95(A)
e Condition C4: for all A € [—m, 7], the function 5 +— gﬁ_l()\) is continuous on K.

e Condition C5: for all A € [—m, 7|, the function § +— ggl()\) is twice continuously differentiable on K and

T

08— log(gg(A)) dA can be differentiated twice under the integral sign.

—T

e Condition C6: there exists s > 1/2 such that for all 8 € K and (z j) € {1,...,p}, the functions

v (295 s (“29% Y () bel d
~ ag(i)ﬁ( ) 95D 50 | (A) belong to H, an ZZEH@g(z)@ﬁ(a)

e Condition C7: for all 5 € K, the function A — gg(A) is continuously differentiable on [—m, 7].

’ < oQ.

Let (X1,...,X,) be a sample from X. As usually, define Whittle’s maximum likelihood estimators of §* and
o*? as:

1
d/\} and &2 = —Jn(g[;nl)

~ _ " 1,(\)
. 1 : n
Bn = Argminge {Jn(gﬁ )} = Argmingc {/ o

—r gs(A

(Bn is supposed to be uniquely defined). In the following paragraphs, we will show the strong consistency of
the estimators 3,, and 72.



3.1 Asymptotic properties of Whittle’s parametric estimators
Theorem 4 Let X satisfy the assumptions of Theorem . Under Conditions C1-4, then
Bn L% 8% and o2 X5 o

n—oo n—oo

Proof. From T heorem and Condition C3 with probability 1,

lim J,(g5") = J(g5"),

n—oo

uniformly on 5 € K. From Conditions C2 and normalization condition (@),

J(g5') > 2m0™ = J(gg') forall §# 3
(see Lemma 2, in Hannan, 1973). Therefore (see the details of the proof of Theorem 1 in Hannan, 1973),
B = Argmin g {Jn(ggl)} converges a.s. to 3* and 52 = 2—Jn(g§1) converges to o2 = J(gﬁ* ). B
v n

Remarks on the conditions C1-4 The C1 and C2 conditions are usual and can be found for example
in Rosenblatt (1985) for mixing time series or in Fox and Taqqu (1986) for strongly dependent times series.
The condition C4 is weaker than the condition of differentiability generally required. It thus necessitates the
unusual condition C3 related to the uniform limit theorems [l and f.

Theorem 5 Let X satisfy either the assumptions of Theorem E or those of Theorem E Under Conditions
C1-6 and if the matriz W* = (wfj)lgz‘,jgp, with

oy = [ 00 (3 ) (i o0

—T

s nonsingular, then

VaBa =5 2 N (0, (@)W T W) ), (15)

n—oo

with a matriz Q" = (q¢;;)1<i,j<p whose entries are defined by

¢ =2r (20*% / / FO = (aﬁ(l))Q)(g;it)ﬁg@ww).

Proof. Let U,(B) = Jn(ggl). From Conditions 2 and 5, 8 — U,(f3) exists and is twice differentiable on K.

0 0 2 ( 2 )
Denote — U, the vector | —=U, and —U, the (p X p) matrix | ——U,, .
According to the mean value theorem,

o~ 0.

where |8, — 8*|l, < |3n — 5%, (with ||.||, denoting the euclidian norm in RP). Since 3, minimizes 8 — U, (8),
it follows that

Un(B,,) (B — B7),

o [ &

But, from Theorem E, Bn 2% B* and then Bn 2%, B*. Consequently, from Condition C5, C6 and Theorem

Un@n)] B — 7). (16)

(Uniform Law of Large Number),

2
0 v as

2 U.(3,) (/ T\ 0295 (N d)\) = o2 W*,
op3? (Bu) =2 op) 86(”‘% - 1<i,j<p

(see Lemma 3 of Fox and Taqqu, 1986). Moreover, from Theorem [l and Condition C5,

0 0
Vi(550n(8) ~ 55 7 Je)) = N0.Q0),

and thus \/E%Un(ﬂ*) 1) Np(OaQ*)a

n—oo



because 2<](gfl) = /Tf (6gﬁ1(A)) 0" g5 (\) dX = 0*22 /Tr log(g5(\)) dA =0 from C6 and
R S T I 0B \J - = o

(f4). Therefore, if the matrix W* is nonsingular, from ([g),
VilBn =) 2o = (@) RN (0,Q7),

n—oo

and this completes the proof of Theorem ﬂ [ |

Theorem 6 Let X satisfy either the assumptions of Theorem @ or those of Theorem E Under Conditions
C1-7, then

T s

V(o2 —o*) 2, N(O, 20* + 27r/

n—oo
—T —T

FaO0 i, =95 Vg () dAde). (17)

Moreover, \/n(c2 — o*) and \/E(BH — %) are jointly asymptotically normal with covariance given by

nh—>nolo \/E(COU @ Bg) )) 1<i<p

— (o w) " or [

-7 -7

™ ™

FaOh s —1)g52 (V) (%gﬁfw) drd)

1<i<p’

Proof. The Taylor’s formula implies that

82

Un(B%) = Un(Bo) + (5" = ) (5532Un(8,)) - (5" = B,

with probability 1, and with |3 — 87|, < |\Bn — B*||p- From previous Theorem [, it follows
Vi(Un(B*) — 0*?) = \/E(Un(gn) 0" + Op(n_1/2)-
Under condition C7, E(Un(ﬁ*)) = 0*2 + O(logn/n) (see for instance Rosenblatt, 1985, p. 78) and thus

\/E(Un(ﬁ*) - ]E(Un(ﬁ*))) 2, N(o,r(gg},g;,})) with g € H,. Therefore,

) * D _ _
Vi(Ua(B) - 07?) 2o N(0.7(g5).52).
which implies relation ([L7). The end of the proof follows the same arguments as in Rosenblatt (1985). W

