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In this paper we investigate the problem of testing the assumption of stationarity in locally stationary pro-
cesses. The test is based on an estimate of a Kolmogorov—Smirnov type distance between the true time
varying spectral density and its best approximation through a stationary spectral density. Convergence of a
time varying empirical spectral process indexed by a class of certain functions is proved, and furthermore
the consistency of a bootstrap procedure is shown which is used to approximate the limiting distribution
of the test statistic. Compared to other methods proposed in the literature for the problem of testing for
stationarity the new approach has at least two advantages: On one hand, the test can detect local alternatives
converging to the null hypothesis at any rate g7 — 0 such that g7 T1/2 -5 o, where T denotes the sample
size. On the other hand, the estimator is based on only one regularization parameter while most alternative
procedures require two. Finite sample properties of the method are investigated by means of a simulation
study, and a comparison with several other tests is provided which have been proposed in the literature.

Keywords: bootstrap; empirical spectral measure; goodness-of-fit tests; integrated periodogram; locally
stationary process; non-stationary processes; spectral density

1. Introduction

Most literature in time series analysis assumes that the underlying process is second-order sta-
tionary. This assumption allows for an elegant development of powerful statistical methodology
like parameter estimation or forecasting techniques, but is often not justified in practice. In re-
ality, most processes change their second-order characteristics over time and numerous models
have been proposed to address this feature. Out of the large literature, we mention exemplarily
the early work on this subject by Priestley [25], who considered oscillating processes. More re-
cently, the concept of locally stationary processes has found considerable attention, because in
contrast to other proposals it allows for a meaningful asymptotic theory, which is essential for
statistical inference in such models. The class of locally stationary processes was introduced by
Dahlhaus [7] and particular important examples are time varying ARMA models.

While many estimation techniques for locally stationary processes were developed (see Neu-
mann and von Sachs [20], Dahlhaus, Neumann and von Sachs [10], Chiann and Morettin [5],
Dahlhaus and Polonik [11], Dahlhaus and Subba Rao [13], Van Bellegem and von Sachs [27]
or Palma and Olea [21] among others), goodness-of-fit testing has found much less attention al-
though its importance was pointed out by many authors. von Sachs and Neumann [29] proposed a
method to test the assumption of stationarity, which is based on the estimation of wavelet coeffi-
cients by a localised version of the periodogram. Paparoditis [22] and Paparoditis [23] used an L,
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distance between the true spectral density and its best approximation through a stationary spec-
tral density to measure deviations from stationarity, and most recently Dwivedi and Subba Rao
[15] developed a Portmanteau type test statistic to detect non-stationarity. However, besides the
choice of a window width for the localised periodogram which is inherent in essentially any
statistical inference for locally stationary processes, all these concepts require the choice of at
least one additional regularization parameter. For example, the procedure proposed in Sergides
and Paparoditis [26] relies on an additional smoothing bandwidth for the estimation of the local
spectral density. It was pointed out therein that it is the choice of this particular tuning parameter
that influences the results of the statistical analysis substantially.

Recently, Dette, Preuss and Vetter [14] proposed a test for stationarity which is based on an
L, distance between the true spectral density and its best stationary approximation and which
does not require the choice of that additional regularization parameter. Roughly speaking, these
authors proposed to estimate the L, distance considered by Paparoditis [22] by calculating inte-
grals of powers of the spectral density directly via Riemann sums of the periodogram. With this
idea, Dette, Preuss and Vetter [14] avoided the integration of the smoothed periodogram, as it was
done in Paparoditis [22] or Paparoditis [23]. In a comprehensive simulation study it was shown
that this method is superior compared to the other tests, no matter how the additional smoothing
bandwidths in these procedures are chosen.

Although the test proposed by Dette, Preuss and Vetter [14] has attractive features, it can only
detect local alternatives converging to the null hypothesis at a rate 7~/4, where T here and
throughout the paper denotes the sample size. It is the aim of the present paper to develop a test
for stationarity in locally stationary processes which is at first able to detect alternatives converg-
ing to the null hypothesis at the rate g7 — 0 such that g7 T!/?> — oo and is secondly based on the
concept in Dette, Preuss and Vetter [14] for which no additional smoothing bandwidth is needed.
For this purpose, we employ a Kolmogorov—Smirnov type test statistic to estimate a measure of
deviation from stationarity, which is defined by

D:= sup |D(v, a))|,
(v,w)€[0,1]2

where for all (v, w) € [0, 17 we set

v nw Tw 1
D(v,w) :=%(/0 /(; f(u,k)dkdu—v/o j(; f(u,k)dudk) (1.1)

and where f(u, A) denotes the time varying spectral density. Note that the quantity D is identi-
cally zero if the process is stationary, that is, if f («, 1) is does not depend on u. The consideration
of functionals of the form (1.1) for the construction of a test for stationarity is natural and was
already suggested by Dahlhaus [9]. In particular, Dahlhaus and Polonik [12] proposed an esti-
mator of this quantity which is based on the integrated (with respect to the Lebesgue measure)
pre-periodogram. However, in applications Riemann sums are used to approximate the integral
and therefore the approach proposed by these authors is not directly implementable. In particular,
it is pointed out in Example 2.7 of Dahlhaus [9] that the asymptotic properties of an estimator
based on Riemann approximation have been an open problem so far. See the discussion at the
end of Section 2 for more details.
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In Section 2, we introduce an alternative stochastic process, say {ﬁr(v, w)}(v,w)e[o,l]z’
which is based on a summation of the localised periodogram and serves as an estimate of
{D(v, w)} w)eo.172- The proposed statistic does neither require integration of the localised pe-
riodogram with respect to an absolutely continuous measure nor the problematic choice of a
second regularization parameter. Weak convergence of a properly standardized version of Dr to
a Gaussian process is established under the null hypothesis, local and fixed alternatives, giving a
consistent estimate of D. The distribution of the limiting process depends on certain features of
the data generating process which are difficult to estimate. Therefore, the second purpose of this
paper is the development of an AR(0c0) bootstrap method and a proof of its consistency. See Sec-
tion 3 for details. We also provide a solution of the problem mentioned in the previous paragraph
and prove weak convergence of a Riemann approximation for the integrated pre-periodogram
proposed by Dahlhaus [9], which is Theorem 2.2 in the following section. As a result, we obtain
two empirical processes estimating the function D defined in (1.1) which differ by the use of
localised periodogram and pre-periodogram in the Riemann approximations. In Section 4, we
investigate their finite sample properties by means of a simulation study. Although the estimator
based on the pre-periodogram does not require the specification of any regularization parameter
at all, it is demonstrated that it yields substantially less power compared to the statistic based on
the localised periodogram. Additionally, it is shown that the latter method is extremely robust
with respect to different choices of the window width which is used for the calculation of the
localised periodogram. Moreover, we also provide a comparison with the tests proposed in Pa-
paroditis [23], Dwivedi and Subba Rao [15] and Dette, Preuss and Vetter [14] and show that the
new proposal performs better in many situations. Finally, we present a data example, and for the
sake of a transparent presentation of the results all technical details are deferred to the Appendix.

2. The test statistic

Following Dahlhaus and Polonik [12], we define a locally stationary process via a sequence of
stochastic processes {X; r},=1,....7 which exhibit a time varying MA (oco) representation, namely

.....

o0
Xor= Y WnriZiy.  t=1....T, @.1)

[=—00

where the random variables Z; are independent identically standard normal distributed random
variables. Since the coefficients v; 7; are in general time dependent, each process {X; r}i=1...7
is typically not stationary. To ensure that the process shows approximately stationary behavior
on a small time interval, we impose that there exist twice continuously differentiable functions
Yy :10,1] > R, I € Z, such that

2. s |vnri—vit/T)|=00/T) 22)

t=1,...,
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as T — oo. Furthermore, we assume that the following technical conditions

o0

Y sup NACILEES 2.3)
1:—00“6[0

Z sup |y (u)| < o0, (2.4)
o U€L0,1]

> sup Y/ w)| < oo (2.5)
oo wEl0,1]

are satisfied, which are in general rather mild. See Dette, Preuss and Vetter [14] for a discussion.
Note that variables Z; with time varying variance o(t/T) can be included in the model by
choosing the coefficients v; 7 ; in (2.1) appropriately.

