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Abstract

In recent years, stationary time series models based on copula func-
tions became increasingly popular in econometrics to model nonlinear
temporal and cross-sectional dependencies. Within these models, we
consider the problem of testing the goodness-of-fit of the parametric
form of the underlying copula. Our approach is based on a dependent
multiplier bootstrap and it can be applied to any stationary, strongly
mixing time series. The method extends recent i.i.d. results by Ko-
jadinovic, Yan and Holmes [I. Kojadinovic, Y. Yan and M. Holmes,
Fast large sample goodness-of-fit tests for copulas, Statistica Sinica
21 (2011), 841-871] and shares the same computational benefits com-
pared to methods based on a parametric bootstrap. The finite-sample
performance of our approach is investigated by Monte Carlo experi-
ments for the case of copula-based Markovian time series models.

Keywords and Phrases: Empirical process, multiplier central limit theorem,
Markov chain, multivariate observations, pseudo-observations, ranks, semi-
parametric copula model.

1 Introduction

It is an issue of fundamental importance in econometrics to understand and
model both temporal and cross-sectional dependence between time series.
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Nowadays, due to their capability of describing non-linear dependencies, cop-
ula functions provide a widely accepted tool to approach this problem, see,
e.g., Frees and Valdez (1998); McNeil et al. (2005) for applications in ac-
tuarial sciences or finance. As a common practice, the copula C used to
describe the dependence of interest is assumed to belong to a parametric
copula family, parametrized by a finite-dimensional parameter § € P C R?,
ie.,

Ce¥={Cy:0cP}

In order to achieve maximal robustness with respect to potential marginal
misspecification, the marginals are often allowed to follow arbitrary abso-
lutely continuous cumulative distribution functions (c.d.f.s), in which case
we speak of a semiparametric copula model.

In most applications hitherto, copulas are used to model the contempo-
rary dependence of a stationary d-dimensional time series. Serial dependence
is often either ignored or filtered out in a preliminary step. Relying on i.i.d.
assumptions, several estimation techniques for the unknown parameter 6
have been proposed, including the method of moments based on inversion
of Spearman’s rho or Kendall’s tau (Berg and Quessy, 2009), minimum dis-
tance type estimators (Tsukahara, 2005) or the pseudo-maximum-likelihood
estimator (Genest et al., 1995). Chen and Fan (2006a) and Rémillard (2010)
developed the asymptotics for the pseudo-ML estimator and moment-based
estimators, respectively, in case they are based on residuals of marginally
fitted time series models. The asymptotics turn out to be the same as in the
i.i.d. case which justifies the common practice of filtering out serial depen-
dence features.

In recent years, it also became increasingly popular to model the tempo-
ral dependence of a stationary time series by copulas. Building upon models
from Darsow et al. (1992), Chen and Fan (2006b) provide asymptotics for the
pseudo-ML estimator for univariate stationary Markovian copula models. In
these time series models, copulas are used to model the serial dependence
at lag one. We refer to Beare (2010), who derived the corresponding mix-
ing properties, for a number of references to applications of these models.
Extensions to the multivariate case which also cover a joint modeling of the
contemporary and the serial dependence are given in Rémillard et al. (2012).

All the afore-mentioned estimation methods depend on the underlying as-
sumption that the unknown copula indeed stems from the model %. Not sur-
prisingly, much research has been devoted to test the assumption Hy : C' € €,
see Genest et al. (2009) for a recent review in the i.i.d. case. Most of the
proposed methods, including those that yield to the best finite-sample per-
formance in large-scale simulation studies, are based on the parametric boot-



strap. This makes their application quite heavy with respect to computa-
tional feasibility. An attractive alternative has been proposed by Kojadinovic
and Yan (2011) and Kojadinovic et al. (2011), based on a multiplier boot-
strap technique.

With respect to temporal dependence and Markovian copula models,
much less has been done. To the best of our knowledge, the only reference on
goodness-of-fit tests in these models is given by Rémillard et al. (2012). These
authors propose a parametric bootstrap procedure to test the goodness-of-fit
and mention that, apart from their procedure, there exist almost no formal
goodness-of-fit tests for copulas in a serially dependent context.

The present paper tries to fill this gap. Our paper can be regarded as
an extension of the afore-mentioned, computationally attractive goodness-
of-fit tests in Kojadinovic and Yan (2011) and Kojadinovic et al. (2011)
to a general serial dependent setting. Our main assumptions are that the
observed time series is strongly mixing and that the parametric estimator
allows for a linear expansion in terms of a function of the marginal ranks.
Among other settings, this covers the case of multivariate Markovian copula
models along with the corresponding pseudo-ML estimator (Chen and Fan,
2006b; Rémillard et al., 2012). The method can also be used to test the
contemporary dependence of the raw data rather than that of residuals from
marginal time series models.

The test statistic is based on a suitable difference between the empirical
copula C,, and a parametric estimator Cp,, details are given in Section 2
below. We prove weak convergence of the corresponding process /n(C, —
Cy,). In order to get access to the critical values of the test statistcs, we
adapt the dependent multiplier bootstrap of Biicher and Kojadinovic (2013)
to the present setting, following ideas of Kojadinovic and Yan (2011) and
Kojadinovic et al. (2011). The finite-sample performance of our methods are
investigated by Monte Carlo experiments.

The remaining parts of this paper are organized as follows: in Section 2,
we present the basic setting (Section 2.1), introduce the test statistics (Sec-
tion 2.2) and show how critical values can be obtained via the dependent
multiplier bootstrap (Section 2.3). The main result of the paper is given in
Theorem 2.2. In Section 3, we discuss some implementation issues, while
Section 4 presents simulation results. Finally, Section 5 provides an illustra-
tive data application on gasoline price markups, while all technical details
and proofs are deferred to a sequence of appendices.



2 Goodness-of-Fit Tests

2.1 The general framework

Even though the common copula-based Markovian time series models provide
the main motivation of our work, our methods can be easily worked out in
a slightly more general setting at no additional cost. The special Markovian
case is treated in Example 2.1 below.

Let X = (Xy,...,Xy)" be a d-dimensional random vector with joint cu-
mulative distribution function F' and continuous marginal c.d.f.s Fy, ..., Fy.
The copula C' of F, or, equivalently, the copula of X, is defined as the c.d.f.
of the random vector U = (Uy, ..., U,;)’ that arises from marginal application
of the probability integral transform, i.e., U, = F,,(X,) for p=1,...,d. By
construction, the marginal c.d.f.s of C' are standard uniform on [0,1]. By
Sklar’s Theorem, C' is the unique function for which we have

F(l‘l, c. ,,I’d) - C{Fl(zl)a s ,Fd(!)ﬁ'd)}

for all = (x1,...,24) € R%

Let (X;)iez with X; = (Xj1, ..., Xiq)' be a stationary sequence of d-variate
random vectors with joint c.d.f. F', continuous marginal c.d.f.s F}, ..., F; and
copula C' as described above. For —oco < a < b < o0, let ]-2 denote the
sigma-field generated by those X; for which i € {a,a +1,...,b} and define,
for k > 1,

ax (k) =sup {|P(ANB) —P(A)PB)|: Ae F' ,,B € FYy,i € Z}

as the alpha-mixing coefficient of the time series (X;);cz. Throughout this
paper we will assume that ax(k) — 0 for & — oo at a certain rate to be
specified later on, i.e., we assume that (X;);cz is strongly mixing.

Within this general framework, we observe a “sample” Xi,..., X, and
want to do statistical inference on the unknown copula C. In particular, it
is the main purpose of this paper to develop a test for the hypothesis

Hy: Ce¥ vs. H : C¢g%.

This shall be done in a semiparametric way treating the marginals as nuisance
parameters, i.e., they remain unspecified.

Example 2.1. The general setting described above includes the important
special case of a (potentially multivariate) copula-based Markovian time se-
ries model (Rémillard et al., 2012), in short Markovian copula model. This
model is based on the assumption that the d-dimensional stationary time
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series (Y;);ez of interest is Markovian of order 1 with continuous marginal
cd.f.s F,..., F;. Obviously, the distribution of the times series is deter-
mined through the marginal c.d.f.s and the 2d-dimensional copula C of the
2d-dim. time series X; = (Y;_1,Y;),i € Z. It follows from the results in
Beare (2010) that (Y;);ez is alpha-mixing for many commonly used copula
families, and it is easy to see that this property transfers to (X;);ez-

2.2 The test statistic

The procedure described in the following is a suitable adaptation of two
recent publications of Kojadinovic et al. (2011) and Kojadinovic and Yan
(2011) which are restricted to the ii.d. case. As a test statistic, i.e., as a
measure of the goodness-of-fit, it is reasonable to calculate a suitable distance
between a nonparametric estimator C), and a parametric estimator Cy, . It

will be a crucial intermediate step to determine the asymptotic distribution
of

Vi(Ch = Co,) = V(C = C) 4+ V(€ = G, ). (2.1)

In the following, we will split the discussion into three steps: two for each
summand of the latter decomposition and one for assembling both parts.

Step 1: The nonparametric part. For the first summand on the right-
hand side of (2.1), the standardized nonparametric part, we can rely on the
empirical copula dating back to Deheuvels (1979) and Riischendorf (1976).
For its definition, we first introduce pseudo-observations from the copula C,
defined as U; = (Uﬂ, - Uid) with Uw = (n+1)"'R;, and with R;, denoting
the rank of X;, among X,,,..., X,,, p=1,...,d. The empirical copula C,,
is defined as the empirical distribution function of l}'l, ceey ﬁn, ie.,

A
Cn(u):HZ]l(Uigu), u=(u,...,ug) € [0,1]%
=1

The associated standardized version, called the empirical copula process,
C,: 0,1 = R, u— C,(u)=vn(C, — C)(u),

is well-understood and has been investigated under slightly different condi-
tions in Riischendorf (1976); Fermanian et al. (2004); Segers (2012); Biicher
and Volgushev (2013), among others. Weak convergence with respect to the
supremum-distance holds provided that there are no ties, marginally, that
ax(k) = O(k*) for some a > 1 and provided a smoothness condition on



C originating from Segers (2012) (see Condition I in Appendix A below) is
satisfied, see Biicher and Volgushev (2013), Corollary 2.5, relying on Biicher
(2013), Theorem 1.

More precisely, we have C,, = /n(C,, — C) ~ C¢ in (£°[0,1]% ] - ||oo),
where C¢ can be represented as

Ceo(u) Z(JM )Be(u?), we 0,1

with u* denoting the vector with u, in the pu-th component and the other
components equal to 1 and with C!*l denoting the uth partial derivative of C.
Moreover, B¢ denotes a centered Gaussian process on [0, 1]¢ with covariance
function

Cov{Be(u), Be(v)} = Y Cov{1(U < u), 1(U; <v)}, w,v € [0,1)%,

€L
where U; = (Ui, ..., Uy) with U;, = F,(X,;,) for p=1,...,d.

Step 2: The parametric part. For the second summand on the right-
hand side of (2.1), the parametric part, let us suppose that the hypothesis H,
is met and let fy denote the true, unknown parameter in ©. Several semi-
parametric estimators for 6, have been proposed, which we denote by 6,
in the following. Among the most popular ones are the maximum pseudo-
likelihood estimator (Genest et al., 1995) or the moment-based estimator
derived from inversion of the sample version of Spearman’s rho (see, for
instance, Berg and Quessy, 2009). Under suitable smoothness and mixing
conditions, the behavior of \/n(Cy, —C') can be derived from the asymptotics
of ©, = /n(0, — by). For the latter, we will assume that we can write

0, = vn(b, — 6 = ZJ% )+ 0p(1),

where, for any 0 € P, Jy : [0,1]? — RP is a (known) score-function satisfying
certain smoothness conditions that are specified in Definition V in the ap-
pendix. Note that both of the afore-mentioned semi-parametric estimators
allow for such a decomposition. We will show later that, under suitable con-
ditions on the model and on the mixing rate, ©,, converges weakly to some
limit which we denote by ©. Moreover, we will obtain that

Vn(Cy, — C) = VC,On + 0p(1) ~» V4,0 (2.2)

n (£°[0,1]%] - |leo), where VCy = VCy(u) € R'™? denotes the gradient of
9 — C@(’U,)



Step 3: Joining the nonparametric and the parametric part. It will
be proved in Theorem 2.2 below that the two summands on the right-hand
side of (2.1) converge jointly. Hence, we can conclude that

\/E(Cn - C@n) ~ (CC - VC90@

in (£°[0,1]%,|| - |ls). Based on this result, the continuous mapping theorem
allows to derive the asymptotic distribution of suitable test statistics for Hy.
Of particular interest are Kolomogorov-Smirnov-type tests

To=vn sup |Cy(u) — Cy,(u)| (2.3)

u€l0,1]4

and Cramér-von-Mises tests

Si=n [ {Cu(w) — Gy, (W)} dCy(u Z{o — Cn(@)F. (24)

[0,1]¢
We obtain that 7, ~» 7 and S,, ~ S¢ where

To = sup |Co(u) — Vs, (u)B)|,

u€l0,1]4

SC = {Cc(u> — VC@O (u)@}2 dC(’U,)

[0,1]

We reject the null hypothesis for large values of 7, or of S,,. To get access
to the critical values of the limiting distributions, we propose a bootstrap
procedure for the process \/n(C, — Cy,) in the following subsection.

2.3 Ciritical values via dependent multiplier bootstrap

In this subsection, we construct a bootstrap approximation for both processes
of the decomposition in (2.1).

Step 1: The nonparametric part. The multiplier bootstrap procedure
for the empirical copula process is a well-established tool for statistical in-
ference on copulas. It has been proposed in Scaillet (2005) and Rémillard
and Scaillet (2009) for i.i.d. data sets, and has been applied to different test-
ing issues in Genest et al. (2011); Kojadinovic et al. (2011); Biicher et al.
(2011, 2012), among others. The procedure has been generalized to the
alpha-mixing case in Biicher and Ruppert (2013) with several further im-
provements in Biicher and Kojadinovic (2013).



Let B € N be some large integer. For b € {1,..., B} and u € [0,1]%, set

d
CO(u) = BY (w) — 3 O (u) B ()
pn=1
with

B (u Z (U; < w) — Co(u)}.

Here, the multipliers (Zfﬁf)iez are independent sequences of identically dis-
tributed random variables with mean 0 and variance 1, which are independent
of (X;)ien and can be chosen to be either i.i.d. (provided the original time
series is serially independent) or to satisfy some weak dependence condition
(see Definition A.1 in Appendix A). In the latter case, we speak of a depen-
dent multiplier bootstrap. A possible Way of simulating these multipliers is
specified in Section 3.1. Moreover, C, bl denotes an appropriate consistent
estimator of C™, for instance an estimator based on finite-differencing as
proposed in Rémillard and Scaillet (2009) or more precisely in Segers (2012),
ie.,

Cn(quhne,u;;nCn(u*hne,u) if u//' S [hna 1- hn]

Cq[l'u] ('U/) = C}{u] (Ul, ey Up—1, hn, Up+1,y - - - ,Ud) if Uy, c [0, hn>

o (Wiy ooy, L= by Uy, ..o ug) i w, € (1 —hy, 1]

with a sequence h,, — 0 such that inf,, h,/n > 0 and with e, denoting the
p-th unit vector in R?.

Now, under conditions on the mixing rate and on the dependent multipli-
ers, we have

(Va(C, — C),CV, ..., CE)) ~ ((CC,C <C<B) (2.5)

in (0°[0,1)%, ]| - [|loo)B*, where C. ..., C%) denote independent copies of
the process Cq. This result can be interpreted in the way that, for n large,
(CS), . ,(Cq(lB) are ‘almost’ independent copies of C,, and can hence be used
to approximate its distribution. For a proof, see Biicher and Kojadinovic
(2013) for the alpha-mixing case or Segers (2012) for the i.i.d. case.

Step 2: The parametric part. For a bootstrap approximation of the
parametric component of decomposition (2.1) we will show in the appendix
that we can write

= % Z Joo(U) +) { Z T (U) (U, Ui,u)} +op(1). (2.6)



Observing that U, = n~t Y0 1(Uj, < Usy) we can write the second
(double) sum as

Z{anZJéﬁ] DLW < Uiy - }}

i=1 j=1

Introducing the random multipliers (Zi(fg)i:l ,,,,, » (b=1,..., B) and replacing
each term on the right-hand side of (2.6) by observable estimates we arrive
at the following bootstrap approximation for ©,,

n \/—Zz(b X{J )+Kzn0n}

where, for any §# € P and i € {1,...,n},

King = {i > IO x {10, < Uj) — Uj,u}} L@

pn=1 7j=1

Note that the function Jy is known for common copula families and common
parametric estimators, see also Kojadinovic and Yan (2011); Kojadinovic
et al. (2011). Under Hy and regularity conditions, it will follow from Theo-
rem 2.2 below that

(0,,00,...,0(P) ~ (6,00, ... 01) (2.8)
where ©,00 .. ©®B) denote independent random vectors each of which

has the same distribution as ©. This result may be of independent interest
and can be used to construct confidence bands for the estimation of 6, in
the alpha-mixing case. In fact, we make use of these confidence bands in the
empirical application in Section 5.

Step 3: Joining the nonparametric and the parametric part. Asin
Section 2.2, the ‘nonparametric’ convergence in (2.5) and the ‘parametric’
one in (2.8) actually holds jointly. More precisely, the following theorem
summarizes the main results of this paper, including those already mentioned
in the previous paragraphs.

Theorem 2.2. Forb=1,...,B, let (Z ))zGZ be independent sequences of
multipliers satisfying the condztzons in Deﬁmtzon Al

(i) Suppose that Conditions I, II and III in Appendixz A are met. Then

(Va(C, — C),CV, ..., CE)) ~ (ccc,c @<B) (2.9)



in (0010, 1)%, || - loo) 2, where C. ... C¥) denote independent copies of
the process Ce.

(i1) If Conditions V and VI hold, if k from Definition A.1 salisfies k >
1/{2(1 4+ v)} with v from Condition V and if C € €, then

(0,,0,...,0(P) » (8,00, ... 0®) (2.10)
where ©,0W .. OB) denote i.i.d. d-dimensional random vectors that are

normally distributed with mean 0 and covariance matrix

o

2= Z ]E[{J%(UO) + Koﬁo}{‘]@o(Ui) + Kiﬁo}T]ﬂ
where K, g, = Zizl f[O,l]d Je[g‘] (w{L(U;, < u,) —u,}dCy(uw) and where Jy
s defined in Condition V.
(111) If Condition IV and all of the conditions in (i) and (i) are satisfied,
then the convergence in (2.9) and (2.10) is jointly in {£>°]0, 1]} B+ x R(B+Lp,
Moreover,
(Vn(Cy, — Cy,),CH —VCy, 00, ... ,CP) — VCy,0F)
- ((Cc —V(y,0,CY —veyeW, ... .cP - v090@<3>) (2.11)

in ([0, 1]} 741

This result suggests to use the following bootstrap approximations for
the Kolomogorov-Smirnov-type statistic 7,, and the Cramér-von-Mises-type
statistic S,, defined in (2.3) and (2.4), respectively, namely

T =i sup |CP(u) = VG, (w6

uel0,1]¢
and
SY = {CY(u) = VCo, (w)O}? dC, (u)
[0,1]¢
1< - A
=~ {CY(U) - VG, ()P},
i=1
for b=1,...,B. For a given level a € (0,1), let ¢, p1_o and s, 51_ denote

the empirical (1 — «)-quantile of the sample 7;(1), o T2 and 8721), o ,S,(LB),

respectively. The following theorem, whose proof can be found in Section F
of the the supplement to Biicher and Kojadinovic (2013), shows that the
tests which reject Hy for 7, > t, p1-q or for S,, > s, p1- asymptotically
hold their level, for B — oo and n — oo.
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Theorem 2.3. Under Hy, if the reqularity conditions of Theorem 2.2 are
met,

lim lim P(7, >t 51-a) im lim P(S, > spp1-a) = a.

B—o00 n—00 B—oon—o0

An approximate p-value for the test based on 7, can hence be defined as
p=B"1 Zle IL(’ﬁL(b > 7T,), and similarly for the test based on S,,.

3 Implementation Issues

3.1 Simulating dependent multipliers

The bootstrap version of the test statistics in the previous section depends
crucially on a sequence of dependent multipliers satisfying the conditions in
Definition A.1 in the appendix. A detailed discussion of how to simulate such
a sequence can be found in Biicher and Kojadinovic (2013). For the sake of
completeness, we briefly summarize one possible approach originating from
Biihlmann (1993), which the former authors found to lead to a reasonable
finite-sample performance.

First of all, choose a bandwidth parameter ¢,, (see Section 3.2 below) and
set b, = round{(¢, + 1)/2}. Let x be a positive, bounded function which
is symmetric around zero such that x(z) > 0 for all z € (—1,1). In our
simulation study, we use the Parzen-kernel defined as

kp(r) = (1 — 62 + 6|z 1(Jx] < 1/2) +2(1 — |z])*1(1/2 < |z| < 1).
Now, for j = 1,...,,, define weights @;, = w;n (320", w2,)~Y/? where w;, =
k{(j — bn)/bn}. Finally, let &, ..., & 1o, 2 be i.i.d. random variables which
are independent from the sample X1,..., X, with E[§] = 0, E[¢}] = 1
and E[|§|"] < oo, for any m > 1. Then the sequence of random variables
Zips -y Lnn defined as

Ly
Zi,n = E anfj+z‘—1
Jj=1

asymptotically satisfies the conditions in Definition A.1, see Biicher and Ko-
jadinovic (2013). For a detailed discussion on the properties of these multi-
pliers and an alternative simulation procedure for the multpliers see Biicher
and Kojadinovic (2013).

11



3.2 Choosing the bandwidth parameter /,

The simulation method described in the previous section depends on the
choice of the ‘bandwidth’ parameter ¢,. Within the context of empirical
copulas, Biicher and Kojadinovic (2013) derived a closed-form formula for a
theoretically optimal choice, where optimality is to be understood as opti-
mality with respect to a certain MSE-minimizing criterion. Moreover, they
proposed a data-adaptive estimation procedure for this (theoretically) opti-
mal bandwidth. In the following, we adapt their approach to the processes
underlying the goodness-of-fit tests in Section 2.

For u,v € [0,1]%, let o(u,v) denote the characterizing covariance kernel
of the process u — Cqo(u) — Vi, (u)0O. Its bootstrap approximation, for a
fixedb € {1,..., B}, is given by (C%b)(u) —VC’gn(u)@g’). The main idea of the
subsequent developments is as follows: if &,, denotes the covariance kernel of
the bootstrap process, conditional on the data, then a theoretically optimal
choice of ¢, is given by the minimizer of the integrated mean squared error of
on(u,v), seen as an estimator for o(u, v), with respect to ¢,. Unfortunately,
necessary closed form expressions for the mean or the variance of ,, are out
of reach, whence we follow the proposal of Biicher and Kojadinovic (2013)
and consider an asymptotically equivalent form of C’ (u) — VC’gn(u)@ng)
instead, for which calculations are feasible.

More precisely, define I@(b)( ) = n Y2y Z(b ALU; < u) — Cy(u)}
and OF) = p-1/2 Yo Z(b){J(;O( U)+ K; 90} where K, is defined in Theo-

rem 2.2, and let C(u) = BY (w) — Y4, O (w)BY (u#). Tt follows from
pu=1""6p
the arguments in the proof of Theorem 2.2 that

sup |CP(u) — VCy, (u)OY — {CO(u) — Vi, (w)OP}| = op(1).

n
u€0,1]¢

In contrast to 6, the (conditional) covariance kernel of the (unobservable)

process C (u) — VCj o (u )Y can be calculated explicitly, at least up to the
first-order terms. We have

on(u,v) = COVZ{C(I’)( ) — VCgo(u)(:)(b), CO(v) — VCy, (v)0®}

:—ZE ln Jn (Uwu)f(Uj’U)

7,0=1

- % > o{(i = )/t f(Us, u) f (U, v)

ij=1

where Covy and E; denote covariance and expectation conditional on the

12



data, respectively, and where, for i = 1,...,n and u € [0,1]%,

d
[(Uiw) = 1(U; < w) = Cyy(u) = > CRl ({1 (Ui, < w,) —u,}

- vc@o (u){J%(UZ) + Keo,i}'

Mimicking the proofs of Proposition 5.1 and Proposition 5.2 in Biicher and
Kojadinovic (2013), we obtain the following results regarding bias and vari-
ance of 7,, seen as an estimator for o.

Lemma 3.1. Additionally to the conditions assumed in (iii) of Theorem 2.2
suppose that a defined in Condition VI satisfies a > 3(2 + v)/v and that ¢
defined in Definition A.1 is twice continuously differentiable on [—1,1] with
©"(0) # 0. Then, for any uw,v € [0,1]¢,

I'u,v)
&

Elo,(u,v)] — o(u,v) = + 1 (u,v),

where SUP,, yepo e |10 (W, v)| = 0(€,%) and I'(u, v) = @ > owez Kk, u,v)
with ~y(k,u,v) = Cov{f(Uy,u), f(Uy,v)}).

Additionally, provided the function o is Lipschitz-continuous and provided
f[O,l]d szl u(u,) 2 dCy, (u) < oo, wherery, ..., 14 are defined in Condition
V, then

Var{g, (u,v)} = %A(u, v) + rpo(u,v),

where A(u,v) = f_ll o(z)*da{o(u,u)o(v,v) + o(u,v)?} and where the re-
mainder term satisfies SUP,, yeqo1d [Tn2(w, V)| = o(ly/n).

As a consequence of Lemma 3.1, the (pointwise) mean integrated squared
error of &, (u,v) can be written as

{(u, v)}* ¢

MSE{G,(u,v)} = /i + A(u, v)gn + 721 (u,v) + 1 p(u, v).

Furthermore, the integrated mean squared error is given by
IMSE(5,) = MSE{G,(u,v)}d(u,v) = — + A— +0({,,") + o({,,/n),
n

[071]2d ‘gi
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where T' = o2 F_(u,v)d(_u,v) and A = Jioaze A(w, v)d(u, v). Obviously,
the function £, — T'/¢2 + A/, /n is minimized for

Y

4T2\1/5
= () "
which can be considered as a theoretically optimal choice for the bandwidth

parameter /£,,.

In practice, the unknown quantities in /¢, ,,+ need to be estimated, namely
o(u,v) = >, ,v(ku,v) and M(u,v) = >, ,k*y(k,u,v). For that
purpose, we can closely follow Biicher and Kojadinovic (2013) again. Let
L € {1,...,n} be the smallest number such that the marginal autocorrela-
tions at lag L appear to be negligible, see Biicher and Kojadinovic (2013) and
Politis and White (2004) for details. Let K denote the trapezoidal kernel,
defined as K(z) = [{2(1 — |z])} V0] A 1. Then, set

L L

Ga(w,v) = > K(k/L)An(k,u,v), M(w,v)= Y K(k/L)k4,(k u,v),

k=—L k=—L

where, for w,v € [0,1]¢ and k € {-L,..., L},

A

S _ _12 (fjv )f(Uerk; )7 kZO
Vn(k,ujv)_{ _1Zz‘:1 f(A )f(/\z-‘rka v), k<0’

and where

f(U;,u) =1(U; < u) ZC p <uy) —uut

p=1

— VCo, (w){Joy(U3) + Kipa, }-

The plug-in principle finally yields an estimator lf,wpt for £, opt-

3.3 Score functions for common estimators
3.3.1 Inversion of Spearman’s rho for alpha-mixing observations

One example of an estimator which fulfills the smoothness assumptions in
Condition V in the bivariate case provides the moment estimator defined by
0,, = p~(pn), where p, is the sample version of Spearman’s rho and where

PP o 11, p(e):m/ Cow)du — 3.

[0,1]2
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If the function p is bijective and continuously differentiable, this leads to a
consistent estimator of the parameter 6y, with score function given by
1

Jo(u) :m{mum —3—p(0)}.

To see the latter, note that, by the mean value theorem,
Vi, — o) = Vn{p~ (pa) — p~ (p(00))} = Au + Ry,

where A, = \/ﬁm{pn —p(0o)} and R, = \/ﬁ(m - p/(190)>{/)n — p(0o)}
with 6/, being an intermediate point between 6, and 6,,.

We have R,, = op(1) by continuity of p/, consistency of ¢/, and by the
fact that \/n(p, — po) = Op(1) (which follows from the continuous mapping
theorem and weak convergence of the empirical copula process for mixing
rates ax(n) = O(n~%) for some a > 1, see Section 2.2).

Moreover, by the definition of p,,

oV 6 (Ua —Un)*
A= p'(0o) {1 n(n—1)2 p(&o)}

Since Jy is bounded in u € [0, 1]2, all assumptions in Condition V can be eas-
ily shown to hold for most of the most common copula families. For example,
for elliptical copulas, we have p(#) = £ arcsin() whence the corresponding

™
score function is given by

2
To(u) = g\/l - %{mulug _3- garcsin(H/Q)}.

3.3.2 The pseudo-ML estimator in Markovian copula models

Another estimator satisfying the smoothness assumptions in Condition V is
provided by the pseudo-ML estimator in Markovian copula models as de-
scribed in Example 2.1 above. If M denotes the d-dimensional copula of Y;,
then, by stationarity, M is also the copula of Y;_; and for all u € [0, 1]¢

C(u,1) = M(u) = C(1,u).

To test for the hypothesis C € {Cy : § € P}, where Cy has density cy
and where my denotes the density corresponding to the marginal copula

15



My = Cy(1,-) = Cy(+,1) for any 6 € P, one may use the maximum-pseudo-
likelihood estimator for the parameter 6 defined as

0, = argmaleog {M}
ocP i—2 m@(Ui—l)

From the results in Rémillard et al. (2012) it follows that the corresponding
score function Jp : [0, 1]?¢ — RP is given by

) = B[00 5 (o))

It can be shown that the assumptions in Condition V hold for most of the
commonly used copulas. For a discussion of similar assumptions in the case
of a one-dimensional Markovian time series, we refer the reader to Chen and
Fan (2006b).

4 Numerical results

In this section, we study the finite-sample performance of the goodness-of-
fit test by means of Monte Carlo simulations. We restrict ourselves to the
investigation of the one-dimensional Markovian copula model described in
Example 2.1.

The experimental design is as follows: we consider four common bivariate
copula models (the Gaussian, the ¢4, the Clayton and the Gumbel-Hougaard
copula), six different levels of dependence as measured through Kendall’s
rank correlation coefficient (7 = 0.05,0.1,0.15,0.2,0.25,0.3) and five differ-
ent sample sizes (n = 50, 100, 200,400, 800). Due to the high level of serial
dependence introduced through a strongly dependent copula, analogue sim-
ulations for higher values of 7 did not lead to satisfying results. For a visual
exploration of the strength of the serial dependence, see Figure 1.

For the parametric estimator, we choose the pseudo-ML estimator from
Chen and Fan (2006b) as described in Section 3.3.2. The multipliers are
generated as described in Section 3.1 (with ; standard normally distributed)
and the bandwidth parameter is chosen according to the description in Sec-
tion 3.2.

The corresponding results can be found in Tables 1 and 2 where we state
the empirical rejection probabilities for a nominal level of 5% based on N =
1,000 simulation runs, each of which being based on B = 200 bootstrap
replications. The main findings can be summarized as follows:
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Figure 1: Estimated autocorrelations at lag 1 (o), 5(a) and 15 (+) for the
Markovian copula model based on the Gaussian copula (left panel, solid
lines), the t4-copula (left panel, dashed lines), the Clayton copula (right
panel, solid lines) and the Gumbel copula (right panel, dashed lines).

e The approximation of the nominal level is accurate and gets better with
increasing sample size. For the ¢, and the Gaussian copula, the test
seems to be globally conservative, while it is slightly too liberal for the
Clayton copula.

e We observe decent power properties for Gaussian or t4 vs. Clayton
or Gumbel and vice versa. Also, Gumbel and Clatyon can be well-
distinguished. On the other hand, a distinction between the ¢4 and the
Gaussian copula seems to be more difficult. The latter behavior has
also been observed by Kojadinovic et al. (2011) in the i.i.d. context.

e The power of the test is increasing in the strength of the dependence as
measured through Kendall’s tau. This can be explained by the fact the
independence copula is included in all four models under consideration,
whence the difference between the models tends to be very small for
small values of 7.

5 Data application

In this section, we illustrate the use of our goodness-of-fit test by applying
it to a time series of 267 weakly gasoline price markups in Windsor, On-
tario, from August 20, 1989, to September 25, 1994. As described in Beare
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True copula: Gaussian

Hy n 7T=.05 =1 7=.15 =2 71=.25 7=.3
Gaussian 50 14.1 10.7 6.5 5.9 5.6 3.1
100 6.8 5.2 3.2 3.1 2.4 1.3
200 5.8 4.2 3.6 3.3 2.3 2.2
400 4.5 4.6 4.1 3.8 3.2 2.4
800 4.8 4.8 3.9 2.6 3.2 4.4
7 50 6.8 6.7 4.9 4.5 4.1 3.9
100 3.0 2.9 2.9 4.2 1.7 1.6
200 5.3 2.9 3.4 3.4 3.3 3.1
400 5.8 8.7 8.3 9.1 9.4 8.5

800 15.7 15.7 23.0 29.5 31.0 28.7
Clayton 50 24.2 28.3 26.9 33.2 34.3 38.5
100 15.2 23.3 26.5 35.3 45.3 50.7
200 14.3 25.9 39.3 56.2 66.9 79.1
400 14.4 35.1 58.6 80.0 91.8 97.2
800 24.0 56.0 84.3 95.9 99.7 100.0
Gumbel 50 4.8 6.3 7.6 5.9 5.4 6.8
100 5.4 6.6 9.7 8.7 8.6 7.5
200 8.1 12.3 14.6 16.9 17.9 21.8
400 10.4 18.5 27.0 38.3 45.6 49.3
800 16.5 34.4 54.0 71.5 82.5 87.2

True copula: t4

H, n 1t7=.05 =1 7=15 =2 17=25 17=.3
Gaussian 50 20.6 15.6 14.6 12.3 10.5 7.3
100 12.0 10.6 9.4 8.8 6.4 6.0
200 12.0 11.5 12.0 8.4 7.5 7.9

400 15.9 14.3 12.9 12.6 12.7 8.8
800 324 284 29.0 27.2 23.3 23.9

ty 30 8.5 5.6 9.7 3.9 2.8 2.9
100 2.9 2.1 2.6 1.8 1.6 0.6
200 2.6 2.4 2.0 1.7 1.3 1.0
400 1.9 1.6 2.0 2.0 0.7 1.4
800 14 2.2 1.1 1.3 1.3 1.9

Clayton 50 21.2 21.0 24.2 30.0 30.9 34.2
100 14.9 18.7 23.7 25.3 32.7 40.9
200 11.8 20.8 28.8 42.0 55.0 68.3
400 11.4 274 45.3 64.6 81.6 89.1
800 25.2 46.3 73.2 92.0 98.5 99.9

Gumbel 50 6.7 7.6 7.9 8.1 8.1 8.0
100 7.2 7.2 6.5 8.2 9.0 9.4
200 6.9 7.9 11.1 12.0 15.1 19.2

400 10.3 14.3 174 23.9 28.2 34.8
800 29.2 27.2 41.5 49.5 60.4 69.7

Table 1: Simulated rejection probabilities for the goodness-of-fit test in the
Markovian copula model based on the Gaussian and the t,4-copula.
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True copula: Clayton

Hy n 7=.0 7=1 7=.15 7=2 71=.25 7=.3
Gaussian 50 12.8 11.5 9.2 9.3 7.6 6.7
100 6.5 5.9 7.6 9.1 10.4 12.6
200 5.6 8.8 16.5 23.4 30.6 34.2

400 6.8 16.0 31.4 50.7 68.1 72.8
800 11.9 34.2 66.6 85.3 95.3 98.3

ta 50 5.9 5.7 3.5 4.0 3.2 3.2
100 2.2 4.4 4.1 4.3 3.6 3.4
200 2.8 5.3 7.1 11.1 14.1 15.0

400 6.6 14.2 21.7 30.0 38.1 41.0
800 17.5 35.5 51.0 64.0 69.0 73.0
Clayton 50 16.6 17.4 12.6 13.0 14.2 13.8

100 10.2 7.6 9.2 8.2 6.6 9.3
200 8.3 5.0 9.3 6.6 7.3 9.3
400 4.4 5.7 9.5 5.7 6.4 7.8
800 3.9 5.0 5.9 6.5 5.9 8.1

Gumbel 50 7.9 10.2 14.6 17.6 19.9 17.5
100 7.4 13.2 25.1 31.6 38.5 40.0
200 13.7 30.4 44.3 64.2 79.3 83.9
400 22.5 56.5 81.0 94.0 98.4 99.1
800 39.1 84.3 99.2 100.0 100.0 100.0

True copula: Gumbel-Hougaard

Hy n 7T=.05 7=.1 7=.15 =2 71=.25 7=.3
Gaussian 50 14.0 13.4 10.8 10.7 7.3 4.6
100 8.3 7.4 6.9 6.1 4.9 3.3
200 5.7 10.3 12.7 11.6 11.4 9.2
400 7.5 13.7 21.1 19.3 23.3 23.6
800 8.5 22.0 31.9 46.1 57.1 59.9
ty 50 7.7 6.5 6.2 5.6 5.6 5.0
100 4.5 3.9 3.8 4.9 4.3 3.7
200 5.3 4.7 6.5 6.5 5.7 5.8

400 6.6 10.2 12.4 13.4 12.6 13.0
800 17.0 19.1 25.5 32.7 33.4 33.8
Clayton 50 27.7 30.0 34.7 36.0 40.9 35.5
100 19.0 25.0 35.7 45.0 45.9 52.7
200 22.0 38.4 54.9 65.2 79.9 84.7
400 24.9 95.8 7.1 90.9 96.1 97.9
800 38.7 81.7 96.7 99.4 100.0 100.0

Gumbel 50 6.2 5.1 8.3 6.1 5.7 4.2
100 5.5 5.6 5.2 4.6 3.6 4.8
200 5.4 6.2 5.8 9.5 4.5 4.6
400 4.9 4.8 6.2 5.5 5.0 3.8
800 6.6 6.2 6.9 5.5 5.4 5.7

Table 2: Simulated rejection probabilities for the goodness-of-fit test in the
Markovian copula model based on the Clayton and the Gumbel-Hougaard
copula.
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and Seo (2013), these markups were obtained by dividing the average retail
price across several gasoline stations in Windsor by the wholesale price of
unbranded gasoline at the terminal in Toronto, Ontario. A plot of the time
series can be found in Figure 2 below. The data set was investigated by
several authors, see, e.g., Eckert (2002) and McCausland (2007). Recently,
Beare and Seo (2013) used Markovian copula models to investigate time re-
versibility of the time series of price markups. Economic and financial time
series frequently exhibit time irreversibility and these authors found indeed
overwhelming evidence for time irreversibility of the markup data.

Loosely speaking, time reversibility means that the probabilistic behavior
of a time series (X;);ez does not alter by reversing the direction of time.
Formally, it is defined by the requirement that

d

(Xi17---7Xin):(Xi 7Xi1) for all Z1<<Zn

ny

For a Markovian copula model, it is equivalent to exchangeability of the
copula of (X;_1, X}), i.e., to the fact that C(u,v) = C(v,u) for all u,v € [0, 1],
see, e.g., Beare and Seo (2013). Therefore, the results on the markup data
in the last-named paper suggest that our goodness-of-fit tests should reject
any exchangeable copula model for C.

We run our procedure based on B = 1,000 bootstrap replications for the
four copulas considered in the simulation study in Section 4. The corre-
sponding p-values are p = 0.002 for the Gaussian copula, p = 0.471 for the
t4-copula, p = 0.016 for the Clayton copula, and p = 0.011 for the Gumbel-
Hougaard copula. Hence, there is indeed rather strong evidence against three
out of four of these models

Non-exchangeable copula models can for instance be derived by Khoudraji’s
device, see Khoudraji (1995). Based on two arbitrary copulas Cy and Cy, one
can construct a new copula through

C(“v U) = Cl<ua7 ,UIB>CQ(U17&7 101718>7 (U, U) € [07 1]27

where «, 5 € [0,1], see also Liebscher (2008). We focus on the special case
where C is either from the Gumbel-Hougaard or the Clayton family and
where Cj is equal to the independence copula (see also Beare and Seo, 2013,
for the Gumbel-Hougaard choice). For both of the resulting 3-parameter
copula families, we did not find any evidence against H,, with p-values of
p = 0.561 and p = 0.941 for the Gumbel and Clayton extensions, respectively.
For the extension of the Clayton copula, we obtained parameter estimates
a = 0.868,3 = 0.726 and # = 7.362 (the parameter of the Clayton copula),
with corresponding 95%-multiplier bootstrap confidence bands (0.77,0.97),
(0.63,0.83) and (3.49,11.25), respectively.
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Figure 2: Upper panel: the time series of markups. Lower left panel: pseudo
observation (Ul U ;) for the markups. Lower right panel: a simulated sam-
ple of size 1,000 from the fitted non-exchangeable extension of the Clayton
copula with parameters a = 0.868, 5 = 0.726 and ¢ = 7.362.

In Figure 2, we show a plot of the pseudo-observations based upon the
observations (X;_1, X;), along with a simulated sample from the extension
of the Clayton copula based on the fitted parameters. Indeed, we observe a
very good approximation of the data by the model. Overall, our results are
consistent with the findings in Beare and Seo (2013).

A Technical assumptions

In this section, we will introduce the technical conditions needed for the proof
of Theorem 2.2. Moreover, we will briefly comment on each of the conditions.
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First of all, weak convergence of the empirical copula process in Section 2.2
requires a smoothness condition on C, see Segers (2012).

Condition I. For g = 1,...,d, the partial derivative C"(u) = -2-C(u)

exists and is continuous for any u = (us,...,us) € [0,1]% with u, € (0,1).

For completeness, we define /() as zero for any w such that u,, € {0, 1},
see also Segers (2012); Biicher and Volgushev (2013).

Throughout the proofs, we need to be able to easily go back and forth
between normalized ranks and empirical quantile functions. For that pur-
pose, ties must not occur. In the case of serial independence, it is sufficient
to assume that the marginal distributions are continuous. In the case of se-
rial dependence, continuity of the marginal distributions is not sufficient to
guarantee the absence of ties which brings us to the following condition, see
also Biicher and Kojadinovic (2013).

Condition II. For any p € {1,...,d}, there are no ties in the marginal
time series Xy, ..., X,, with probability one.

Since we allow for alpha-mixing observations, the multipliers ZZ(I;) have
to be chosen serially dependent in an appropriate way. We follow Biicher
and Kojadinovic (2013), relying on previous results from Biithlmann (1993);
Biicher and Ruppert (2013).

Definition A.1. A sequence (Z;,)cz is called a dependent multiplier se-
quence if the following three conditions are met:

(M1) (Zin)iez is independent of the process (X;)en.

(M2) The sequence (Z;,)icz in ¢,-dependent, i.e., ZZ-(f;Z is independent of
Zi(i)hm for any h > ¢, and any i € Z, where ¢, € N tends to infinity
and ¢, = O(n'/>7*) for some « € (0,1/2), for n — oo.

(M3) The sequence (Z;,,) is strictly stationary with E[Z; ,,Z;nn] = ©(h/ly),
where ¢ is a symmetric function which is strictly positive on (—1,1),
zero on R\ (—1, 1) and continuous in 0. Furthermore, sup, .y E[|Z; »|?] <
oo for all p > 1.

For the proof of (2.5), Biicher and Kojadinovic (2013) imposed the fol-

lowing condition on the mixing rate of (U;);ez, where U; = (U, ..., Uy)
with Uiu = F//,(le,) for % S {1, c. ,d}
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Condition III. (U;);cz is a stationary, strongly mixing process satisfying
ay(n) = O(n~*) for some a > 3 + 3d/2.

The next condition, ensuring uniform continuity of the partial derivative
of the copula with respect to 6, is needed for the proof of (2.2).

Condition IV. Ase |0,

sup  sup ||VCs(u) — VCy(u)| — 0.

[16"—6]| < welo,1]4

Regarding the parametric estimator 6,, we opt for general conditions
that include the pseudo-maximum likelihood estimator. Following Tsuka-
hara (2005), we begin by defining ¢-functions and u-shaped functions.

Definition A.2. (¢g-functions)Let Q be the class of all continuous func-
tions ¢ : [0,1] — [0, 1] which are positive on (0, 1), symmetric around 1/2,
increasing on (0, 1/2] and for which f[(),l] q(u)~2du < co. The functions in Q
are called g-functions .

For instance, for any 0 < § < 1/2, the function q(u) = {u(1 —u)}/?7°. is
an element of O.

Definition A.3. (u-shaped functions) A function r : (0,1) — (0, 00),
which is symmetric around 1/2, is called a u-shaped function if it is decreasing
on (0,1/2].

A typical example of a u-shaped function is r(u) = {u(1—u)}~" for 7 > 0.

Condition V. The estimator 6,, allows for the decomposition
0, = vn(b, — b)) = ngo )+ 0,(1),

where, for § € P, Jy : [0,1]¢ — RP denotes a score-function with the following
properties:

(i) Jp is standardized, i.e.,

/[Dl]d Jg(U)ng(’u,) =0.
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(ii) For any # € P and for any p = 1,...,d the derivatives J, bl — i Jo €

RP, V.Jy € RP*? and V(JJ) € RPP exist, are continuous on (0,1)? and
there is a constant ky such that for all ¢ € P with ||0 — 0’| < kg

U

d
T (u H (u,) and || VJg(w)]ep < H

where 71, ...,rq are u-shaped functions with

d
/[01 H (1) dCy, (1) < oo, (A1)
N

/M H sup 7 (v)2dChy (w) < 00 (A.2)

|[v— uu|
1ty 9

for some v and 6 > 0. Additionally, for any u =1, ..., d, there exists a
u-shaped function 7, with

1750 )| < 7o) T rr(ue)  amd (VT @) lop < 7o) TT e )
W#p WFEp
such that for some g-function ¢, with fol ¢, (u) " du < oo

/[01]d Qu(uu) sup Tu(U) H sup T“’(U)dCQO(’u,) < 00. (A.3)

[v—upy| [lv—u_ /|

é / 2]
ap(up) = W qul(uu/)gé

A discussion of estimators satisfying these assumptions is given in Sec-
tion 3.3. In general, the components of the score function Jy are not bounded.
Therefore, in order to derive the asymptotic behavior of ©,, by a suitable ap-
plication of the central limit theorem for alpha-mixing sequences, we need
a stronger condition on the mixing coefficients of (U;);ecz which depends on
the moments of the score function.

Condition VI. (U;);cz is a stationary, strongly mixing process satisfying
ay(n) = O(n=*) for some a > w =2+ %4+ 4 where v is defined in

Condition V.
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B Proofs of the main results

Let us first recall and introduce some notation. For u € [0,1]%, let
- 1 <&
Bo(w) = % > {1 < w) -~ Cuful), (B.1)

ZZ“’ {1(U; < ) — Cyy(u)}, (B.2)

and, recalling the definition of Ky, in Theorem 2.2, set

n \/_Z{JGO +K1 90} é \/—Z {J90 +K1 90}
(B.3)

Proof of Theorem 2.2. As the other two items can be shown by similar, but
simpler proofs, we only prove (iii). Based on the central result in Lemma C.6,
we begin by showing that

H, = (C,,0,,CM,0,....c?, o)

n n

s Hp = (ccc, o,cV oW, . . c?, @<B>) (B.4)

in {EOO ([0, 1 } . For the parametric components of H,, in (B.4), note
that O, 0p(1) for n — oo as a consequence of Lemma C.1 and C.2.

Slmllarly, @ @%b + 0p(1) for any b = 1,..., B from Lemma C.3, C.4
and C.5.

For the nonparametric components of H,,, we have

d
sup | Cp(u) — By(u) + Y Col(w)B, (u!)| = 0,(1)
u€e(0,1]¢ =1
and
sup [CY(u) —BY (u +ZC£‘;] B (u")| = 0,(1),

u€l0,1]4

by simple adaptations of the proof of Proposition 3.1 in Segers (2012) and
the proof of Proposition 4.2 in Biicher and Kojadinovic (2013), respectively.
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As a consequence,

d
Ha(u) = (Ba(w) = Y Cl(w)Ba(u), O,
pn=1
~ d
B (w) - Y Cpl(w)BY (w), 0, ...
pn=1
B (u ZC(E’;] BB (u), 6F >+0p(1),

where the remainder is uniform in u € [0,1]%. An application of the contin-
uous mapping Theorem and Lemma C.6 proves (B.4).

It remains to prove assertion (2.11) in Theorem 2.2. Applying Lemma C.7
and the continuous mapping Theorem to (B.4) yields that the process

d
(VA(Co = Co,), B () = - O (w)BD (ur) — VCo, (w)OD, ..

pu=1

d
B () Y OB (w) — Vo, (w)ef)

p=1

converges in {£°([0,1]%)}5*! to the limiting process in (2.11). Hence, it
remains to be shown that replacing C’(g’; land VCy, by C¥ and VCy, , respec-
tively, in the last display does not change the limiting distribution. To see
this, fix u and bound

sup |Gy (B () + V0, (w)Or — O (B () ~ Vo, (w0
ue(0,1
< max{ sup [BY(w)][CY(u) — CP(w),

uy €[6,1—6]

sup B (w) |01 (w) — Cf(w)] |
uué¢[6,1—4]

+ sup |VCy,(u) —VCgO(u)H@S’)L

u€(0,1]4

Due to Condition IIT and consistency of 6,, as a consequence of Lemma C.1,
C.2 and C.6, VCy, provides an uniformly consistent estimator of VCy,.
Therefore, the last summand on the right-hand side of the last display con-
verges to zero in probability as n — oo. The first argument in the maximum
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in that display converges to zero in probability since the estimator O is uni-
formly consistent on the set {u € [0,1]% : u, € [6,1— 4]} for any 0 < § < 1/2

and since BYY) = Op(1). For the estimation of the second argument in the
maximum note that, since ||C¥||., < 2 and [|C}"||. < 1, we have

P( sup  [BY(w")]|CE(u) — CY(w)| >n) <P( sup  [BO(u")| > n/3)
uu¢[8,1-4) uy #[6,1—3]

which can be made arbitrarily small by decreasing §. This proves the Theo-
rem. ]
C Auxiliary results

Let us first introduce some additional notation: for u € [0, 1]¢, let

Gn(u)—%Z]l(Uigu), G (u) = — Y1 < w

T n+41

and Gp,(u,) = Go(1,...,1,u,,1,...,1) with u, at the pth coordinate, for
p=1,...,d, and similar for G7,,. By Theorem 2.2 in Shao and Yu (1996)
and a simple adaptation of Lemma 2.3.1 in Ruymgaart (1973) to the alpha-
mixing case we can find, for any v > 0, some constant D > 0 such that
P(Q,,p) > 1 —~ for any n € N, where

\/E{Gnu (u) —u}

qu(u) =P

sup

V sup
Ul:n,y.yUn:n,p,} q#(u)

u€(0,1)

o {w | V(G () — u}
uE[

for all p = 1,...,d} (C.1)

and where U, , denotes the ith order statistic of Uy, ..., U, ,. Note that,
on the event Q, p, we have max! , |U;, — U;,l/q.(U;,) < D/y/n for all
p=1...,d.

Lemma C.1. Suppose that (U;);cz satisfies ag(n) = O(n~%) for some
a>1++v2 (which is a consequence of Condition II1). Moreover, suppose
that Condition V holds. Then

1 n
L,,=0,— % ;{Jeo(Ui) + Ki,nﬂo} = OP(l)a
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where, for 0 € P andi € {1,...,n},

znG - ZZJM {E(Uw < UJM) j7u}‘

]1u1

Proof. Recall the definition of €2, p in (C.1). Since we can make P(Q2\ 2, p)
arbitrary small by increasing D, it is sufficient to show that L,11q, , = op(1),
for any D > 0. For the ease of notation, we will suppress this indicator in the
following and we will assume without loss of generality, that the inequality
in (C.1) holds for any w € Q.

Now, the mean value theorem allows to write

Joo(U3) = Jo,(Us) + Z JENU) Ui = Ui) + R,
where the remainder term is given by
d
Roi =Y {3 i) = Jo U} Uiss = Uss)
p=1

and where [_Im denotes an intermediate point lying between U; and U} Let
us first show that \/iﬁ Yo Rui = op(1). We have

d 1 n
<03 {135
p=1 i=1

where Sy, = HJO[SL}(UW) — Je[o (U lqu(Ui,). Tt remains to be shown that
each of the d sums inside the curly brackets converges to 0 in probability.
For n > 0, set M, = [n,1 —n]¢, and write

1 n

%ismu stn (U; € M,) ZSm;Jl (U e Mf)  (C2)
=1

Let us first consider the second sum on the right. By Condition V, for
sufficiently large n such that D/{/n < 6 with § as in the condition, we can
bound its expected value by

Q/CQ“(U“) sup 7,(v) H sup rw(v) dCy,(u) < 0.
& e
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The latter can be made arbitrary small by decreasing n, whence it remains
to consider the first sum on the right-hand side of (C.2) for fixed n > 0.
Obviously, the sum can be bounded by

maX{llJa[’(f](Ui,n) - Je[ﬁ}(Uz‘)H ci=1,...,n,U; € My}

This expression converges to 0 by uniform continuity of Je[“ ! on M,/ and
by the fact that max?, |U;, — U;|]| < D/y/n as a consequence of assuming
Q = Q,p. To conclude, ||\/ﬁ Yo Ruill = op(1).

To finalize the proof of Lemma C.1, it remains to be shown that

Wy, 1 <
S S UG V)~ 5

7,1;,&1

converges to 0 in probability. By exchanging the indices in the double sum
resulting from the sum over the K, g,, the last display can be written as

- Z Z T % VG (Ui) = Uiy = {Guu(Us) = Ui }.

zlul

We can bound the norm of the last display by 22 3" | Zu L Jeo (U)q(U; ),
which is integrable by Condition V. Then, since sup,c ) |[v/n{Gr,(v) —
Gnu(u)] < n7Y2, the assertion follows from dominated convergence. O

Lemma C.2. Suppose that (U;)ez satisfies ag(n) = O(n~%) for some
a>14++2 (which is a consequence of Condition I11). Moreover, suppose
that Condition V holds. Then

\/—Z Z’neo_ ’Leo)goa

where K, 0, and K;g, are defined in Lemma C.1 and Theorem 2.2, respec-
tively.

Proof. As in the proof of Lemma C.1, we may assume without loss of gener-
ality that €2 = 2, p for some D > 0. Note that we can write

d

% Z (Ki,nﬁo - Kz‘,eo) = Z IW([O, 1]d),

p=1
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where, for some Borel-measurable subset A C [0, 1]¢,

Iu(4) = / T )G (1) — 1} AH{Go(w) — o (1)}

It suffices to show that 1,, ([0, 1]%) = op(1) for fixed p € {1,...,d}. Forn €
(0,1/2), set M, = [n,1 —n]%, decompose I, ([0, 1]%) = L, ,(M,) + I, ,(MF)
and treat both summands separately.

For I, ,(MY), we proceed similar as in the proof of Lemma C.1: since we
can work on the event Q, p, we can bound ||1,,(MS)|| by

D
- S 14U g (U LU € ME) + D /M 15 @)l () AC, ().
i=1 n

and the expectation of this expression can be made arbitrary small by de-
creasing 7).

Thus, it remains to be shown that I, ,(M,) = op(1) for each fixed n > 0.
This is a consequence of Lemma C.8, the continuous mapping theorem, weak
convergence of u — J ( )\/_{Gw(uu) u,} as an element of (>°(M,)) and
the fact that supue[ovl]d |Gn(u) — Cpy(u)| = 0op(1) as a consequence of, for
instance, Theorem 7.3 in Rio (2000). O

Lemma C.3. Suppose that (U;)cz satisfies ag(n) = O(n=%) for some
a > 6 (which is a consequence of Condition III). Moreover, suppose that
Condition V holds. Then, for anyb=1,.... B

L \/_ZZ [0, @) + Kina,} = {0 (O0) + Kian}| = 02 (0),
where K; ¢ is defined in (2.7).

Proof. As in the proof of Lemma C.1, we may assume without loss of gener-
ality that 0 = Q,, p for some D > 0. By definition, we have

Kingn — Kingo Z Z{Jé’;ﬁ — JENO)Y x (10, < U;) — Uy}

Therefore, by the mean value theorem, there exist some 92’-7 and 9? ns 0] =
1,....,n, u=1,...,d, all lying between 6,, and 6y, such that

Jo, (U:) — Jg(U;) = VJ@’ (ﬁ-)(@n —0)

Ki,nﬂn zn90 - Z Z v 9 - 90) {]l(U27u S Uj,u) - Uj#}a

30



A~ A~

where we used the fact that 1(U;, < U;,) = 1(U;,, < U;,). This allows to
write L") = A, + Zzzl B,, ., where

A, \/_Zz’ﬁwef ) (00 — 6o),

1 N
anu = H ZVJG[I]:L(U])(Q — 90 Z {]l Uzu < Uj M) J',,u}'

J=1

Let us first treat A,,, which we decompose as A,, = A, 1 X0,,+ A, 2, where

d
Z Z; b)VJgf OV, (U)o < [ [ (UL
/JLil

d
\/—ZZ(bVJef DO = 00)1{ 1V Jo, (T)]lop > [ [ ru(Ti)
pn=1

with r1,...,r; being defined in Condition V. We begin with the estimation
of the first term in this decomposition. Let Agifl) denote the (s, s')-entry of
the p x p-matrix A, ;. Obviously, its mean is equal to 0 and its variance can
be estimated by

B[4S
A 1/2 d . 1/2
S_ZHE zn jn { Hr# U } {E[HTH(UJM)Z}}
i,j=1 pn=1
d
S 2 Z E[ zlgzj(bn H sup  7,(v)? dCy, ()
1,j=1 [0,1]4 p=1 %Sanlm

= 0(n?)0(nt,) = o(1),
where we used the Cauchy-Schwarz inequality, (A.2) and the fact that

—Zm: 20 20| = Zw{a—j)/en}

1,j=1 i,j:l
Iy

= 3 (1 kl/n)e(k/0) < {26, 4 1yp(0). (C.3)

k=—{n,

Thus, A,1 X /n(0, — 0y) = op(1). For the estimation of A, 2, let € > 0 be
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arbitrary. By Condition V, we can find ny € N such that, for any n > ny,

1—c< P(Hen — 0]l < kg) < IP’( Iy {16, — o] < k9}>
d
<P( {1V e, (U)llop < [ ] 7(0i)})
pn=1

This implies that, for any n > 0 and for all n > ng
d
P(|Anz2l > 1) < P(UL {1V o, (Ullop > [ ] ra(Uin)}) <,

that is A, 2 = 0,(1) and hence A, = op(1).
It remains to be shown, that B, , = op(1) for all p = 1,...,d. For this
purpose, we bound B, , as follows

1Bl

1 ~ A~
- ZVJH[‘;] (U;)(0n — o) —= Z {I Uip SUjp) = Ujp+ Ui = Ui}

7=1 =1

< 16, — ol| x { Z N RUATR %(Uj,u)}x

<u)—u
\/_Z m (w)

oy

UE[U:n, 1y Unin,ul

{ sup
u€(0,1]

|zl

Since ||, — 0y|| converges to zero in probability, it suffices to show that both
factors in curly brackets are stochastically bounded. For the second factor,
this follows from Lemma D.1, Theorem 2.2 in Shao and Yu (1996), a simple
adaptation of Lemma 2.3.1 in Ruymgaart (1973) to the alpha-mixing case
and from (C.3). Regarding the first factor, we decompose

Zuw“” Mop 4u(Us )
va U)lop 4u(U) x 1116 = bol| < Koy
+= Z IV 75 @) llop 40 (Ui) x 1(116 = bull > ks,)-
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Clearly, the second sum on the right is op(1) by consistency of 6,,. By Condi-
tion V (in particular (A.3)), Markov’s inequality and |U;, — U; | /qu(U;,.) <
D/y/n for all u as a consequence of the fact that we may assume Q = Q, p,
we have

Z 19955 (©)llop 6u(Us ) X 1(116 = boll < k)
ZW fj 1) (Uj H 7w (U = Op(1).
ST
To conclude, B, ,, = op(1) which proves the lemma. O

Lemma C.4. Suppose that (U;)icz satisfies ay(n) = O(n~%) for some
a > 6 (which is a consequence of Condition III). Moreover, suppose that
Condition V holds. Then, for anyb=1,..., B,

LY = ZZ“’[ U) + Kinao} = (U9 + Kinao)}] = op(1).

Proof. As in the proof of Lemma C.1, we may assume without loss of gener-
ality that Q = Q,, p for some D > 0. Let us write L\) = A, + B, where

1
n \/— ZZ b){JGO J90<Ui)}7 Bn = % Zz(b {Kln90 - Ki,nﬁo}’

and consider each term separately. For n € (0,1/2), set M, = [,1 — ]d. By

the mean value theorem, there exist intermediate values U, between U; and
U; such that we can write A, = Eu HAn (M) + Ay W (ME)}, where, for
any M C [0, 1]¢,

1 S,
Anp(M) = == > Z3 05 (O) (Ui = Ui LUs € M),
1=1

We begin with the treatment of A,W(Mnc)7 for a fixed p. Since we may
assume Q = €, p, we can bound || 4, ,(M;)|| by

D~ o 3
n Z ‘Zz'(,r“(Ju(Ui,u) P u(w) H USUI‘) rw (W 1(U; € M)
i=1 R SV WH m<ﬁ
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As in the proof of Lemma C.1, by Condition V, for sufficiently large n, the
expectation of the latter expression converges to zero as 7 — 0. Therefore,
it remains to consider A4, ,(M,) for fixed n € (0,1/2).

Since max?_, |U; — U;|| < D/+v/n, we get that A, ,(M,) = A, .(M,) +
op(1) for n — oo, where

Ay (My) \/_ZZ O J¥NT) (s — Ui ) 1(U; € My, |U; — Uil| < 1/2).

By the Cauchy-Schwarz inequality, we obtain
E[HAnu<Mn)H2] = E[{An,u<Mn)}/{An,u<Mn>}]

n ~ b)
< sup [yl (w)|]? x E[mix | Ui, — Upl’] Ejmz;Jn

uGMn/Q Zj 1

The first factor on the right-hand side is bounded by Condition V. The second
factor is bounded by D?/n as we may assume that Q = Q,, p. Regarding the
third factor, note that + a2 io [ElZ ARV AN ]| = O(¢,) as shown in (C.3). We

,mjn

can conclude that An,#(M ) is of order O,(n~Y47%/2) = 0p(1), and therefore
also A, = op(1).
For the proof of the lemma, it remains to be shown that B, = op(1). We

can decompose B,, = Zzzl(Bm,u + Bpnay + Bnsy), with

nm4f2 Zw” — L UNHU Ui < Us) = Uj}
Buay = fz dey T U U = Uy )

o [ 0} (15522)

B, 3, converges in probability to zero: the first factor is of order Op(1) by

a similar argumentation as before based on the fact that we may assume

Q =, p, and the second factor is of order Op(£x/>/nV/2) by (C.3).
Regarding B,, 1, we can bound

1 - 1U; ,, <u)—
HBn,l,uH < {— sup Z ZI(I;L) ( w S u) u’}
Muep) i qu(u)

{Zw REACATGRLS
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The first factor on the right-hand side is of order Op(1) by Lemma D.1. The
second factor converges to 0 in probability by the same argumentation as for
the treatment of (C.2) in the proof Lemma C.1.

A similar argumentation also works for B,, 5 ,: on the set 2, p, we have

1Bl < {2 Zrz’“} 2 ZHJ“‘] TNV}

and this expression is op(1) since E[|Zi(2|] < 0o and by the same reasons as
in the proof of Lemma C.1. O

Lemma C.5. Suppose that (U;)icz satisfies ay(n) = O(n~%) for some
a > 6 (which is a consequence of Condition I1I). Moreover, suppose that
Condition V holds. Then, for anyb=1,.... B

1 P
N Z ZO A Km0 — Kige} 2 0.
Proof. For p € {1,...,d} and A C [0,1]%, set
Lpu(A) = / Ty (u) Zz(b {1(Ui < up) — wu }d{Gn () — Cyy(u)}.

As in the proof of Lemma C.2, it suffices to show that I, ,([0,1]%) = op(1)
for any fixed 4 = 1,...,d. This follows along the same lines as in the proof of
Lemma C.2 with the weak convergence of v/n{G,,(u,) —u,} and Theorem
2.2 in Shao and Yu (1996) replaced by the weak convergence of the process
\/Lﬁ Yoy Zi(f;z{l(Uw <wu,) —u,} and Lemma D.1, respectively.

[l

Lemma C.6. If Conditions III, V and VI hold and if k > (1+z/) with k and
v as defined in Definition A.1 and Condition V, respectively, then

(Bn,@n,@;xégx...,@;Bxégm) - (B&@,Bgneun...,BgB>,@<B>).

n {EW([O, 1]4) x RP}BH, where the expressions on the left are defined in

(B.1), (B.2) and (B.3).

Proof. Using Condition III, tl%htness of the vector of processes follows from

marginal tightness of B, and B}, see Theorem 3.1 in Biicher and Kojadinovic
(2013).
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Regarding weak convergence of the finite dimensional distributions, we
only consider (IB%n, 0,, B\ ® @(b ) for the ease of reading. By the Cramér-Wold
device, we have to show that, for any ¢,¢' € N, any ¢q,...,¢4,¢1,...,¢p € R,
c,¢ € RP and any uy, ..., u,,v1,...,vy € [0,1]%

q/
Z Ba(us) + > eBY(v,) + O, +7OY
s=1 s=1

q 7
s Vo= ZcS]B%C(us) + Zc IB%(b)(vs) +J0+ e,

s=1 s=1

First of all, we decompose
L\ (b) (®)

with Wi = S0 e, {1(U; < u,) — Co(u)}, W = S0 20 {1(U; <

v.) = Coy (v}, Ty = {Jg, (U)) + Kig} and T, = Z“’ 0 (U + Ky}
The subsequent proof is based on the ‘big block—small block’ technlque The

assumption on a in Condition VI is equivalent to (1 5 <3~ 2:—11” whence,
noting that also K > (1 ) by assumption, we may choose 0<m<m<
Kk such that 1+) <m < m < i—Z2 Now, set b, = [n'/*] (the

length of the big blocks), s, = |[n!/277| (the length of the small blocks)
and k, = |n/(b, + s,)| (the number of big or small blocks). Notice, that
k, = O(n/?>tm). For j =1,...,k,, set

(Jfl)(bn“rsn)‘i’bn

Bpn= > Witw+1 10,
i=(5—1)(bn+sn)+1
J(bn+sn)
Sin = 3 Wi+ W+ 1+ 1,

where R, =Y 1" (bntsm)+1 I/Vi+VVi(b) —I—TZ-—FTZ-(b) is the sum over the remaining
indices that are not part of a big or a small block.
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First of all, let us show that the variance of V, is equal to Var(—= NG Zf“ L Bjn)+
o(1) as n — o0, i.e., that

kn kn
%Var (Zl Sjn> + %Var(Rn) + % Z Cov(Bjn, Sjm)
i= jg=1
+ = ZCOV (Bjn, Rn) ZCOV Simy Rn)  (C.4)

vanishes as n — oo. To this end, we will frequently exploit the following
bounds which are consequences of Lemma 3.9 and Lemma 3.11 in Dehling
and Philipp (2002)

[E[W:Wy]| = \ > e B{LU; < uy) — Coy () HIL(U: < uy) — Cgy(uy)}]
<4 > Jesela(li —i']) < const xaf|i — i'])

EWT]| = | > o E{L(U; < uy) — Colus)} oy (Uy)]

q
< 20[lell Y lesla(li — ) FE[| Jo, |55 < const xafi — ) =

s=1

[E[TT)| = |ElJo, (U3) Joy (U Yle| < 40lle]*a(|i — &) E[|| Jo, | *+*]

< const xa(|i —i'|) 7.

Analogously,|E[W(b | < const xa(|i—i'])), [EWO TP < const xa[i—

’|)2+V and |E[T; b)T b)]| < const xa(|i—i'|)= . Notice that all the other pairs
of random Varlables are uncorrelated and that largest bound is a constant
multiple of a(|i — i|)=. Now, we can begin with the discussion of the first
summand in (C.4). We have

1 al 1 2
E Var <; Sjn) = E ; Var(Sjn) + E Z COV(Sjn, Sj’n)- (05)

J#y
Since the distance between any two summands in S}, and S, for j # j' is at

least by, their covariance is of order a(b,) 7% = O(b,™/*™)). Observing that
Sjn consists of s, summands, we obtain that the second term in the last dis-

play is of order O(kisib;a”/@“)n—l) = O(nl=w/U+2)tm (2rar/(24v)=2m) —
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O(n!-av/(t2v)tmav/(2Hv)) — o(1) since, by construction, m < 1o < 1 — 2t~

For the first sum on the right-hand side of (C.5), we have, by dominated
convergence,

k k
1 « 1 & v
=Y Var(S,;) = — Y E[S%] < const x— — 2y
T2 var(s) = 13 IS} ; 1:;_; i)ail

= O(kps,n™ ) = O(n™ ™) = o(1).

For the second term of (C.4), we have

1 1 u v
- V < - . _ ./ 71/
" ar(R,) < const X Z afli —i'|)z+
i, =kn (bn+5n)+1
nfkn(anrSn)
S const X — Z (n_kn(sn+bn) - |Z|)O{<|2’)2+L”

n
i=—{n—kn(bn+sn)}

= O({n — kn(bn + s,)}/n) = O((by + s) /1) = o(1),

where we used that k, > n/(b, + s,) — 1.

Now, let us bound the third term in (C.4). First we notice that, if j = j’
or j/ = j — 1, we have |E[B;,S;,]| < const> " Zi”t:’;l af|i — )7 <
const 325" ja (i) ¥ < const < oo, since av/(2 + v) > 2 4 1/v by Condi-
tion VI. In the other cases the distance between the blocks Bj, and Sj, is

at least by, such that |E[B;,S;m]| = O(bnsna(b,) T ). Together, this yields

- Z [BjuSim] = O(n~ k) + O(k2bys,bn = n)
JJ’ 1
= O(n—1/2+771) + O(nl_%ﬁ"—m(l—"az-{%)_m) _ 0(1)’

where the last equality follows exactly as above for the treatment of the
first summand in (C 4). In the same manner, we get 2 Zk" ]E[B]nR ] =

O({bn + sn}/n) = o(1 )

For the next step of the proof, let B’ ,j =1,...,k, denote independent

jns
random variables such that each B}, has the same distribution as Bj,. We

will show that the characteristic function of n=1/2 Z?; B, is asymptotically
equivalent to the characteristic function of n~=/2 Z?Zl Bj,. Fort € R, define
U, (t) = exp(itn~V/?B,,) and notice that E[[[}", ¥, (¢)] and [[5~, E[W,(t)]
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are the characteristic functions of n=1/2 2?21 Bj, and n~1/? 2?21 Bj,, re-
spectively. The difference of the two characteristic functions can be decom-
posed as follows

[T 9:)] - T2 0]] < [ T] #0(0)] - B OB 9001
+ [E[1,(1)]] % )E[f{%@ﬂ E[wmmf{ (1)
P kﬁzE[\pm(t)]‘ x ‘E[lk_[ \Ifjn(t)} '_ﬁ IE[\Ifgn(t)]‘

\E[ﬁww} - fjwmw\
<2mx (k= 1) max  a(o(Vin), o f[ Yjn(t)}),

which is of order O(k,a(s,)) = O(n!'/?=4/2+am+m)  Using that 1, < 15, this
expression converges to 0 by the choice of 7, and the fact that (24v)/(av) >
1/a > 1/(a + 1). As a consequence, provided n~!/2 Z?Zl B}, converges
weakly, then so does n~1/2 Zle Bj,, with the same limiting distribution.
Therefore, in order to finalize the proof, it remains to be shown that
n~=1/?2 Z?Zl Bj,, converges weakly to V. This will be accomplished by proving

that the variance of n~'/2 Z?zl Bj,, converges to Var(V) as n — oo and that
the Lindeberg-condition from the Lindeberg-Feller central limit theorem for
independent triangular arrays is met. We begin with the convergence of the
variance and note that

q q
Var(V) = Z CSCSIZ’}/(i,uS,US/) + Z ESES/Z’}/(i,vS,USI)

s,8'=1 1EZ s,8'=1 1€EZ
q q
+) ed Y Alu) + > el Y Aliv,)
s=1 1€Z s=1 iE€EZ
+d > A)e+2 Y Al
1E€EL €L
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where (i, u,v) = Cov{l(U; < u),1(Uy4; < v)}, 3(i,u) = Cov{Jy,(Uy) +
K1,907]1<U1+i < u>} and 5/(2) - COV{J@O(Ul) K 907‘]90(U1+2> + KI-H 90}
I\LOW, let us show that Var(\/iﬁ Zfil Bj,,) = Var(V,,) +o(1). To this end, note
that

kn kn kn

Var (n_l/Q Z B§n> _1 Z Var(Bj,,) = ! Z Var(B;y,)
=1 A "
kn
= Var (n 1/2 Z Bjn> — Z Cov(Bjn, Bjm)
J=1 J#5’

Since we have already shown in the beginning of the proof that the variance
on the right-hand side equals Var(V,) + o(1), it remains to be shown that
=22y Cov(Bjn, Bjm) = o(1). Since the distance between the random vari-

ables within the two blocks is at least s,,, we have E[B;,, Bj.,] = O(b2a(s,)7 )
for j # j'. Therefore, n=' ", Cov(Bjn, Bjn) = O(n k225,77 =
O<n1_%2“+"+a2+%n2>7 which is o(1) as shown above.

Now, let us show that Var(V,) — Var(V) as n — oo. We can write
Var(V,,) as

n q q
1 Z [{ Z csCey (1 — 1 ug, uy) + Z csCop{ (i — ') /a3y (i — 7', v, vs,)}
n

i,i'=1 s,8'=1 s,8'=1

+ { i dey(i — 1, us) + QZ/ desp{(i —i") 03y — 7, vs)}
# {36 - e olli = 1)/ - 10}

=il [ & | d .
= - sCs! y s, Uy’ sCs’ ln, » Us, Us!
Z " [{chw(zuu)—i—chgp(z/ )y(i, v 'v)}

i=—n s,8'=1 s,8'=1

+ { Zq: desy(i, ug) Zc Csp(i/0,)7(i vs)}
+{erer ettt ()

For the sake of brevity, we will only show convergence of the terms in the
first curly brackets on the right-hand side of the last display to the respective
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terms in Var(V'). We have

n . q
n — i .
Z n Z CSCSI’Y(Z) U, us’)

i=—n s,8'=1

q n
1 g
Z CsCy Z i, Ug, Uy Z cscslﬁ Z i|y (7, ws, wy ).

s,s'= i=-n s,8'=1 i=-n

Since |y(i, u,v)| < const xa(]i]) and > 7, |ila(i) < oo, the second term on
the right-hand side vanishes as n — 0o, whereas the ﬁrst term converges to

2375/:1 CsCyr Ziez 7(27 Ug, us’)'
Moreover, as ¢(h) =0 for |h| > 1 and ¢,, = o(n), we have

n

>l Z e pli/ )1 i, v., v,

i=—n s,8'=

CsEs’ Z/£n>7(iavmvs’)a

s,8'=1 €L

n

By continuity of ¢ in 0, we have %gp{z/ﬁn} — 1 as n — oo for any fixed
Lo(i/0,)7(i, vs, vy)| < const xa(i) for all i € Z and all

s, =1,...,q¢. Therefore, by dominated convergence, as n — 0o,
CsCyl o(1/0,)y (i, vs, vy ) E CsCyr E (i, vs, V)
s,8'=1 i=—n s,8'=1 €L

The convergence of the remaining summands in (C.6) follows along similar

lines, exploiting that [|y(i,u)|| < const xa(i )2iv 15(i)]|op < const x (i)
and that 3. Jila(i) = < co.
Finally, let us prove the Lindeberg condition, i.e., that, for any € > 0,

kn

k

1 1 &

- > E[BRL(|B,,| > vne)] = EZ]E[B?n]l(|Bjn| > v/ne)] = 0
j=1

=1

as n — oo. To bound the former expression we use Holder’s inequality with
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p=(2+v)/2and ¢ = (2 + v)/v and Markov’s inequality to obtain
1 y 24w, v
5 2 EIBLL(Bu| < vne)| < —ZE [Bin* P E[L(| Byl < Viie) 5]

=—ZEr il 1B B < V)7Fo

k
1 = 12— s gL v
= El|Bu[* T E] B 7 (Vre)

j—l

- —ZE! [ (e)

IN

By Minkowski’s inequality, we can bound E[|Bjn|2+”]2+% by a sum over
b, summands of the form E[|W;[>*]7v + E[|W " |*]7 + E[|T}]>*]7 +
E[|T2+]77  whence E[|B;,|>**] = O(b***). This finally implies

—ZE L(|Bjal < ViiE)] = O kun™>71) = O(n >~ (+9) = o(1),

by the definition of 7; and the Lemma is proved. O]
Lemma C.7. Under Conditions IV, V and VI, we have

V{Co, (u) = Cyy(u)} = VCiy, (1)0,, + Ry (u),
where ©,, = \/n(0, — ) and sup,cp 1 [|[n(w)|| = 0p(1).

Proof. Tt follows from the mean value theorem that

Vi{Co, (u) = Cyy(u)} = VCi, (w)Oy, + Ry (u),

where R,(u) = v/n> "_, {8%505('“’) — B%SC’QO(U)}(@”S — 6o,) and where
denotes an intermediate point lying between 6, and 6,,. The Cauchy-Schwarz
inequality allows to estimate

sup || Ry (u)|| < sup sup ||V Cy(u) = VG, (u)|| < [[©n]-

uel0,1]4 (16" 8ol <[|6—00l| ue€[0,1]¢

Since ©,, = ©,, + 0p(1) for n — oo as a consequence of Lemma C.1 and C.2,
we obtain that ||0,]| = Op(1) from Lemma C.6 (note that Condition III was

42



used in Lemma C.6 only for the tightness part, whence we do not need to
assume it here). Fix n > 0. By Condition IV, we may choose § > 0 such
that sup|p_g, | <s SWPuejo1]¢ | VCo (u) — Vo, (u)|| < 1. Therefore,

P( sup sup —|[VCy(u) = VT (u)]| >n) < P([[6h — bol| > 9),

u€l0,1]4 [|6"=0ol| <[|0n—0]|

which converges to 0 as n — oo, since 6, is a consistent estimator of 6,. [

Lemma C.8. Let A be a continuous function on [a,b] and B,, be a sequence
of functions on |a,b] with f[a’b] |dB,| <V, uniformly in n, for some V > 0.
If supgeiqp) | Bu(x)| — 0 and if there is a sequence of functions A, such that
SUDgelap) | An(T) — A(Z)| = 0 as n — oo, then we have

®(A,, B, =0

as n — 0o, where ®(A, B) = | p Al@)dB(z).

[a,
Proof. For m € N, j = 1,...,m and p = 1,...d, let y;m = a, + (b, —
a,)j/m. Define a piecewise constant approximation of A through

m

where yr, kg = Yk 1ms -+ s Ukgdm)- Note, that 7(m) = sup,e(qp [A(T) —
Ap(x)| — 0 as m — oo by uniform continuity of A on |[a, b].
Now, write ®(A,, B,) = L1 + I + 1,3, where

Ly = [ {Au(z) - A(z)}dB, (),

[a,b]

I = {A(x) — Ap(2)}dB,(x), L= / A (x)dB, ().

[a,b] [a,b]

We begin by bounding 1,,;. We have

Ll < [ Mal@) - A@IB(@)] £ sup |4,(@) - A@)] x V
[a,b] x€|a,b]
which converges to zero as n — oo by uniform convergence of A, to A. Simi-
larly, |I,2| can be bounded by r(m) x V', which can be made smaller than any
given £ > 0 by increasing m. Finally, for any fixed m, |I,3| can be bounded
by m? X SUp (.41 [A(E)] X SUPe(qp) IBn()]. The latter expression converges
to 0 for n — oo by uniform convergence of B,. Assembling everything, for
any € > 0, limsup,,_,. |P(A,, B,)| < €, which proves the Lemma. O
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D Weighted Convergence of a dependent mul-
tiplier bootstrap empirical process

Lemma D.1. Let (U;)icz be a stationary, strongly mizing sequence of uni-
formly distributed random variables with oy (k) = O(k™*), where a > 6, and
suppose that Zl(br)b satisfies the conditions in Definition A.1. Foru € [0,1], set

A® (u) \/_ZZ(b{]lU<u)—u}

and let q be a q-function with q(u) > K{u(l—u)}? for some constant K > 0
and some 0 < v < (a —3)/(2a). Then, in ([0, 1]),

AP (w)/q(u) ~ Alu)/q(u)

where A denotes the weak limit of the process u — n=Y2 3" {1(U; < u)—u}.

Proof. The proof is similar to the proof of Theorem 2.1 in Shao and Yu
(1996). First, note that A ~ A by Theorem 3.1 in Biicher and Kojadinovic
(2013). Hence, by Theorem 3.2 in Billingsley (1999) it suffices to show that,
for any € > 0,

hrnhrnsup[[”( sup }Ab )/q(u)| > )zO and

n—00 O<u<n

lim P( sup [A(u)/q(w)] 2 ) =0, (C.7)

0<u<n

and that

lim limsupIP’< sup |A$Lb)(u)/q(u)‘ > 5) =0 and

=0 poo 1-n<u<l

ImP( sup_|A(u)/g(w)] > 2) = 0. (C8)

1-n<u<l

Since the proofs for (C.7) and (C.8) are very similar, we only treat (C.7).
We begin with a proof of the left-hand side of (C.7). Let K > 1 be a
constant and let us first assume that, for any n > 1 and i € {1,...,n}, we

have Zz(l;) > — K. The general case will be treated afterwards. We begin by
showing the following three inequalities, which we will need in the course of
this proof. For any p > 2a/(a — 1) and for any u,v € [0, 1]

E[|A® (v) — A® (v)[2] < const x |u — v|?. (C.9)
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For any p' € (2%,4) and for any u,v € [0,1]

E[IAY (u) = AP (0)|"] < const x (Ju

—o*"" T — PP,
Forany 0 <u<v<u+h<1,

(C.10)

A (u) = AP (0)] < |AD (u + h) — AP (u)]

+ KA (u+ h) — Ay (u)| + Vrh{2K +n 7t 0 Zz0V, (C.11)
n~ 23 LU < w) — )
The assertion in (C.10) follows directly from Lemma B.2 in Biicher and

Kojadinovic (2013), whereas (C.11) can be shown by the same arguments as
in the proof of (31) in Biicher and Kojadinovic (2013)

Hence, it remains to show (C.9). We have, for any u < wv

where A, (u) =

E[JA® (1) — A® ()] [ w3 Zz“ Mu<U, <o) —(v— u)}ﬂ

Z EZz"Z" x E{1(u < U; <v) — (v —u)H{I(u < U; < v) — (v — u)}]' .

The fact that |IF£[ZZ(I;1 jn]| is bounded by 1 together with an application of
Lemma 3.11 in Dehling and Philipp (2002) with r = s =p and t = p/(p —2)
allows to bound the right-hand side of the last display by

10 . =2 2 2 10 L p=2
— 2 alli=j) PE[]l(U<UiSU)]P=|U—U|PgZ a(li—jl)
ij=1 ij=1
2 10 p=2 2
—ulr— —iDa()F <|v—-ulrK
= v —ulr— ;(n [i)a(@) 7 <o —ulr Ky,

where K7 < oo since p > 2a/(a — 1).

In the following, we choose p = p’ € ( _3,4 Ay,

Let A, C Q denote the event that {n='> " | zl; < K}. By Markov’s
inequality, we have P(Q\ A,) = o(1).

Now, consider the probability on the left-hand side of (C.7). We have

P( s |AY(w)/a(w)]| 2 <) =P( s |AD(@)/a(w)] 2 2 40) + o),
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for n — oo. The probability on the right-hand side can be bounded by

ip( sup \A,gb>(u)/q(u)|zg,,4n)

2= <u<n2-i+1

P( swp AP = eq(n27), An)

1 n27I <uLn2-I+1

T

J

NE

P( swp A ()] > 2gn27), A,).

1 O<u<n2—i+1

[
Il

We will now split the sum according to j € G,, or j € H,,, where
G, ={j e N:n'23Kn277" < ¢,/2},
H,={j € N:n23Kn27% > ¢;/2},

and where £; = eq(n277). First, consider those summands with j € G,,. In
this case, (C.11) yields

P( sup [AP(u)] > ¢, Ay)

O<u<n2—i+1

_ . : 4 1 &
< P(IAY 27| + A2 7)) + Va2 7 2K + =37 20} > ¢, A
n ’
i=1

<P(IAD 27| + [An(n2 )| > 2,/2)
< PIAD 27| 2 ;/4) + P(1Aum2 7)) 2 £5/4).

The first probability on the right can be bounded with the help of (C.9) by

(e5/4) ZEIAD (12771 < const x (e;/4) 7% x (n277+)>
< const x{eq(n27)} % x (772_j)%
< const X (772_]')2(%*7)
= const xn??(2%%) 77,

where 8 = 1/p —~ > 0, by the choice of p. Hence, for any n € N,

Z ]P’(|Aflb)(n2_j+1)\ > 5]-/4) < const xn?’ Z (2277 < const xn**
JEGn J€Gn
which converges to 0 for n — 0. For the estimation of P(|A,,(n277*1)| > ¢,/4)
notice that the conditions of Theorem 2.2 in Shao and Yu (1996) are met
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(since v < (a—3)/(2a) and since a(n) = O(n~?) for some a > 6). Therefore,
also the conditions in Theorem 2.1 in the latter reference are met and we can
estimate the probability exactly as in the proof of this Theorem.

Now, let j € H,, and define

g eqn27)

1
0= i = I3KniZ ~ 43K

It follows form (C.11) that

P( sup [AD()] 265 4,) <P max AP > ¢/2)

O<u<n2=i+l 1<i<[§—1n2-i+1 |
+IP’< max sup  [AD (u) — AV (i8)| > ¢, 2,An>
0<i<[g~tn279+1 ) ié<u§(i+1)6’ (u) (1) 2 &/

The second probability on the right can be further estimated by

P max JAD(8) — AL+ 1)0)] + [An(i8) — An((i +1)0)|

0<i<[d-1n2-i+1 )
L5~ 40
— ) > .
+ VRO{2K + ;1: 720 > ¢/, An>
< AO (i5) — A ((; 5y ' >
< P(Oﬁqgn:{a%jﬂj [AD(i0) = AP +1)9)] + [An(i6) = An((i +1)6)| = ;/4)

§2P< max \Agb>(¢5)|zgj/16>+2p( max |An(i5)|25]~/16).

1<i<[6-1n2-i+2) 1<i<|6-1n2-i+2)
By (C.10) (note that p’ = p) we have, for any 0 <i < k < |[§7'927772] that

E[|A® (i) — AP (k6)|*] < const x{(|k — i|6)Y? +n~ |k — i|6)¥/?}
< const x{(|k — i|0)¥? + n~t|k — i|6%/P}.
Then, the main result in Méricz (1982) (with v = 4, f(k, m) = const xmd and
o(t,m) = {(mé)¥P=1 4 n~16%/P=131/4 ) which can be applied since AL (i§) =
> AP (k6) — AV ((k — 1)), implies
A®) (5
Bl mas A

[log (|6~ n2792])] -1

4
< const xn2772 x { Z {n*152/p71 4 (nzfj*k+1>4/p71}1/4 }
k=0

[log(6~ 1 n277+2)] 4
< const xn2771? x { ( Z (n1(52/p1)1/4>

k=0
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[log(6~1n277+2)] 4

k=0

< const xn2 77" x {”162/‘11 log*(6'n277+%)

[log(6~1n279%2)] 4
+ (n2—j+1)4/p—1< Z 2—k(1/p—1/4)) }

k=0
< const x {n’152/p71(7727j) log" (2772671 + (77273‘)4/;»}

Now, we can estimate by Markov’s inequality and the fact, that log(z)* <
const xz'*2/? for all > 1 and that, for j € H,, n279t26~1 > 4 |

AO) (i8] > - )
P(quax IA®(i6)] > ¢;/16

§—1n2-3+2]

< const ><5j_4{n_162/p_1772_j log4(n2_j+25_1) + (772_]')4/13}

< const X6]'—4{717152/197177277'(n27j+2)1+2/p57172/p + (77273')4/;0}
< const X€;4{€;2(7727j)2+2/p + (nzfj)4/p}
= const xe e 2q(n277) (27 4 q(n279) A (n279)MP}
< const x{(n277) TP 4 ()

Since v < 1/p, the right-hand side is bounded by const xn® x (27)77, where

B=1/p—~>0.
Thus, for any n € N,

A (i 4 g 6y~ g
Z P(O<i<|_(r5r—1?i(2—1+2j |AY (i) > 53/16) < const X7 Z (27)77 < const xn

jEHn ]EGn

which, as to be shown, converges to 0 for n — 0.

For the estimation of P(max;<;<|s-1,2-i+2) [A,(id)] > £;/16) we can again
proceed exatly as in the proof of Theorem 2.1 in Shao and Yu (1996).

Now, consider the general case where the multipliers are not bounded from
below. Let Z"" = max{0, Z{}, Z{""~ = max{0,—Z;" }, K* = E[Z{")"*] and
K~ =E[Z]""] and note that K* = K. Furthermore, set M;"" = Z{""*" —
KT and M~ = Z{""~ — K~, such that Z{") = Z{"’* — Z{"»~. Then we can
wite A (1) = AL (u)— AP (u) , where AD*(u) = L= 30 MO[1(U; <
u) — u}, and it is sufficient to show that (C.7) and (C.8) hold with A®
replaced by A+ and A" ~. This, however, follows from what have shown
so far, observing that both (M7 );cz and (M;7)");cz satisfy the conditions
in Definition A.1 and are bounded below by —K* = —K~.
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Finally, let us treat P(supy., <, |A(u)/q(u)| > €). Since A is sub-Gaussian

with respect to the semimetric d(u,v) = |u — v|'/?, we can apply Corollary
8.5 in Kosorok (2008) to get the bound

n2- I+l
E[ sup |A(u)|} < E|A(0)] + const/ Vlog(2z—P)dx,
0

0<u<n2=i+1

for any j € Ng. Since A(0) = 0, almost surely, and since log(x) < const xx(!=7)/p
for all x > 1, we can bound the right-hand side by

p2—it1 '
const X / 20724z < const x (n277)0+D/2,
0

Therefore, by Markov’s inequality,

P( sup [A(u)/q(w)] > <) < ZP( sup |A(u)/g(u)| 2 <)

0<u<n n2—I<u<n2-I+1
< SP( sw AW = sq(2))
=0 0<u<n2-i+1
<Y B[ swp|aw)]ge) e
=0 0<u<n2-3+1

const X Z(nQ‘j)(7+1)/Qq(n2_j)_1

7=0

< const ><77 /222 g1 VW

IN

which converges to 0 for n — 0 since (1 —~)/2 > 0. O
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