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Weak convergence of the empirical copula process indexed by a class of functions is established. Two sce-
narios are considered in which either some smoothness of these functions or smoothness of the underlying
copula function is required.

A novel integration by parts formula for multivariate, right-continuous functions of bounded variation,
which is perhaps of independent interest, is proved. It is a key ingredient in proving weak convergence of a
general empirical process indexed by functions of bounded variation.
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1. Introduction

Let F be a distribution function in R? with continuous marginals F;, j € {l,...,d} and copula
function C; we will make this a blanket assumption throughout the paper. Given an i.i.d. sample
Xi,..., X, with X; = (Xj1, ..., Xjq) distributed according to F, we can construct the empirical
distribution function

1 n
Fa)=-> 1{Xi <x},  xeR’,
i=1
with marginals IF,;;, j € {1, ..., d}. The ordinary empirical copula function is defined by
Co(w) =F, (F, ), ....Fry(ua)),  w=(uy,...,uq) €0, 11
Here, for a distribution function H, its generalized inverse function H —1 s defined as

inf{t e R: H(t) > p}, 0<p<l,

1 _
" (p= sup{t eR: H() =0},  p=0.

Then, the ordinary empirical copula process is given by
Vi€, = O,  wel0, 1% Q)
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The asymptotic behavior of the ordinary empirical copula process is well studied, see for in-
stance [13,15,23,28]. In this paper, we always assume that the space £°°(7) for some index set
T is equipped with the supremum norm. [27] obtained weak convergence of the process (1) in
£°°([0, 119) under the weak condition that the first-order partial derivatives of the copula function
C exist and are continuous on subsets of the unit hypercube; we state this condition precisely in
Assumption P. He slightly relaxed the condition used in [13] that required existence and con-
tinuity of the first-order partial derivatives of C on the entire hypercube. Surely, the condition
in [27] is mild, as Theorem 4 in [13] showed that the empirical copula process no longer con-
verges in £2°([0, 1]%) if the continuity of any of the d first-order partial derivatives fails at a point
u € (0, )?. [6] used a weaker semi-metric on £°°([0, 1]9) and obtain hypi-convergence of the
empirical copula process, under the assumption stated in their condition 4.3 that the set of points
in [0, 1]¢ where the first-order partial derivatives of the copula function C exist and are contin-
uous has Lebesgue measure one. They showed that hypi-convergence still implies weak conver-
gence of certain Kolmogorov—Smirnov and Cramér—von Mises test statistics. Hypi-convergence
is not studied in this paper.
While it can be verified that C,, is left-continuous with right-hand limits, its cousin

n

— 1
Cowy == UFu (Xi) <ur, o Fra(Xia) Sual, w=Gr,oua) €10, 11
i=1
is cadlag (right-continuous with left-hand limits) and as such a more standard object in proba-
bility theory and, in particular, Lebesgue—Stieltjes integration. We will refer to the process

V€, — )@, uelo, 11 )

as the cadlag version of the ordinary empirical copula process given in (1), or simply the empir-
ical copula process. Given an i.i.d. sample, the difference between the ordinary empirical copula
process and its cadlag version is small; specifically, we will show in Appendix C.1 that, almost
surely,

_ d
sup [V(Cy — C)w) — i (C, — O)w)| < —, 3)
NG

uel0, 14
whose bivariate version is pointed out in the proof of Theorem 6 in [13]. Hence, the empirical
copula process given in (2) converges weakly in £°°([0, l]d) under the same weak condition as
in [27].

This paper addresses the following question: Can we generalize the empirical copula process
to a process indexed by functions on the unit hypercube, rather than points in the unit hypercube?
Specifically, based on the empirical copula process C,, and functions g : [0, 1] — R belonging
to a class G, we consider the generalization

Zn(g) = /n f g d(C, — O)(u)
0,114

@)
1 n
=7 > {eFn(Xi). ... Fua(Xia)) — E[g(Fi(Xi1). ... Fa(Xia))]}-
i=1
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(In the above, the particular domain of integration (0, 1]¢ is chosen for later convenience. Be-
cause the boundary [0, 119\ (0, 11 has measure zero with respect to both dC,, and dC, it is easily
seen that Z,(g) remains unchanged if the domain of integration [0, 1] is used instead.) From
here on, we use the convention that integral without domain of integration explicitly specified is
understood to be over (0, 119. The generalization (4) is of particular interest because Z,(g) is a
multivariate rank order statistic that is common in the statistics literature. See [24,25] and [23]
for early references. Among other considerations, this justifies taking C,, as our starting point.
Clearly, (4) reduces to (2) for g(v) = 1{v <u}, and Theorem 6 in [13] states that, for each g that
is suitably regular, the statistic (4) has a normal limiting distribution. This leads to the question
“Can we characterize the class G of functions g : [0, 119 — R for which the process Z, in (4)
converges weakly in £°°(G)?”

To answer this question, we consider two complementary cases, one that requires some
smoothness of the underlying copula function C and one that requires smoothness of the index-
ing functions g € G. [32] showed that if the functions g are sufficiently smooth, then existence of
first-order partial derivatives of C is no longer required for the weak convergence of the process
Z,, in £ (G). This remarkable fact was established in Corollary 5.4 in [32]. Theorem 7 in our
paper corrects a minor mistake in their proof — uniform equicontinuity in lieu of mere continuity
of the partial derivatives of g € G is required, and demonstrates the weak convergence in a dif-
ferent way under weaker assumptions on G that require no explicit entropy conditions on G. We
stress that many well-known copulas are not differentiable, for example, the Fréchet—Hoeffding
copulas, the Marshall-Olkin copula, the Cuadras—Augé copula, the Raftery copula, among many
others, see the monograph [20]. Moreover, many of the common goodness-of-fit tests for copulas
rely on the weak convergence of the (standard) empirical copula process and thus do not apply
in non-differentiable settings.

The scenario where C is sufficiently smooth, while functions in G are not necessarily differ-
entiable has not been addressed in the literature. In case the underlying copula satisfies Assump-
tion P, we show that under mild conditions on G the process Zn converges weakly in £°°(G). We
found a surprisingly simple proof for this fact based on the very general result, Theorem 1 below,
which is of interest in its own.

The paper is organized as follows. Section 2 presents a general weak convergence result of
empirical processes, indexed by functions of bounded variation, including empirical processes
based on stationary sequences satisfying alpha-mixing (or strong-mixing) conditions. We stress
that alpha-mixing is the least restrictive form of available mixing assumptions in the literature.
In this case, the few results in the literature that treat empirical processes indexed by functions
g € G all require stringent entropy conditions on G and on the rate of decay for the mixing
coefficients of X;, see, for instance, [2]. The main culprit is that alpha-mixing does not allow for
sharp exponential inequalities for partial sums. The only known cases for which sharp conditions
do exist are under more restrictive, beta-mixing dependence. The latter allows for decoupling
and yields exponential inequalities not unlike the i.i.d. case [3,10]. Our theory does not stop
there and allows for short memory casual linear sequences [11]. [9] proved weak convergence of
the standard empirical processes based on stationary sequences that are not necessarily mixing.
[8] treated more general processes indexed by classes G of functions under cumbersome entropy
conditions on G. The advantage of the method presented in this paper is that no explicit entropy
condition on the set G is imposed, while only weak convergence of the standard empirical process
is required.
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Section 3 presents the main results for empirical copula processes indexed by functions.
Smoothness of either the copula function C or the indexing functions g € G is required.

The proofs of some of the results in Section 3 are deferred to Section 4.

Finally, Appendix A contains a novel integration by parts formula for multivariate, right-
continuous functions of bounded variation, which is perhaps of independent interest, Appendix B
contains some technical results, and Appendix C provides some bounds on the distance between
the ordinary empirical copula process and its cadlag version.

1.1. Notations

We list in this subsection the notations necessary to address the multivariate extension of the
concept of bounded variation and the integration by parts formula in this paper. We mostly follow
the notations introduced in Section 3 of [21]. For x € R?, we denote its jth component as x j» that
is, Xx=(x1,...,xq). Welet0 e R4 be the vector with all components equal to zero, and 1 € R4
be the vector with all components equal to one. For a,b € RY, we write a < b or a < b if these
inequalities hold for all d components. For a,b € RY with a < b, the hypercube [a, b] is the set
{xe Ri:a<x< b}. Thus [0, 1] = [0, 1]d is the closed unit hypercube, and in this paper we will
work exclusively over this domain unless specified otherwise. Similarly, (a,b] = {x € R :a <
x <b}.

For I,J C{l1,...,d}, we write |I| for the cardinality of /, and / — J for the complement of
J with respect to /. A unary minus denotes the complement with respect to {1, ..., d}, so that
—I={1,...,d} — I.In expressions involving both the unary minus and other set operations, the
unary minus has the highest precedence; for instance, —1 — J = ({1,...,d}—1)— J.

For I C {1,...,d}, the expression x; denotes an |/|-tuple of real numbers representing the
components x; for j € I. The domain of x; is (typically) the hypercube [0;, 1;]. Suppose that
I,J C{l,....d} with INJ =@, and X,z € [0, 1]. Then we define the concatenation symbol
‘2 such that the vector x; : z; represents the point 'y € [0;uy, 1;u7] with y; = x; for j € I, and
yj =z;j for j € J. The vector x; : z; is well defined for x; € [0;,1;] and z; € [0, 1;] when
INJ=,evenif x_ or z_y is left unspecified. We also use the concatenation symbol to glue
together more than two sets of components. For instance X; : y; : zx € [0, 1]¢ is well defined for
x; €[07,17], y7 €[0;,1;] and zx € [0k, 1x] when I, J, K are mutually disjoint sets whose
union is {1, ..., d}. The main purpose of the concatenation symbol is to construct the argument
to a function by taking components from multiple sources.

For a function f : [0, 19 > R,aset I C {1,...,d} and a constant vector ¢_; € [0_;,1_/],
we can define a function g : [07, 1;] — R as a lower-dimensional projection of f onto [0;, 1/]
via g(x7) = f(Xy : ¢—y). We write f(-;c_j) to denote the function on [0;, 1;] defined in this
way with the argument on the left of the semicolon and the constant vector ¢_; on the right, so
that f(x;5¢-7) = f(X;:¢p).

2. A general result

The main theorem in this section states that, if G, is a stochastic process that converges weakly
in £°°([0, l]d ) to a continuous Gaussian limit G, then for a large class F of functions on [0, 1]‘1 ,
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the weak convergence of the stochastic process f fdG,,, with f € F, in £°°(F) follows from
the weak convergence of the stochastic process Gy,. The proof relies on Proposition 3 that gives
a very general integration by parts formula for | f dG,. The main idea is to change the integra-
tion over G, by integration over f. For this reason, we consider functions f for which we can
uniquely define signed Borel measures on [0, 1]¢. The classical Lebesgue—Stieltjes integration
theory on R is based on functions f that are of bounded variation. To consider its multivariate
extension, naturally we will need to consider multivariate extensions of the concept of bounded
variation.

First, we briefly recall the definition of total variation in the sense of Vitali, and refer to [21]
for a lucid presentation. Following [21], a ladder ) of the interval [0, 1] is a set containing O
and finitely many, possibly zero, values in (0, 1). Each element y € ) has a unique successor
y*, defined as the smallest element in (y, 1) N Y; if the intersection is empty, we set y* =
A multivariate ladder ) = ]_[‘j: 1Y of [0, 179 is based on d one-dimensional ladders Yj, not
necessarily of the same cardinality, with )); being a ladder of [0y;;, 1{;;]. Then, the successor
yh = (yfr, e, yj) of y=(y1,...,y4) € Y is defined by taking each coordinate yj+ to be the

successor of y; on the jth coordinate. Because for each coordinate j, the successor y;.r of y; is

unique, the successor yT of y is unique as well. Next, we let the d-fold alternating sum of f over
the hypercube (a, b] be

Alfsaby= Y (=D f@ by (5)

(In the terminology of [1] (see their equation (14)), A(f; a, b) is the d-dimensional quasi-volume
of the hypercube (a, b] assigned by the function f. A formal version of this statement will appear
later in (8) in terms of the measure d f defined from the function f.) The variation of a function
f on [0, l]d over a multivariate ladder ) is

Vy(f) =Y _|A(f1y.¥")]
yey

Finally, the total variation of the function f on [0, 1]¢ in the sense of Vitali, or simply the Vitali
variation of f, is

V(f):=sup Vy(f).
y

Here the supremum is taken over all multivariate ladders ) = ]_[?=1 Yj of [0, l]d.

We will also need to consider total variation in the sense of Krause [17,18] and Hardy [16].
Formally, the variation of a function f on [0, 114 in the sense of Hardy—Krause (assumed to be
anchored at 1 unless stated otherwise), or simply the Hardy—Krause variation of f, is

Vik(N) = Y, V(f1). (6)
Ic(l,...d}:1#2

Here V(f(-;1_y)) is the Vitali variation of the function f(-;1_;) on [0;, 1;]. (We recall from
Section 1.1 that the function f(-;1_7) : [0;7,1;] — R is the lower-dimensional projection of f
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onto [0y, 1;] obtained by setting f(x;;1_7) = f(x;: 1_7).) If Vg (f) < oo, then we say that
the function f is of bounded Hardy—Krause variation.

From (6), it is clear that a function f on [0, 119 is of bounded Hardy—Krause variation if
and only if for each I C {1,...,d} with I # @, the Vitali variation V(f(-; 1_;)) of the func-
tion f(-;1_;) on [0f, 1] is bounded. For each I C {1,...,d} with I # &, we let the mixed
partial derivative of f(x;;1_7) taken once with respect to x; for every j € I be denoted as
d! f(x7; 1_1). Proposition 14 in [21] states that if 8/ f(x;; 1_;) is continuous on [0;, 1], then

V(f(:1-p) =/

[0,

|87 f (xp; 1-p)| dx;.
1]

Hence a sufficient, but by no means necessary, condition for a function f on [0, 1]d to be of
bounded Hardy—Krause variation is that for each I C {1,...,d} with I # &, the mixed partial
derivative 9/ f(x7;1_7) is continuous on [0, 1;]. A more general characterization of functions
of bounded Hardy—Krause variation is provided by a section of part (b) of Theorem 3 in [1]
which states that if df is a finite signed Borel measure on [0, l]d, then there exists a unique
right-continuous (see Assumption F for our definition of right-continuity) function f on [0, 1]
of bounded Hardy—Krause variation for which

df(10,x]) = fx),  xel0, 11 7)

We will mostly consider functions satisfying the following assumption:

Assumption F. f : [0, 1] — R is right-continuous (to be precise, following [1], we say a func-
tion is right-continuous if it is coordinatewise right-continuous in each coordinate, at every point)
and is of bounded Hardy—Krause variation, that is, Vak (f) < o0.

By part (a) of Theorem 3 in [1], which is a converse of part (b) of the same theorem we just
mentioned above, if a function f satisfies Assumption F, then there exists a unique, finite signed
Borel measure d f on [0, 114 for which (7) holds. From (7), it is easy to see that, for a, b € [0, 114
with a < b, the measure d f assigns weight

df((a, b)) = f df@= > (=D f@:by) ®)

(a,b]

to the hypercube (a, b]. (We note the similarity between (5) and (8), but also point out that
df is a Borel measure that is defined on all Borel sets, not just hypercubes.) In fact, we can
conclude from [1] a more general result that we will also use later: if a function f satisfies As-
sumption F, then for arbitrary I C {1, ..., d} with I # & and arbitrary ¢ € [0, 1]" , to the lower-
dimensional projection f(-; ¢_y) on [07, 1;] there corresponds a unique, finite signed Borel mea-
sure d f (-; c—y) on [07, 1;] such that

df ([0, x/];e—f) = f(xr3e—p), x; €[07,1/]. )
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The validity of this claim is verified in Appendix B. Hence, for a, b € [0, l]d with a; < by, the
measure d f (-; ¢_;) assigns weight

df((az,bl];c1)=/( L e =D b e (0
ar,by

rci

to the hypercube (ay, by]. To reiterate, we will identify a function and its lower-dimensional pro-
jections uniquely with the measures satisfying (7) and (9), and hence (8) and (10), respectively.
The main result of this section is presented next.

Theorem 1. Let G,, be a stochastic process on [0, 114 such that its sample paths satisfy Assump-
tion F almost surely, and that G,, converges weakly in £ ([0, l]d) to a continuous Gaussian
limit G. Assume in addition that G, (n) = 0 almost surely, if u; =0 for some j € {1, ...,d}, and
that G, (1) = 0. Let F be a class of functions f on [0, 11¢ satisfying Assumption F, and addition-
ally sup o 7 Vi (f) < 00. Then the empirical process [ fdG,, indexed by f € F, converges
weakly in £°°(F) to a Gaussian limit.

Remark 1. The proof of Theorem 1 reveals (through the limiting process @( f), f € F intro-
duced in the proof) that the limiting process of | f dG, can be characterized as

GH= Yy / Goxp; 1) df(xp; 1)

Ic{l,...d}: 142 (07,1/]

for f € F, based on the limit G of G,,.

Remark 2. We have stated earlier that if df is a finite signed Borel measure on [0, 1]d, then
there exists a unique right-continuous function f on [0, 1]¢ of bounded Hardy—Krause vari-
ation for which (7) holds. Hence, a natural class F to consider is the set of such functions
f arising from all signed Borel measures df on [0, 1]¢ whose total variations are uniformly
bounded. By Example 2.10.4 in [31], such a collection F is universally Donsker, and we also
have sup feF Vuk (f) < oo by equation (10) in Theorem 3 and Lemma 2 in [1].

Remark 3. 1f F is the particular class of functions as discussed in Remark 2 and so JF is univer-
sally Donsker, and if in addition G,, is the standard empirical process from an i.i.d. sample, then
standard empirical process theory straightforwardly yields the conclusion of Theorem 1. How-
ever, we stress that Theorem 1 is much more general because it requires weak convergence only
of the process G, (and the condition on F). As particular instances of the applications of The-
orem 1, in Corollary 2 we will apply the theorem to empirical processes based on alpha-mixing
sequences, and in Section 3.1 we will apply the theorem to empirical copula processes, in the
latter case by replacing the process G, with /n(C, — C). We also note that the mild boundary
conditions imposed in the second sentence of Theorem 1 are trivially satisfied in these cases.

Proof of Theorem 1. See Section 2.1. O
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Now we apply Theorem 1 to empirical processes based on alpha-mixing sequences. Such a
result is new, as weak convergence of empirical processes for dependent variables indexed by
functions is sparse in the literature and typically requires rather restrictive beta-mixing condi-
tions. For a stationary sequence of random variables in [0, 1]¢, [22] proved weak convergence
of the standard empirical process /n(F, — F)(x) in £%°([0, 1]d) under alpha-mixing conditions
only.

]d

Corollary 2. Let X, i € Z, be a stationary sequence of random variables in [0, 11* with contin-

uous distribution function F and with alpha-mixing coefficients
ay :=sup{|P(ANB) —P(AP(B)|, A€o (X, j<i),Beo Xy, j>i).i€ZL}
satisfying
ar=0(k"") for some a > 1 and k — oo.

Let T, be the empirical distribution function based on X;, ..., X, and let G, = \/n(F,, — F)
be the standard empirical process in £°°([0, 1]d). Let F be a class of functions f on [0, 1]d
satisfying Assumption F, and additionally sup s Vuk (f) < 00. Then the empirical process

[ fdG,, indexed by f € F, converges weakly in £°(F) to a Gaussian limit.

Proof. Theorem 7.3 in [22] establishes the weak convergence of the process G, in £°°([0, l]d)
to a continuous Gaussian limit. The corollary follows immediately from Theorem 1. (]

2.1. Proof of Theorem 1

The proof of Theorem 1 relies on the following integration by parts formula for Lebesgue—
Stieltjes integration (Proposition 3) and a technical result regarding functions of bounded Hardy—
Krause variation (Lemma 4). For Lebesgue—Stieltjes integration, integration by parts in arbitrary
dimensions, in contrast to the well-known one-dimensional formula, has been neglected in the
literature.

Proposition 3. Letr g be a function on [0, 11¢ that satisfies Assumption F. Assume in addition
that g(u) =0 ifu; =0 for some j € {1,...,d}, and that g(1) = 0. For any other function f on
[0, 114 satisfying Assumption F, we have

/(01]dfdg= > (—1)"'/ gxy— 1) df (xp; 1-p). (11

IC(l,...d:I#2 (07.1/]
Remark. In (11), the left-continuous function g(-—; 1_;) on (0, 1;] is defined as

gxy— 1= lim g(y;;1-p),
YI<X[.y11xy
that is, it denotes the left-hand limit of the function g(-; 1_;) on all coordinates I C {1, ...,d}
jointly. The same convention will be used in Theorem 15. The existence of this left-hand limit is
explained in the remarks following Theorem 15.
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Proof of Proposition 3. The result follows from the general formula (40) (which is equivalent
to (39)) in Theorem 15 in Appendix A, by setting a =c¢ =0 and b = d = 1. To see this, note first
that the summands in the second term on the right-hand side of (40) are identically zero by the
assumption (imposed in the second sentence) of Proposition 3. Next, the summands in the first
term on the right-hand side of (40) are identically zero when I # & because in this case each
term g(x;, —; 07, : 1;;) as the integrand equals zero, again by the assumption (this time imposed
in the first half of the second sentence) of Proposition 3. ]

For any function f on [0, 1]¢ that satisfies Assumption F, and any I C {1,...,d} with I #
&, we let df(-; 1_;) be the unique, finite signed Borel measure on [0}, 1;] satisfying (9) with
e ;=17 Weletdf(;1_;)=dft(;1_;) —df~(;1_;) be the Jordan decomposition of the
measure d f (-; 1_7). Then, following the terminology of [1], we let the measure |df|(-; 1_;7) =
dfT(;1_;) +df~(;1_;) be the variation measure on [0;, 1;], and let |[df|([0;,1;];1_;) be
the total variation, both corresponding to the measure d f(-; 1_j).

Lemma 4. Assume that a function f on [0, 11¢ satisfies Assumption F. Then we have

27 Vik(f) >  max / /105 1-1)-
D2 0™ o o'

Proof. We fix arbitrary I C {1, ...,d} with I # @. We let Vgk(f(-; 1_;)) be the variation of
the function f(-; 1_jy) on [07, 1;] in the sense of Hardy—Krause (anchored at 1;), which can be
expressed analogously to (6) as

Vik(FG 1) = Y V(fGp:1op). (12)

I'Cl:I'#@

Note that f(-;1;_; :1_;) = f(-; 1_y), so obviously the non-negative summands on the right
hand side of (6) include all the non-negative summands on the right-hand side of (12); hence we
have

Vak (f (5 1-1) < Vak(f). (13)

Similarly, we let Vugo(f(-; 1-7)) be the variation of the function f(-;1_;) on [0;,1;] in the
sense of Hardy—Krause but now anchored at 0;, which is defined analogously to (12) but with
1;_ replaced by 0;_p on the right-hand side as

Viko(f(:1-D) = Y V(f(:0,p:1p).

I'Cl:I'#®

We then have
/(0 . ldfIxz; =) = [df1(07, 171 1-;) < |dfI([07, 1,1\ {0;}: 1)
IERY

=1dfI(107,1;1;1—;) — [df1({0;}; 1—1)
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= Vako(f(:1-p) = 2" = 1) Vi (f (- 1-)))
< (27 = 1)V ().

Here the transition to the third line follows by equation (10) in Theorem 3 in [1] and the fact that
[df1({0;}; 1-7) = | f(07 : 1_})| (the latter in turn follows from the proof of part (a) of Theorem 3
in [1]), the second inequality follows by Lemma 2 in [1], and the last inequality follows by (13).
The lemma then follows. [l

Proof of Theorem 1. We assume that sup feF Vak (f) < T < oo. By Lemma 4, we then have

24.T > su |: ax f |d |(X1;1—1)] (14)
feg): Ic(l,..., d}I;t@ 0;.,1;] f

We let

X ={X:[0,11" > R, | X|lo <00, X is right-continuous,
X(u)=0if u; =0 for some j € {1,...,d}, X(1) =0}

be the metric subspace of £°°([0, l]d ) (equipped with the same supremum norm) that is the
collection of right-continuous functions in £°°([0, 119) that in addition satisfy the conditions
imposed in the second sentence of Theorem 1. The stochastic process G, and its limit G then
take values in X" almost surely.

For any f € F, we define

Gn(f)=ffd<@n,
Cu (/) =T Gy, )
based on the functional I'(-, -) : X x F — Roas
rX. /=y (—1)m/ X(xp: 1) df(xr; 1) (15)
IC{l,....d}: 142 07.1;]

The only difference between the right-hand sides of (15) and (11) after inserting G,, for X and
g, respectively appears in the argument to the function G, (-; 1_;) on the left of the semicolon.
First, for each f € F, the functional I'(-, f) : ¥ — R is linear and Lipschitz as

IP(X. f)— (Y. f)] < / df 16 1op) - X = ¥l
..... d}I;t@ 0;.1;]
(16)
< (22"T)||X ~ Ylloo-

In the above, we have invoked the property of T as in (14).
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Hence, for any fixed f € F, by the continuous mapping theorem (see, for instance, Theo-
rem 1.3.6 in [31]), and the weak convergence G, ~ G, we have

Gn(f) =T (Gy, ) ~T(G, f):=G(f)

as n — oo. This result is poigtwise in f, that is, it provides fidi-convergence of @n Linearity of
['(-, f) yields that the limit G(f) is normal.

Next, we define the map T X — °°(F) as (F(X))(f) =I(X, f)for X € X and f € F.
Then the map T is Lipschitz with Lipschitz constant 22T because

[T -Tm| = ;ugﬂ“(X, H =T NH<T)IX =Yl A7)
€

Here the inequality follows by (16), which in fact holds uniformly over f* € F. The continuous
mapping theorem then guarantees that the limit G:= F(G) of Gn = F(G ) is tight in £°°(F).
Finally, we let the bounded Lipschitz distance between G,, and G be

dpL(G,, G) = sgp|E[h(Gn)] —~E[r(©)]]

with the supremum taken over all uniformly bounded, Lipschitz functionals 4 : £*°(F) — R
with sup, epoo 7y 1h(x)] < 1 and |A(x) —h(y)| < [lx — y|| forall x, y € £2°(F). Using the triangle
inequality, we have

dpL (G, G) < dL(Gy, Gp) + dL(G,, G). (18)

For the first term on the right-hand side of (18), we first apply Proposition 3 (with g replaced by
G,,, whose sample paths satisfy Assumption F almost surely by assumption) to the term G, (f)
for an arbitrary f € F, and then invoke the property of T as in (14) to obtain that

1Gn — Gall = sup |G (f) — Gu(f)|
feF

< [SUP’Gn(X) - Gn(X—)’] : SUP[ / [dfl(xs;1 1):|
X f€.7: IC{I d} 149 07,1/]

.....

< (22T sup|Gy (x) — G (x—)|;
X
then, by the Lipschitz property and boundedness of the functionals %, we conclude that
dp1 (G, Gp) < ]E[min{2, (22T - sup| Gy (x) — Gy (x—))| ” (19)
X

For the second term on the right hand side of (18), as a consequence of the Lipschitz property of
the map I" with Lipschitz constant 22¢T as shown previously in (17), we have
dp1 (G, G) = sup|E[1(Gn)] — E[A(B)]| = sup|E[ 0 T (G,)] — E[ o T(G)]|
h h

(20)
< (2%T)dpL(Gn, G).



Empirical copula processes indexed by functions 3357

In (20) and in (21) below, dpL(G,, G) is the bounded Lipschitz distance between G, and G
defined as

dpL(Gy, G) = sup|E[(Gn)] — E[A(G)]|
h

with the supremum tziken over all unﬂiforml}j bounded, Lipschitz functionals hie® (0, l]d )—> R
with sup,.¢poo 0,134y 17 (x)] < 1and [A(x) —h(y)| < [[x =yl forall x, y € £°°([0, 11). Combining
(18), (19) and (20), we obtain

dp (G, ©) < E[min{ 2, (22T) - sup| Gy (x) — Gy (x—)| H +(2XT)dpL(G,. G).  (21)

We then conclude that dBL(((_},,, @) — 0 as n — oo. Since the limit G= f(G) (as defined ear-
lier) is tight, the desired weak convergence of G, (f) = f fdG,, indexed by f € F, in £°°(F)
follows. 0

3. Empirical copula processes indexed by functions

3.1. Smooth copula functions

Our first result requires the following smoothness condition on the copula function C so that the
ordinary empirical copula process 1/n(C,, — C) given in (1) based on an i.i.d. sample X1, ..., X,
converges weakly in £°°([0, 1]¢) to a Gaussian limit:

Assumption P. For each k € {1, ...,d}, the kth first-order partial derivative Cy of the copula
Sunction C exists and is continuous on the set V4 ; = {u € [0, l]d cup € (0, D)}

We then consider the class G of functions g on [0, 1]¢ satisfying Assumption F and addition-
ally sup,cg Vik (g) < 0o. In words, we require that the Vitali variations of the functions g and
their lower-dimensional projections g(-; 1_y) on [07,1;] for I C {1,...,d} \ @ are uniformly
bounded.

Theorem 5. Assume that the copula function C satisfies Assumption P. Let G be a class of func-
tions g on [0, 11¢ satisfying Assumption F, and additionally SUPgcg VHK(8) < 00. Then the em-

pirical process 7, (g) defined in (4), indexed by g € G, converges weakly in £°(G) to a Gaussian
limit.

Remark. From the first remark following Theorem 1, we immediately conclude that the limiting
process Z of Z, can be characterized as

Zgy= Y, (= / {a(ul;1_1)—Zék<u1;1_1)ak(uk>}dg(ul;l_z)

Icil,...dy: £ (07.1/] el
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for g € G. Here « is the limiting C-Brownian bridge in £°°([0, 1]9) of the standard empiri-
cal process U, = /n(H,, — C) for H,, the empirical distribution function based on pseudo-
observations Uy, .. Un with U; = (F1(X;1), . Fd(X,d)) and oy is the kth marginal of «.
Note that o — Zk 1 Ck(xk (with (Ckak)(u) 1nterpreted as Ck (w)ak (ug)) is the limiting process
in £2°([0, 119) of \/n(C, — C).

Proof of Theorem 5. Under Assumption P, the ordinary empirical copula process +/n(C, — C)
converges weakly in £°°([0, 1]9) to a continuous Gaussian limit; see for instance Proposition 3.1
in [27] or Corollary 2.5 in [7]. By (3), which holds almost surely for an i.i.d. sample, the empirical
copula process /n ((C — C) converges weakly in £°°([0, l]d) to the same limit. The conclusion
of the theorem then follows immediately from Theorem 1 by replacing the process G, with

Jn(C, = C). O

The class of functions G considered in Theorem 5 is an obvious generalization of the class of
indicator functions 1{- < x} of the half-open rectangles (0, x], x € [0, l]d. Theorem 5 requires no
differentiability of g € G, only right-continuity and uniformly bounded Hardy—Krause variation.

Now we discuss some generalization of Theorem 5. The proof of the theorem requires that
the empirical copula process /n (C,, — C) converges weakly in £2°([0, 1]¢) so that we can apply
Theorem 1. For an i.i.d. sample, this is shown in increasing generality by, among others, [13] and
[27]. In fact, our method straightforwardly generalizes to certain non-i.i.d. sequence X;, i € Z,
because Theorem 1 requires weak convergence only of the process /n(C,, — C) in £%°([0, 1]%).
[7], in turn, showed that the latter (or more precisely, the ordinary empirical copula process
version (1) of it) is implied by the weak convergence of the standard empirical process /n (H,, —
C) for H,, the empirical distribution function based on pseudo-observations Uy, ..., U, with
U, = (F1(Xi1), ..., F4(Xiq)), together with the smoothness condition stated in Assumption P.

Corollary 6. Assume that the copula function C satisfies Assumption P. Moreover, assume that
J/n(MH, — C) converges weakly in £ ([0, l]d) to a Gaussian limit B¢. Let G be a class of func-
tions g on [0, 119 satisfying Assumption F, and additionally sUp,cg VK (8) < 00. Then the em-
pirical process 7.,(g) defined in (4), indexed by g € G, converges weakly in £>°(G) to a Gaussian
limit.

Proof. The weak convergence of +/n(H, — C) in £*°([0, l]d) to a Gaussian limit B¢ implies
that the limit process B is continuous, B¢ (u) =0 if u ; = 0 for some j, and B¢ (1) = 0. Corol-
lary 2.5 in [7] shows that the weak convergence of +/n(H, — C) in £*°([0, 119), the aforemen-
tioned properties of its Gaussian limit B¢, and Assumption P together imply that the ordinary
empirical copula process 1/n(C, — C) converges weakly in £°°([0, 1]¢) to a continuous Gaussian
limit. Moreover, Section C.2 shows that (51) holds under the conditions imposed in the second
sentence of the corollary. Hence, the empirical copula process /n(C, — C) converges weakly
in £2°([0, 11%) to the same limit as the ordinary empirical copula process. The conclusion of the
corollary then follows immediately from Theorem 1, again by replacing the process G, with

Jn(C, — ). O
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Remark. In particular, if the empirical distribution function H,, in Corollary 6 is based on a
stationary sequence U;, i € Z satisfying the (alpha-mixing) conditions in Corollary 2, then the
conditions imposed in the second sentence of the corollary hold.

3.2. Smooth index functions

We again assume that the sample X, ..., X, is i.i.d. Our next result requires that G is a C-
Donsker class of differentiable functions g : [0, 11 — R. For any g € G, we write g = dkg
for the partial derivative of g with respect to the kth coordinate, that is, g;x(u) = drg(u) =
dg(m)/dug, u = (u1,...,uqg). We assume that the classes Gk, k e{l,...,d} of partial deriva-
tives

Gk = {8k =0kg, g €9}
are uniformly equicontinuous. Interestingly, in this case, the existence of first-order partial deriva-
tives of C is no longer required for the weak convergence of Zj,.

Theorem 7. Assume that:

— G is a C-Donsker class of uniformly bounded, continuous functions on [0, 11%.
— For each k € {1, ..., d}, the kth first-order partial derivative g of g € G exists on the set
0, D)4, and the class Gr is uniformly bounded and uniformly equicontinuous on (0, 1)?.

Then the empirical process Z,(g) defined in (4), indexed by g € G, converges weakly in £°°(G)

to a Gaussian limit.

Remark. The proof of Theorem 7 reveals (through the process T (), g € G introduced in the
proof) that the limiting process Z of Z, can be characterized as

d
Z(g) =/g(u) da(u)+2/(0 b gr(arg (ur) AC (w) (22)
k=1 ’

for g € G. Here the notations are the same as those in the remark following Theorem 5, and the
integral [ g(u)da(u), g € G is understood as the weak limit of [ g(u) dU,(u) in £°(G).

Proof of Theorem 7. See Section 4.2. O

Discussion of the conditions of Theorem 7

(a) Theorem 7 is slightly more general than Corollary 5.4 in [32]. It corrects a slight mistake
in their proof. While they require that the partial derivatives g; are continuous, their proof
requires that they are in fact uniformly equicontinuous. In particular, at page 247, line 13
they require convergence, uniformly in g, while their proof of this fact (Lemma 4.1 on
the same page) only gives pointwise convergence. While this is easily fixed, the other
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difference with their result, however, is that we do not assume that the uniform entropy
integral J(1, G, L») is finite, which requires an altogether different proof.

(b) It is remarkable that Theorem 7 holds without any condition on C, under rather mild
regularity on the functions g € G. This is in contrast with the smoothness assumption on
the copula function C (that is, the condition in [27] as stated in Assumption P) required
for the weak convergence of the (standard) empirical copula process (indexed by boxes)
in (2).

Arguably the best known examples of non-differentiable copulas are the Marshall-
Olkin copula C(u,v) = min(u!~%v, uv!#), and the Fréchet-Hoeffding copulas
C(u,v) =max(u + v — 1,0) and C(u, v) = min(u, v). Another example is the Cuadras—
Augé copula given by

C(u,v) = {min@, v)} v} =?,  0<6<1

A common technique to construct a copula from a given function § : [0, 1] — [0, 1] yields
non-differentiable copulas as well by setting

C(u,v) =min[u, v, {§(u) +5(v)}/2]
or
u — inf {x—(S(x)}, ifu<v,

u<x<v

v—vfngfiu{x—b‘(x)}, ifu>v.

C(u,v) =

(c) A natural class G of functions to consider is C{ ([0, 119), as described in detail by [31],
pages 154—157. These are all functions on [0, 1]¢ that have uniformly bounded partial
derivatives up to order |s| and whose highest partial derivatives are Holder of order
s — |s]. Theorem 2.7.1 and Theorem 2.7.2 in [31] show that the class Ci‘([O, l]d) is
universally Donsker if s > d/2. In particular, this means that for d = 2, the process Z,
converge weakly in £*°(C f ([0, 1]2)), provided the smoothness index s > 1, in which case
Ci([o, 114) consists of all functions having uniformly bounded first-order partial deriva-
tives that satisfy a uniform Holder condition of some arbitrary order.

3.3. Bootstrap empirical copula processes

We provide the bootstrap counterpart of Theorems 5 and 7. Let the bootstrap sample X7, ..., X*
with X¥ = (X7,..., X7;) be obtained by sampling with replacement from the original i.i.d.

sample X1, ..., X,,. We write

n
F* (x) =%ZE{X;’< <x}, xeRY,
i=l1
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for the empirical distribution function based on the bootstrap sample, with marginals

1 n
Fi (1) = ;Zﬂ{X?} <t} reR, jefl,... . d}.
i=1

We let the associated bootstrap ordinary empirical copula function be

Crw) =F:(F* (1), ..., F' (ug),  wel0,11, (23)

nl
and the cadlag version of (23), that is, the bootstrap empirical copula function, be

CHu) = %Zn{yjl(x;q) <up,....Fi(X}) <uq},  wel0, 117 (24)
i=1

We let \/n (((_3,’; — C,) be the bootstrap empirical copula process, and

Z:(g)zﬁfgd(C:—Cn), g€g (25)

be the bootstrap empirical copula process indexed by functions. We have the following bootstrap
version of Theorems 5 and 7.

Theorem 8. Let the bootstrap sample X7, ..., X be obtained by sampling with replacement
from the original i.i.d. sample X1, ..., X,. Assume that the following conditions, which are iden-
tical to those stated under Theorem 5, hold:

— The copula function C satisfies Assumption P.
— G is a class of functions g on [0,11¢ satisfying Assumption F, and additionally
SUp,cg VHK(8) < 00.
Alternatively, assume that the following conditions, which are variants of those stated under
Theorem 7, hold:

— G is a C-Donsker class of uniformly bounded, continuous functions on [0, 1.

— For each k € {1, ...,d}, the kth first-order partial derivative gy of g € G exists on the set
Va.x (we recall the definition of Vi from Assumption P), and the class G is uniformly
bounded and uniformly equicontinuous on Vy j.

Then, the conditional distribution of Z; (g) defined in (25), indexed by g € G, converges weakly
in £°°(G) to the same Gaussian limit as 7.,(g) indexed by g € G, in probability.

Remark 1. More precisely, we prove that
nler;oE[sgp}E[h(Zn)] —E*[n(Z;)]|] =o0. (26)

Here E* is the conditional expectation with respect to the bootstrap sample, and the supre-
mum in (26) is taken over all uniformly bounded, Lipschitz functionals 4 : £*°(G) — R with
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SUPyepoo(g) [H(x)] < 1 and |h(x) — h(y)| < [lx — y|| for all x, y € £°(G). As usual in the empir-
ical process literature, it is tacitly understood that we take outer probability measures whenever
measurability issues arise.

Remark 2. Comparing the required conditions of Theorem 7 and its bootstrap counterpart, the
only differences are that for the bootstrap version the kth first-order partial derivative g of g € G
should exist on Vj j instead of (0, 1)‘1 , and that the class Qk should be uniformly bounded and
uniformly equicontinuous on Vy 4 instead of (0, l)d.

Proof of Theorem 8. See Section 4.3. O

3.4. Some applications

Semi-parametric MLE. This type of results is useful in the same way the extension of the em-
pirical process indexed by general Donsker classes from the class of indicator functions 1{- < x}
of the half-spaces (—o00,x], x € R?, has proved extremely useful. See, for instance, the mono-
graph [31]. In the context of copula estimation, an important example is the following semi-
parametric maximum likelihood estimation problem [29]. Suppose that the copula function C is
parametrized by a finite dimensional parameter 6 € © for ® a subset of R, that C has density
co and that the marginal distributions F; have densities f;. The log-likelihood function in this
setting 1s

n n d
log£0) =Y logeo(Fi(Xi1). ... Fa(Xia)) + Y _ > _log fj(Xi))

i=1 i=1 j=1

and therefore a common strategy is to replace the unknown marginals F; by IF,,; and maximize

n
> logco(Fur(Xi). ..., Fra(Xia))
i=1

over . We assume that we can take the derivative of logcy with respect to 6, and we let the
resulting derivative be the score function ¢y. We then define

W (0) = f $o(w) dC (u)
and
W, (0) = / do(w) dC,, (u).

Example 3.9.35 in [31] shows that the solution @1 of W, (#) = 0 is asymptotically normal,
provided the process +/n(¥, — ¥)(6) converges in distribution to a Gaussian Z with continuous
sample paths in £°°(®) and W is sufficiently regular: W (6) = 0 has a unique solution 6y, ¥ is a
local homeomorphism at 6y and is differentiable at 6y with derivative lilgo. Consequently, under
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the conditions of either Theorem 5 or Theorem 7 (with no assumptions on C in the latter case)
with G replaced by the class of functions ¢y indexed by 6 € ©, if

lim / (¢ — ¢p9)>dC =0
lo'—611—0

and W satisfies the regularity conditions above, then 0, is asymptotically normal.

We do would like to point out that, in practice it is common for the score function ¢y to violate
the required conditions of both Theorems 5 and 7. For instance, Example 3.2 in [4] discusses the
bivariate Gaussian copula model with 6 being the correlation coefficient; the score function in
this case is unbounded. We refer the readers to the same reference for a solution in some bivariate
cases.

Testing of non-smooth copulas. The Kolmogorov—Smirnov test statistic
Visup|Cy (w) — C(u)|
u

converges provided C meets the mild smoothness Condition 4.3 of [6]. If we wish to test for a
non-smooth C, then Theorem 7 poses a solution by considering

/n sup

g€y

/gd«én—o'

for a sufficiently rich class G instead. For instance, we could consider the class G = C f ([0, 11%),
with s > d/2, described in bullet (c) in the discussion following Theorem 7. From a compu-
tational point of view, we may consider the class g(x) = g¢(x) = exp({t, x)), with t € [—1, 174
so that we compare the moment generating functions (which are defined for any copula, as the
random vector with distribution function C is bounded). Indeed, if the function f W dC ()
is piecewise differentiable in t, then this would lead to an easily computable test statistic and a
consistent test.

4. Proofs of Theorems 7 and 8

4.1. Notation

Throughout Section 4, we assume without loss of generality that the original observa-
tions X; = (Xj1,..., Xijq) are replaced by the pseudo-observations U; = (U;y,...,Ujq) =
(F1(Xi1), ..., Fa(Xiq)), i =1,...,n. With this simplification, the copula function C remains
invariant, but now all marginals F;, j € {1, ..., d} are uniform distributions on [0, 1], and addi-
tionally we have F = C. For the ordinary empirical copula process, this common simplification
in the copula literature is justified by, for instance, Lemma 8 in [14]. For the purpose of this
paper, it remains true that Z,(g), g € G remains invariant under this simplification because C,,,
the cadlag version of the ordinary empirical copula function, remains invariant. Having made this
blanket assumption (so in particular F;(¢) =1, j € {1, ..., d}), we denote by U, the standard em-
pirical process «/n(F, — F) in £°([0, 1]¢) with marginals Unj =/nFnj — F)), je{l,...,d)}.
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4.2. Proof of Theorem 7

Recall that gy is the partial derivative of g € G with respect to the kth coordinate. We define the
empirical process

d
Zn(g) = /|:g + ZTk(g):| du,

k=1

for g € G, based on the functions Ty (g) : [0, 119 > Rfork e {1,...,d} and g € G defined as

Ti(g)(x) = / Wk < g} dC Q). @7
0,1)4

Lemma 9 shows that Zl converges weakly in £°°(G) to a Gaussian limit, and it suffices to show
that Z, and Z,, are asymptotically equivalent, as n — co. Using Fubini’s theorem, we have that

1 & .
[n@dm =Y [ s < uacw
oo
= / &k () F i (x) dC (x)
((),1)‘1
and similarly
/Tk(g)dc=/ 81 (X) Fy (xx) dC (x),
(0,14
so that

/ Ti(g)dU, = / gk (X)Unk (x) dC (x). (28)
0,14

It is now easily verified that
(Zn = Zn)(9) =1(8) +11(8)

for

d
I(®) = / Vlg(Fai (1), -, Fra(xa)) — ()] dFp(x) — ) /( - k() Uk (xp0) A, (x),
k=1 ’

d
gy =y / 8k (U (xp) dn ™2 U, (x).
j=17©0.D¢
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Hence, if

sup|1(g) + ()| = 0,(1),
geg

then Z, converges weakly in £°°(G) to the same limit as Zn. This is verified in Propositions 10
and 11, and the proof of Theorem 7 is complete. U

Lemma 9. Under the assumptions of Theorem 7, the empirical process %n (g), indexedby g € G,
converges weakly in £°°(G) to a Gaussian limit.

Proof. It suffices to prove that the class of functions {g + ZZ: 1 Tk (g) : g € G} is C-Donsker. In
turn it suffices to show that each of f gdU, and f Tv(g)dU,, k € {1, ..., d} converges weakly
in £%°(G). That [ gdU, converges weakly in ¢°°(G) is obvious by the assumption that G is

C-Donsker. That for each k € {1, ..., d}, f Tx(g)dU, converges weakly in £°°(G) can be seen
through (28), the assumption that the class Gy is uniformly bounded, and the continuous mapping
theorem. (]

Proposition 10. Under the assumptions of Theorem 7, we have

sup|I(g)| = 0,(1). (29)
geg

Proof. We first consider the first term in /(g). We let A, be the event on which there exists
x < 1 (we recall our convention that the inequalities here hold for all d components) such that
F, (x) = 1. Because the copula function C is continuous, the event A, has probability one, and
we focus on this event. Then, we can freely change the domain of integration in the first term
in I(g) from (0, 114 to (0, 1)d. We let L, x be (random) sets defined as L, x ={k € {1,...,d}:
X # Fui(x)}. Then we have, by the mean value theorem,

[ Vs o Fra) — 0] 0F, 0 = / Z (66 Ko Uik (50| 0, 3.

keL

Here, if L, x # <, then X,, x is a (random) point in the interior of the line segment between x
and (F,1(x1), ..., Fna(xq)), and it always holds that Xn x € (0, l)d To see this, note that for all
kelL,x, we have Xi # Fuk(xr), and so the kth component of Xmx lies within the open interval
(0, 1); next, for all £ ¢ L, x, the kth component of )Nin,x is simply x;, which again lies within
(0, 1) because the domain of integration is (0, 1)4. Hence, for each k € L, x the required partial
derivative gi (in’x) always exists.

Next, we can write the second term in /(g) as

/( ng(x)tunk(xk)] U, (x) = /@]d D e U (x0) ] dF, (x).

0.0 5 ) keLnx
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The equality holds because when k ¢ L,, x, we have x; = IF,;x (xx) and so U, (xx) = 0. Therefore,
the term /(g) can be written as

I(g) = / D (8 Ko ) = 86 (X0)) Upie (x0) ] A (x).

D keLy x

For each k € {1,...,d}, because the class Qk is uniformly equicontinuous on (0, l)d, by
Lemma 12 with the rectangular subset S taken to be (0, 1)d , there exists a bounded, non-negative,
and monotone increasing function ¢ with lim; o ¢« (1) = O such that, for arbitrary x € (0, 1)4 and
arbitrary k € L, x, we have

sug|gk(in,x> — &™) < & (1Xnx = x1) < e (|Fa®) —x[)) < (| ?Un] ).
ge

whence

suplice)| = supsup Zigk<xnx>—gk(x) Ve (o) / dF, (%)
8€Gxe(O, ) pep,

d
Z Uk lloosi (22U o )-

The standard empirical process U, converges weakly in £°°([0, 1]) and hence ||Uykllco =
O, (1). By the Glivenko—Cantelli theorem for the standard empirical process U, in £>°([0, 119),
we have [|n=1/2U, ||so = 0, (1), and hence ¢y (|n~/>Uy [loo) = 0, (1). Hence (29) is verified. [

Proposition 11. Under the assumptions of Theorem 7, we have

sup|11(g)\ =o0,(1). (30)
geg

Proof. It suffices to show that

sup|1lx(g)| = 0p(1)
geg

foreach k € {1, ...,d}, for
i (g) = / gk () Unk () dn ™2 U, (x).
(0,14

We define the classes of functions

D,(M) = {D D is a distribution function on [0, 1] with /7| D — I ||ec < M},

HiwM) = {h: (0, 1)) > R, h(x) = /n(D — D) (xp) fi(x). 31)
fc €Gr. D € Dy(M)}.
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Fix an arbitrary (small) ¢ € (0, 1). There exists M = M (&) < oo such that
liminfP{|Upklloc <M} >1—c¢.
n—0o0

On the event {||Upk||oco < M}, we have

; (32)

sup‘[lk(g)|§ sup ‘f hdn_l/zU,,
g€g heHy ., (M) (0,1)4

and to prove the proposition, it suffices to verify that the term on the right hand side of (32) con-
verges to zero, in probability, as n — oo. Since the domain of integration in (32) is (0, 1)¢ and
the copula function C is continuous, without loss of generality in our remaining proof we focus
on measures on (0, 1)¢ and supremum || - || taken over (O, 1. By a straightforward modifi-
cation of Theorem 2.4.3 in [31], the right-hand side of (32) converges to zero (in probability as
n— o0), if:

1. the class Hi , (M) has an integrable envelope and
2. forall £ > 0,

log N (&, Hi.n (M), L1(Fp)) = 0p(n)

holds. Here N (§, Hi n (M), L1(F,)) is the &-covering number of Hy , (M) in L (F,), that
is, the number of closed balls of radius & in L (IF,,) needed to cover Hy ,(M).

Since Gy is uniformly bounded, sup e Il fxlloo < My for some M < oo, and we find

sup  |lhlloo < M - Mg,
heHq (M)

so the envelope condition is fulfilled. We now verify that the metric entropy condition holds. We
fix arbitrary i, i’ € Hy ,,(M), and write

h(x) =/n(D — D(xp) fr(x), B (X =~/n(D = I)(xp) f(x)

for f, fk’ € g'k and D, D' € D,,(M). We can easily deduce that, for any probability measure Q,

[ n=wlao < v [ |- D)eolaoe -+ [ |- fi]d0
0,14 0,14

(0,1

:ﬁMk/ |(D—D’)<z)|ko(t)+Mf | fi = fi] Q.
©,1) (0,19

Here Qy is the kth marginal of Q. Hence, we conclude that, for any probability measure Q and
£E>0,

log N (&, Hie.n (M), L1(Q))
<log N (&/(2v/nMy), Dy(M), L1(Qx)) +log N(§/(2M), G, L1(Q))  (33)
<log N (&/(2v/nMy), Du(M), L1(Qx)) + log Neo (§/(2M), Gi).
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Here Ny (e, Qk) is the e-covering number of Gr in Loo((0, DH?). By Lemma 13 and Lemma 14
in Section 4.4, we have, from (33), that

log N (&, Hin (M), L1 (Fp)) < sgplog N(&, Hin(M), L1(Q))

< Kiv/n+ K, = 0(/n) =o0(n)

with the supremum taken over all probability measures Q, for some finite constants K1, K» =
K> (&) independent of n. This completes the proof of (30). O

4.3. Proof of Theorem 8

We first consider the bootstrap counterpart of Theorem 5. We decompose the bootstrap empirical
copula process /n(C} — C,) as

Vn(Ck —Cp) = /n(Ci = C}) + v/n(Ck — C,) + v/n(Cy — Cp). (34)

We tackle the three terms on the right-hand side of (34) in sequence. Section C.3 shows that
the first term satisfies (52). By Corollary 2.11 in [7], which applies under our bootstrap scheme
and Assumption P, the second term, which is the bootstrap ordinary empirical copula process,
converges weakly in £%°([0, 1]9) to the same limit as the ordinary empirical copula process.
Finally, we easily obtain from (3) that the third term satisfies

- d
sup [v/n(Cp —Cp)(w)| = —=
uel0,11¢ \/ﬁ

almost surely. Therefore, we conclude that the bootstrap empirical copula process /n ((C,’; —Cp)
converges weakly in £°°([0, 1]¢) to the same limit as the ordinary empirical copula process. With
this fact, the proof of the bootstrap counterpart of Theorem 5 is similar to the proof of Theorem 5,
and is obtained by replacing the process G, in Theorem 1 with \/n (((_32 —Cy).

From here on we concentrate on the bootstrap counterpart of Theorem 7. We let U} =
Jn(F* —TF,) be the bootstrap counterpart of U, = /n(F, — F) with marginals Uyj» J €
{1,...,d}, and recall that F = C and the marginal distributions F; are uniform distributions
on [0, 1].

We write the bootstrap empirical copula process indexed by functions in (25) as

Zﬁ(g)=x/r_t(/g(F,’il(xl),--.,F,’id(xd)) dF:(X)_/g(]Fnl(xl)a-u,Fnd(xd)) an(X)),

and define the empirical process

d d
Zi(g) = / [g +> T <g>} dU; = / gdUs + ) /( 1y OV AC®
k=1 ’

k=1
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for g € G. Here the function Tj(g) is as defined in (27). The process Zj (g), g € G has a tight
Gaussian limit in £°°(G), by the bootstrap CLT (see, for instance, Theorem 3.6.1 in [31]) and the
proof of Lemma 9. Hence it suffices to show

sup|ZE(g) — Zi(g)| = 0 (D). 35)
g€g

For this, we first observe that, after rearranging terms and invoking the same trick as in the proof
of Proposition 10 to change some domains of integration from (0, l]d to (0, l)d, we have

n~127% () = /g(]FZl(xl), o FE () d(FE — Ty ) (%)
+/{g(IF;§1(x1),...,de(xd)) — g(Fa1(x1), ... Fra(xa)) } dF, (x)
= [swaE; -E)w
+/(OYl)d{g(IFf;1(x1),...,]de(xd))—g(]Fnl(xl),...,Fnd(xd))}dC(x)
+/(.O’l)d{g( DL () — g (Far (1), - Fra(x)) }A(@F, — O)(x)

" /;o 1)d {1 (). Frg(xa)) — ()} d(Fyy — Fa) (%)

almost surely, so that
(Z; = 73)(8) = I*(8) + II*(g) + 1" (g) (36)

with

I'(g) = /(0 » Va[g(Fr (xn), ... Fry(xa)) — g(Fui(x1), - ..., Fra(xa)) ] dC (x)
d
-> / g (U (xx) dC (x),
k=17 ©.D¢

= [ 8. Fy0) = 8En w0, Fra) | AU, 00

1T (g) = /(o l)d{g(IE‘;‘ll(xl), L Fr(xg) — g0} AU (x).

Hence it in turn suffices to show that sup,.g II*(2)l, SUPgeg [T ()1, SUPgeg [III*(g)| are all
op+(1). )

For each k € {1,...,d}, because the class G is uniformly equicontinuous on Vj, by
Lemma 12 with the rectangular subset S taken to be Vj x, there exists a bounded, non-negative,
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and monotone increasing functions ¢, with lim, o ¢ (t) = 0 such that SUPyeg | gr(xX) — gr(y)| <
or(Ix —y|) for all x,y € V; . Now, we first consider the first term /* on the right in (36). We
let L, x be (random) sets defined as L, x = {k € {1, ..., d} : Fypr (xx) # I}, (xr)}. Then we have,
by the mean value theorem,

[, 0 ) = s(Fu 5. Frate)]4C0

:/(‘O 1)d Z [gk(in,x)U;:k(_xk)] dC(X)

keLyx

Here, if L, x # &, then X,, xisa (random) point in the interior of the hne segment between
Fp1(x1), ..., Fra(xgq)) and (le (x1), .. nd (x4)), and it always holds that X,, x € Vy k for each
k € L, x. To see this, note that for all k € Ly x, we have i (xp) # F « (%), and so the kth
component of Xn X hes within the open interval (0, 1). Hence, for each k € L, x the required
partial derivative gx (X,, x) always exists. Therefore, we can write I*(g) as

I"(g) = > I (8 Xnx) — & (00) Uz (1) ] dC (x).

©, 1) kELn X

Next, we reason as in Proposition 10 and use the property of the functions ¢ ’s and the fact that
both Uy, and Uy, converge weakly. More precisely,

sug;z*(g)} ZHIUkH O (|F; = Faull o, + IFn — Illoo) = 0p= (1),
ge

which follows because |U?, lloo = Op+ (1) and ¢ ([IFy; — Fplloo + 1Fy — Illoo) = 0p(1).
For the second term I7* on the right in (36), we write

sup|Ir*(g)| < Zsup

8€g k=18€9

f S XU, (xx) dn ™20, (x)
1

+2Z||Uk|| i (|Fx =By | + T — Iloo)

d
=3
k=1 g<€g

+ 0,4 (1).

/ S (U, (o) dn V20U, (%)
0,1)4

We fix arbitrary k € {1, ..., d}. For each fixed ¢ > 0, there exists a M = M (e) < oo such that the
event

Ul < M/2) 0 { I Unklloo < M/2) (37)
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holds with (bootstrap) probability at least 1 — ¢ as n — oo. By the decomposition
kXU () = NV (Fiop (x) — xk) 8 (%) — /1 (Fre (x1) — x10) g1 (%),
we conclude that on the event in (37), we have
Ul =h—n

for h, h' € Hy n(M), with the class Hy , (M) as defined in (31). Hence, on the event in (37),

sup
geg

/;0 1yd () Up (i) dn=12U, )

<2. sup ‘/ hdn_l/zU,,‘.
heHy ,(M)1J (0,14

The right-hand side of the above inequality is 0, (1) by the same reasoning as in the proof of
Proposition 11. Hence, SUP,eg I (g)| = op+(1).

For the third term /II* on the right in (36), we argue as for the term /I* above, now using the
weak convergence of U in lieu of U,. In particular, for each fixed ¢ > 0, choose M < oo for
which

D{Hﬁ( = 1) o =M}

holds with (bootstrap) probability at least 1 —& as n — oo. On this event, \/n(F, —I)g; belongs
to Hin(M), ke{l,...,d}, and

sup|IIT*(g)| < sup ‘/ hdn~2U%
g€g k= ll’lGHkn(M) (0, l)d

d
2 ) |VAE Dl ae(F - 1].0)
k=1

The second term on the right-hand side of the above inequality is 0+ (1). Furthermore, the proof
of Theorem 2.4.3 in [31] or the proof of the uniform Glivenko—Cantelli theorem (Theorem 2.8.1
in [31]) shows that

=0,+(1)

sup V hdn~ 12U
her.n(M) (Ovl)d

because all functions /& € Hy , (M) are uniformly bounded and the required entropy condition is
met with ease. Indeed, as we have shown in the proof of Proposition 11, for all £ > 0, and with
the supremum taken over all probability measures Q on (0, 1)¢,

SléplogN(é, Hin(M), L1(Q)) = O(V/n).

Hence, sup, ¢ [IT*(g)| = 0p=(1).
By (36) and the bounds on the terms I*, IT* jnd IIT*, we conclude that (35) holds, and the
theorem follows from the weak convergence of Z;. 0
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4.4. Technical results

This subsection contains technical lemmata needed for the proofs of Propositions 10 and 11,
which are further required for the proofs of Theorems 7 and 8.

Lemma 12. Let S be a rectangular subset of [0, 11%. Let F be a class of functions f : S — R
that are uniformly equicontinuous on S. Then there exists a monotone increasing function ¢ r :
[0, c0) — [0, 00) such that

}Ciﬂ)lqﬁf(X) =0 (38)
and

sup [f(x) — f(W| <dr(Ix—yll) forallx,yeS.
feF

In addition, ¢ r is finite valued.
Proof. Let

pr@=  sup  sup|f(x)— f(y)|

X,YES:||x—y|<a feF

Clearly, ¢ r is monotone increasing. In addition, (38) must hold, for otherwise F is not uniformly
equicontinuous. