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For time series with high temporal correlation, the empirical process converges
rather slowly to its limiting distribution. Many statistics in change-point analysis,
goodness-of-fit testing, and uncertainty quantification admit a representation as
functionals of the empirical process and therefore inherit its slow convergence.
As a result, inference based on the asymptotic distribution of those quantities
is significantly affected by relatively small sample sizes. We assess the quality
of higher-order approximations (HOAs) of the empirical process by deriving the
asymptotic distribution of the corresponding error terms. Based on the limiting
distribution of the higher-order terms, we propose a novel approach to calculate
confidence intervals for statistical quantities such as the median. In a simulation
study, we compare coverage rates and lengths of these confidence intervals with
those based on the asymptotic distribution of the empirical process and highlight
some benefits of HOAs of the empirical process.

1. INTRODUCTION

LetX,,n=1,...,N,beatime-series stemming from a stationary stochastic process
X, n € N, with marginal distribution function F, such that F'(x) = P(X,, < x) for all
n € N. We study the empirical distribution function Fy(x) := % ZQ': 1 Lix,<x- The
rate of convergence, i.e., the increase of the sequence ay, N € N, which ensures
weak convergence of the empirical process

ay'N(Fy(x) — F(x)) 1.1
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F1GURE 1. The empirical distribution of the centered and standardized empirical distribution Fy (x)
evaluated at zero (x = 0) under the assumption of Gaussian long-range dependent data with different
Hurst parameters and for sample sizes m = 100,200, 1000. The red line depicts the standard Gaussian
density function.

to a nondegenerate limit, crucially depends on the behavior of the process’
autocorrelation function y (k) := Cov(Xj, Xy+1). For short-range dependent time
series, i.e., for stochastic processes with summable autocorrelations, ay = VN.In
contrast, for long-range dependent time series, i.e., for y (k) = k~®~2P L(k) with L
a slowly varying function and H € (1/2, 1) the so-called Hurst parameter, we have

ay =N¥ L% (N). In fact, under long-range dependence (LRD), the distribution of
the empirical process converges much slower to its limit than under short-range
dependence.

To illustrate the slow convergence of the empirical process under strong tem-
poral correlation, we would like to draw the reader’s attention to Figure 1. The
figure depicts the asymptotic behavior of the centered and standardized empirical
distribution Fy(x) evaluated at x = O for different sample sizes. The underlying
process is assumed to be fractional Gaussian noise with Hurst parameter H.
In this case, the sequence ay, N € N, in (1.1) can be explicitly calculated
as ay = ¢(0)N" with ¢ denoting the standard Gaussian density. The quantity
ﬁN 1=H(Fy(0) — F(0)) is computed independently 10,000 times for different
sample sizes N and the resulting values are summarized in the histograms in
Figure 1. Due to Dehling and Taqqu (1989, Thm. 1.1), the quantity is expected
to converge to a standard Gaussian random variable. Therefore, the histograms in
Figure 1 are expected to approach the standard Gaussian density function (depicted
in red). The convergence rate depends on the value of the Hurst parameter in that
a small value (H = 0.55) results in relatively fast convergence while a large value
(H = 0.95), and implied stronger temporal correlation, results in much slower
convergence. This phenomenon is specific to long-range dependent time series
and the focus of this work.
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The empirical process serves as a powerful tool for characterizing the asymptotic
behavior of a variety of test statistics used in change-point analysis and goodness-
of-fit testing (Wilcoxon, Kolmogorov—Smirnov, and Cramer—von Mises statistics);
see Beran (1992); Betken (2016, 2017); Dehling et al. (2013); Tewes (2018).
When testing the hypothesis of stationarity against the alternative hypothesis of
a structural change in a time series, the phenomenon illustrated in Figure 1 results
in a high number of false positives; see Dehling et al. (2013).

Against this background, the contribution of this is twofold: On the one hand, we
address a statistical issue arising in the calculation of confidence intervals under
strong temporal correlation. On the other hand, we push forward the theoretical
investigation of the empirical process by proving a novel limit theorem. More
precisely:

e We study the construction of confidence intervals for the marginal distribution
of stationary time-series data and confidence intervals for its quantiles in long-
range dependent time series. We propose a novel approach to calculate confi-
dence intervals based on a higher-order approximation (HOA) of the empirical
distribution function. Under LRD, an asymptotic expansion of the empirical
distribution that is similar in spirit to a Taylor expansion can be derived. This
expansion can be used to obtain HOAs of certain statistical functionals of the
empirical process.

e We establish the theoretical validity of our method for statistics that can
be considered as functionals of the empirical process. For statistical appli-
cations beyond the construction of confidence intervals, e.g., change-point
and goodness-of-fit tests, uniform convergence of the one-parameter empirical
process (1.1) does not suffice in order to derive limit distributions of correspond-
ing statistics. These typically require consideration of the two-parameter (or
sequential) empirical process

ay' |Nt) (F vy (%) — F(x)), t€[0,1], x e R.

We derive the asymptotic distribution of HOAs of the sequential empirical
process by proposing a new chaining technique.

Constructing confidence intervals for unknown quantities in time series is a
problem of substantial interest in statistics. In the statistical literature, the main
focus has been on approximating the limiting distribution through finite sample
procedures like subsampling and bootstrapping; see Biihlmann (2002); Huang and
Shao (2016); Kim et al. (2015); Nordman et al. (2013); Shao (2010). From an
entirely theoretical perspective, Youndjé and Vieu (2000) investigate consistency
properties of kernel-type estimators of quantiles under LRD. The interest in
confidence intervals is also due to their relevance for uncertainty quantification in
other sciences where they are used in a variety of fields, including climate science,
economics, finance, industrial engineering, and machine learning; see Massah and
Kantz (2016); Fang et al. (2018); Hoga (2019); Purwanto and Sudargini (2021).
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Empirical process theory became one of the major themes in the historical
progress of nonparametric statistics; see Donsker (1952); Dudley (1978); Doukhan
and Surgailis (1998); Shorack and Wellner (2009); Wellner and van der Vaart
(2013). The applications are manifold, especially since many statistics have a
representation as functionals of the empirical process, such that statistical inference
can be based on the properties of the empirical process itself. In the empirical
sciences, confidence intervals for unknown parameters or critical values for
hypothesis tests are derived from the distributional properties of the empirical
process.

For stationary Gaussian processes, Koul and Surgailis (2002) derived the
asymptotic distribution of higher-order terms of the empirical process. We extend
their results substantially by considering the sequential empirical process and
by allowing the underlying time series to be driven by subordinated Gaussian
processes. Subordination extends the model’s flexibility by allowing for a large
class of marginal distributions. Furthermore, we are the first to propose a utilization
of HOA s of the empirical process for the calculation of confidence intervals which
are robust to high temporal correlation in time-series data.

Although long-range dependent processes are a popular modeling tool in a
variety of domains (Rust et al. 2010; Weron 2002), the construction of confidence
intervals under has not gotten much attention. We provide an empirical study
comparing confidence intervals derived from the asymptotic distribution of the
empirical process to confidence intervals based on HOAs of the empirical process.

For the population mean, Hall et al. (1998) propose a sampling window method
to set confidence intervals under LRD. Nordman et al. (2007) consider the
empirical likelihood for confidence intervals. For mean functions, Bagchi et al.
(2016) study a monotone function plus noise model with potential in the noise
term and derive confidence intervals for the monotone functions. In contrast, we
deal with a different, rank-based class of statistics.

The literature review, as well as our motivation illustrated in Figure 1, show
the strong influence of high temporal correlation on the performance of statistics
derived from the empirical process. In this article, we aim to address this issue
by introducing a procedure based on HOAs of the empirical process to construct
confidence intervals for statistics of long-range dependent time series robust to
high temporal correlation. Our theoretical contribution is of independent interest
and potentially has further applications in change-point analysis and goodness-of-
fit testing. Furthermore, a reduction to a limit theorem in the short-range dependent
regime allows an application of established resampling procedures such as the
moving block bootstrap which has been proved to be invalid under LRD; see Lahiri
(1993).

The rest of th is organized as follows: In Section 2, we introduce the considered
setting in all details. Section 3 motivates the consideration of HOAs of the
empirical process. Section 4 focuses on theoretical contributions which manifest
the formal validity of the proposed method. In Section 5, we discuss how to
calculate confidence intervals based on the asymptotic distribution of the empirical
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process and propose an alternative approach based on HOAs. The numerical study
in Section 6 provides a comparison between the two methods. We conclude with
Section 7. Proofs of the theoretical results can be found in Appendices A-D.

2. PRELIMINARIES

While Section 1 provides insight into the motivation for considering HOAs of
statistics, we introduce here model assumptions which allow for this type of
approximations (Section 2.1) and give some technical details necessary for our
analysis (Section 2.2).

2.1. Setting

For future reference, we subsume assumptions on the data-generating process
under the following model specification.

Model 2.1. Let X,,, n € N, be a subordinated Gaussian process, i.e., X;, = G(&,)
for some measurable function G : R — R and with &, n € N, denoting a (standard-
ized) long-range dependent Gaussian process, i.e., E(§,) =0, Var(§,) = 1, and

y (k) = Cov(€1, &rr1) = E(€161) =k PL(K), 2.1
where D € (0, 1) (the so-called LRD parameter) and L a slowly varying function.

Relation (2.1) corresponds to one of multiple different ways to define LRD.
A more general definition characterizes long-range dependent time series by
the nonsummability of the absolute values of its autocovariance function; see
Pipiras and Taqqu (2017, eqn. (2.1.6)). In fact, (2.1) implies that the series of the
autocovariances diverges. We refer to Pipiras and Taqqu (2017, Chap. 2.1) for a
detailed representation of different ways to define and their relations to each other.

For any particular distribution function F, an appropriate choice of the transfor-
mation G yields subordinated Gaussian processes with marginal distribution F.
Moreover, there exist algorithms for generating Gaussian processes that, after
suitable transformation, yield subordinated Gaussian processes with marginal
distribution F and a predefined covariance structure; see Pipiras and Taqqu (2017).

The following example presents a process which satisfies Model 2.1.

Example 2.2 (Pipiras and Taqqu (2017, Def. 2.8.3)). Let By (¢),t € R, be a
fractional Brownian motion. Then, the process &4 (k), k € Z, defined by

€r(k) =By (k+1) — Bu (k)

is called fractional Gaussian noise with Hurst parameter H.

2.2. Gaussian Subordination

In the study of functionals of Gaussian processes, Hermite polynomials play a
fundamental role. In particular, they form a basis for the space of finite-variance
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functions of Gaussian random variables. Since they are an inevitable tool in our
analysis, we provide a short review.

Let L*(R, ¢(x)dx) be the space of functions which are square-integrable with
respect to the Gaussian measure (here denoted by ¢(x)dx). For g € LR, @ (x)dx)
and &,, n € N, we call the sequence X,, = g(§,), n € N, a subordinated Gaussian
sequence.

A collection of orthogonal elements in L?(R, ¢ (x)dx) is given by the sequence
of Hermite polynomials; see Pipiras and Taqqu (2017, Prop. 5.1.3).

DEFINITION 2.3. For n > 0, the Hermite polynomial of order n is defined by

2 d"
Hy(x) = (—=1)"e?” “—e 2% xeR.
dxn

The Hermite polynomials form an orthogonal basis of L*(R, p(x)dx). As a
result, every g € L*>(R, ¢(x)dx) has an expansion in Hermite polynomials, i.e., for
g € L*(R, ¢(x)dx) and £ standard normally distributed, we have

o]

J,
=", 10 =Ee©m®), @2)

r!
r=0

where J,(g),r > 0, are the so-called Hermite coefficients.
Given the Hermite expansion (2.2), it is possible to characterize the dependence
structure of subordinated Gaussian time series g(&,), n € N. In fact, it holds that

[o¢] J2
Cov(g(€n), g(Esn)) =) #y’(k» (2.3)
r=1 ’

where y denotes the autocovariance function of §,, n € N; see Pipiras and Taqqu
(2017, Prop. 5.1.4). Under the assumption that, as k tends to oo, y (k) converges
to 0 with a certain rate, the asymptotically dominating term in the series (2.3) is the
summand corresponding to the smallest integer » for which the Hermite coefficient
J,(g) is nonzero. This index, which decisively depends on g, is called Hermite rank.