3.2 Examples of Whittle’s parametric estimates for different time series

Causal GARCH and ARCH(o0) processes

The famous and from now on classical GARCH(¢', q) model was introduced by Engle (1982) and Bollerslev
(1986) and is given by relations

’

q q
Xp=pr-& with pj =ao+ Z%‘le—j + chpi—j’ (18)
j=1 j=1

where (¢',q) € N?, ag >0, a; > 0 and ¢; > 0 for j € N and (& )rez are i.i.d. random variables with zero mean
(for an excellent survey about ARCH modelling, see Giraitis et al., 2005). Under some additional conditions,
the GARCH model can be written as a particular case of ARCH(co) model (introduced in Robinson, 1991)
that satisfies

X = pr - & with pi:boﬁLijX]g,j, (19)
j=1

with a sequence (b;); depending on the family (a;) and (¢;). Different sufficient conditions can be given for
obtaining a m-order stationary solution to ([Ld) or ([Lg). Notice that for both models ([L§) or ([Ld), the spectral



density is a constant. As a consequence, the idea of Whittle’s estimation in the GARCH case (see Bollerslev,
1986) is based on the ARMA representation satisfied by (X2)rez. Indeed, if (Xj) is a solution of ([fLg) or
([Ld), then (X32) can be written as a solution of a particular case of equation (RI) of bilinear models below (see
Giraitis et al., 2005). More precisely,

X% ZEk(’}/'bo +’YZbJ‘X,§7]-) +)\1-bo+)\12ij]37j for k€ Z,

j=1 j=1

with ey = (§2 — M) /v for k € Z, Ay = E& and v* = Var (§§). Moreover, the time series (Y)rez defined by

Yi=X7 = Mbo- (1=M ) b))
j=1

(as in Proposition f] below). Hence, a sufficient condition for the stationarity of (X?)xez with || XZ||m < oo is

" for ke Z, satisfies the forthcoming equation (1)) with parameter co = 0

oo 27A oo
leollm +1) - Jbjl <1 = (MH).ZMQ.
j=1 j=1

Let (Xj)rez a stationary solution of (1) and taking 8 = (31, ..., 8®)) € R? such that b; = b;(3) for j € N,
and 0® = E(X§ — pg) = b5(6) - h(A1,7, 2252, bj(0)), where h is a positive real function, the spectral density of

(Xlg)kez is
o’ - x| 72
f(ﬁ,az)(x):%-]172bj(5)-eﬂ \ . (20)
j=1
Then a Whittle’s estimate can be used for estimating 3 and o2 parameters in ARCH(o0o) process:

Proposition 1 Let X be a stationary ARCH(co) time series following equation ), such that there exists
m > 8 satisfying E(|&o|™) < oo, satisfying the stationarity condition,

((H§§-A1Hnu2

12 = n] +1) A H§0||$n) Z [6;(8)] <1, and one of the two following assumptions
0~ \1j|2 -
j=1

o Geometric decay: Vj € N, 0 < b;(8) and 3p €0, 1] such that b;(8) = O(p=7);

_89 such that b;(8) = O(F™).

2
e Riemannian decay: Vj € N, b;(8) >0, v > mn
Then, under Conditions C1-7, the central limit theorems ) and ) holds.

Corollary 4 If there exists m > 8 such that X is a m-order stationary GARCH(q’, q) time series satisfying
equation (@), then with 8 = (a1,...,aq,¢1,...,cq), the central limit theorems ) and are satisfied.

Proof. First, Doukhan et al (2005) have shown that ARCH(o0) processes satisfy the §-weak dependence prop-
erty: in the “Geometric decay” case, 6, = O(e~°V") with ¢ > 0 and in the “Riemannian decay” case, with
v>20.= (9(7"*”*1). Now by applying the following Lemma E (see section E) for h(x) = 22 and thus a = 2,

we deduce that (X7)kez is a =1 -weak dependent time series. Hence, by denoting 8’ = (0}, )rez the weak

dependent sequence of X2 it holds: in “Geometric decay” case 6. = O(e~°V") with ¢ > 0 and in the “Rieman-
r=1)(m=2) ~IR . . .
nian decay” case, 0. = O(r~ " m-1 ) Corollary P implies that 1/ in the ” Geometric decay” case, for all p,

(X?2)rez satisfies the Uniform CLT (f]), 2/ in the ” Riemannian decay” case, (X?)rez satisfies the Uniform CLT
@) it v—1)(m-2) m/2—4 2m—9

1, ie. .
1 mp_1 e s

o2 |1—E§Zlcjeij>‘|2
C 211 =X et — BT cjeiiA?
satisfies conditions C1-7 (more precisely conditions C3, C6 and C7 using Hs with s > 1/2 are checked). Then,
the proof of the corollary is a special case of the ” Geometric decay” case. W

Finally, for GARCH(q', q) the spectral density is explicit fg ,2)()) and

10



Remark Zaffaroni (2003) studied the question of the Whittle’s estimation of the parameter of a stationary
solution of (), this result was improved later on by Giraitis and Robinson (2001). In this paper, the conditions
to assure the asymptotic normality of the Whittle’s estimate are better than our Theorem ([I}), in two senses:
1/ only the m = 8 is required; 2/ the conditions on the sequence (b;(/)) in the general case of ARCH(o0)
model are only by(8) > 0 and b;(8) > 0 for j € N* and the stationarity condition [|&l|7, - 372, [b;(8)] < 1.
However, their method for establishing the central limit theorem for the periodogram is essentially ad hoc
and can not be used for non causal or non linear time series. The recent book of Straumann (2005) also
provides an up-to-date and complete overview to this question. Chapter 8 of this book exposed the results
of Mikosch and Straumann (2002) that considered the case of intermediate moment conditions of order > 4

and < 8 only for special case of GARCH(1,1) processes. The convergence rates are slower than the present ones.