Set

¥ (u, exp(—in)) : Z ¥ () exp(—iAl).

|=—00

Then the function

1
Flu,n) = %Wf(u, exp(—in)) |’

is well defined and called the time varying spectral density of {X; r},=1,...7, see Dahlhaus [7].
It is continuous by assumption and can roughly be estimated by a local periodogram. To be
precise, we assume without loss of generality that the total sample size T can be decomposed as
T = NM, where N and M are integers and N is even. Furthermore, we define

N-1 2

I¥(u, 2) = Z X (uT|—Ny2+1+s,T €Xp(—iLs)
s=0

2nN

which is the local periodogram at time u proposed by Dahlhaus [8]. Here, we have set
X;r=0,if j ¢ {l,...,T}. This is the usual periodogram computed from the observations
X\uT|=N/241,T» - - -» X|uT | +N /2,7 - The arguments employed in the Appendix show that

E(IXu,2)) = f(u, ) +O(1/N) +O(N/T),

and therefore the statistic / 1{5 (u, 1) is an asymptotically unbiased estimator for the spectral den-
sity if N — oo and N = o(T'). However, I}\f(u, A) is not consistent just as the usual periodogram.
We now consider an empirical version of the function D (v, ®) defined in (1.1), that is,

| M Lo /2] M |oN/2]

Dr (v, w) = Z Z ¥y hu) — L”MJ ! >3 Z O X))
j=1 k=1 ] 1 k=1
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where the points
u-'—Q'— N(G—-1)+N/2
isrET 71

define an equidistant grid of the interval [0, 1] and

_2nk N
s

denote the Fourier frequencies. It follows from the proof of Theorem 2.1 in the Appendix that
for every v € [0, 1] and w € [0, 1] we have

LvMJ LoN/2]

E(Dr (v, w)) = Z Z fluj, 0
Jl k=1

M |wN/2]

72 2 fluj ) +0(1/N) +O(N*/T?)

j=1 k=1
=D, w)+O(/N)+OWN/T),

LUMJ 1

where the latter identity is due to the approximation error of the Riemann sum. This error can be
improved, if we replace D (v, w) by its discrete time approximation, that is,

Dy y(v,w) =

b M1 LoN/2]
ST

for which the representation
E(Dr (v, w)) = Dy, m(v, @) +O(1/N) + O(N?/T?) 2.7)

holds. The approximation error of the Riemann sum in (2.7) becomes smaller due to the choice
of the midpoints u ;. The rate of convergence will be T~1/2 later on, so we need the O(-)-terms to
vanish asymptotically after multiplication with /7. Therefore, we define an empirical spectral
process by

[vM] |oN /2] LvMJ 1 M |oN/2] )

Gr(v,w):=vT ( > Z I, m) — Z > Iy k) — Dy u(v, o)
j=1 k=1 k=1

] 1

and assume

T2 N
N — o0, M — oo, T—>O, m—>0. (2.8)
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Our first result specifies the asymptotic properties of the empirical process (Gr(v, ®)) (v,0)€[0, 112>
both under the null hypothesis and under a fixed alternative. The null hypothesis of stationarity
is formulated as

Ho: f(u, ) is independent of u, 2.9)

which is a little different from genuine second-order stationarity, since it only means that the
coefficients ¥, 7 in (2.1) can be approximated by time independent terms ;. Thanks to the
continuity of the time varying spectral density, the alternative corresponds to the property that
there is some A such that u — f(u, A) is not a constant function. Finally, the symbol = denotes
weak convergence in [0, 112.

Theorem 2.1. Suppose we have a locally stationary process as defined in (2.1) with independent
and standard normal innovations Z;. Furthermore assume that the assumptions (2.2)—(2.5) and
(2.8) are satisfied. Then as T — oo we have

(G1 @, @), weqo, i = (GO D), yeo 1 (2.10)
where (G (v, ®)), wyeo,112 IS @ Gaussian process with mean zero and covariance structure

COV(G(U1 ,w1), G(va, 0)2))

1 1 nmin(wy,wy)
— 2
_E/O /0 (I[O,Ul](u) —vl)(l[o)vz](u)—vz)f (u,k)d)\du.

Under the null hypothesis, we have Dy y (v, w) =0 forall N, M € N and for all v, w € [0, 1].
Therefore, we obtain

(ﬁDT(U’ w))(v,w)e[o,ljz = (G, “’))(u,w)e[o,u%
which yields

VT sip |Drw, o) 2> sip |G, ) @.11)
(v,w)€[0,1]2 (v,w)€[0,1]2

under the null hypothesis (2.9). An asymptotic level « test is then obtained by rejecting the null
hypothesis of stationarity whenever /T SUP () €[0, 172 |ﬁT (v, w)| exceeds the (1 — a)% quantile
of the distribution of the random variable sup, ., c(0.112 |G (v, @)|. On the other hand, under the
alternative there is a pair (v, ) such that D(v, ) # 0. The fact that Dy 5y converges uniformly
to D together with Theorem 2.1 yields consistency of this test. Note also that under the null
hypothesis Hy the covariance structure of the limiting process in Theorem 2.1 simplifies to

min(vy, va) — vjvy [ Tmin(@©2)
Cov(Gr, @), G(v2, 2)) = o /0 20 dx 2.12)
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and depends on the unknown spectral density f. In order to avoid the estimation of the inte-
gral over the squared spectral density, we propose to approximate the quantiles of the limiting
distribution by an AR(c0) bootstrap, which will be described in the following section.

An alternative estimator for the time varying spectral density is given by

1 .
Jr(u, ) = T E X \uT+1/2+k/2) X (uT+1/2—k/2) €Xp(—irk),
k:1<|uT-+1/24k/2) <T

which is called the pre-periodogram (see Neumann and von Sachs [20]). As for the usual peri-
odogram, it is asymptotically unbiased, but again not consistent. Based on this statistic, we define
an alternative process by

| [vT] [&T/2]
Hy (v, 0) = ﬁ<ﬁ > IrG/T her)
=1 k=1
! (2.13)

LT T |wT/2]
— =2 2 JrGIT ) = DG, w>>,
j=1 k=1

where the Fourier frequencies become Ay 7 = 2mk/T now. Convergence of the finite dimen-
sional distributions of the process (H} (v, ®)) (v, wyef0,12 0 the ones of the limiting process
(G(v, w))(v,w)e[o,l]Z has already been shown in Dahlhaus [9]. Tightness can be shown using
similar arguments as given in the Appendix for the proof of Theorem 2.1, which are not stated
here for the sake of brevity. As a consequence, we obtain the following result.

Theorem 2.2. If the assumptions of Theorem 2.1 are satisfied, then as T — 0o we have

(I:I}(w w))(u,w)e[o,l]z = (G, w))(v,w)e[0,1]2’

where (G (v, ®)), w)e(o,112 IS the Gaussian process defined in Theorem 2.1.

Because the use of I:I} (v, w) instead of GT (v, w) does not require the choice of the quantity
N, which specifies the number of observations used for the calculation of the local periodogram,
it might be appealing to construct a Kolmogorov—Smirnov type test for stationarity on the basis of
this process. However, we will demonstrate in Section 4 by means of a simulation study that for
realistic sample sizes the method which employs the pre-periodogram is clearly outperformed by
the approach based on the local periodogram. Our numerical results also show that the use of the
local periodogram is not very sensitive with respect to the choice of the regularization parameter
N either, and therefore we strictly recommend to use the latter approach when constructing a
Kolmogorov—Smirnov test.

Remark 2.3. The convergence of a modified version of the process (2.13) to the limiting Gaus-
sian process (G (v, @)y, w)efo,112 ©f Theorem 2.1 was shown in Dahlhaus and Polonik [12],
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where the Riemann sum over the Fourier frequencies was replaced by the integral with respect
to the Lebesgue measure. More precisely, these authors considered the process

[vT]

R l TTw

(H} (v, ) 2:=—<§ / Jr(j/T,2)dx
(v.w)€l0.1]
U@ 21T oo

T Tw
—UZ/ JT(j/T,k)dA—D(v,w))
j=1""

(v,w)€l0,1]2

instead of (H(v, ®)) v wyefo,12 and proved its weak convergence. This is a rather typical re-
sult, as many other asymptotic results are only shown for the integral (instead of the sum over
the Fourier coefficients) over the local periodogram or the pre-periodogram; see, for example,
Dahlhaus [8] or Paparoditis [23]. The transition from these results to analogue statements for
the corresponding Riemann approximations is by no means obvious. For example, although it is
appealing to assume that

T 2n ¥4
I, )dv="2 18w, ») + 01 /N
/ON(u> N};Nw ©) +O(1/N)

holds because of the Riemann approximation error, this identity is in general not valid, as the
derivative a1 1{,‘ (u, A)/0X is not uniformly bounded in N. A demonstrative explanation of this
fact is that K,( (u, Ak,) and [ ]f,( (u, A,) are asymptotically independent whenever k; # k». Thus
in general asymptotic results for integrated local periodogram or pre-periodogram cannot be
directly transferred to the corresponding Riemann approximations. These difficulties were also
explicitly pointed out in Example 2.7 of Dahlhaus [9]. Note further that asymptotic tightness has
neither been studied for an integrated nor for a summarized local periodogram in the literature
so far.

Remark 2.4. Suppose that we are in the situation of local alternatives, that is, we have

Jr(u, 1) = fQ) + grk(u, 1) (2.14)

for some deterministic sequence g7 and an appropriate function k such that (2.14) defines a time
varying spectral density. Note that a locally stationary process with this specific spectral density
can easily be constructed through the equation

Xir = /n exp(irr) A7 (¢/T, 2)dE(R),

where £ is an orthogonal increment Gaussian process and Ar(u, ) is a function such that
fr(u,A) =|A7r(u, 1)|>. See Dahlhaus [8].

A careful inspection of the proofs in the Appendix shows that (2.10) with centering term
Dy m(v, @) = 0 and asymptotic covariance (2.12) also holds in the case where g7 = o(1/ JT).
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Moreover, if g7 = 1/+/T an analogue of Theorem 2.1 can be obtained where the centering term
Dy .y (v, ) in the definition of G7 (v, w) is replaced by

[wM]/M p21|wN/2|/N
(/ / k(u,\)drdu
0

lwM| [2rloN2IN L
— / k(u,k)dudk),
0

which is the original Dy p but with T~!/2k(u, A) playing the role of f(u,1). In this case,
the appropriately centered process converges weakly to a Gaussian process {G (v, @)}y, 4). 0. 12

Dy p (v, w) =

ZJTﬁ

with covariance structure given by (2.12) as well. A similar comment apphes to the process H
defined in (2.13). This means that the tests based on the processes GT and HT can detect alter-

natives converging to the null hypothesis at any rate g7 — 0 such that g7 T7''/> — oo. In contrast,
the proposal of Dette, Preuss and Vetter [14] is based on an L distance between f(u, A) and

fol f(v,A)dv and is therefore only able to detect alternatives converging to the null hypothesis
at arate T~ /4,

Remark 2.5. In Theorems 2.1 and 2.2, we assume the existence of second order derivatives for
the approximating functions v, (u). Nevertheless, it is straightforward to show that our test also
detects fixed alternatives in which the 1;(x) admit a finite number of points of discontinuity. We
furthermore conjecture that the constraints in Theorems 2.1 and 2.2 can be weakened to some
kind of condition on the total variation of ¥; («) as in Definition 2.1 in Dahlhaus and Polonik [12].

3. Bootstrapping the test statistic

To approximate the limiting distribution of sup, ,e0,12 |G (v, @)|, we will employ an AR(c0)
bootstrap approximation, which was introduced by Kreif3 [17]. To ensure consistency of the
bootstrap procedure described later, we have to consider the stationary process Y; with spectral

density A — fol S (u, ) du first, which coincides with X; r in case the latter process is stationary.
We have to impose the following main assumption.

Assumption 3.1. We assume that the spectral density A +— fol f(u, A)du is strictly positive and
that the process Y; has an AR(0c0) representation, that is,

o0
AR
Y,:Zan,_j—i—Zt , (3.1
Jj=1
where (Zf‘R) jez denotes a Gaussian white noise process with some variance 02 > 0 and the

sequence (aj) jeN of coefficients satisfies Z?Ozl laj| < oo and

1= "ajz? #0  for|z| < 1. (3.2)
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Note that (Y;);cz possesses an MA(co) representation

=Y WiZi, (3.3)

[=—00

where the Z; are the same as in (2.1) and the ; are some appropriately defined constants.
The random variables ZlAR in (3.1) do not necessarily coincide with the Z; from (3.3), even
though this could be ensured by assuming that the MA(co) representation in (3.3) corresponds
to the Wold representation of Y;. See, for example, Kreiss, Paparoditis and Politis [19] for a
comprehensive illustration.

We have to introduce a second class of stationary processes, namely (YIAR( P)):ez for arbitrary
integer p, which is the process defined through

Y R(p) = Za,pYAR(pHZAR(p) (3.4)
j=l
where
P 2
(@1.p,--.,ap p) = argmin E(Y,—ij,pY,j> (3.5)
b1 pyesbp.p =

and (ZIAR( P)):ez is a Gaussian white noise process with mean zero and variance

P 2
2
o, :E(Y, - Zaj,pY,]) .

j=1

In other words, YtAR( p) corresponds to the best AR(p) model which can be fitted to the pro-
cess Y;. Lemma 2.2 in Kreiss, Paparoditis and Politis [19] ensures that for growing p

P
> A +blar, —al — 0, (3.6)
k=1

thus the process YtAR( p) becomes ‘close’ to the process Y.

The bootstrap procedure now works by fitting an AR(p) model to the observed data
X1.1,..., X117, where the parameter p = p(T') increases with the sample size 7. To be pre-
cise, we first calculate an estimator (@1, .7, ...,dp, p 1) for

p 2
@1 pT>. . ap pT)= argmin (X,T Z ,,,,TX,_j,T> (3.7)

bl,p,T»msbp,p T
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and then simulate a pseudo series X T oo X ? 7 according to the model

Xt*’TzX,,T; t=1,...,p,

p

* ~ * *,

t,T:Zaj,P,TXt—j,T'FZjv p<t=T.
Jj=1

Here, the quantities Z;’f denote independent and normal distributed random variables with mean
zero and variance

1
Gpi=m— Y (G721 (3.8)

s . 1 T
where Zr 1= 7= 3,11 & and

p
2 IZXI’T—ZcAlj’p,TXZ_j’T forr=p+1,...,T,
Jj=1

~2
thus o,

é*}(v, ) in the same way as GT(U, ) where the original observations X; 7, ..., X7 1 are re-
placed by the bootstrap replicates X ]",T, X ;T. To assure that this procedure approximates
the limiting distribution corresponding to the null hypothesis both under the null hypothesis and
the alternative, we need the following technical conditions:

is the standard variance estimator of the error process Z;. We now define the statistic

Assumption 3.2.

Q) p=p(T) € pmin(T). Prmax(T)] where pax(T) > pmin(T) —=> 00 and

3
Dinax(T)+/1og(T)
P SOV _ 1), 3.9
i M (3.9)

(i1) The estimators for the AR parameters defined by (3.7) satisfy

max |aj 1 —ajpl :O(‘/log(T)/T), (3.10)

I<j=<p

uniformly with respect to p < p(T).
(iii) The estimate 61% defined in (3.8) converges in probability to o > 0.

All assumptions are rather standard in the framework of an AR(co) bootstrap; see, for exam-
ple, Kreil3 [18] or Berg, Paparoditis and Politis [3]. Thanks to (3.9), assumption (3.10) is, for
example, satisfied for the least squares or the Yule—Walker estimators; see Hannan and Kava-
lieris [16]. The latter condition is extremely important, as it implies that X} ; shows a similar
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behavior as the AR(p) process Y,AR(p) and is therefore also ‘close’ to Y; in a similar sense
as (3.6). Therefore, we can expect that statistics based on the bootstrap replicates behave in the

same way as those based on a stationary process. Precisely, we obtain the following result which
implies consistency of the bootstrap procedure described above.

Theorem 3.3. Suppose that the assumptions of Theorem 2.1 hold and that furthermore Assump-
tions 3.1 and 3.2 are satisfied. Then as T — 0o we have conditionally on X1,1, ..., X1

(G;(”’ w))(v,w)e[o,l]z = (G(”* w))ve[O,l],a)e[O,l]’

where (G (v, ®)) (v w)ef0, 112 denotes a centered Gaussian process with covariance structure

~ - 1 _ T min(wy,w?) 1 2
Cov(G(v1, ®1), G(va, w2)) = mm(vl,;}i) viv2 / (/ Fu, 1) du) da.
0 0

We now obtain empirical quantiles of sup, ,)cp0.121G(v, )| by calculating ﬁ;i =
SUD () €[0.1]2 |G*}i(v,w)| fori =1,..., B where CAF; 1(v,a)),...,CA}*} 5 (v, ) are the B boot-
strap replicates of G (v, ). The null hypothesis is then rejected, whenever

VT  sup |ﬁT(v, w)| > (5;)
(v.0)€[0, 112

T.l(1-a)B)’ (3.11)

where (ﬁ;)r,l, e, (bi)r,g denotes the order statistic of 5;1, e ﬁ;B. The test has asymp-
totic level o because of Theorem 3.3 and is consistent within the class of alternatives satisfy-
ing Assumptions 3.1 and 3.2. This follows, since conditionally on X; 7,..., X7 7 each boot-
strap statistic sup, ,)e[o.172 Ié’;(v, w)| converges to a non-degenerate random variable, while

VT SUP(y. w)e[0, 172 |bT (v, w)| converges to infinity by Theorem 2.1. We finally point out that
similar results can be shown for the statistic which is obtained by replacing the localised peri-
odogram in Dr by the pre-periodogram. The technical details are omitted for the sake of brevity,
but the finite sample performance of this alternative approach will be investigated in the follow-
ing section as well.

4. Finite sample properties

4.1. Choosing the parameter

We first comment on how to choose the parameters N and p in concrete applications. Although
the proposed method does not show much sensitivity with respect to different choices of both
parameters, we select p throughout this section as the minimizer of the AIC criterion dating
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back to Akaike [1], which is defined by

T/2

) 1 IF (1)
p = argmin — log( f5, .,y (Ak.T) —|—T4'>+p/T
gP T ;( g( P ! ) fé(p)()‘-k,T)

in the context of stationary processes. See also Whittle [30] and Whittle [31]. Here, fé( » is

the spectral density of a stationary AR(p) process with the fitted coefficients and If is the
usual stationary periodogram. Therefore, we focus in the following discussion on the sensitivity
analysis of the test (3.11) with respect to different choices of N, and we will see that the particular
choice of that tuning parameter has typically very little influence on the outcome of the test.

4.2. Bootstrap approximation

Let us illustrate now how well the proposed bootstrap method approximates the distribution of the
statistic /T SUP(y, w)efo,172 | D1 (v, )| under the null hypothesis. For this purpose, we simulate
observations from the stationary AR(1) model

X[’TZO.SX[_LT‘FZ;, t=],...,T, (41)

for T = 128. In particular, we generate 1000 versions of this process and calculate each time
the test statistic ﬁsup(vqa,)e[o’l]z |ﬁT(v, )|, both for N = 16 and N = 8. These outcomes
can be used to estimate the exact distribution of the test statistic. In a next step, we choose
randomly 10 series from the 1000 replications of (4.1), for which we calculate another 1000
bootstrap approximations each. Based on these bootstrap replications, we estimate the density
of the corresponding bootstrap approximations of the test statistic as well. The plots comparing
these densities are given in Figure 1 where the dotted line corresponds to the estimated exact
density while the dashed lines show the 10 estimated densities of the bootstrap approximations.

4.3. Size and power of the test

In this section, we investigate the size and power of the test (3.11) and the analogue based on the
pre-periodogram. We also compare these methods with three other tests for stationarity, which
recently have been proposed in the literature. All reported results are based on 200 bootstrap
replications and 1000 simulation runs under the null hypothesis while we use 500 simulation
runs under the alternative. To study the approximation of the nominal level, we simulate AR(1)
processes

Xy =¢Xi—1+ 24, tez, 4.2)
and MA(1) processes
X,:Z,+9Z,_1, tEZ, (43)

for different values of the parameters ¢ and 6, where the Z; are independent and standard
normal distributed random variables throughout the whole section. The corresponding results
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Figure 1. Estimated densities of the distribution of the statistic JT SUP(y )0, 112 |ﬁT(v, )| under the
null hypothesis. The dotted line is the estimated exact density while the solid lines corresponds to the
estimated densities of the bootstrap approximations. Left panel: N = 8; right panel: N = 16.

are depicted in Tables 1 and 2, respectively, and we observe a precise approximation of the
nominal level in the AR(1) case for ¢ € {—0.5,0,0.5,0.9} and in the MA(1) case for 6 €
{—0.9, —0.5,0.5, 0.9} even for very small samples sizes. Furthermore, if T gets larger, the re-
sults are basically not affected by the choice of N in these cases. For ¢ = —0.9, the nominal level
is underestimated for our choice of T, but at least if T grows the approximation of the nominal
level becomes more precise.

Table 1. Rejection probabilities of the test (3.11) under the null hypothesis. The data was generated ac-
cording to model (4.2)

¢=-0.9 ¢=-0.5 ¢=0 ¢=0.5 ¢=0.9

T N M 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 8 & 0.021 0.069 0.025 0.060 0.035 0.086 0.050 0.099 0.044 0.108
128 16 8 0.022 0.063 0.031 0.077 0.042 0.081 0.034 0.092 0.050 0.099
128 8§ 16 0.020 0.066 0.030 0.076 0.038 0.083 0.055 0.102 0.038 0.081
256 32 8 0.028 0.078 0.040 0.086 0.051 0.106 0.053 0.111 0.051 0.111
256 16 16 0.016 0.063 0.038 0.089 0.044 0.085 0.045 0.080 0.033 0.085
256 8 32 0.022 0.068 0.036 0.083 0.051 0.098 0.050 0.102 0.051 0.105
512 64 & 0.020 0.073 0.054 0.103 0.052 0.084 0.042 0.090 0.039 0.112
512 32 16 0.023 0.070 0.046 0.083 0.044 0.090 0.049 0.092 0.038 0.080
512 16 32 0.029 0.067 0.038 0.079 0.056 0.098 0.052 0.099 0.048 0.101
512 & 64 0.025 0.070 0.050 0.102 0.047 0.101 0.051 0.112 0.054 0.105
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Table 2. Rejection probabilities of the test (3.11) under the null hypothesis. The data was generated ac-
cording to model (4.3)

0=-09 0=-0.5 0 =05 0=09

T N M 5% 10% 5% 10% 5% 10% 5% 10%

64 8 8 0.024 0.073 0.027 0.060 0.045 0.091 0.045 0.096
128 16 8 0.033 0.071 0.037 0.085 0.043 0.087 0.029 0.076
128 8 16 0.028 0.063 0.031 0.071 0.050 0.102 0.028 0.085
256 32 8 0.047 0.085 0.033 0.081 0.040 0.074 0.042 0.080
256 16 16 0.044 0.095 0.031 0.080 0.043 0.083 0.035 0.076
256 8 16 0.029 0.074 0.034 0.081 0.059 0.112 0.038 0.076
512 64 8 0.038 0.084 0.041 0.087 0.052 0.106 0.041 0.089
512 32 16 0.047 0.091 0.043 0.073 0.047 0.094 0.050 0.100
512 16 32 0.036 0.085 0.044 0.082 0.050 0.093 0.050 0.087
512 8 64 0.051 0.094 0.040 0.078 0.070 0.116 0.037 0.080

To study the power of the test (3.11), we simulate data from the following four models which
all correspond to the alternative of non-stationary processes. In particular, we consider

Xir=0+1t/T)Z;, “4.4)
t
Xir = =09\ = X114 Zu. 4.5)
. T
0.5X;-1 + Z;, ifl<r<—,
X1 = T 2 (4.6)
—0.5X1_1+Z[, 1f5+1StST,
X1 =2 +0.8cos(1.5—cos(@nt/T))Z;—q, 4.7)

where we display the results for the last model for different ¢ € N. Note that due to Remark 2.5
the alternative (4.6) also fits into the theoretical framework. The corresponding rejection proba-
bilities are reported in Table 3 and we observe a reasonable behavior of the procedure in the first
three considered cases, whereas power is rather low for the alternative (4.7). Similar to the null
hypothesis we observe robustness with respect to different choices of N, and even for the choice
M =32, N = 8, which appears to be implausible in view of (2.8), the results are satisfying. It
might be of interest to compare these results both with the pre-periodogram approach from Theo-
rem 2.2 and with other tests for the hypothesis of stationarity which have been recently suggested
in the literature. In particular, we consider the tests of Paparoditis [23], Dwivedi and Subba Rao
[15] and Dette, Preuss and Vetter [14].

In Table 4, we present the rejection frequencies for the test based on the pre-periodogram as
defined in (2.13). Recall that the use of the pre-periodogram does not require the specification
of the value N, which specifies the number of observations for the calculation of the local peri-
odogram. This makes its use attractive for practitioners. However, the results of the simulation
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Table 3. Rejection probabilities of the test (3.11) for several alternatives

4.4) 4.5) (4.6) “47q=1 4.7 q=6

T N M 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 8 8 0.286 0444 0.186 0.328 0.168 0.270 0.046 0.098 0.052 0.104
128 16 8 0.686 0.772 0.396 0.546 0.308 0.466 0.090 0.154 0.072 0.130
128 8 16 0.624 0.758 0.382 0.578 0.410 0.548 0.082 0.144 0.080 0.136
256 32 8 0958 0974 0.672 0.814 0.742 0912 0.110 0.186 0.102 0.166
256 16 16 0942 0978 0.698 0.814 0.640 0.806 0.118 0.202 0.098 0.166
256 8 32 0944 0970 0.760 0.868 0.672 0.808 0.118 0.210 0.086 0.144

study show that compared to the local periodogram the use of the pre-periodogram yields to a
substantial loss of power for all four alternatives. In particular for alternatives of the form (4.6),
the test cannot be recommended.

In Table 5, we show the corresponding rejection probabilities for the test proposed in Dette,
Preuss and Vetter [14], which is the only of the remaining methods depending on one regulariza-
tion parameter only. These authors proposed to estimate the L, distance

[ o[ o)

using sums of the (squared) periodogram. In order to provide a fair comparison between the
two methods, we also employ the AR (0c0) bootstrap to the corresponding test to generate critical
values. It turns out that without a bootstrap the method of Dette, Preuss and Vetter [14] is much
more sensitive with respect to different choices of N. We observe that the new method also
outperforms the test proposed by Dette, Preuss and Vetter [14] in the alternatives (4.4) and (4.5).
In most cases the differences are substantial. On the other hand, for the alternative (4.6) the
procedure of Dette, Preuss and Vetter [14] has larger power if T = 64 and T = 128, but for
T =256 the novel method performs better in this case as well. Nevertheless, the new approach
is clearly outperformed by the proposal of Dette, Preuss and Vetter [14] for the alternative (4.7).

Table 4. Rejection probabilities of the test based on the pre-periodogram for several alternatives

4.4) (4.5) (4.6) “47q=1 4.7 g=6

T 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 0.188 0.340 0.080  0.202 0.022 0.056 0.024 0.076 0.044 0.102
128 0.552 0.702  0.216 0.392 0.036 0.116 0.038 0.086 0.052 0.098
256 0.938 0.968 0.580  0.734 0.080 0.176  0.062 0.150 0.088 0.132
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Table 5. Rejection probabilities of the test proposed by Dette, Preuss and Vetter [14] for several alternatives
(quantiles obtained by AR (co) bootstrap)

4.4) (4.5) (4.6) “47qg=1 “4.7)q=6

T N M 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 8 8 0.116 0.196 0.188 0.232 0.250 0.344 0.244 0.350 0.056 0.116
128 16 8 0.106 0.160 0.256 0.330 0.370 0.552 0.490 0.584 0.226 0.336
128 8 16 0.168 0.268 0.220 0.286 0.432 0.566 0398 0.516 0.072 0.126
256 32 8 0378 0498 0.282 0412 0.746 0.922 0.740 0.836 0.532 0.670
256 16 16 0208 0368 0.276 0410 0.618 0.794 0.716 0.816 0.342 0.444
256 8§ 32 0224 0338 0300 0418 0.582 0.744 0.620 0.760 0.104 0.178

In Table 6, we show the rejection frequencies for the method which was proposed in Paparo-
ditis [23]. This concept basically works by estimating

b 2
sup / (M—l) dxr
vel0,11/=m \ 5 f(u, 1) du

via a smoothed local periodogram, which requires the choice of a smoothing bandwidth besides
the window length N. We choose the uniform kernel function, and as recommended by the
author we select the bandwidth via the cross validation criterion of Beltrao and Bloomfield [2].
To provide a fair comparison, we also use the AR(co) bootstrap to obtain critical values. For
the alternatives (4.4)—(4.6) the proposal of Paparoditis [23] yields substantial less power than the
approach proposed in this paper, whereas for the alternative (4.7) no clear picture can be drawn.
For g = 1, the method of Paparoditis [23] performs better, while there is no significant difference
in the performance if ¢ = 6. In any case, Paparoditis [23] is clearly outperformed by the approach
of Dette, Preuss and Vetter [14] for (4.7).

Table 6. Rejection probabilities of the test proposed by Paparoditis [23] for several alternatives (quantiles
obtained by AR(co) bootstrap)

4.4) (4.5) (4.6) “4.7q=1 4.7 qg=6

T N M 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 8 8 0.054 0.126 0.050 0.122 0.078 0.170 0.058 0.104 0.034 0.064
128 16 8 0.150 0.242 0.158 0.262 0.112 0.198 0.128 0.218 0.082 0.140
128 8 16 0.066 0.154 0.120 0.254 0.166 0.270 0.080 0.170 0.034 0.066
256 32 8 0304 0424 0.248 0.380 0.298 0.448 0.288 0.428 0.102 0.180
256 16 16 0.234 0344 0276 0404 0.258 0374 0.288 0.420 0.120 0.174
256 8§ 32 0.126 0.226 0.240 0.374 0.298 0376 0.158 0.266 0.050 0.106
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Table 7. Rejection probabilities of the test proposed by Dwivedi and Subba Rao [15] for several alternatives
(quantiles obtained by AR(co) bootstrap)

(4.4) 4.5) (4.6) @7 q=1 47 q=6

T 5% 10% 5% 10% 5% 10% 5% 10% 5% 10%

64 0.174 0.266 0.056 0.100 0.082 0.164 0.072 0.120 0.046 0.098
128 0.274 0.386 0.058 0.114 0.122 0.208 0.126 0.206 0.092 0.162
256 0.604 0.716 0.128 0.210 0.174 0.276 0.234 0.340 0.174 0.272

Finally, we compare our approach to that proposed in Dwivedi and Subba Rao [15]. These
authors suggested a Portmanteau type test by estimating

TZ|CT(7‘)
r=1

where cr(r) is the covariance of the process at lag r. For the estimation of c7(r), the authors
require the choice of a smoothing bandwidth, and again we use the cross validation criterion and
the uniform kernel function. Dwivedi and Subba Rao [15] also have to choose the maximal lag
m € N up to which they want to estimate c7(r), and we pick m = 5 in the simulations. As in the
other examples, we employ the AR(co) bootstrap, and the results are given in Table 7. A com-
parison with our method yields a result similar to the approach of Paparoditis [23]. Our approach
performs better for the alternatives (4.4)—(4.6) while the proposal of Dwivedi and Subba Rao
[15] yields a higher power in model (4.7). Again it is clearly outperformed in this case by the test
proposed in Dette, Preuss and Vetter [14].

2

4.4. Data example

As an illustration, we consider T = 257 observations of weekly egg prices at a German agricul-
ture market between April 1967 and March 1972. A plot of the data is given in Figure 2, and
following Paparoditis [23] the first order difference A; = X; — X;_1 of the observed time series
are analyzed. Although several stationary models were proposed in the literature to fit this data
(cf. Paparoditis [23]), the new test rejects the null hypothesis with p-value 0.006 if we choose
N =32 or N = 16, and with p-value 0.001 if we choose N = 8. These results demonstrate
again that the choice of N does not have too much influence on the outcome, and that even the
somewhat implausible choice of N = 8 yields a p-value similar to the others.

Note that in Paparoditis [23] a longer version of the above time series was analyzed, namely
1201 observations of weekly egg prices between April 1967 and May 1990. However, we obtain
a p-value of exactly 0 even if we choose 10° bootstrap replicates in this case, which is why we
consider the first 257 datapoints only. Paparoditis [23] rejects the null hypothesis of stationarity
at level 5% if the whole dataset is used, but his approach yields a p-value of 0.1834 if it is applied
to the first 257 observations of the time series only, and therefore the hypothesis of stationarity



A test for stationarity based on empirical processes 2733

o
3 o

o |

1 e

3 ﬂ f"\r‘ | W Wﬂ /\
| ﬂl
\

=

i f

\\J, \ IA .J( V ! ﬁ
o J\\q J '\n@\}) w ‘ Jj\\ ‘h\(
u I | )

\ 'JU /

T T T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250

Figure 2. Left panel: Weekly egg prices at a German agriculture market between April 1967 and
March 1972. Right panel: First order difference of the weekly egg prices.

cannot be rejected at a reasonable size using his method. Roughly the same p-value, namely
0.189, can be observed if the approach of Dwivedi and Subba Rao [15] is employed.

Appendix: Proofs

A.1. Proof of Theorem 2.1

Throughout the proof, we set y; = (vj, w;) € [0, 1]2 for j=1,..., K and K € N. To show weak
convergence we follow Theorems 1.5.4 and 1.5.7 in van der Vaart and Wellner [28] and prove
the following two claims:

(1) Convergence of the finite dimensional distributions, that is,

(GT(yj))j=l Ki(G(yj))jzl K (A.D)

..........

(2) Stochastic equicontinuity, that is,

Vi, e> 038> 0: lim P( sup 1Gr() — Gr(yp)| > n) <&, (A2)
T=00 Ry yael0112: dy(y1.y2) <

where da(y1, y2) = v/ (v1 — v2)2 + (w1 — w2)?.

Proof of (A.1). The claim follows from similar arguments as given in the proof of Theorem 3.1
in Dette, Preuss and Vetter [14]. For the sake of brevity and because we will use similar arguments
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in the proof of (A.2), we will sketch how the assertions
E(Gr (v, @) —=23 0, (A.3)

R R T 1 T min(wy,wy)
Cov(Gr(y), Gr(y)) == Efo / (110,0,1) — v1) (1[0, 0,] (1) — v2)

(A4)
x f2(u, \)drdu

can be shown. Note that we have

M NJ2

1
Gr (v, w) = fZZ¢vaN(u],Ak)IN(u,,xk) VT DN m($v.0..N)

j=1k=1
=:Gr(¢v,0,M,N)
with
[vM ]
Dv,0,m,N WU, A) =\ Lo, jvm |/ M1 (1) — Y Lo, 2n1wn /2 /N (D)

for u, A > 0 and
Dy (@) = / / B, 1) f 1) dh
In order to simplify some technical arguments, we also define

Ov,0,M N U, A) =Gy oM, N U, —L)

for u > 0, A < 0 and obtain from (2.2)

1 M NJ2
X
E(7Zquv,w,M,N(u,-,Ak)IN(u,»,Ak)>

j=lk=1

M NJ/2

ZZ vaN(u/,)“k)

j_ =
N—-1 00
1 ti—=N/2+1+p ti—=N/2+1+¢q
e L 3 (T (R
X E(Zi;,—N /2414 p—m Ztj—N2414q—1)

x exp(—iie(p —¢q))(1+0(1/T)).
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A Taylor expansion now yields that this term becomes

M NJ/2

—ZZ«stN(u,,xk)

j=lk=1
N-—1 00
XYY Y)Yy
p.q=01,m=—00
X E(Zt;—Nj2+14p-mZtj—N 2+ 149-1)

x exp(—ire(p — ) (1+0(1/T) + O(N?/T?)).

See Dette, Preuss and Vetter [ 14] for details. Since E(Z; Z ;) = 0 for i # j, we obtain the equation
p = q +m — [ which shows that the above expression equals

| ke

2ANT ZZ% Mo, )

=1k=1

Z Z 1 j)m (1) exp(—idg (m — 1))

[, m=—o00
0§q+m lngl

+0(1/T)+O(N?*/T?)

1 M N/2

T 2aNT ZZ¢V,w,M,N(Mj, Ak)

j=lk=1

00 N—-1

x oy S i)Yy exp(—ing (m — 1))

[, m=—00 q:()
{l—m|<N—-10<q+m—I<N-1

M N
Nt Z > bv.wmn ) he)
j=1k=1

Z Z V1 (u )W (1) exp(—idg (m — 1))

I, m=—00
|[— m\>N0<q+m l<N—l

+0(1/T)+O(N?/T?).
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Dropping the extra condition 0 < g +m — [ < N — 1, the second term is bounded by

c Z sup| 1 10)| sup| ¥ ()| = 2€ Z supl 1 (10| > suplyr(u)|
oo A s
O oo SUPu [V (ulv X colllsup @] o

= O(1/N)

for some C € R and the order follows from (2.3). Using (2.3) and (A.5) in the same way again,
the first quantity above can be shown to be equal to

N/2 S
1
T Z Po.om N7 A Y Y)Y () exp(—irg(m — 1)) + O(1/N),

I, m=—00

||M§

and therefore we obtain

| M N/2
X
E(TZZm,w,M,N(u,-,Ak>1N<u,-,Ak>>

j=lk=1

| MNP

=7 ZZ%,w,M,N(Mj, M) f(uj, ) +O(1/N)

j=1k=1
+O(N?/T?)+0(1/T)
= DN.m (bv.w,m.n) +O1/N) +O(N?/T?) +0(1/T),

where the order of the Riemann approximation follows from the specific choice of the mid-
points u ;. This together with (2.8) yields (A.3).
To prove (A.4), we use symmetry arguments and obtain

1 M NJ/2
X
TCllm(T Z Z ¢v1,w1,M,N(Mj1s )‘kl)IN (ujlv )"kl)a

ji=lki=1

1 M NJ/2
? Z Z ¢U2,w2,M,N(ujza}"kz)I]{/'((ujza)\kz)>

J2=1ky=1
N/2

4T (2]TN)2 Z Z ¢U1,w1,M,N(uj1s)‘*kl)¢vz,w2,M,N(uj27)\k2)
Ji2=1kiky=—[(N=1)/2]
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N—-1 [e'¢)

x Y > Y ), ) Yy () Wy ()

P1P2q1qa=0my.my 1y y=—00
x exp(—itk, (p1 — q1)) exp(—ik, (P2 — q2))
X eum(Zy; —N/2+414pi—my Ztj, —N/2+1+q1-1; »
Ztj, ~N/2+14pr—mr Ztj, —N 2+ 14+¢>—1>)
x (1+O(N?/T?) +0(1/T))

in the same way as above. Because of

eum(Zy; —N/2+14pi—my Ztj, —N/2+14q1~11» L) —N /2414 py—my Lt} N /24 1+q2 1)
=cum(Zy; —N/2+14p1—my Ztj,—N/24+14+q—1) CUM(Z, N /2414 py—my Ztj, —N /2+414q1 1)
+cum(Zy;, —N/2+14pi—mi Zij, —N /2414 pr—my) CUM(Zt; N /2414y —1y Ztj, —N /2414212

the calculation of the highest order term in the variance splits into two sums and we only consider
the first one (the second sum is treated completely analogously), which equals

| M NJ2 .
E Z Z ¢U1,a)1,M,N(uj11)‘*kl)(pvz,wz,M,N(ujzv )\kz)m
Jisi2=1ki,kp=—[(N—1)/2]
00 N-—1
x oy > Yy ) W1, () Vi (1) Y (1 )
my,ma,ly,lp=—00 q1,92=0
0=gr+mi—lr+tj,—tj; <N—1
0=qi+ma—li+tj —tj, <N—1
X exp(—i(hey — M) (g2 — g1 +1j, — 1))
X CXp(—ikkl (mq1 —lp) —iAg, (my — 11))
| M N2 |
=ﬁ Z Z ¢v1,a)1,M,N(uj1v)‘kl)¢vz,w2,M,N(uj2’)‘-kz)m
Jis2=lki,ko=—[(N—1)/2]
00 N—-1
x oy > Yy ) )1, () Vi (1) Y (1 )
my,ma,ly,lp=—00 q1,92=0
(+) 0§q2+m|—12+tj2 —1j <N-1

0§q|+m2—11+tj1 —tjsz—l
x exp(—i(hx, — Ay)(q2 — q1 + 1), — 1))
X exp(—i)»kl (my1 —lp) —iAg, (my — ll))
x (14 O(1/N)),
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where Z( 4) means that summation is only performed over those indices x, y € {m, m2,11, >}
such that |[x — y| < N, and the O(1/N)-term follows with (A.5). Assume that j; has been chosen.
Then j, must be equal to ji, j; —1 or j; + 1, as all other combination of j; and j, vanish, because
of the condition 0 < g2 +m1 — I +1tj, —tj; <N — 1 and the fact that the summation is only
performed with respect to the indices satisfying |x — y| < N. If j, equals j; — 1 or j; + 1, it
follows from the conditions on g and g that for chosen m; and /;, there are at most |my — |
possible choices for ¢; and at most |m| — [| possible choices for ¢». It therefore follows with
(2.3) that the terms with j, € {j; — 1, j; + 1} are of order O(1/N).
Therefore, we only have to consider the case j; = j», and the above expression is

N/2

M
1
ﬁ Z Z d)vl,a)l,M,N(ujla)\kl)d)vz,a)z,M,N(uj]a)‘-kz)

J1=1ki.ky=—[(N-1)/2]

00 N-—1

1
CEINE 2 > Vi W)W, () Yrmy () Y, (1)
my,ma,ly,lp=—00 q1,92=0
+) 0<gqa+m;—lh<N-—1
0<q1+my—I1<N-1
x exp(—i(he, — Axy) (@2 — q1)) (A.6)
X exp(—ikkI (my1 —lp) — iy, (my — ll))
x (1+0O(/N)).
Observing

N-—1
1 . 1, ki —ky=IN withl € Z,
N z;) eXp(—l()\,kl - )\kz)q) = {O, else,
q:

it follows that for fixed m, [ and k; # k we have

N-1 N-1

' > exp(—ih, — My)q2)| = ‘ > exp(—i0u — Aiy)g2)
q2=0 q2=0

0<ga+m;—lh<N-1 qr+m1—1l<0

or
gr+m1—lp>N—1

<Imi—1I|,
which implies
1 N-1 . )
GNP q%zo exp(—i(he, — 1) (@2 — q1))| < Imy — bllmy —L|/@nN)>. (A7)

0<g2+m |~ <N-1
0<g1+my—Il1<N—1
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By using (2.3) and (A.7), it can now be seen that all terms with k| # k> are of the order O(1/N),
and similar arguments as used in the calculation of the expectation yield that (A.6) equals

1 1 T min(wy,w?) )
— / / (110,007() = v1) (1{0,07 () — v2) f* (u, A) dA du
47 0 0
+O(1/N) +O(N?/T?). O
Proof of (A.2). Note that

Fri={bvomn:v,0€ 0,11} ={dvomn: v, 0) € Pr},

where

1 2 M—1 2 4 2
Pr=40,—, —, ..., —, 1 x30, —, —, ..., 1 = —,1
M M M N N N

(recall that N is assumed to be even throughout this paper). We define

1 pm 12
p2(¢)!=</0/()¢2(u,?»)d?»du> ,

and .7-'% is the set of functions, which can be expressed as a sum or a difference of two elements
in Fr. The main task is to prove the following theorem.

Theorem A.1. There exists a constant C € R such that for all ¢ € .7-'%:
E(|Gr#)]) < @0)IC*m(@)* Vi €N even.

Stochastic equicontinuity follows then by similar arguments as given in Dahlhaus [6], which
is why we will only sketch the main steps and refer to his work for most details. The first con-
sequence of Theorem A.1 regards the existence of a constant C; € R such that for all g, h € Fr
and n > 0:

A A n
P(|Gr(g) = Gr(h)| > npa(g —h)) < 966XP<— C_1>
A straightforward modification of the chaining lemma in Chapter VII.2 of Pollard [24] then
yields that for a stochastic process (Z(v)),ev, whose index set V has a finite covering integral

8 48N )2\ 1?
J(8) = log| ——— du (A.8)
0 u
for all § and which satisfies

P(|Z(w) = Z(w)| > vd(v, w)) < 96exp<—\/cj)
1
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for a semi-metric d on V and a constant C;| € R, there exist a dense subset V* C V such that
P(Jv, we V* withd(v,w) <& and | Z(v) — Z(w)| > 26C1 J (d(v, w))) < 2e.

In (A.8), N(u) is the covering number which is defined as the smallest number m € N for which

there exist z1, ..., 2, € V with min; d(z, z;) <u for all z € V. By using y; = (v;, w;), we obtain
P( sup |Gr (v, wp) — Gr(v1, wy)| >’7)
Y1, 2€Pr 1 da(y1,y2) <6
=P( s [6r(H=Gr()]>n)

f.8eFr: p2(f.8)<e(d)
for a certain sequence &(8) naN 0 by continuity. The right-hand side of this inequality equals

P s [Gr(H = Gr@| > nn=26C1r ()
f.g€Fr: p2(f.g)<e(d)

(s |Gr() = Gr@)| = .0 <26C1r ()
f.8eFr:pa(fig)<e(d)
<26(8) + P(n <26C1Jr(£(8))),

where Jr(§) is the corresponding covering integral of Fr. Note that n < 26C;Jr((5)) is not
random and that J7 (8) can be bounded by J (8), which is the covering integral of Ufi 1 Fi (which

is finite for every §). Because of J(g(§)) ﬂ) 0, we have n > 26CJ (§) whenever § is suffi-
ciently small and obtain

P( s [Gr(H-Gr@|>n) <260,
f.8€Fr:pa(f.8)<e(d)

which implies the stochastic equicontinuity.
Proof of Theorem A.1. We show
lcum; (VT Dr(@))| < @DIC pa(¢)) VI EN, (A.9)
where
Dr(¢):= %éms) + D, u (9).
Since Dy p(¢) is constant, this implies

lcum; (G7)| < @DIC! pa(¢)'  VIEN
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for some C, and then it follows as in Dahlhaus [6] that

> }:ﬁcumml(éﬂf/’))”

j=1

E(Gr@)|) =

Partition of
{1,....k}

m
<m@*ct Y [@p)
{P1,..., P} j=1
Partition of

< (2k)!IC* 2% pa (),

since we only consider the case where k is even. This yields the assertion.
In order to prove (A.9), we assume without loss of generality that / is even, as the case for odd
[ is proved in the same way. The /th cumulant of +/T Dr (¢) is given by

M N/2

1 1
T2 > > ‘P(”./w’\kl)""P(”jw)»kz)m
Jtse =k, k==[(N=1)/2]
N—-1 oo

X Z Z Iﬂml(ujl)"'Wn[(ujl)

P1:41,P2s---, PL,q1=0m1,n1,m2,....mj,nj=—00
X eum(Zy; —N/2+14pi—my Ztj —N/24+14q1—n1> -5
thl—N/2+1+p1—m,Zt_,l—N/2+l+q/—n1)
x exp(—iti, (p1 — q1)) - - - exp(—irk, (pr — q1))
x (1+0(N?/T?) +0(1/T)),

where both O(-)-terms follow as in the proof of (A.3). We define Y; 1 := Zf_i,-—N/2+1+Pi —m; and
Yio:i= Z’ji_N/2+1+‘1i_”i fori € {l,...,1}. Theorem 2.3.2 in Brillinger [4] yields

cum; (VT Dr(¢)) =Y Vr(v)(1 +O(N?/T?) +0(1/T)),

where the sum runs over all indecomposable partitions v =v; U --- Uy with |v;| =2 (1 <i <1,
due to Gaussianity) of the matrix

Yii Yip

: : (A.10)

Yii Yo
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and
1 M N/2
Vr(v) := T2 Z Z SWj, M) Py, hig)
Jlseeesji=1 k1, kj=— | (N=1)/2]
1 N-—1 00
x Q2nN)! Z Z Vmy (U jy) - Yy ()
Plyesqi=0my,...,nj=—00

x cum(Y;k; (i, k) € vy)---cum(Yix; (i, k) € vy)
x exp(—ikk, (p1 — q1)) - - - exp(—iti (pr — q1))-

We now fix one indecomposable partition v and assume without loss of generality that

v=| J(Yi1,Yiz12) U (Y11, Y1,2).

Because of cum(Z;, Z;) # 0 for i # j, we obtain the following / equations:
q1=p +n—m+t;—tj, (A.11)
qi+1 = pi T niy1 —m; +tj;, — 1t forie{l,...,[—1} (A.12)

and therefore only / variables (namely p; fori € {1,...,[}) of the 2/ variables p1, g1, p2,-.-,qi
are free to choose and must satisfy the following conditions:

0<pi+tniy1—mi+tj, —tj,, <N-—1 forie{l,...,l —1}, (A.13)
O<pr+ni—m+tj;—tj <N-—1. (A.14)

Using the identities (A.11) and (A.12), we obtain that V7 (V) equals

1 M N/2 |
ST 2 > i) - S i) 5o
JiseJi=lki, . ki=—[(N=1)/2]
N-—1 00
X > Yy () -+ Yy () exp( =ity (p1 — 1)

P1.D2s-s pi=0m1,n1,....m,nj=—00
(A.13), (A.14)

-1
X HGXP(_i)‘km (pi+1 — Pi))
i=1
x exp(—ikg, (my —ny +1j, — 1))
-1
X I_Iexp(—i)»k,-Jrl (mi —niv1 +tj,,, —15)).

i=1
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We rename the m;, n; (m; is replaced by n; and n; is replaced with m;_; where we identify [ 4 1
with 1 and O with /). Then (A.13) and (A.14) become

0<pi+mi—ni+t;—tj, <N-—1 forie{l,...,1—1}, (A.15)
O<pi+m—n+t;—tj; <N-—1 (A.16)

and after a factorisation in the arguments of the exponentials we obtain that V7 (V) is equal to

1 M N/2 |
ST 2 > O )+ B ) s
Jisewsi=lki, . ki=—[(N=1)/2]
N-—1 o0
x > Vi (jy) -+ Yy (1)

P1sDP2sees pi=0mp,ng,..., mp,nj=—00
(A.15), (A.16)

-1

X Hexp(—i(kki — My )pi) exp(—i(kk, — Ak )pl)
i=1

X exp(—ikkl (ng—my + tj — l‘jl))
-1

X l—[eXp(_i)‘km(ni —mi+ 1, = ).
i=1

We see that one can divide the sum with respect to p;, m;, n; into a product of two sums, namely
one sum with respect to all p;, m;, n; with even i and the same sum with odd i. Analogously, we
divide (A.15) and (A.16) into

O0<pi+mi—n;+t;,—tj,, <N-1 fori e{1,3,5,...,1-3,1—1} (A.17)

and

Ofpi—}—mi—ni—i-tji—l‘jHlfN—l fori € {2,4,6,...,1—4,1 -2}, (A.18)
O<pr+m—n+tj—t; <N-—L (A.19)

After applying the Cauchy—Schwarz inequality we obtain that V7 (¥) is bounded by

1 M N2 :
[le—l/z Z Z D jy, h) P jy, b Py, Akm)zm
Jlseesji=lky s ki=—[(N=1)/2]
N-1 N-1
X Z exp(—i(ht, — Aiy)p1) Z exp(—i(he; — Aiy)p3) -+ (A.20)
p1=0 p3=0
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N-—1
x Y exp(—iChy_ — M) pi-1)
p1—1=0
o0
x > Yy () Wy )Wy () Wy () -+
miy,ny,ms3,n3,....,mj—1,n]-1=—00

(A.17)

X Ymy_y W) Yny ()
24172
< T1 }

exp(—i)»kaﬂ (nll — Mg + lja+1 - tja))
ae{l,3,....[—-1}

x {the same term with even p;, m;, ni}l/z.

We only consider the first term in (A.20), which is equal to

1 M N/2
2 2 2
Jr = 21T1/2 Z Z ¢(uj1’)‘-k1) ¢(uj3’)‘-k3) "'(b(uj[,lvkk],l)
Jtseesi=Lkp e k== (N=1)/2] (A21)
1 2 '
X W’KT(U], ...,u[,)\.kl,...,)\.k,)|

with K7 (u1,...,u, Ay, ..., Ag,) being defined implicitly. We have

1 N/2

2
@) Z |K7rs g, My i) |
kaka,....ki=—L(N—=1)2]

1 N-1 N—-1 oo oo
(ZT[N)I Z o Z; Z o Z B
P1,P35-+s pi—1=0 p1,p3,..., pi—1=0m1,n1,m3,n3,....,m|_1,n_1=—00 m,n1,m3,13,....,mMj_1,A]_]|=—00

(AI7) (A17)

exp(—ikg, (p1 — P1)) exp(—ikk, (p3 — p3)) - - - exp(—ikg,_, (p1—1 — p1-1))
X Wm1 (sz)’ﬁn] (M/1) et ¢m1_1 (“jl)¢n1_| (”‘/’1_1)wn~11 (ujz)Wﬁl (uj| ) o
X Wiy W) Wiy W)

N2
x >

exp(—iki, (P1 — p1 +n1 —my +my —iy))
,,,,, k=—[(N-1)/2]

x exp(—ikk, (p3 — p3 +n3 —m3 +m3z —i3)) -

x exp(—iti (Pi—1 — pi—1 +ni—1 —my—1 +im—y — ij_1))
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and because of the well-known identity
N/2 .
l Z exp(—igt) = 1, t=IN with[ € Z,
P K)=1o0, else,
k=—[(N-1)/2]
it follows that for every i only one of the p; and p; can be chosen freely if the m;, n; are fixed.
Furthermore, we can show with the same arguments as in the proof of (A.4) that because of

(A.17) and (2.3) we only have to consider the cases with j; = j;4+| for every odd i and that all
other terms are of order O(1/N). This implies

1 N/2 | 0 21
2
W Z |KT(M1’...,MI»)\.k|a-..,)\—k[)| 5(27':)[( Z |Wm|>

ko, kg,....k;=—[(N—1)/2] m=—00

with || := sup,, | («)|, and since we only need to sum over j; with odd i in (A.21), it follows

1 00 2L /M NJ2 /2
JTSW<MZ |wm|) (ZZ¢(uj,xk)2> (1+0(1/N)).

=—00 j=1k=1
We obtain the same upper bound for the second factor in (A.20) and this implies

e¢]

2l
R 1 1 pm 12
Cuml(ﬁDT(¢)) = Z W( Z |1/’m|> </0 /0 > (u, 1) dkdu)

x (1+O(N?/T?) +O(1/N))

oo

21
<(21)'21; > Wml (/1/n¢2(u A)d)\du)l/z
- dmlenyi2\ | " o Jo ’

x (1+0O(N?*/T?) +O(1/N))
< @)!C'pa(9),

where the last inequality follows because of N/T — 0 and 1/N — 0 and since (2/)!2! is an
upper bound for the number of indecomposable partitions of (A.10) (see Dahlhaus [6]). (]

A.2. Proof of Theorem 3.3

A consequence of assumption (2.3) and fol f, )du > 0 for all 1 € [—m, ] together with
Lemma 2.1 of Kreiss, Paparoditis and Politis [19] is that

[o,0]
> jlajl < oo (A.22)
j=I
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holds, and Lemma 2.3 in Kreiss, Paparoditis and Politis [19] implies that there exists a pg € N
such that for all p > pg the AR(p) process defined through (3.4) has an MA (0co) representation

YRy = vz (). (A23)
=0

Furthermore, (3.10) together with Lemma 2.3 in Kreiss, Paparoditis and Politis [19] imply that
there exist a p;, € N, such that for all p > py, the fitted AR(p) process has an MA (o) represen-
tation

iR (p, 27, (A24)

M

*
Xl,T
l

Il
=)

and we assume without loss of generality that 7' and p(T') are sufficiently large to ensure the
existence of such a representation.

Recall the proof of Theorem 2.1. In case the process is stationary, all the terms of order
O(N?/T?) and O(1/T) vanish, as they are due to certain approximation errors which do not
appear for ¥, 71 = ¥;(u) = ;. For a fixed p and T, the process of interest (A.24) is now indeed
a stationary one and therefore the proof of Theorem 3.3 works in the same way as the previous
one, if the remaining terms (which are the ones of order Op(1/N)) are a o p (T2 for the
bootstrap process as well. Even more precisely, we only need the terms of order Op(1/N) to be
a 0p(T~Y2) in the calculation of the expectation, while it would suffice that they are a op (1) in
the calculation of the higher order cumulants. A detailed look at the proof of Theorem 2.1 reveals
that these terms are up to a constant of the form

o o 1Wm DI 2o L e
N

with g1, g2 € N. For example, if the process is stationary we obtain from (A.5) an upper bound
for |E(D7 (u, 1))| via

Z;O=0Wm|2i.iol|‘/fl|
N

C

=O0O(/N)
for some C € R, so an upper bound for the expectation of the bootstrap analogue 15} (u, 1) of
bT (u, A) is given by

S AR, T2 LI AR (p, T
v .

C

Therefore, it needs to be shown that

7m0 Wt (p, DI X2 1R (. DI _

N op()
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holds to obtain
VTE(D}(u, 1)) =op(1).

Because of (3.10), we can use the following bound from the proof of Theorem 3.1 in Berg,
Paparoditis and Politis [3] for the difference between ¥/{*R(p, T) and v/*R (p) which is uniform
in p(T) andin/ € N:

[UrR(p, T) — v (p)| < p(1 +1/p)'0p(/1og T/ T). (A.25)

With (A.25), we obtain

SR (p, T) — R ()| = Op (R (T)y/10g T/ T)
=0
and

S R (. T) = ¥R (p)| = Op (Paran (T)y/10g T/ T)

=0

using properties of the geometric series, which yields

Y[R (p. T)| < Op (plax (T)y/10g T/T) + >[4 *R (p)|
=0 =0
and
ST UIR(p.T)| < Op (PR (TIV10gT/T) + 3 1y ().
=0 =0

Lemma 2.4 of Kreiss, Paparoditis and Politis [19] now implies that

a4 —w| =€ Y A+Dla (A.26)
=1

I=p+1

for another constant C € R, where the a; are the coefficients of the AR(co) representation in
(3.1). Note that we implicitly assumed in (A.26) that the y; are the coefficients of the Wold
representation of the process Y; defined in (3.1), since this particular bound only holds for this
special MA representation. However, since the proof of Theorem 2.1 does not depend at all on
the kind of MA representation, we can assume without loss of generality that the ; are the
coefficients of the Wold representation, and then (A.26) together with (2.3) and (A.22) yields

Doy <€
=0
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for C € R. Therefore, we obtain with (3.9)

00 Pl / oo D2
(zw@,m) (zzw@,m) _on)

m=0 1=0

for p1, p2 € N, which yields the assertion.
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