DEFINITION 2.4 (Pipiras and Taqqu (2017, Def. 5.2.1)). Let g € L*>(R, ¢ (x)dx)
with Eg(&) = 0 for standard normally distributed X and let J.(g), r > 0, be the
Hermite coefficients in the Hermite expansion of g. The smallest index k > 1 for
which Ji(g) # 0 is called the Hermite rank of g, i.e.,

r=min{k > 1: Ji(g) # 0}.
3. HOA

We utilize our model assumptions and give details on a characterization of the
empirical process as a sum of first- and higher-order terms.
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Given time-series data X, ...,Xy stemming from a subordinated Gaussian
process X,,, n € N, according to Model 2.1 and with marginal distribution function
F, we are interested in characterizing HOAs of the sequential empirical process
LVt

en(t.x) =Y (Ix,<g —F)). t€[0.1], xeR. (3.1)
n=1

HOAs can be derived through the Hermite expansion

L C(x)

Lg,cg —F0) = ) — = HilE),

I=r

where¢;(x) =E (]l{G(go)gx}H[(fo)) and where r denotes the corresponding Hermite
rank

ri= miﬂg r(x) with r(x) :=min{g > 1[¢,(x) # 0}.
XE.

Dehling and Taqqu (1989) show that the first summand of this expansion deter-
mines the asymptotic distribution of the empirical process through the reduction

principle

. T 1

—— " (e = F) = = —— 3" Hy () +0p(0), (3.2)
N,r . N, r

n=1 n=1

where d}, , = Var (ZnNzl H,(é},l)).
In order to study higher-order terms, we utilize the following observation:

D ICov(H D, HiE) | =11) Iy ()]

neN neN

oo, ID<1
{ oo =14 (3.3)

<o0o, ID>1;

see Pipiras and Taqqu (2017, eqn. (5.1.1)) for the first equality in (3.3). Then,
distinguishing the two cases in (3.3), the last relation is a consequence of (2.1) and
the assumption that % ¢ N.

The convergence behavior of the partial sums of autocovariances provides
another way of distinguishing short- and long-range dependence. While conver-
gence is associated with short-range dependence, divergence indicates LRD.

As a result, the sequence H;(£,), n € N, can be considered as long-range
dependent when /D < 1, while short-range dependent when /D > 1. Moreover,

the following holds
~ N
1
CZI('X) ZH,(én) = OP(N—%IHL% (N)) for Il < B,while
Ton=1
T « 1
0 nZ:;Hl@n) = Op(VN) for 1> . 3.4)
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Number of summands

05 06 07 08 09 10
Hurst parameter

FI1GURE 2. Number of summands in the “lower-order term” given that the Hermite rank r = 1.

where we refer to Beran et al. (2016, Eqn. (4.20)) for the first relation in (3.4). Note
also that the memory parameter D corresponds to the Hurst parameter H through
the relation H =1— 2.
Motivated by the behavior of the series over the autocovariances in (3.3) and the
different convergence rates in (3.4), we consider the separation
o C(0)
> HIE) = L) +5,()

I=r
with

Lzw = 50

1 1

L) =) = =HiE) and $,00= Y ——Hi), (3.5)

= I=[51
where for some x € R, [x]| and [x] map x to the greatest integer less than or equal
and the smallest integer greater than or equal to x. Based on (3.3), the series over
the autocovariances of L,(x) diverges, while S,(x) has an absolutely summable
autocovariance function. We refer to L, (x) in (3.5) as “lower-order term” and to
S, (x) as “higher-order term.”

For the empirical process (3.1), HOAs result from

1 1 [Vt 1 [NVt
—en(t,x) = — L,(x)+ — S, (x).
v =) L@+ 5 8,()
n=1 n=1

Based on the previous considerations, the two summands are expected to con-
verge at different rates. For our purpose, we aim at proving the convergence of
i > S, (x) parameterized in 7 and x.

To illustrate the observations made in this section, Figure 2 depicts the
Hurst parameter H € (%, 1) and the corresponding number of summands LL%J,
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D = 2 —2H, which contribute to the long-range dependent part L, (x) in (3.5).
Note that the number of summands contributing to the lower-order term increases
exponentially with the value of the Hurst parameter, while the interval length, i.e.,
the length of the subintervals of (%, 1) which correspond to a certain number of
summands, decreases.

4. MAIN RESULT

In this section, we present our main technical contributions. Our main result is
stated in Section 4.1, followed by a layout of the proof ideas in Section 4.2.

4.1. Statement

We establish a limit theorem for the higher-order term in the decomposition of the
sequential empirical process in two parameters. For this, recall that

1
P (P )~ Fo) = %N—’%’Li MZY 0.0+ — %S ®)
i3 - ‘N \bs n
\/ﬁ I=r W n=1

with Zj(\f) (t,x) =N P13 (N) ZkN’J a9 g (&,). According to Pipiras and Tagqu
(2017, Thm. 5.3.1), if suitably standardlzed, each of the first | DJ —r+ 1 summands
converges to a Hermite process of order /. More precisely, it holds that

[Nt] ~

200 =N Y W a2 W 200
n=1

in D ([—o0,00] x [0, 1]), where §; y is a constant and Zg) (1), t € [0,1], a Hermite
process of order I with self-similarity parameter H = 1 — Q . The limit of the higher-
order term — ZLMJ S, (x) is characterized by the followmg theorem.

THEOREM 4.1. Suppose X,,n € N, satisfies Model 2.1 and X, has a strictly
monotone, continuous distribution function F and % ¢ N. Then, as N — oo,

LVt

1 D
— S,(x) = S(x, 1)
R
in D([—o00,00] x [0, 1]), where S(x, t) is a mean zero Gaussian process with cross-
covariances
Cov(S(x,1),S(y,u)) = min{t, u} ZCOV(SO (), 5,(»)). 4.1

nez

The proof of Theorem 4.1 can be found in Appendix A.
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Remark 4.2. Note that we exclude the case Ll) € N. That excludes in particular
the case D = 1, that is when the underlying time series is short-range dependent.
Therefore, our result as it is stated cannot recover existing results for short-range
dependent time series. Under short-range dependence, the empirical process is
known to converge to the so-called Kiefer—Miiller process; see Miiller (1970);
Kiefer (1972).

4.2. Proof

While the detailed proof of Theorem 4.1 is given in Appendices A—C, we aim here
to provide a roadmap of our proofs and to emphasize some of the main technical
challenges.

For a proof of convergence in distribution as stated in Theorem 4.1, convergence
of the finite-dimensional distributions and tightness are being established; see
Sections A.1 and A.2, respectively. While proving convergence of the finite-
dimensional distributions can be considered straightforward, the main technical
challenges arise in the proof of tightness. These challenges are the subject of this
section.

The partial sum of the higher-order terms in (3.5)

[Nt] [Nt] oo

~ 1 1 T
v ()= =3 S0 =723 ) T b 42)
n=1

n=li=1 5]

is a stochastic process in two parameters, which is one reason why proving
tightness becomes particularly challenging. Another challenge results from the
structure of the higher-order terms. In contrast to the empirical process, the higher-
order terms are no longer bounded. While the transformed variables H;(§,),n € N,
for [ > (%1 are short-range dependent, the underlying process &,,n € N, is
still long-range dependent with nonsummable autocovariance function. The
dependence on the memory parameter D appears in the summation determining
the number of summands going into the higher-order terms.

The articles Dehling and Taqqu (1989); Koul and Surgailis (2002), and El Ktaibi
and Ivanoff (2016) are closest to our work. In the following layout of our proof,
we emphasize how our results differ from these works.

1. It is necessary to prove tightness in two parameters, more precisely, in the
space D([—o00,00] x [0, 1]). Furthermore, we allow the underlying process to
be subordinated Gaussian. This makes our proofs decisively different from the
proofs established in Koul and Surgailis (2002), who only consider (4.2) for
fixed ¢ and did not allow for subordinated transformations of the underlying
Gaussian process.

2. The first step of our proof is to reduce tightness in D([—o0,00] x [0, 1]) to
proving tightness in D([0, 1] x [0, 1]). The corresponding object in D([0, 1] x
[0, 1]) can be written as
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[Nt] o0
22 #H’@") with  ¢;(x) = B (1irGeon <o Hi(€o))

n=li=rp1

1
my (x, 1) = ﬁ

4.3)

3. We use a tightness criterion introduced in Ivanoff (1980) and later utilized in El
Ktaibi and Ivanoff (2016) to prove tightness of the sequential empirical process
under short-range dependence. El Ktaibi and Ivanoff (2016) take advantage of
the boundedness of the empirical process. Those techniques fail for (4.2) since
the higher-order terms of the empirical process can no longer be represented as
an indicator function.

4. In the main part of our proof, we reduce the tightness criterion in El Ktaibi and
Ivanoff (2016) to bounding the probability

P(imnp(,X) > 1) with iy p(x,y) == sup |my(y,1) —my(x,1)]|
t€[0,b]

for some b > 0 and x,y € [0, 1] with my(y,7) as in (4.3). Typically, such bounds
are derived through chaining techniques. Dehling and Taqqu (1989) establish a
corresponding argument for proving tightness of the empirical process of long-
range dependent observations. For this, they take advantage of the reduction
principle as stated in (3.2). The reduction principle reduces the problem to
proving convergence of the partial sums of the dominating Hermite polynomial.
Since none of the summands of the infinite series (4.2) is asymptotically
negligible, the chaining technique of Dehling and Taqqu (1989) does not apply
to the considered situation. Betken et al. (2023) establish a chaining technique
for proving tightness of the tail empirical process of long memory stochastic
volatility (LMSV) time series. The major difference to our argument results
from a martingale structure of the tail empirical process of LMSV time series.
This allows to apply Freedman’s inequality, i.e., a Bernstein-type inequality for
martingale difference sequences which, as well, does not apply to the situation
in this article.

5. A crucial part of the proof and second main technical contribution is to find a
bound of the form

= 1o 1 1, 3
P (iny,5(y.x) > 1) < Cl_yﬁb N —x)+cz,yﬂb (y—x)2
for some 6 > 0, any b > 0 and all x,y € [0, 1]. The result is formally stated in
Lemma B.1. Our proof consists of two major parts. The first one is to extend
Billingsley (1968, Thm. 12.2) which provides a probabilistic bound for maxima
over partial sums. In Lemma C.1, we provide a similar result, allowing the
bound to take a more general form. The second main part of the proof is
to verify the assumptions of Lemma C.1. Both, Lemma C.I and Billingsley
(1968, Thm. 12.2) apply under very general assumptions in that both do not
impose any assumptions on the dependence structure of the underlying process.
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However, both are based on a probabilistic bound on the distances between
partial sums. Given strong temporal dependence, as in our setting, verifying
this condition becomes particularly challenging.

5. CONFIDENCE INTERVALS

In this section, we focus on how to utilize HOAs of the empirical process for
the construction of confidence intervals. To begin with, we determine confidence
intervals for values of the marginal distribution F of a time series Xj,...,Xy
following Model 2.1. The confidence intervals are based on the empirical analog
Fy(x) = 1%/22;1 1ix,<q of F(x); see Section 5.1. Following this, we derive
confidence intervals for quantiles of the marginal distribution; see Section 5.2.
Section 5.3 provides a comparative discussion.

First and foremost, we are interested in how well these confidence intervals
approximate optimal confidence intervals. For this, note that the goodness of
confidence intervals can be assessed on the basis of the following two criteria.

C1: A high coverage probability, i.e., the probability that the true value of the
estimated quantity lies in the considered confidence interval should be high.
C2: A short length of the confidence interval.

Based on these criteria, we aim to compare the confidence intervals derived
from HOAs of the empirical process to confidence intervals that result from the
asymptotic distribution of F (x). Therefore, we will first rephrase how to compute
the asymptotic confidence intervals and then move on to introducing our approach
to derive confidence intervals.

For ease of computations, we base all analysis on the assumption that we are
given a subordinated Gaussian time series X, = G(§,),n =1, ..., N, resulting from
a strictly monotone function G. In this case, the Hermite rank r equals 1 and the
Hermite coefficients ¢;(x) can be determined analytically. In particular, it holds
that

—H-1(G'(x)¢ (G™'(x)) if G is increasing,

Hi_1(G')¢ (G '(x))  if Gis decreasing; -

C(x) =
see Lemma D.2.
5.1. Confidence Intervals for the Marginal Distribution

Asymptotic Confidence Intervals: For a construction of confidence intervals based
on the asymptotic distribution of the empirical process, note that

N .
o (Fv(0 = F) Bawz (5.2)
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where Z is a standard normally distributed random variable, ¢} (x) = E (IL{G@O)@} E())
and d% := Var (Zf’zl E,-) ~ N* L(N); see Dehling and Tagqu (1989). Due to the
fact that convergence in (5.2) holds in D[—o00, 00], we have

-~ N
1—a=P (|c1(x>|—‘ Py —F() € (Z‘;,mfg)) +o(l),
N

where z, := ® (&) and ® denotes the standard normal distribution function.
Therefore, an approximate 1 — « confidence interval for F(x) based on the
asymptotic distribution of the empirical process is given by

dN ~ dN ~
(FN(X) N lcr(0)z1—g, Fy(x) — N Ic1 (X)IZg) . (5.3
Referring back to Example 2.2, the following example establishes these confidence
intervals (5.3) for fractional Gaussian noise.

Example 5.1. For fractional Gaussian noise time series with Hurst parameter
H, dy ~ N" and [¢| (x)| = ¢(x), such that the interval in (5.3) equals

(Fv) =N oz, Fy () =N o)z ).

Confidence Intervals Based on HOAs: For a construction of confidence intervals
based on the HOA, note that according to Theorem 4.1
1
VN
where Z(x) is normally distributed with mean zero and variance o?(x) :=

ZneZCOV(S()(x),Sn(X)) and convergence holds in D[—o0,00]. As a result, we
have

N
l—a=P ((a(x»—‘ («/N(FN@ ~F(x) - ﬁ ZLn(x)) € (Zg,zlg)> +o(1)

n=1

N
VN (Fy() = F@) = —= ¥ L(x) 3 Z(),

n=1

with L, as in (3.5). Therefore, an approximate 1 — « confidence interval for F(x)
based on HOAs of the empirical process is given by

1 & o (x) e o(x)
(FN(X)_Z_VZL"(X)_WZI%’FN(X)_JVZL"(X)_\/NZ%) 5.9

n=1

n=I

5.2. Confidence Intervals for Quantiles

In this section, we establish confidence intervals for quantiles of the marginal
distribution of long-range dependent time series. Initially, we describe the
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construction of confidence intervals for quantiles based on the convergence of
the empirical process. Subsequently, we discuss the construction of confidence
intervals for quantiles based on HOAs of the empirical process.

Asymptotic Confidence Intervals: The asymptotic distribution of empirical
quantiles can be derived from the asymptotic behavior of the empirical process
(5.2) and an application of the delta method. In fact, Hossjer and Mielniczuk
(1995) showed that for a functional ¢ : (D[—00,00],| - |loc) — R, Hadamard-
differentiable at F,

N ~
a (@ (Fy) — ¢ (F) > Z¢ (F)((F)) 1§ (F)). (5.5

where Z is a standard normally distributed random variable, ¢; (x) = E (]l{G(g’O)gx} Eo),
¢'(F) the derivative in F and d? := Var (vaz . 5,-) ~ N?ML(N); see Hossjer and

Mielniczuk (1995, Thm. 1). Since our goal is to establish confidence intervals

for quantiles g, = inf{x | F'(x) > p}, we consider ¢ : (D[—00,00], | - [lc) = R,

¢ (F) = F~'(p). Given that r = 1, (5.5) corresponds to

N ~
Z(F o) -F ') 3 -2 GF D).

1
dy F'(F~'(p))

As a result, we have
/ ¢ — ~ — a N — —
1—a=P<—F(F R E I (R o) - F 1(1?))6(Z%,Z1_%)>+0(1)-

Therefore, an approximate 1 — « confidence interval for F~!(p) based on the
asymptotic distribution of the empirical process is given by

dy

(Fﬁl(p)——;ﬁw“(p))m Filp) -
NP TN EETR) 5N

—_— = -1 "
N F/(F—l(p))lcl(F (p))|Z1—7>~

(5.6)

Example 5.2. For fractional Gaussian noise time series with Hurst parameter
H, dy ~ N" and [T (x)| = ¢(x), such that the interval in (5.6) equals

(Fl\—ll(p)_'_NH—lz%’F;l(p) +NH71Z1_%>.

Confidence Intervals Based on HOAs: We propose an alternative way to derive
confidence intervals for the quantiles of the marginal distribution of long-range
dependent time series based on HOAs of the empirical process. Recall that
quantiles can be written as a functional of the distribution F' as well as their
estimated counterparts. Based on Taylor approximation of the functional ¢, we
can then write

N N
d—(¢(FN)—¢(F)) = ¢ (d—(FN—F)>+0p(1); (5.7
N N
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see Hossjer and Mielniczuk (1995) and also Van der Vaart (2000, Thm. 20.8). The
right-hand side can be further simplified by
(N N p—Fx(F~' () N (Fy—F)(F'(p))
¢F<—(FN—F)>=—’%=—— S ®), (5.8)
dy dv  F'(F(p) dv  F(F~(p)
see Van der Vaart (2000, p. 294). Under the assumption that the underlying time
series has Gaussian marginals and for p = % (such that F~!(p) corresponds to

the median) we get ¢}(% (Fy—F))=-— % (szw—(_g))(o)_ Then, an approximate 1 —«

confidence interval of F~!(p) can be written as

1 1 ., 1 B
(¢(FN)+M<X];L"(F (p))-i-ﬁo’(F (p))zl_%),
B (5.9
¢(FN)+;(lZLn(F_I(P))-I‘LG(F_](P))Z«I)>;
o(F~1(p) \N = N :

see Lemma D.1 and its proof for more details on the calculations.

5.3. Discussion

The confidence intervals established in Sections 5.1 and 5.2 all depend on the
subordinating function G as well as the Hurst parameter H, quantities that are
unknown in practice. Additionally, confidence intervals based on the asymptotic
distribution of the empirical process (such as (5.3) and (5.6)) depend on the
slowly varying function L through dy. By definition, d12v corresponds to the long-
run variance of a long-range dependent Gaussian process. Due to the fact that
the data is assumed to be subordinated to this process, dy cannot be estimated
straightforwardly, i.e., by a long-run variance estimator applied to the observed
data. On the other hand, an estimation can be based on the asymptotic relation

dy ~ N" L% (N). For this, it has to be taken into account that H characterizes the
autocovariances of the Gaussian process (not the observed subordinated process).
Only for a Hermite rank of the subordinating function G that equals 1, the
Hurst parameter of the Gaussian process and that of the subordinated Gaussian
process coincide, such that H can be estimated by established methods (such as
R/S-estimation or local Whittle estimation); see also Section 6.4. Nonetheless,
estimation of dy also requires an approximation of the slowly varying function L.
Unfortunately, we are not aware of any estimation procedure meeting this task.
In particular cases, e.g., when the data stems from fractional Gaussian noise,
L corresponds to a multiplicative constant depending on the parameter H only;
see Examples 5.1 and 5.2. In these cases, the estimation can solely be based on
estimation of H, but presupposes knowledge of the subordinating function G.
In contrast to confidence intervals based on the asymptotic distribution of the
empirical process, confidence intervals based on HOAs of the empirical process
(such as (5.4) and (5.9)) do not depend on L. For an empirical comparison of
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the two procedures for confidence interval construction in Section 6, we assume
knowledge of the slowly varying function L. This knowledge can be exploited
for confidence interval construction based on the asymptotic distribution of the
empirical process, but is not needed for the proposed method of confidence interval
construction based on HOAs of the empirical process. Moreover, we would like
to point out that (5.9) only depends on the Hurst parameter H through L,; see
(5.4). In particular, the ceiling function applied to H determines the number of
summands included in the construction of confidence intervals based on HOAs.
Accordingly, these are less sensitive to small errors in the estimation of H than
confidence intervals based on the asymptotic distribution. Given that inference
on long-range dependent time series relies on how well the corresponding Hurst
parameter is estimated, we expect confidence intervals based on HOAs to be more
robust to misspecification of H.

Section 5.2 focuses on deriving confidence intervals for quantiles of the
marginal distribution based on an HOA of the empirical process. The proposed
procedure takes advantage of the Taylor expansion (5.7) of a general functional ¢.
Due to the generality of the results, we believe that similar results can be achieved
for other estimators that have a representation as functionals of the empirical
process, such as Huber’s estimator and M-estimators.

6. NUMERICAL STUDIES

For our numerical studies, we consider the procedures proposed in Section 5.
We compare the coverage rate as well as the length of asymptotic confidence
intervals with those based on HOAs. To assess the performance of the proposed
procedures, we assume that the underlying time series follows Model 2.1 with
G =id, i.e., the time series is assumed to be long-range dependent with Gaussian
marginals. In particular, we assume that G = id is known although in practice G
needs to be estimated. Estimation of G can, for example, be based on the relation

xZF ~1(®(£)) (resulting from X = G(£) for a standard normally distributed
random variable £), where ® denotes the standard normal distribution function and
F the marginal distribution of X. Accordingly, G could be estimated by Flod,
where F! corresponds to the generalized inverse of the empirical distribution
function of the observed data. Note that, nonetheless, estimation of G will add
uncertainty to both procedures, such that for the purpose of comparison we refrain
from estimation of G.

In the following, we focus on confidence intervals for the marginal distribution
and confidence intervals for the median (Sections 6.2 and 6.3). Section 6.1
discusses the estimation of the long-run variance and the Hurst parameter.

6.1. Estimation of Long-Run Variance and Hurst Parameter

In order to compute the confidence intervals discussed in Section 5, we need to
estimate the long-run variance. Furthermore, we provide simulation results under
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the assumption that the Hurst parameter H is known and under the assumption that
H is unknown.

The long-run variance o2(x) := > nez Cov(Sp(x), S, (x)) cannot be computed
analytically. In order to make our results applicable, we therefore need to estimate
o2(x). We use the kernel smoothing long-run variance estimator

N—1 .
Fw= Y K(bj—)?zv(i),
j=—(—1) N

where K(x) = (1 — |x])Ljy<1y is the Bartlett kernel function, by denotes a
bandwidth parameter, and Py(j) is the sample autocovariance at lag j. For our
simulation study, we use the command hurstexp in the R package cointReg.
To determine the bandwidth, we use the command getBandwidth. For an
estimation of the Hurst parameter H, we used the R/S procedure following
the description in Weron (2002, Sect. 2.1). The estimator is implemented by
getLongRunVar in the R package pracma.

6.2. Confidence Intervals for the Marginal Distribution

We construct confidence intervals for the marginal distribution F based on the
asymptotic distribution and based on HOAs of the empirical process of long-range
dependent time series. For a visual comparison of the two different methods, see
Figures 3—5. To numerically assess the quality of the computed intervals, we report
their coverage rate and width evaluated at different x. In our simulation study, we
consider different scenarios ranging from small to large sample sizes (N = 200
and N = 1000) as well as from small to large Hurst parameters (H = 0.55 and
H = 0.95). Pointing toward Figures 3 and 4, which are based on sample sizes
N =200 and N = 1000, we see only a slight improvement of the interval length
for the asymptotic confidence intervals. The mild improvement emphasizes how
the asymptotic confidence intervals are impacted by the slow convergence rate of
the empirical process under LRD. That said, we fix the sample size to N = 200 and
compare Figures 3 and 4. Focusing on x = 0, one can observe that for larger Hurst
parameters, the width increases significantly for the asymptotic method. Naturally,
the increase in width results in a higher coverage rate. Confidence intervals based
on the proposed HOA method, however, are robust with respect to the value of
the Hurst parameter and outperform the traditional construction of confidence
intervals with respect to the coverage rate; see Figures 3 and 4.

Most notably, Figures 3 and 4 reveal that asymptotic confidence intervals may
have lower coverage rates than those based on HOAs, while confidence intervals
based on HOAs are shorter. This phenomenon results from the fact that the
centers of the confidence intervals differ, i.e., the smaller confidence interval is
not necessarily contained in the larger one. In particular, it therefore happens that
the asymptotic confidence interval is larger, but nonetheless does not cover F(x).
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method: . asymp . HOA

Coverage rate H = 0.55, N = 200 Interval length H = 0.55, N = 200
7777777777777777777777 0.15-
0.75-
0.10-
<
£0.50- )
& g
= 0.05-
Coverage rate H = 0.55, N = 1000 Interval length H = 0.55, N = 1000

0.06-

0.75-
S050- 004
g0
-

0,95 0.02-

0.00- 0.00- -4 ‘ ‘ -u

B 0 2

FI1GURE 3. The coverage rate and length of confidence intervals for the marginal distribution F(x)
evaluated at different x. The two displayed methods to calculate the confidence intervals are based on
the asymptotic distribution (asymp) and our HOA. The simulations are based on 2000 repetitions for
Gaussian time series of length N = 200 (first row) and N = 1000 (second row) with Hurst parameter
H = 0.55. The dashed gray line depicts the significance level of 95%.

leng

6.3. Confidence Intervals for the Median

In this section, we consider confidence intervals for the median based on
long-range dependent time series characterized by different Hurst parameters.
Again, we consider different scenarios ranging from small to large sample sizes
(N =200 and N = 1000) as well as from small to large Hurst parameters (from
H = 0.55 to H = 0.95), and we assess the quality of the confidence intervals
through interval length and coverage rate. Pointing toward Figure 6, which is
based on sample sizes N = 200 and N = 1000, we see only a slight improvement
of the interval length for the asymptotic confidence intervals. This emphasizes
how the asymptotic confidence intervals are impacted by the slow convergence
rate of the empirical process under LRD. Therefore, instead of considering
the impact of the sample size, we focus on how varying the Hurst parameter
influences the coverage rate and interval length. In this regard, Figure 6 clearly
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method: . asymp . HOA

Coverage rate H = 0.95, N = 200 Interval length H = 0.95, N = 200
1.25-
Loo- - =
1.00 -
0.75 -
0.75-
© <!
= 0.50- o0
= L 0.50-
0.25- 0.25 -
0.00 - 0.00- —
2 0 2
x
Coverage rate H = 0.95, N = 1000 Interval length H = 0.95, N = 1000
N
0.9-
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= )
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0.25 - 0.3-
0.00- 0.0- — I—
T

FIGURE 4. The coverage rate and length of confidence intervals for the marginal distribution F(x)
evaluated at different x. The two displayed methods to calculate the confidence intervals are based on
the asymptotic distribution (asymp) and our HOA. The simulations are based on 2000 repetitions for
Gaussian time series of length N = 200 (first row) and N = 1000 (second row) with Hurst parameter
H = 0.95. The dashed gray line depicts the significance level of 95%.

demonstrates that the length of a confidence interval constructed on the basis of
the asymptotic distribution of the empirical process increases almost exponentially
with increasing value of H. This may be attributed to the exponential increase of the
number of summands needed to calculate the lower-order terms of the empirical
process; see Figure 2.

In contrast to basing confidence intervals on the asymptotic distribution of the
empirical process, Figure 6 illustrates robustness of the confidence interval lengths
to different values of the Hurst parameter if the construction of confidence intervals
is based on HOAs of the empirical process. For Hurst parameters bigger than
H = 0.9 a significant drop of the coverage rate can be observed. We attribute this
observation to the fact that the stronger the dependence in a time series the higher
the number of observations needed to reflect this dependence. When adjusting
confidence intervals by the true number of summands in the lower-order term this
finite-sample phenomenon is not accounted for resulting in lower coverage rates.
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method: asymp HOA
=0.75

BEE

FIGURE 5. Confidence intervals for the marginal distribution F. The two displayed methods to
calculate the confidence intervals are based on the asymptotic distribution (asymp) and our HOA

The simulations are based on 1000 repetitions for Gaussian time series of length N = 100 with Hurst
parameters H = 0.6,H = 0.75, and H = 0.9.

method: . asymp . HOA
Coverage rate

Interval length
1.00-

Il

0.55 046 0465 0.7 0.75 048 0485 0.9 0.95
H

length

0.55 06 0.65 0.7 0.75 0.8 0.85 0.9 0.95
H

Coverage rate Interval length

8111 ot

0.55 0'6 0.65 0.7 0.75 0'8 0.85 0.9 0.95
H

rate
length

055 0.6 0.65 07 0.75 0.8 0.85 0.9 0.95
H

FIGURE 6. Coverage rate and interval length of confidence intervals for the median F~'(1/2) based on
long-range dependent time series characterized by different Hurst parameters. For this, the distribution
of the median is approximated by the asymptotic distribution (asymp) and our HOA of the empirical
process. Simulations are based on 2000 repetitions for Gaussian time series of length N = 200 (first
row) and N = 1000 (second row). The dashed gray line depicts the significance level of 95%.
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method: ] asymp [l HOA
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FIGURE 7. Coverage rate and interval length of confidence intervals for the median F~!(1/2)
based on long-range dependent time series characterized by different Hurst parameters. For this, the
distribution of the median is approximated by the asymptotic distribution (asymp) and our HOA of
the empirical process. The Hurst parameter is replaced by its R/S-estimator. Simulations are based on
2000 repetitions for Gaussian time series of length N = 200 (first row) and N = 1000 (second row).
The dashed gray line depicts the significance level of 95%.

6.4. Confidence Intervals Based on an Estimated Hurst Parameter

To make the construction of confidence intervals based on HOAs of the empirical
process feasible for practical purposes, we need to consider the case where the
Hurst parameter is unknown. As discussed in Section 6.1, we base estimation of
the Hurst parameter on the so-called R/S-method. In this section, we focus on
studying confidence intervals for the median. As done in Figure 6, the median was
considered for a range of different Hurst parameters. We therefore use the median
to illustrate how an estimated Hurst parameter changes the empirical coverage rates
and lengths; see Figure 7.

Next, we compare the numerical results based on estimation of the Hurst param-
eter (Figure 7) with the numerical results that are based on the assumption that the
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Hurst parameter is known (Figure 6). It is notable that the lengths of confidence
intervals resulting from approximation of the empirical process by its asymptotic
distribution tend to be shorter when the Hurst parameter is estimated while their
coverage rate is lower. Although the coverage rate of confidence intervals that are
based on HOAs of the empirical process and estimation of the Hurst parameter
declines for Hurst parameters larger than 0.9, this effect is not as pronounced as
for the simulations that assumed knowledge of the Hurst parameter. We attribute
this phenomenon to the fact that R/S estimation tends to underestimate the Hurst
parameter and that the higher the value of the Hurst parameter, the bigger the
estimation bias; see Taqqu et al. (1995). An underestimation of the Hurst parameter
results in a smaller number of lower-order terms entering the approximation of
confidence intervals. We conjecture that basing the approximation of confidence
intervals on a lower number of summands than suggested by our theory for long-
range dependent time series compensates for very strong dependence in time series
not being reflected in the finite-sample behavior of time series with relatively
low sample size. We call this phenomenon “benign underestimation of LRD”.
Our conjecture is supported by the fact that an increasing number of observations
results in a drop of coverage rate based on the estimated Hurst parameter; see
Figure 7.

Note that similar to the confidence intervals for the marginal distribution, we
can observe that the asymptotic confidence intervals result in a smaller coverage
rate than the ones based on HOAs while the latter are shorter. In particular, one
can see that the larger the Hurst parameter, the smaller the coverage rate of the
asymptotic confidence intervals while the intervals based on HOAs maintain a
constant coverage rate and interval length.

7. CONCLUSION AND DISCUSSION

In this work, we study HOAs of the empirical process as an approach to improving
statistical inference for long-range dependent time series. More precisely, we study
confidence intervals for values of the empirical process and for quantiles of the
marginal distribution of stationary time series that are based on an approximation
of the empirical process through higher-order terms in its Hermite expansion. For
statistics that can be expressed as partial sums of subordinated Gaussian processes,
the Hermite expansion corresponds to an L*-expansion of the subordinating
function in orthonormal polynomials. The inclusion of higher-order terms in this
expansion for the construction of confidence intervals results in narrower and more
accurate confidence bands, especially when compared to those derived from first-
order asymptotic theory. Most notably, this approach differs from Gram—Charlier
and Edgeworth expansions, which aim at improving approximations of the cumu-
lative distribution function through incorporation of higher-order information.
The latter techniques incorporate correction terms relating to skewness, kurtosis,
higher-order cumulants, or moments and, to the best of our knowledge, have so far
been analyzed against the background of short-range dependent time series and
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under the assumption of existing higher-order moments. Nonetheless, just as in
the Edgeworth expansion framework, the number of terms included in the Hermite
expansion of the considered statistic improves upon approximation quality from
a theoretical perspective. In practice, however, the theoretical improvement does
not show due to the finite-sample behavior of statistics not adequately reflecting
in time series. Interestingly, our numerical results suggest that this mismatch
between theory and practice may be mitigated by a phenomenon we term benign
underestimation of LRD; see Section 6.4. This effect appears to stabilize inference
procedures in practice and presents another intriguing direction for future research.

The main theoretical contribution of this article is a proof for the convergence
of higher-order terms in the Hermite expansion of the sequential empirical process
for long-range dependent time series. This result is of general interest for empirical
process theory and paves the way for novel approaches with respect to statistical
inference for long-range dependent time series. First numerical approaches using
the established theory illustrate an alternative way of constructing confidence
intervals based on long-range dependent observations.

In comparison to the construction of confidence intervals based on the asymp-
totic distribution of the empirical process, the proposed procedure improves the
quality of confidence intervals for the empirical process and quantiles of the
marginal distribution. Generally speaking, our results provide sufficient theoretical
groundwork for the use of HOAs for statistical inference on long-range dependent
time series. We conjecture that analogous theory would establish HOAs for
sequential partial sum processes of subordinated Gaussian sequences. Such results
would lay the foundation for improving upon statistical inference in change-point
analysis for long-range dependent time series. When testing stationarity against
the alternative hypothesis of a structural change in a time series by means of the
Wilcoxon test, the phenomenon illustrated in Figure 1 results in a high number
of false positives; see Dehling et al. (2013). While our proposed second-order
approximation is expected to resolve an inflated test size, a potential drawback
could be a lower size being accompanied by a loss in test power. This is an
expected trade-off since critical values derived from HOAs would rely heavily on
the lower-order term that also drives most of the behavior of the corresponding test
statistic. In addition to applications in change-point analysis, we envision that the
established theory for the two-parameter empirical process applies to goodness-
of-fit testing based on Kolmogorov—Smirnov and Cramér—von Mises statistics. We
leave both change-point analysis and goodness-of-fit testing based on HOA of the
empirical process as challenges for future research.

A. PROOF OF THEOREM 4.1

In order to prove Theorem 4.1, we first investigate the convergence of the finite-dimensional
distributions and then tightness in D([—00, o0] X [0, 1]); see Sections A.1 and A.2, respec-
tively.
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For the proof, we will make use of the following notation

LNV1]

1
my (x,1) == — S (x) (A1)
VP
with S; (x) as in (3.5).
A.1. Convergence of the Finite-Dimensional Distributions
We need to show convergence of the finite-dimensional distributions, i.e.,

- fdd.
my (x,1)" = S(x,1),

where {S(x,7)} is the limiting process with cross-covariances given in (4.1). For this, it
suffices to show that for all ¢g;,q2 € N, and (xj,1;) € [—00,00] x [0,1], i=1,...,q1;
ji=1...,92,

~ D
(mN (xl"tj))i:l,...,qgj:l,,..‘qz - (S(xi’tj))i=l,...,q1;j=1,...,q2'

Recall from (3.5) and (A.1) that

1 5 @it
my (xi.t) = —= ~Hj (&) (A.2)
I
VN n=1 l=f%1
and set
& &\ i)
(AN (xis ) )i=1,...o 1 = ﬁzai(sn) with Gi()= Y = CHIC),
J=L..q2 n=1 i=1,...q1 =ri
=l.q b

(A.3)

such that we have a ¢| x gp-dimensional matrix of normalized partial sums of subordinated
Gaussian sequences. In particular, different indices i correspond to different functions G;.
Given (2.1) and since the summation in (A.3) starts with [ = f%}, all G;(&) are short-
range dependent in the sense that their autocovariances are absolutely summable as shown
in (3.3). Furthermore, let r; denote the Hermite rank of G;. Due to (A.3), we have [%1 7
such that % < [%] < r; since 117 ¢ N.
Then, by Bai and Taqqu (2013, Thm. 3), we have

1 [Nt ] >
i > Gitgn) = G1,--.Gq)s
n=1 i
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where G;,i=1, ...,q1, are go-dimensional Gaussian vectors G; = (G;(t1), ..., Gi(tg,)) with

Ni Ni
i L 5, 1 INtG, 1 0o €1, (xi, )T, (xiy)
V(G (1. G 1) = lim Z Sy BT gy (6 ) H (Eny))

!
nl_l ny=1 I, b= |'D'| 1°%2
T ) ()
= min(tj,, 1j,) Z # Z )/l(n), (A4)
I=I$1 Lo

where (A.4) follows by Bai and Taqqu (2013, eqn. 11) and since, for [ > [%1 and due to
(3.3),

> iyl < oo

nez

A.2. Tightness

Since the object of interest 1y (x, ) in (A.1) is a process in two parameters, proving tightness
becomes particularly challenging. We will first give a tightness criterion in D([—00, 00] X
[0, 1]) and then argue that it suffices to prove tightness in D([0, 1] x [0, 1]).

In order to prove tightness of my (x, ) in D([—00, 00] X [0, 1]), we validate the following
tightness criterion: for all € > 0

lim limsupP sup sup |my (x2,10) —my (x1,11)| > & | =0;
-0 N>oo lxp—x1]1<8 |tp—11]<8
x1,0€R 0<ty, <1

see El Ktaibi and Ivanoff (2016, Formula (26)). In a more general setting, the criterion was
introduced in Ivanoff (1980). We further write

iy (xp,1p) — iy (x1,11) = fity (X2, 1) — ity (X1, 12) + 1y (x1,12) — iy (x1,17) -

Then, it suffices to show

lim limsup P sup  sup |mpy (x2,8) —miy (x1,0)] > & | =0, (A.5)
820 Nsoo |\ Ixp—xi|<81€0,1]

x1,x2€R
lim limsupP | sup sup |my (x, 1) —iy (x5, 11)| > ¢ | =0. (A.6)
>0 N>o0 | xeR |n—11]<8

Ogtl,lzgl
For (A.5), note that due to continuity of F -1 (following from strict monotonicity and

continuity of F) for every § > 0, there exists a 8 > 0 such that lxp —x1] < 5 implies
|[F~1(x)) = F~1(xp)| < 6. It then follows that
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sup _ sup |y (xp,0) — iy (x1,0)]
[xo—x1]<8 1€[0,1]
X1,X2€[—00,00]

= swp _ sup [y (FET o r) =iy (F@ )|
[xo—x1]<8 1e[0,1]
X1, %2 €[—00,00]

< sup sup |y (F(x2),1) — iy (F(x1),1)]
[xp—x1]<8 tel0,1]
x1,x2€[0,1]

= sup sup |mN (-x27t) —my (‘xl?t)l
[xo—x1]<8 t€[0,1]
x1,x2€[0,1]

and accordingly

p sup sup |y (x2,0) — iy (x1,0] > &
lxp—x1]<d  €[0,1]
X1,X2€[—00,00]

<P sup sup |my (x2,1) —mpy (x1,1)| > ¢
[xo—x1]<8 t€[0,1]
1,%2€[0,1]

For (A.6), note that due to F : [—oo,00] — [0, 1] being a bijective function and due to
my(x,t) = 171]\/(F_1 (x),1) with mpy (x, 1) as in (4.3),

lim limsup P sup sup |my (x, 1) —mp (x,11)| > ¢
-0 N>oo x€[—o00,00] |r—11]<6
0<11, <1

= lim limsupP | sup sup  |my (F_l(x),t2> —my (F_l(x),n)‘ >¢
=0 Nsoo | x€l0,1] |ra—11]<8
0<11,n<1

= lim limsupP | sup sup |my (x,t0) —mpy (x,t1)] > €
8=>0Nsoo | xe[0,1] |n—11]<8
0<r, <1

It follows that the criteria (A.5) and (A.6) can be reformulated as

lim limsup P sup sup |my (x2,8) —my (x1,0)] > ¢ | =0, (A7)
-0 N> oo lxo—x1|<8 r€[0,1]
0, <l
lim limsupP | sup sup |my (x,1p) —mp (x,11)| > ¢ | =0. (A.8)
=0 Nsoo | x€[0,1] |ra—11]<8
0<, <1
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We consider (A.7) and (A.8) separately. Both proofs are based on chaining techniques
following the ideas in Dehling and Taqqu (1989, p. 1778) and Betken et al. (2023,
Sect. 5.1.4).

A.2.1. Proof of (A.7). In order to prove (A.7), we apply a chaining technique. For
this, we define the intervals

1,p =1[2p8,2(p+1)8] and Iy , :=[2p+ 1), 2(p+ 1)+ 1)d]
forp=0,...,Ls = f% - %1. Then, the expression inside P in (A.7) can be bounded as

sup sup |mpy (x2,1) —my (x1,1)]
|xo—x1]|<8 t€[0,1]
0<x, 0K

S max  sup - sup [my(xp,7) —my (x1,0)]
0<p<Ls xy,xo€l  1€[0,1]

+ max  sup  sup |my (xp,0) —mpy (xq,0)]. (A9)
0<p<Ls x1,x2€l pt€[0,1]

In the following, we consider only the first summand in (A.9), since for the second summand
analogous considerations hold. For this reason, it remains to show that

lim limsupP | max sup sup |my (xp,1) —mp (x1,0)| > ¢ ) =0.
=0 N—oco \OSPSLsxy,xel) pte[0,1]

For this, it suffices to show that

1
lim limsup— max P sup sup |mpy (xp,1) —my (x1,0)| > ¢ | =0.
80 N oo 8 0<p<Ls (x],xzeh,p 1€[0,1]

We write I}, = [ap,ap+1], i.e., ap = 2pd and apy| = 2(p+1)3. Note that
sup  sup |my (x2,0) —my (x;,0)| <2 sup  sup |my (ap.t) —my (ap+x.1)].
x1,x2€l,pt€[0, 1] x€[0,25]€[0,1]
(A.10)

Define refining partitions x;(k) for k =0,..., Ky with Ky — oo, for N — o0, and
(k) = ap+§23, i=0,...,2% (A.11)
and choose i (x) such that

ap +x € (X () (k). Xi, 011 (0]

We write

my, p(x,y) = S[l(l)ph]lmzv(y, N—myxDl, myxy) =my,1(xy). (A.12)
tel0,
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Then, with help of the introduced partition (A.11), (A.10) can be bounded as

sup |mN(ap,t) —my(ap +x, t)|
te[0,1]

Ky

<D N G ) (R0 () (k= D) 1y (e () (KN)-ap +0). (A.13)
k=1

Consequently, (A.13) can be used to infer (A.14) below

P sup  sup !mN(ap,t) my (ap +x, t)| > &
x€[0,258]€[0, 1]

Ky
&€
<)Y Pl osup my( k). xi,_ nk—1) > ——
,; (xe[o,za] BT Hi1 () (k+3)2>
o0
&€
+P| sup my(x (KN),ap+x) > & — _— (A.14)
welo,2s) N g 2(:) (k+3)2
Ky 2K—1 .
<Y >'p (mN(xm(k),x,-(k)) > —2)
&€
+P< sup mN(le w0 En).ap +x) > 2), (A.15)
xe[0,26]

since Z (k+3)2 <5

Throughout all following arguments, C is a generic constant that can change upon each
appearance. We consider the two probabilities in (A.15) separately. The first one can be
dealt with as follows:

Ky 2¢—1 £
3 P(mN(xm(k),xi(k)) > 7)
k=1 i=0 (k+3)2
N k 3 8 3
Z Z ( j ) ( (i1 (0 — 5 (0)) + (xig 1K) —xi(k))2> (A.16)
k=1 i=0
Ky 2 8 3
B (k+3)° (126 (282
_ c]; ;O s (2k) (A17)

Ky 8 1
Nok+3)8 1 3 n (k+3) (1)2
<Cs E +Cé2 —
4 NG} 4 k
=1 £ N =1 e 2
<Csd (A.18)
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for sufficiently large N, where (A.16) follows from Lemma B.1 with b =1 and (A.17)
is a consequence of the choice of our partition in (A.11). The last inequality (A.18) is

8
then satisfied for large enough N since Zk 1 (k+3)

1
( 2k> ’ <0 by the ratio test for

the convergence of series and Zk (ki'f k 1 ~KyL 0 choosing Kp such that

N N¢
Ky =o(N?).
Now, we consider the second summand in (A.15). Choosing K} such that K) = O(NG),
Ky
but oz, (V) — O We get

€ C 1 N
lim limsupP | sup mN(x,K w (Kn),ap+x) > = | < lim limsup — p max{ } =0
=0 Nooo  \xe[0.25] 2] 750 Nooo N1 2Kv3

for all N > N, by applying Lemma B.2 below with a = 25, b =1, and ¢ = ap.

Proof of (A.8). In order to prove (A.8), we first split the interval over 71,1, in (A.8) into
subintervals. This allows to bound the quantity of interest in terms of a supremum over a
single parameter ¢ in a specific interval. We then apply a similar chaining technique as in
the proof of (A.7). Note that here the chaining is applied to x € [0, 1].

To deal with the supremum over 1,7, in (A.8), define

Iy =[2p8,2(p+ 1)8] and b, = [2p+1)8, 2(p+ 1) +1)8]

forp=0,...,Ls = [2%3 - %] . We first note that the expression in P in (A.8) can be bounded

through
sup  sup |my () —my(x,0)| < sup max  sup |my (x,2) —my (x11)]
0<x<1 |ra—11]<6 0<x<19<P<Ls 1y, el

0<,0<1

+ sup max sup |my(x,) —my(x,11)].
0<x<10SP<Ls 1y, el
(A.19)

In the following, we consider only the first summand in (A.19), since for the second
summand analogous considerations hold. For this reason, it remains to show that

lim limsupP | sup max sup |mpy (x,tr) —mpy (x,11)| > €| =0.
=0 N—oo  \0gxg10SP<Lsty, el

We write I1 ;, = [ap,ap4 1], i-e., ap = 2pd and ap 1| = 2(p+ 1)3. Note that

sup  |my (x, 1) —my (x,11)| < sup |my (x,1) —my (x,ap)]

t, el ) nel ),
+ sup |my (x.ap) —my (x,17)|
t|611-l7
<2 sup |my (x.ap) —my (x.ap+1)]|. (A.20)
te[0,26]
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For the supremum over x € [0, 1], we apply a similar chaining technique as in the proof of
(A.7). Define refining partitions x;(k) for k =0, ..., Ky with Ky — oo, for N — oo, and

Lm0 ok (A.21)

xi(k) = 7 i

and choose i (x) such that

x € (i 00 (). X ()1 (0]
Moreover, define

my(x,t,p) == my (x, ap) —my (x, ap+ t)

(A.22)
mN(x,y, ’7[7) = mN(Y7 tsp) - mN(xv t,P)~

Then, continuing with (A.20), it follows that

max su my (x,ap) —mpy (x,ap +1t
0<p<L5te[055]‘ v (xap) = (x.ap +1)]

= max sup |my(xztp)|
0<p<Ls 1e[0,26]

= max sup |my(0,7,p) —my(x,1,p),
0<p<Ls 1[0, 28]

since ¢;(0) =E (1{F(Xo)<O}Hl(§O)) = 0. We have

max  sup |my(0,5,p) —my(x,t,p)|
0<p<Ls te]0,25]

Ky
< max  sup |mn G0 ®),x; oo (k—1,5,p)
i1 OSPSLs te[0,25]‘ () ig—1(x) }
4+ max  sup ‘mN(x (KN),X,t,p)’
0<p<Ls te[0,28] Ky (x)
Ky
= Z m (i (0 (), Xy (o (k= 1) 1y (i () (KN, ), (A.23)
k=1

where my (x,y) 1= maxo<p<Ls SUPre[0,25] 1N (%, ¥, 1, p)|. Consequently, (A.23) can be used
to infer (A.24) below

Pl sup max sup [my(0,5,p) —mpy(x,t,p)| > ¢
(xE[O, 110<p<Ls 1[0, 28]

Ky .
<Y Pl sup my(xi 0 K),xi, o k—1) > ———
2 (xe[O, p R <k+3)2>
o0
€
+P| sup my(x; (Kn),x) > & — —_— (A.24)
welon) e kg(:) (k+3)2
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Ky 2k
<Y >p (mN(xH—l (k). x; (k) > )
k=1i=0 (k+3)2
+P< s[up ]mN(x,KN ) KN, x) > 8), (A.25)
x€[0,

since Y 70 ﬁ < 5. We consider the two summands in (A.25) separately. For the first
summand in (A.25) we need some preliminary results. Note that for any n > 0,

P (imy (xiy1 (k),x; (k) > n) = P( max  sup |my(xip1(k),xi(k),,p)| > n)
0<p<Ls 1e]0,26]

Ls
< ZP< sup  |my (xiq1 (k),x;(k),1,p)| > 77)- (A.26)
o0 \rel0,29]

Due to stationarity, it follows that

P( sup [my (xipq (6, x,<k>rp)|>n> P( up |mN(Xz+1(k) x,(k>z0>\>n)
te

[0,268] t€[0,
(A.27)
Combining (A.26) and (A.27), we get
1
P (i (xi1 (K),x; (k) > 1) < 5P< up Imy (xj41 (k). x;(k),1,0)| > n) (A.28)
te

Due to the notation in (A.22), we have
mp (xi41 (k), x;(k), 1,0)

= my (x;(k),0) —my (x;(k), 1) — (mp (xjy1 (6),0) — mpy (xi41 (K), 1))

such that
sup [my (i1 (0. % (K. £,0)| <2 sup |y (xige1 (R).1) —my (xi k). )]
t€[0,26] t€[0, 26]
We can then bound the first summand in (A.25), with further explanations given below, as
follows:
Ky 2k
ZZP(mN(xz+l(k) xi(k) > —2>
k=1i=0 (k+3)
Ky 2k e
2 sup |my(xip1 k), 1) —my (x;(k), — A.29
;;0 ( P|N(z+l()) v (i (k),1)] > (k+3)2) (A.29)

KN2

(k+3 1 3
ZZ “ (62“’W(xi+1(k)—xi(k))+62(x,»+1(k) x,(k))Z) (A.30)
k=1i=0
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Ky 2t (k+3) 11 1\?
c 8270 — — 452 < )
8 Ky 8 1
- (k+3) 1 S oh (k+3)8 (12
8 Z o4 C J Z o4 2k

k=1
< Cmax{al—f),a}

(A.31)

(A.32)

for sufficiently large N, where (A.29) is due to (A.28) and (A.30) follows from Lemma B.1
with b = 4, (A.31) is a consequence of the choice of our partition in (A.21). The last

i
8 1
inequality (A.32) is then satisfied for large enough N since > 22 =1 (k+3) (zk> 2 c0 by

KN k+3)% 1
& NP

the ratio test for the convergence of series and )"

choosing K such that K]% =0 (Ne).

Now, we consider the second summand in (A.25).

&
P( sup 7y (Xig (x) (KN),x) > 2)
x€[0,1]

=P| sup max sup ’mN(x (Kn), x, tp)‘ > —
(xE[O 110<p<Ls 1[0,26] oy ()

1 &
< <P| sup sup ‘mN(xiKN(x) (Kn),x, 1, 0)‘ > =
8 \xe[0, 117€[0,25] 2

1 €
<-P|2 sup sup ‘mN(xiKN(x)(KN),t) —mN(x,t)‘ >— .
8 xe[0, 1]7€[0,25] 2

i 9 _ 0 K,
Choosing Ky such that K3, = o (N ) but k)gz% — 00, we get

K9 19—>0 as N — oo,

1 C. 1 1 N
—P|2 sup mN(x,K ) (KN),x) > = | < — 82 max , —0 asN — oo,
8 g4 N oKy

xe[0,1] Nz 2Kvz

for all N > N, by applying Lemma B.2 below witha=1,b =34, and ¢ = 0.

B. TECHNICAL RESULTS AND THEIR PROOFS

In this section, we provide some technical results and their proofs.

|

LeEmMMmA B.1. Let iny,p, be as in (A.12). Then, there are constants C1,Cy > 0 and a

0 € (0, %] such that for any A > 0,

= 1,291 2 3
P(mN,b(xa)’)>}~)<Cl)T4b No O~V + g b(y—x)z

forany b > 0 and all x,y € [0, 1] withy > x.
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Proof. In order to bound the probability in (B.1), we use arguments from Billingsley
(1968). For this, we express iy, in (A.12) as

[Nt] oo

_ 1 Cl(y) Cz(X)
mN,b(x,y) sup ————H(én)
1ef0.5] VN ';zi(:w
T i Z Z o CI(X)H(E") <k Vb Isel-
< = va)
Note that
] o0
Sj—si—T Y Y W,
n=itli=[ 51
and define

00 L5) B
heyE) = Mm(sﬂ) =L prGEn<) — =D =Y Mm(sﬂ).
I=[$1 ' b=r '

Then,
4
Elsj—si|* Z hy,y (&)
N, (B.2)
= %E(E] +4%1+3%0 +6X3+ %y)
with

J
= > hG,

n=i+1
Sori= Y Iy (En ey Eny) Toa = Y g (G G (Eny),
X3 = Z h)zc,y(fm)hx,y(fnz)hx,y@m%
24 = Z hx,y(énl)hx,y@nz)hx,y(ém)hx,y(ém)a
where Z/ extends over all different indices i+ 1 < ny,...,np < J, np # ng, v # 5,

=1,...,4
Note that for any even integer p > 2, there is a constant C > 0 such that

E(#60) <co-v (B.3)
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since
B ) —
E (hf,y@o)) <C|Elper@Gen< +0—0" +E[ D <17,)H1(50)
I=r ’
(B.4)
B ) —a\?
<C|ElperGn< + =0+ (T) E(H;(Ep)I)
I=r :
(B.5)
! le1(y) — ()P Ip
< C| BLlparGen <) + 0=+ T(p -7 | (B.6)
I=r K
<CO-x), (B.7)

where C is a generic constant that can change upon each appearance. Inequalities (B.4) and
(B.5) follow from

n P n

—1
> bl | <P il
k=1 k=1

which holds for any p > 1 and is a direct consequence of Holder’s inequality. Inequality
(B.6) follows by Nelson’s inequality; see Nourdin and Rosifiski (2014, Lem. 2.1). Finally,
(B.7) is a consequence of applying the Cauchy—Schwarz inequality

(@) =e100)? = B (Lpe<r6ien <o Hi0) < 0—0E(HG0)) = =0t (BS)

and by noticing that (y—x)% Ly—xforp>2andxye (0,1).
We now consider the summands on the right-hand side of formula (B.2) separately.
Starting with X1, note that (B.3) gives

E[S| < C(—i)(y—x).

In order to estimate the remaining quantities, we make use of Taqqu (1977, Lem. 4.5). This
together with (B.3) above, immediately yields

E[%1] < CGi—03 (E (h)%,y@o)))% (e (hﬁ,y@o)))% <CG—i)? (y—.
BIZal < OB (12, &) (B (i, @) < cG-26 -3,
EIZ4l < €G- E? (B ,(60)) < CG— D20 =02,
It remains to find an upper bound for E X5,. For this, define
L)
LoyEn) =) Mm(m and Ty, y(2) = L < F(G () <p) = O —)-

I=r
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It then holds that
E (A @00y En)) = B (o y ) = Ly ) Gy Eny) — Ly En))?)
S4By ) + L3y 6 ) Oy ) + 2 E)) )
= 4( B2 &I 61 + E Oy (6 )L2,y 60r)
H By 6y En) + B2 En)L2  Er)))- (B.9)

Before we consider the four summands in (B.9) separately, we make the following
observation. With arguments given below,

lp)
Z ) . c7(x) Hy(&n)

Ly () =E

I=r

Y B 4
<o) (T19) Ern (B.10)

I=r

CZ (c1(y) _Cl(x)) 7 (B.11)

I=r

where (B.10) follows by Holder’s inequality and (B.11) by Nelson’s inequality; see Nourdin
and Rosifiski (2014) Lemma 2.1. Then, combining (B.11) with (B.8),

L3 y(E)) < Co—27. (B.12)

In the following, we consider the summands in (B.9) separately. For the last one, the
Cauchy—Schwarz inequality and (B.12) yield

L2 (En L3 () < B(LE ()7 B(LL () ? < CO— )2, (B.13)

Since E(h y(énl) y(énz)) and E(L y(fnl) y(fnz)) in (B.9) can be treated analogously,

we only consider E(h)%’ y (n, )L)ZC’ y(gnz )). Given the definition of h2 <y in (??) and with further
explanations provided below, we get

E(h? y(Enl) xy(Eny)) = E(Lix<r G, n< — 0 X))%L y(fnz))
= B(L{x<F(Gen, <t Ly En)) + =07 By (6y)
+20 =) E (x<F (G, )<t y(énz)) (B.14)
Coy— >%+C<y—x>3+<:(y—x)f
Cly—n3. (B.15)

[N

For the first and third summand in (B.14), the Cauchy—Schwarz inequality and (B.12) yield

E(11{X<F(G(s,,,))gy}L%,y(Snz))<(E<1{x<F(G(5n]))<y}>) ( (L y(Snz))) C(y—X)%.
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Moreover, we have, by orthogonality of the Hermite polynomials, that the second summand
in (B.14) can be bounded as

2
L5 L5 2
a(y) —ci(x) (ci(y) — ci(x))
Z I Hi(En)| = Z (1!)2
I=r I=r

E(L} ,(§:,) =E EH?(£,) < C(y—

The first summand in (B.9) requires some more calculations, leading to
E (72 y )2y 6nr) )
2 2
=E [(1 [r<F X<y}~ v-x) (1 [r<F(Xu) <y} ~ O -9) }
—E (11 To-0?—20-n1 )
{r<F X<y} {r<F X<y}

X (]l{x<F(Xn2)<y} +(y—x)2 _2(y_x)1{x<F(Xn2)<y}>]

=E(Lcriy <o) Hper oy <o} ) 1 —20 =902 +20=0% =30 —»*
= E (hx,y Gn i,y (Enp)) (1 = 20— 0% + (y — 0> (1 — (y—x))?
< |E (Ex,y(i:nl)zx,y(gnz))| + ()’_x)2~

By orthogonality of the Hermite expansion

~ L) () — 0\
E (T, y (6n Y,y (Eny) ) = By, y (60 Y, y (6ny) )+Z<7> E (H) (&) ) Hi(6ny))
- !

L5 e
= Bl ey G+ Y LIy
I=r
L5)
< By, y(Enyhy y ) + =) Yyl —m)
I=r

< E(hx,y(fnl )hx,y(gnz)) +@ _X)C)/r(nl —ny).

Then,
|E (Rre,y (Eny i,y (Eny)) | < |Elay (n iy Eny )| + CO =00y (g — o),
such that
E (7 6n Ty 6np) ) < [BCh,y gy G )|+ CO= 07" (11 = ), (B.16)

Combining (B.9), (B.13), (B.15), and (B.16) finally gives
E (1 y G2y 1)) < C By y 6y y ()|

FCOo—22+Cly—x)? +Cly—x)y" (1) —n2).
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Taqqu (1977, Lem. 4.5) yields
3 E (i y En ey ) | < CG— D5 =),

Since y (k) = k~PL(k),

j—i j—i
Yoo Y u—n) =) Yy —n)—(G—iy (O
H1<m #na<j ny=lny=1

j—i—1
=2 (-i-hy'®
k=1

~

. ~2—rDyrs. .
T pV—0" LG

see Pipiras and Taqqu (2017, Prop. 2.2.1). Therefore, for any € > 0, there exists an Ny € N
such that

Y. Ym—m)<(d+e G—i* "L G—i)

H1<n #no

1—rD

for j—i > Ny. As a consequence thereof, there exists a constant C > 0 such that

D Y —m) < CG—i*PLG—)

i+1<n #m <)

for all i,j € N.
Due to slow variation of L for any n > 0, there exists a C > 0, such that

E50 < C Y [E (h,yEn .y Enp) |+ CG— )Py —2)?
+C(— Py —2)2 + Cy—x)(— 2D+
<CG— 24— +C(i— )y =2 +CG =iy Py ),
Finally, we can use the bounds on E X1 to E ¥4 to continue bounding (B.2) as follows:
1
E|sj—s,-|4 = ﬁE(El +4221 +3222+623 +34)
<cz(U=p0=n+G-nio-v
+G=DO=0+ (D> PTG 0+ (=020 -0 + (D20 -0?)
<O (G- 0=+ =P =0+ G- -0 )

1
SCﬁ((/'—i)Q_"(y—x)ﬂL(i—i)z(y—x)%)
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with 6 = min{%, rD — n}. We obtain,

1 (j—i\2? - 3
E|sj—s,-|4<cﬁ(’7’> (y— x)+c<17) —x)3
. 2-0 . 2 B.17)
I A ERCA
<Clo-0%7 ) — +Clo-ni 3 &

g=i+1 N2=0 g=i+1

Applying Markov’s inequality to the probability P(|s;—s;| > A) = P(|s;j—s; 14 > %
and using the bound (B.17), the conditions of Lemma C.1 are satisfied with y = 4,

1
o) =2-0,0r=2,vi =(y—x)27

3
—,and vy = (y—x)4 % Then, applying Lemma C.1

N2-0
yields

| | LNb) | 2—-6
P max |sg| > A ) < C — —x)2-0

1 3 LV 1 ?
Jrcm,yk—4 G-0F Yy v
n=1
1 29 1 2 3
gCUtM/Ng )»4b - x)"'cazy —b " (y—x)2. O

The subsequent lemmas are used in Appendix A and are all formulated in terms of a
generic sequence of refining partitions which covers the two sequences of partitions (A.11)
and (A.21) in Appendix A. For k =0, ..., K define refining partitions

~ i .
3ik) =T+ 5528, i=0,... 2k, (B.18)
of the interval [dp, @) + a] and for x € [0,a] choose iy (x) such that

dp +x € (i () (0). Xy ()1 (0]

Note that for the partitions defined in (A.11) and (A.21), we consider @, = ap, a = 28 and
dp =0, a =1, respectively. All following lemmas in this section refer to these partitions.

LEMMA B.2. Let my be defined as in (4.3) and let \/IT//ZKN — 0. Then, forall A,b € (0,1]
there is an N, and a constant C > 0 such that

C 3 1 N
P( sup  sup mN(x,K (x)(KN) t)—mN(x—I—c,t)’ >A> < —4b2 max{], : }
xe[0,al te[0, b] A

forall N > N, and for all ¢ > 0 such that x+ ¢ < Xigy (0)+1 (Kn).
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Proof. Note first that for all x, y,

X g —am 1
Iy (1) =m0 = | 7 ZHz(En)
=[]
[Nt L5
1 c—c) 1
== D L<F(GEn <)~ 27 ZHz(én)
Wn:l I=r
LNt J
1 () —cx) 1
ST > Lr<F G < + 27 ZHz(sn) :
n=1 I=r
(B.19)
Then,
P( sup  sup ’mN(X‘FCJ)—mN(xiKN(x)(KN)at)’ >)»>
x€[0,a]te[0,b]
L]
<P| sup sup *Zﬂ{ (Kn) <F(G&n)) <xte) -2
B Xiv (x < n)) SX+c
xel0,alrel0,b]| VN = HEV O >
L5 [Nt
Vat+o) —aly @ &N 1
+P| sup sup i K2 ZHI(&) > =
x€[0,a]te[0,b] I=r :
(B.20)

A% w4 m?
SPL osup sup | o= ) i o Kn<FGEN<s+el | > 5 | 035K 520
. mrgl {XKN()( N)<F(G(&n)) <x+c} 2 D2 2Ky 32

€[0,a]t€[0,b]
(B.21)

where (B.20) follows by (B.19) and (B.21) is a consequence of applying Lemma B.3 below.
It remains to bound the probability in (B.21). Therefore, we write

LN1J
P| sup sup —Z > &
xel0.alrel0. 1| VN £ g 00 K <FGEn<rte}| 7 2

LNb) N
<P —Y1 ~
celona] m; i, 00 K <FGED<xre} | 7 2

LND]

(xe[O al T Z

)
<P S 2
gy 00 K <F(G&) Sxige 1 (K} 2)
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LNbJ
<P| su — 1
(xe[(f’a] N r; ( i, 0 (Kn) <F(G&) i o1 (K|

- (%‘KN @+1KN) = Xig () (KN)> ) ’
I N
+ s | 3 (s 04100 i 0 k) = 2) (B.22)

x€[0,a]

The second summand in (B.22) is deterministic and can be bounded by

AL N

SO , «F Z (xu(N(x)Jrl(KN) szN(x)(KN)) 2KNb 2KN

Then, choose N, > 1 such that ‘F % for all N > N;,_. As aresult, we get

LVt

A
Pl su su — 1 > —
0 [T 2 o 0 <r e <ere] |~ 2
LNb ]
<Pl s — 1
(xeﬁ'fa] VN ; ( [fig,, 0 K <F(Gl& < 1K) |
A VN
- (xiKN(x)+1(KN) —Xig, (x) (KN)> )‘ >3- 2TN)
LNb |
<P su — 1
(xe[o?a] VN ; ( [ig,y 00 K <FGEN iy 1K)}
A
- (xiKN @+1KN) =Xig () (KN)> )‘ > Z) (B.23)

for all N > N,. Lemma B.4 gives an upper bound on the probability in (B.23):

LVt

su su —— > — — max
wetbaliclom | VN - by <rGen <]~ 2 aRE N3 2w

a
LeEmmA B.3. Let ¢;(+) be defined as in (4.3). For all . > 0, it holds that
1
i 1 Nb?
= D2 2Kn)2

ci(x+0) —c(xig, (0 (KN)) 1

LNVt
P| sup sup Hij&n)| > X
xe[0,alte[0,b] | ] I VN 2t

=r n=1

fora,b>0andc >0, such that x+c < Xigy ()+1 (Kn).
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Proof. In order to bound the probability of interest, we use (B.8) in (B.24) below

1
DL e+ 0) — e, oKy 1

P| sup sup Hi(En)| > A
xe[0,a]r€[0,] | 1=, Il \/‘Z n

n=1
p) (X+c—xl'KN(x)(KN))2 1
<P| sup sup Hi(&y)| > (B.24)
x€[0,a]t€[0,b] ; I! f nX; !
p) (i, (o) +1(KN) — X (x)(KN))% p
<P| sup sup y = 7Z|Hl(§n)|>)\
xe[0, al rel0,b] = Vit VN =
L5) | | el
<P |H(&n)| > 2
£ /2RI fz !
2
) L5) L W 1\2
<—E PR H, B.25
& gﬁﬁ,;| el | (5) (B.25)
1 LNb] 1\2
<5k Z WN >° E(Hy EnlHLE)) (5)
li,lh=r ny,np=1
[Nb]

21<N Z 3 ( ) (B.26)

1,h= r ny,np=1
_ 1 sz
= D2 0oKn)2°

where (B.25) follows by Markov’s inequality. We then used the Cauchy—Schwarz inequality
to get (B.26). O

LemMA B.4. Let F denote the marginal distribution function of X,,n € N. Then, there is
a constant C > 0 such that

LD ]

— 1
VN Z ( {XiKN(x)(KN)<F(Xn)<XfKN(x)+1(KN)}

n=1

P ( sup
x€[0,d]
- (xiKN @+1EN) = Xig () (KN)> )‘ > A)

C 3 1 N
< —4172 max | —,
A N2 2KN2

fora>0andb,\ € (0,1].
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Proof. With further explanations given below, we can infer the following bounds:
LNb]

T

n=1

P ( sup (IL
x€[0,a] {XiKN w0 (Kn) <F(Xn)<XfKN 0)+1 (KN)}

- (xiKN @+1EN) = Xig () (KN)> )‘ > A)

Cl(x LKN) — (i oy (Ky)) 1 L)
sup iy % iy ) LS e > o

x€[0.a] l r . Wn:]
2KN

A
Z <|mN xip1(KN),b) — my (x;(Kn).D)| > E)

L5) ¢ (x; el [Nb)
1(x, +1(EN)) —ci(x (KN)) RS
+P| sup Z iy () T iy ) ZHI(Sn) > =

x€[0,a] | ;—,
(B.27)
2K 2KN
16Cy 3 1 16C; 4 Nb?
<z bzgg(xm(m)—xi(mw —b ng(x,H(KN) xi(Kn))E + — 03 K
(B.28)
K, 3
<16C1b%2N 1Y\ 1 16C2 )2 34 M2
STl )Tt Z )
i=0
C 3 1 N
< —b2 max s -
A4 N2 2Kn3

where we used the representation (4.3) in the first summand of (B.27). The first probability
in (B.28) can be bounded by Lemma B.1 and the second one by Lemma B.3. We deduce
the last inequality by using that b, A € (0, 1]. a

C. A COMPLEMENTARY RESULT AND ITS PROOF

In order to prove Lemma B.1, we use a slightly modified version of Billingsley (1968,
Thm. 12.2). We recall some notation from Billingsley (1968, Ch. 12). Let &{,...,&y be
independent or identically distributed random variables and s = Zjlle & with sp =0 and set

My = max |sg]|.
0<kSN

LeEmMMA C.1. Suppose there are y > 0, ay,0p > 1, v{,vp > 0 and a positive sequence
(1g)1<e< N, such that for all ). > 0,
1 J * j «
P(|Sj_si‘>)‘)<)7 vlezlug + vzezlug , 0<i<j<N. (Cd)
=i+ =i+
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Then, there are constants Cy,,y,Ca,,y > 0 only depending on a;, i = 1,2 and y, such that

o] o)

VIZW +Ci§;y VQZW
=1

P(My > 2) <

Remark C.2. Note that Lemma C.1 reduces to Billingsley (1968, Thm. 12.2) by setting
vo = 0. In particular, our statement remains true if either v; or v, are zero. Our proof below
reveals that the generalization only works when the two summands in (C.1) depend on the
same sequence (Ug) | <LKN-

Proof. The proof follows the proofs of Billingsley (1968, Thms. 12.1 and 12.2) and
requires only slight modifications of the arguments. First, note that

P(My > 1) <P(My > 1/2) +P(sy > 1/2) (C.2)

with MI’\, = maxggigny min{|s; |, |sy —s;|}. We consider the two probabilities in (C.2)
separately. Using assumption (C.1) with j = N and i = 0, the second probability can be
bounded as

o1 N o

N
2Y
P(SN>)\./2)<A’7 vlgug + VQZX;Mg

We prove a bound for the first probability in (C.2) via induction over N. Our induction
hypothesis is, for © = 1 /2,

V1 Zue

Beginning the induction with the base case N = 2, we get

o] N o)

vy u| (C.3)
=1

P(M}y > 1) <

23] 2 (%)

2
1
g/TV VI;W + Vz(;btz

P(Mj > p) = P(min{|sq |, sy —s1 |} > 1)

(C4)

by applying Lemma C.3 withi =0,j =1,k =21in (C.4).

For the inductive step, we assume that the induction hypothesis (C.3) is satisfied for all
integers smaller and equal to N — 1 and move toward N during the inductive step. Note that
by Billingsley (1968, eqn. (12.29)), there is an / such that

h—1 1 N h
Zueéizueézuz, (C.5)
=1 =1

where the sum on the left is zero if 7 = 1. By algebraic computations, one can infer

N
Z Up < Zug < Zug. (C.6)
=1 {=h

{=h+1

l\)\'—‘
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To see this, note that

1 N h 1 N N N
3 Meézuzéizuwr Z Mtz<zuz+ Z ug
=1 =1 (=1 {=h+1 =1 {=h+1
N N 1 N
= Z ugSZu(—EZu(
£=h+1 =1 =1
N 1 N
= Z ugéEZul. (C.7)
L=h+1 (=1

h—1 1 N — N N
2
> u(:>ZMZ+ZMg Z Zug
(=1 (=1 (=1 l:l {=h
N 1 N N
= Zug 5 up < Zu(
=1 =1 {=h
1 N N
= 5 Zu/g < ZW’ (C.8)
=1 {=h

Combining (C.7) and (C.8), we get the desired result.
By Billingsley (1968, eqn. (12.36)),

My, < max{Uj + D1, Uz + D3}

and therefore

P(My > ) <P(U;+Dy > 1) +P(Uy+ D3 > 1) (C.9)

with

Upy= max min{|s;|,|sp—1—5i|}, U= max min{|s;—sp|,|sy —S C.10
1= e {Isil:Isp—1—sil} 2=, max {Isj—snl. sy —s;l} (C.10)

Dy =min{|sp_1|,Isy —sp—1 1}, Do =min{|sp|,|sy—sp|}. (C.11)

The tail probabilities of the random variables (C.10) and (C.11) can be bounded by using
the inductive hypothesis (C.3) and Lemma C.3, respectively. Exemplarily, we consider U
and Dj. For Uy, we get the following bounds:

=1\ c =1 \*
o
P(U; > p) < Vi § :u@ + 2/ vy ug (C.12)
=1
Copy 1 L az
ap,y o,y
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by applying the inductive hypothesis (C.3) in (C.12) and the inequality (C.5) in (C.13). The

tail probability of U, can be dealt with analogously by applying (C.6). For D1, we get

o] N o)

N
1
PO > < o7 VIZXE’M +V2ZX;M£

by Lemma C.3 with i = 0,j = h — 1, and k = N. The tail probability of D; can be handled

analogously by applying Lemma C.3 withi =0,j =hand k= N.

(C.149)

45

We now continue with bounding (C.9) with focus on the first summand since the second

summand can be bounded by analogous arguments. With explanations given below, for

some positive o, 11 With g+ pu1 = u,

P(U1+Dy > pn)
< PWU; > po) +P(Dy >M1)

_ Cuy 1 1 NOoNE yo®
<o in Zue Foa e uw) [ (muw] +{n
Ko =1 Hi =1

1 No® YN Ty 1 1y
<—|lc +Ca, — ) + +
X W ( oLy <V1 ;W) 0,y (Vzeguz) ) |:(2u| 2a2> (Ca]y Cuz,)/) ]

o a
N
1

SMT Coy,y VIZW +Caos,y \QZM@ ,
= =1

where (C.15) follows by (C.13) and (C.14). For (C.16), we recall Billingsley (1968,

eqn. (12.39)). It states that for positive numbers A, B, A,

min — 4+ — + 5
7 = A B
)L(), A.] >0 )LO )\,
Ao+A1=A
with § = ——. The inequality (C.17) follows since

N 3] N ay N 31 N o !
VIZW + szuz < |Cayy wzuz +Coy.y "ZZW < +
e=1 =1 =1 =1 Cory

(C.17)

(C.18)

1
Caz, v

Finally, we get (C.18) by choosing the constants Cy,,y, Cq,,y large enough to get

1
L 3+ Lo s o
200 2@ Car,y  Cay -
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which is possible since (C.19) is equivalent to

1+1 5+ 1 N 1 5<1
201 | Qa2 Cary  Cany)

and due to our assumption that oy, r > 1. O

LeEmmMmA C.3. Suppose there are y > 0, a1,ap > 1, (C.1) is satisfied with vi,vy > 0 and
a positive sequence (ug)1<¢<N- Then, for all . > 0,

P(}sj—si| > A,

1 k @ k @2
Sk—Sj|>A)<M(<V1 Zuz) +<V2Zuz> ) 0<i<j<k<N.

t=i+1 =i+l
Proof. We follow the arguments in the proof of Billingsley (1968, Thm. 12.1). That is,

P(|Sj—S,‘| > A,

sk—sj| > A)
<P (ls—si > 1) P (|se =] > 2)
o

j j @2\ 2 k k
S)LL}, V1Zue +vzzuz (VIZW) + VzZMe
=i+

L=i+1 l=i+1

=i+1 {=j+1 {=i+1 =j+
20 o a 200
| k k k k i
<3y VlZ“E +2V12Me szuz +szue
f=i+1 £=i+1 (=i+1 f=i+1
(C.21)
k o1 k o2
1
S 3 Z 7 +1l v Z uy ,
0=i+1 £=i+1
(C.22)

there (C.20) is kdue to (C.1) and (C.21) follows since xy < ()c—{—y)2 for x,y > 0 and
D=1 e S D=y e U

D. ADDITIONAL RESULTS AND THEIR PROOFS

For shortness’ sake, we set Ly (x) = % ZI,L L, (x) in this section.
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LeEmmA D.1. An approximate 1 — « confidence interval of F -1 (p) can be written as

1 o 1 .
(<¢>(FN)+7¢(F_1 o (Ln(F o)+ ol (P)21-g)
,¢(FN)+;<ZJN(F_1(I7))+LG(F_I(p))zg)),
o(F~1(p)) JN 3

Proof. Note that

N dy
P<Cl < d7(¢(FN)—¢(F)) < Cz) =P<*Cl ¢FN)—P(F) < *62)
N N

dy dy
=P <¢(FN) -~ C2<¢F)<PFN) - Wq)
D.1)
In order to find an approximate 1 —« confidence interval, one has to determine the critical
values cy,cp in (D.1). Instead of utilizing the asymptotic distribution of the empirical

process, we consider the asymptotic behavior of the HOA of the empirical process.
Then, with explanations given below,

N
P<Cl < ;(¢(FN) —¢(F) < 6‘2)
N

=P(c1 <4l (%(FN—D) < Cz) +o(l) (D.2)

dy
= (ﬁclg o l(p))(FN(F Yoy —FF 1)) < >+0(1) (D.3)

_ d

=P< pF (P))*Cz Fy(F~'(p) = F(F~'(p)) < —p(F l(p))WIVCl)ﬂLO(l)

—pP( - —1 N N

=P (=0t o) Toe — VLN )

- d _
VNSV ET o) < —o(F ) ey = VNLy(F ) ) +o(1)
VN

=P(o(F p2_g <SE' LD <o (pzg ) +o(), (D.4)
where (D.2) is due to the Taylor approximation (5.7), (D.3) follows by the relation (5.8) and
(D.4) is due to the asymptotic result in Theorem 4.1 where S(x, 1) is a mean zero Gaussian
process with cross-covariances Gz(x) = ,e7Cov(Sy(x), Sp(x)) given in (4.1).

Based on the last approximation (D.4), we can infer the following relation between cy, ¢
and the quantiles of the normal distribution

d _
(P~ )z g = =¢(F Q) —NIN(E (),
dy - (D.5)
o(F (p))zg = —U () Zwer = VNINE ().
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Combining (D.1) and (D.5), we can then infer the statement of the lemma since for example

d
d(Fn) — WNQ

_ _ 1 dy VN _ — 1 B 1

= 6N — s YNV ) o g )

_ 1 T 1 —1 ,
—¢(FN)+¢(F,1@)(LN<F )+ o )z g ) 0

For the following lemma, recall from Section 3 that ¢;(x) = E (H{G(Eo)g x1Hi (éo)).

LEMMA D.2. Suppose G : R — R is a monotonically increasing (decreasing), bijective
function. Then,

—H;_ (G! x)e (G_1 (x)) if G is increasing,

C(x) = i - - .
Hi_1(G l(x))(p(G l()c)) if G is decreasing.

Proof. For a strictly monotonically increasing, bijective function G, it holds that
€1(x) = E (165 < H1(€0))

- fR L6y <xy Hi0)00)dy
Z'/Rﬂ{yg(;fl(x)}Hl(y)(ﬂ(Y)dy

e 1 1
= f Hi»)¢0dy = —Hj-1 (G~ ()e(G ™ (),
—0o0

where the last equality follows from the definition of the Hermite polynomial H; as
13
P(x) ax!

see Pipiras and Taqqu (2017, Formula (4.1.1)). Analogously, it follows that for a strictly
monotonically decreasing, bijective function G, it holds that

€10 =B (L6 < Hi0o))

= /I;& L)< HID e 0)dy

Hi(x) = (1) 9(0);

= [ e ropfieo

o0
Z/G—l( )Hz(y)w(y)dy =H_1 (G ()e(G ). -
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