Causal Bilinear processes

Now, assume that X = (Xy)kez is a bilinear process (see the seminal paper of Giraitis and Surgailis, 2002)
satisfying the equation

X :Ek(ao—l—zank_j) +CO+ZCij—j for k € Z, (21)

j=1 j=1

where (£)rez are i.i.d. random variables with zero mean and such that |||, < +o0o with m > 1, and qj, ¢;,
j € N are real coefficients. Assume ¢y = 0 and define the generating functions

Alz) =372 427 _ C(z) = 2521 52 _
Gz)=(1-C(2) = Z;io g;%’ H(z)=A(z)G(z) = Zj‘;l hjzd.

If [|€ollm - D272, [hyj| < oo, for instance when [|€o]|m - (Z;’il laj| + 3252, |cj|) < 1 (see Giraitis and Surgailis,
2002), there exists a unique zero mean stationary and ergodic solution X in L™ (€2, A, P) of equation (R1) (see

-1
Doukhan et al., 2006). For m > 2, the covariogram of X is R(k) = a3 - [|&ol|2 - (1 — > hf) > 020 95 i+
and satisfies >, |[R(k)| < oo. If we assume that there exists 8 = (3(1),...,3®)) such that for all k € Z,

ar, = ar(8) and ¢ = cx (), the spectral density of X exists and satisfies

a2 ﬂ o2 00 0o _
fison ) = 5 By 3 0B amal®)e

k=—o00 j=0

with 02 = ||&|3. Like in Doukhan et al. (2006), we consider three different cases of the convergence rate to zero
of the sequences (ax) and (c¢). Then, using the previous results for 8-weak dependent time series, Whittle’s
estimate of parameters 3 and o? satisfies the following proposition

Proposition 2 Let X be a stationary bilinear time series satisfying equation (21) with co = 0, E(|&|™) < oo
with m > 4 and such that ||&o]|m - (Zj’;l laj| + 3252, |cj|) < 1. Moreover, assume that X satisfies one of the

3 following conditions
o Finite case: 3J € N such that Vj > J, a;(8) = ¢;(8) = 0;

o Geometric decay: 3 €]0,1[ such that Y, |e;(B)|p™ <1 and Vj € N, 0 < a;(8) < p/;

2m — 5
e Riemannian decay: ¥j € N, ¢;(8) > 0, and 3v; > m 1 such that a;(8) = O(F~"") and v > 0 such

m —
Vo > (m — 4)5

that 3, ¢j(8)j' T2 < oo, with (m —1)d — m‘|_c_4851§)|32 .

5:10g(1+3—j)>10g2( )

> ci(B)gtt (m—1)

Then, under Conditions C1-7, the central limit theorems ) and ) holds.

Proof. Doukhan et al. (2006) studied the three different cases of the Proposition and deduced the #-weak
dependence behavior of X in each case. In the ”Finite” and the ” Geometric decay” cases, 0, = O(e’c‘/’_”) with
¢ > 0, which implies the conditions required in Corollary E Therefore, under Conditions C1-7, the models
satisfy the central limit theorems ([L3) and ([L7).

11



r o)

A _ N - N
1Ogr))vvlthdfmax( (11 —1); 5+V2.10g2).TheCLT(E)

m—1 m—4 Vo0 m — 4
—1. Thus, if 1 — ——— and — —
m74< us, 1 v < milan 5+1/2~10g2< m—1
2m —5 d > (m —4)0
and v
m—4 >7 tm—1)5 — (m —4)log2
Conditions C1-7, the central limit theorems ([L5) and ([L7) are also satisfied. W

In the ”Riemannian decay” case, 6, = (9((

holds, from Corollary E, whenever d -

i.e. v > , the assumptions of Corollaryﬂ hold true, and under

Non-causal (two-sided) linear processes

Let X be a zero mean stationary non causal (two-sided) linear time series satisfying

o0

X = Z ajfk_j for k€ Z, (22)

j=—o0

with (ax)rez € RZ and (£;)rez a sequence of zero mean i.i.d. random variables such that E(¢2) = 02 < oo and
E(|€0|™) < oo with m > 4. We assume that there exists 5 = (6(),..., 3®)) such that for all k € Z, aj, = ap(J3).
Moreover, we assume that (ax(83))kez is such that ax(8) = O(|k|~*) with a > 1. Therefore the spectral density

of X exists and satisfies

00 2

Z ap (ﬂ)efikA

k=—0o0

0.2

fB.o2)(A) = o

Then the results of the previous paragraph concerning non causal weak dependent processes can be applied.

Proposition 3 Let X be a linear time series satisfying @) with (ax(B))kez € R? and (& )kez a sequence of
i.i.d. random variables with zero mean such that E(§2) = 0% and E(|&|™) < oo with m > 4. We assume that

(ar(B)) is such that
—a . 7 5m—6
ak(ﬁ)—0(|k| ) with a>max{§, m}
Then, under Conditions C1-7, the central limit theorems ) and ) are satisfied.

Proof. A n-weak dependence condition for non causal linear random fields could be found in Doukhan and
Lang (2002, p. 3); under the previous assumptions, X is a n-weak dependent time series with the relation:

03, = (’)( Z ai(ﬁ)) = 7. = O(%l/?) Propositionﬁ is then a consequence of Theorem H [ |
r
|k|>r

Remark 1/ The Condition C7 of central limit theorem (@) is automatically satisfied by the convergence
rate of (ax) and therefore is not required in Proposition .

2/The especial case of ARMA process i.e. f(g,,2)(\) = |ggzzig |2, with A and B polynomials

q p
A(Z) = Zakzka ao 7& O’ B(Z) = Zbkzka bO = 13
k=0 k=0

without zeros in the circle and with no common factors, is interesting. We have 8 = (aq, ..., aq,bo, ..., bp)
(Rosenblatt, 1985 page 206) and ¢ could be computed by using Jessen formula’s. A factorization as in (B) is
then possible. In this setting conditions C1-7 are readily checked.

3/ To our knowledge, the known results about asymptotic behavior of Whittle’s parametric estimators for
non-gaussian linear processes are essentially devoted to one-sided (causal) linear processes (see for instance,
Hannan, 1973, Hall and Heyde, 1980, Rosenblatt, 1985, Brockwell and Davis, 1988). In such a case, the con-
ditions on (ay) are Conditions C1-6, with: >°, ka? < oo for the UCLT and the existence of 3, kaye™** for
Condition C7. It holds true if m = 4 and ay, = O(|k|~?) with a > 2.

4/ There exist very few results in the case of two-sided linear processes. In Rosenblatt (2000, p. 52) a
condition for strong mixing property for two-sided linear processes was given, but some restrictive conditions
on the process were also required for obtaining a central limit theorem for Whittle’s estimators: the distri-
bution of random variables £ has to be absolutely continuous with respect to the Lebesgue measure with a
bounded variation density, m > 4 + 2§ with § > 0 and the central limit theorem is obtained by using a tapered
periodogram, under assumption > ov_, a4 oo (m)%/ (29 < oo, Here au, oo (m) > au, denotes a strong mixing

12



coefficient defined now with four points in the future instead of 2 for o/, the same remark following Corollary
still holds. The case of strongly dependent two-sided linear processes was also treated by Giraitis and Surgailis
(1990) or Horvath and Shao (1999), however with more restrictive conditions than Conditions C1-6 and with
ar, = O(|k|~*) for a fixed —1 < a < 0.

5/ In the case of causal linear processes, it is well known that
I . D o
Vil — %) 2o N (0, 2m - (W),

2 is a consistent estimate of o*, and v/n(B, — 5*) and v/n(G2 — o*) are asymptotically normal and indepen-

dent.

Non-causal Volterra processes

A zero mean and non causal process X = (X;):ez is called a non-causal Volterra process, if it satisfies

o0

X =YV, with v, = > TN N S N S (23)
p=1 J1 <d2 <+ <ip
T jp €L
where (aj, .. j,) € R for p € N* and (j1,...,7,) € ZP, and (& )rez a sequence of zero mean ii.d. random

variables such that E(£2) = 0? < oo and E(]&|™) < oo with m > 4. Such a Volterra process is a natural
extension of the previous case of non-causal linear process. From Doukhan (2003), the existence of X and thus
the stationarity in L™ relies on the assumption

S Y e el < .

p=0 J1 <Jj2 <--- <ip

Assume that there exists § = (81),...,5%®)) such that for all p € N* and (J1,---2Jp) € ZP, ay,,... 5, =
aj,.....j,(B). Then the spectral density of X exists and satisfies

oo

© o
fB.02) (A Z 02731’ Z Z jyooin(B) - gk, gk (B) - €

p=1 k=—o00 j1 <j2<: <ijp

—ikX

(this formula is provided by the computation of the covariances of X; remark that the representation with
strictly ordered indices ji; < jo < --- < jp is fundamental). Certain conditions on the asymptotic behavior of
the coefficients a;, .. ;,(8) give the n-weak dependence property of X and then the asymptotic normality of

estimators (Bn, 72)

Proposition 4 Let X be a non-causal zero mean stationary Volterra process satisfying relation @) where
( gf? o p) € R for p e N* and (ji,...,Jp) € Z?, and (&k)rez a sequence of zero mean i.i.d. random variables
such that E(&3) = 02 < oo and E(|&|™) < oo with m > 4.

Moreover, assume that the process is in some finite order chaos (i.e. aj, .., (8) = 0 for p > pg) and
ajy,....j, (B) is such that

a ) 11 —-m
ajlﬁ_”yjp(ﬂ):(9(1121&3{|]Z| }) with a>4+max{0,m}.

Then, under Conditions C1-7, the central limit theorems (13) and (1) are satisfied.

Remark A sharper dependence assumption is 1, = (9(7’1"’) where a is submitted to the same restriction

§2§ >

J1 <Jj2 <o <Jg
j1 < —r/2,0r 4 >7‘/2

as before; recall that
(k)

o el €It < oo

Proof. From Doukhan (2003), under the previous assumptions, X is a weakly dependent process with

Z Z “5‘??..,,3'10

J1 <Jjz2 < -+ <lp
Jj1 < —r/2,0r jp > 1r/2

| A

€oll} <00 = m =0

TaJrl ) :
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Proposition [{ is then a consequence of Theorem . W

Non-causal linear processes with dependent innovations

Let X = (X,,)nen be a zero mean stationary non causal (two-sided) linear time series satisfying equation
(@) with a dependent innovation process. More precisely, let (&,)ncz be a weakly dependent fourth order
centered stationary process verifying Assumption M and such that E(£2) = 02 < co. Assume that there exists
B=(BWY,...,3P) such that for all k € Z, ar = ay(8) with ax(3) = O(|k|~®) and a > 1. Denoting g(s,,2) the
spectral density of the process (£,,)ncz, the spectral density of X exists and satisfies

00 2

Z ap (ﬂ)e—ikk

k=—oc0

f(ﬁ,az)(A) = 9(5,02)(>‘) !

For instance, the process (&,)nez may be a causal or a non-causal ARCH(co) or bilinear process. Following
the results of Doukhan and Wintenberger (2006), if (&,)nez is a n-weakly dependent process, then X is an
n-weakly dependent process (with a sequence (7,.), that can be deduced). Thus, the asymptotic normality of
the Whittle estimate of parameters (3, 02) could be established

Proposition 5 Let X be a linear time series satisfying with (ar(8))kez € RZ and (&)rez a n'S) -weakly
dependent process with zero mean, a spectral density gs .2y depending only on parameters (3, 0?), and such
that E(£2) = 02 and E(|&|™) < 0o. Moreover, we assume that

o e (a=2)(m—2)
ae(B) = O(k|™), 0 =0™), with b Ty~

Then, under Conditions C1-7, the central limit theorems ) and ) are satisfied.

2m71}

> 3;
max{ "m—4

Proof. Doukhan and Wintenberger (2006) proved, under assumptions ax(8) = O(|k|~*) and ' = O(r=?),
(a=2)(m—2)
that X is a n-weakly dependent process with 7, = (’)(r_b' (a=T)(m=T) ) PropositionE is then a consequence of

Theorem H [ ]

4 Appendix: proofs

4.1 Proof of Theorem [I]
Lemma 2 If X satisfies Assumption M, then

n- r?ax (Var (Rn(f))) < kg + 27.
Proof of Lemma E To prove this result, we use the identity
Cov (YO,Zv }/j,l) = K’4(€7jaj + 6) + R(])2 + R(] + K)R(j - 6)5

and deduce from the stationarity of (Yj¢); ez when ¢ is a fixed integer

(n—0OAn  (n—€)An

n-Var(én(f)) < % Z Z |Cov (Yj,e, Y o)

F=1v(1—£) j/=1v(1—£)

< Z |COV YOJ’ Yj/)'

JEZ

< Y (15alt, 4,5+ 0] + 2R()?)
JEZ

S R4 + 275

by using Cauchy-Schwarz inequality for £2-sequences. N

Lemma 3 If X satisfies Assumption M, then

3
E|J, — J|3, < —(7 +cs - (ke + 27)), where ¢, is defined in (f).
s T n
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Proof of Lemma [§. Let g(\) = >ven ge e € Hy. As in Doukhan and Leén (1989), we use the decomposition

Ti(9) = Y R(0)gr,
Iflzn
1(g) — J(9) = ~Ti(g) — Tolg) + Ta(g) with { To(9)=— > [l R(0) e, (24)
e <n
Ts(9) = Y (Ru(t) = ER,(0)) go
[e|<n

Remark that T5(g) = Jn(9) — EJ,(g). Thus, we obtain the inequality

EllJn = I3, < 317107, + 1 T2ll3, +EIT5]%,).
Cauchy-Schwarz inequality yields
1

2 —2s 2 o 1 2
ITall7e, < >+ )™ RO <~ > R,
[e]=n le|>n
1 o 1
1Tl < S0P (4 I RO < - ST RO
[ <n [£|<n
Hence, |T1]|2, + | T2]|2, < ~. Lemma [ entails
s s n
1513, < D0 (A1) (Ra(6) — ERa(0))%,
|[e]<n
o N 1 o cs(ka + 27)
E 2 , 2s - 2s
ITsll7e, < >+ 1) 7 Var (Ru(0) < — 3 (14 )7 (ma +29) < === ——,
lel<n le|<n
with ¢, defined in (B). We combine those results to deduce Lemma B [ |

Proof of Theorem ﬂ We prove this strong law of large numbers from a weak L2-LLN and Lemma E The
scheme of proof is analogue to the one in the standard strong LLN in 2. Set ¢ > 0. First, we know that for
all random variables X and Y, we have P(X +Y > 2t) <P(X >¢)+ P (Y > t). Thus

oo

P(Sup HJH_JHH’S Z2t> S Z P(HJkZ _JHH’S Zt)
n>N
- k=[V'N]
+ P ( sup || Jn = Jiz2[lw Zt>
pe[vN]  \FPsn<(D)?
< An + Bn. (25)

[ From Bienaymé-Tchebychev inequality, Lemma H implies that
Ch 1
An < = Z 2 (26)
k>VN

with C; € Ry. Now set R, (¢) = R, (f) — ER,(¢). The fluctuation term By is more involved and its bound is
based on the same type of decomposition as @), because for kZ < n

Jn(9) — Jik2(9) = =T1(g) + Tu(9) — T3(9),

with now Ty(g) = Z R(?) ge,
k2<ej<n
1
Toe) = — > RO
k2<|t]<n
and Té(g) = Z §k2(f)ge— Z én(ﬁ)gg.
0| <k? ¢]<n
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As previously, | 173, + T3]3, < 5.

52
_ _ * .,
Set Ly, = k2§71;22%i<+1)2 | Jn — Ji2 |3, and T = kzgﬁa(gﬂ)z 73|74, . Then,
. E(L?
By < Y by, with by =P(Ly>1t)< (t2k)
k>VN
Now
E(LZ) < 3(I 7113, + T35, +EITEF,) < 2 143 E||T7 |3, -
Then, for k> <n < (k+1)? and ¢ € Z,
- k2
Rn(g) = ;RkZ (f) + Aé,n,k
1 nA(n—~) 1 nA(n—~)
Dpni = - Z (XpXnie — R(X)) = - Z Yo
h=k2A(k2—£))+1 h=k2A(k2—£))+1

Remark that Ry (¢) = 0 if k% < [¢| < n and thus R,,(¢) = Ay p,k in such a case. Also note that

(K2 4+2k)A((K*+2k)—20)

Af, = max |Aganl < > |Vi.t|
Rrsn<(k+1)? k h=(k? (K2 —£))+1

1
* \2 2
and thus E(AUC) < o (2k:) .(hr,Iél)anZZ (E(|Yh7g| ))
4
< S E(1XolY).
Write
o) = X e (1-5)a- 3 s
\€\<k2 [ <n
T ()| < - Z | Rz (€) go| + Z A7 i |gel,
W<k2 [¢|<(k+1)2

and we thus deduce

* 4 * C- A
E|T¢l7, < 2¢ (kz max (Var (Bye (f))) + max (E(Aé,k)2)) S 2

for a constant A > 0 depending on E|Xo|?, k4, and « only. Hence by < 3(y+ A - ¢)/(k?t?) is a summable series
and, with Cy > 0,

D @)

E>VN

Then, (5), (R6) and (7) imply sup ||J, — |2 NL 0 what is equivalent to [|J, — J|[3;, =3 0. [ |

4.2 Proofs of the section 2.3.1]
First let us recall the following classical lemma (see a proof in Rosenblatt (1985) [Bd], p. 58):

Lemma 4 If X satisfies Assumption M and (¢, k) € Z? be arbitrary integers, then

n- Cov(Rn(k), Ra(£)) — opy.

n—oo
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Proof of Lemma . Under condition (ﬂ), the projective criterion, introduced in Dedecker and Rio (2000), i.e.

ZE ‘Yoﬂgi E (kaei o( Y, j< 0)) ‘ < oo forallie{1,...,m}, holds. Therefore cach R,(¢;) satisfics the
k>0

central limit theorem. Now, by considering a a linear combination of (Yj¢,, ..., Y}, ), denoted Z;, the projec-
tive criterion is also satisfied by (Z;), ez yielding the multidimensional central limit theorem () ]

Proof of Theorem IQ We first prove the following lemma:

Lemma 5 (Tightness) If X satisfies Assumption M then the sequence of processes (Zn)nen= is tight in HL.

Proof of Lemma E Following de Acosta (1970), for showing the tightness we only need to prove that the
sequence is flatly concentrated, this means that

E(llpZnl,) — 0.

where pr, : H, — F} denotes the orthogonal projection on the closed linear subspace F; C H. generated by
(e0)jg)>1 with eg(X) = €' (also F, C H, denote the subspace generated by (ef)¢>z). Then, for L >0,

lpLZnllr, = sup |Zn(9)]- (28)
llgll+s <1, g€FL

Thus, for g = >y 5 1, geer € Fr and ||g|l%, < 1, using again the decomposition (£4), we obtain

Za(9)? < 3n- (IT1(9)]” + |Ta(9)|* + | T5(9) ).

First, from a Cauchy-Schwarz inequality, we have

n(ITu(g)? +Ta(9)?) < | D QA+)RE)* Y (1+)*gf
[4|>nVL [€|>nVL

Flgayg 30 PO ZRE? YD (4 )

L|<n L|f<n
< n(l+nVL)™> Y RO +Tpeny Y, 11+ [€) > R0)?
[4|>nVL L<|e|<n
< fy(L(l + L) Tpsny + L1+ L)’QSJI{L@}).
Thus, we obtain
2 2
sup 0 (|Ti(9)f” +[T2(g9)]*) — 0. (29)
llgllr, <1, g€FL L—oo

Also note that

ViTs(g) = vy (Ra(t) —ER.(£)g

|[e|<n
77,|T3,(9)|2 < n Z (1+|£|)725(§n(€)*Eﬁn(ﬁ))Q
L<|t|<n
5( ol P gEFZITg,(g)IQ) < L§<n(1 1) - sup (nvar (Ra(0))) < ELG +16)7% (k4 + 37).

Since Y,z (1 + €))7 < 400, we deduce IE( sup n|T3(g)|2) — 0. With () and (R§), the proof
lgllre. <1, g€Fs fmee

ends. B

Now the proof of Theorem E can be achieved. Indeed, the tightness allows to establish the functional cen-
tral limit theorem. Moreover, J,(g) — EJ,(9) = > ez 9¢ (Rn(€) — E(R,(¢)), and therefore, from ), the
limiting covariance of the process (Z,)n>1 is given by (). More details of the finite dimensional convergence
of the process (Z,,(g1), .., Zn(gk)) can be found in Rosenblatt (1985, Corollary 2, p. 61). N
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Proof of Corollary E Respectively from Rio’s inequality (1994) and from X’s stationarity, we have, for all
{keN

1Yo,e B (Yiyee | Be)lla

IN

a(o(Yiye,e),Be)
2 /O Q|Y0,4| (u) Q|Yk+€,€| (u) du

/@(U(X@,Xk+£)760)

IN

2 QIQYO,A (u) du.

0

Therefore, for all £,k € N,

ay,
IYorE Yiper | Bl < 2 / Q, () du.

Consequently, for all £ € N

IN

1
S IV E e Bl < 2 [ | Ylucog | @y w)

k>0 k>0

2 [ (o) @Ry ()

IN

But Lemma 2.1 in Rio (2000) provides

2

/O(QI(U))_IQ?YO,H(U)CZU < /O(a'(u))_l(Q|XUI(U)QIXA(U)+Q|R(f)|(“)) du

< / (0! ()~} (@3, (1) + |R(O)? du,

1
and therefore if/o (a'(u))_leXO‘(u) du < oo, then Z 1Yo, E(Yie | Be)ls <ooforallleN. B
k>0

Proof of Corollary @ We truncate the variables X; = far(X;) + gm(X;) where, for x € R, we set fu(x) =
(x ANM)V (=M) (then fr € [-M,M]) and gy (x) = = — fu(x) satisfies [gar(2)| < [#[lz)>p. Note that
Lip far =1 and || fasr]|eo = M.

Then, kag = (fM(Xk) fM(Xk+Z) — R/(ﬁ)) + Uk,é,M with:
o R'(0) =Efnm(Xi)far(Xkte);
o U ot = g (Xe) Fvr (Xire) + For (Xe) g (Xete) + 90 (Xi)gn (Xi+e) + R'(£) — R(£).

Therefore, E( Uy ¢,p) = 0 and, for m such that || Xol|,, < oo, we derive

Uk enrllt < ME|Xp| Tix, 500 + ME|Xgro| Tx,,j>m
+E ((|Xk| ']I\Xk\>M)2) + ‘E (XoXe - fM(XO)fM(Xé))’

1-2/m

IN

oM Xolln (B0 > 2)) " 10l (B (Ko > M)

+E | far(Xo)gar (Xe)| + E |gar (Xo) far (Xe)| + E [gar(Xo)gar (Xe)|
E X m 171/m E X m 172/’!71
D) g, (B
6 M>~™ - || Xollm, (30)

IN

AM | Xolm

IN

from Hoélder and Markov inequalities. By the same procedure, we also obtain

Ukemllz < 6(]E912M(Xk)ff4(Xk+e)+1Eff4(Xk)912w(Xk+e)+E912\4(Xk)912\4(Xk+e))
< 18- M| X (31)
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Let has be the function such that has(x,y) = far(z) far(y) — R (€) for all (z,y) € R2. Note that ||h|e < 2M?
and Lip hps = M. Moreover, for all random variable W in L!(Q, A, P),

IE (W | Bo)|lx = sup B 2)|
ZeL>®(2,B¢,P) , || Z]|cc<1

Therefore,

HhM(Xo,Xe) ‘E (hM(Xk,XkJre) | Be) H1 HE (har(Xo, Xe) - har (X, Xiqe) |34)H1

= sup ‘E (Z ~har(Xo, X¢) - har (X, Xk-i—é))’
ZeL>(2,B¢,P) , | Z||o<1

< sup
Z/€L>(Q,B,P) |, |20 <2M?

Cov (h]\/[(Xk, XkJrg) y Z’) ’
Consequently, from the inequality (E) and the stationarity of X, for all £ > 0,
| e, X0) - B (s (X, Xie) 1 Be )|, <4 M2 0. (32)

Thus,

IN

[ (8, = e (Cec )], i 0 15

|20 - B (ar (X, Xewn) | Be )|+ || e (Xo, Xo) - B (as (X Xiere) | Be )|

IN

2
HUk,Z,MH2 + 4M2HUk,e,MH1 + HhM(Xo,Xe) -E (hM(Xk,XkJre) | Be) H1
42- MY | Xollm +4- MP -0y,

IN

from (B0), @) and (@) Set M = 9;:(@((”_1), the previous calculations prove that, if there exists some m > 4
such that

Zﬁi_g/(m_l) < 00, and (1 Xol|lm < oo,
k=0

then the Uniform CLT () holds. W

4.3 Proofs of Theorem J and Corollary [3

Proof of Theorem [3. Set g € H, with g(\) = Y ez gee™ let k € N* and define g (\) = Zwkkggeue. One
obtains for all C3(R) function ¢ with bounded derivatives up to order 3

E [o(vVatnle) = 1)) = ¢(ate) - V) || < DI, + DL + D,

with
D = [E [o(Va(g®) = 1gD)) = 6(a(g®) - N
D) = [E[o(ats®) N) = 6(ele)- N)]|
D = [E[o(Vatae®) = 1™ = é(Vaildale) - () ]|
Term D{"): Fori=1,...,n, set @; = (Xit¢)q<k a stationary random vector in R?*~1. The function

h(z;) = Z 90e(X;Xive — R(0)) fori=1,...,n,
[£]<k

satisfies the assumption H (namely Eh(zg) = 0 and there exists a > 1 and A = A(d) > 1 such as for all
u,v € RY, [h(uw)] < A(Jul* V1) and [h(u) — h(v)] < A ((Ju|*" 4+ [0]*7) V1) |u—v], see in B]). Here a = 2 and
A= A2k — 1) = 2k — 1. Define also

1

7 h(xi) = Vn(Jn(g™) = T(g™)).

M=

Sk —

1
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a(m—4)—2m+1
2(m+1+a-m

By applying Theorem 1 of Bardet et al. (2005) to this function h, one obtains with C; > 0 and A =

)

D) < ¢y K n, (33)
Term ngr)l From inequality |a — b| < |a? — b%|/a for a > 0, b > 0, and from the mean value theorem,

/
’ a*(g)

But, from the expression (E), we deduce

a*(g) — o*(g')|.

o(g) — 02(9(’“))’ <

- TP — (@) 20 dA

+27T/j /:f (g(N)g(r) — g (N g™ (1) F1 (N, M,u)d/\du'.

With g € H,, we have

lo—a®le < (S +100=2) (S aim®a?) " < (a1 ) gl

€| =k [€] >k [e|=k
1/2
Consequently, with also ||g 4+ g% ||oe < 2(2662(1 + |€|)_23) - ||g]l#., there exists Cy > 0 such that
DY) < Cy - k3, (34)
Term Dgf%: First, from a Taylor expansion,

1 2
DI, < 5116 lloo - B (Jnlg — 9¥) = (g — g™)) .

With the same decomposition as in the proof of Lemma E, one obtains

]E(Jn(g —gM)—J(g- g(’“)))2 < 3(( > R(f)ge)Q + (% > |€|R(€)ge)2 +

[e|>n k<|l|<n

First,

(X rOg) <+ 3 RO S 0+ 107 <~ lali, - 3 R

[€]=n [€]=n [€]=n [€]=n

S|

Using the weak dependence of (X;); and with the same method as in the proof of Lemma 2 in Bardet et al.
(2005) adapted to the function h(z) = z (therefore with a = 1),

m—2

(RO < comp™ e g7,

from the rate 1, = O(|¢|~*) with o > 3. As a consequence,

m—2 2 m—2
Z R(€>2 <ec- n1—204 m=1 and ( Z R(f)ge) <c- n—Qa w1
[¢|>n [¢|>n

In the same way,

3=
=
oy
=
)
~
IA
3=

gl - Y- R(0)* <

E<|t|<n E<|t|<n
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Finally,

~ ~ ~ 1/25 2
| Y (B -e@@)| = (X lol(Var(Rue)) )
E<|t|<n k<|t|]<n
< max (Var (Ba(0) - lglide, - . (L+]e)72
k<|l|<n
1
< —-(ma+29) llgllf, - Do (1+[¢)7* from Lemma ]
K E<|t|<n
Summing up, there exists C's > 0 such that
D) < Cg - (K172 550 4+ |12, (35)

-2 1
1~ 1) A(s— 5) and selecting k such

Now, with (), (B4) and (BF), we deduce by considering ¢ = (Qa m
that k'T3 = n?, that there exists C' > 0 such that

E[o(vVatnl9) = I(9)) = 6(ol9) - N) || < C-n7Hs M m

Proof of Corollary B Set g(\) = ¢** in Theorem E Since this function belongs to each space Hs, it follows
that the terms Dék)l and Dék)l both vanish and the result follows from the bound (B3). W

5 Appendix: a useful lemma

For a weakly dependent process, the following auxiliary lemma shows that a function of this process is also a
weakly dependent process and moreover provides a relation between the two weak dependence sequences. For
an example of the use of such a result, see the paragraph devoted to causal ARCH(oco) time series.

Lemma 6 Let (X;)icz be a Ri-valued and LP-stationary time series with p > 1, h : RY — R be a function
_ e 2

such that |h(z)| < c||z(|* and [h(z) = h(y)| < cllo =yl (2"~ + lyl|*=*) for (z,y) € (RY)", || - || a norm on

R, with 0 < c and 1 < a < p. Let (Y;)iez be the stationary times series defined by Y; = h(X;) fori € Z. Then

o If(X,)icz is 0-weakly dependent time series, then (Y;)icz is a stationary 0¥ -weakly dependent time series,

such that Vr € N, 0¥ = C - 9,?’1 with a constant C' > 0;

o If(X,)icz isn- weakly dependent time series, then (Y;)iez is an¥ -weakly dependent time series, such that

vreN, nY =C- 77#”1 with a constant C' > 0.

Proof. We first assume that d = 1. Let f: R* — R and g : RY — R two real functions such that Lip f < oo,
[ flle <1, Lipg < 00, ||g]lec < 1. Denote M) = (xAM)V(—M) for x € R. For simplicity we first assume that
v=2. Letir,... 00,41, --,Juv € Z*"Y such that iy,...,i, > rand ji,...,J, <0anddenotez; = (X;,,...,X;,)
and z; = (Xj,,...,X;,). We then define functions F : R* — R, FM) : R* — R and G : R" — R,
GM) : RY — R through the relations, F(z;) = f(h(X4,),. .., X;,)), FM(x;) = f(h(XZ-(lM)), . .,h(XgVI)))
and G(z;) = g(h(X,,), ..., h(X;,)), G (z;) = g(h(X M>),...,h(x§j4>)). Then

|Cov (F(x3), G(z5))] < |Cov (F(x) (%) G (5))] + [Cov (F(a1), G ()|
< 2EIG(zj)*G( (@5))] + 2E|F (25) — FO (@3)] + |Cov (FM (a7), G ().

The last relation comes from || f|lcoc < 1. But we also have

E|G(z;) — GM(a5))| < v-Lipg-Elh(Xo) — h(Xg")
< 2c-v-Lipg-E(|Xo|* T x,>n)  (from the assumptions on h),
< 2c-v-Lipg- || Xollp - M*"?  (from Markov inequality).

The same thing holds for F. Moreover, the functions F(M) and GM) satisfy Lip FM) = Lip F(M) = ¢. pMo—1,
with ¢ > 0, and |[F || <1, ||GM)||o < 1. Thus, from the definition of the weak dependence of X

IN

‘COV (F(M) (z3), GM) (xJ))‘ CvLip fM®~16,., with v = 2, under condition 6;

IN

C(vLip f + uLip g)M*'n,, under condition .
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Finally, we obtain respectively

|Cov (F'(z1), G(z3))| CvLipf(M“719T+Ma7p)

<
< C(vLip f +uLipg) (Maflm + M“fp).

By the optimal choice of M = ei/ (1-p ), we get respectively

(Cov (F(Yirs . Vi)Yo Y )| < CuLip 073

IN

p—a

C(vLip f +uLip g)n?".

IN

Changes for the vector valued case are simple, here truncations should only be considered componentwize and
yield the same result up to a constant. W
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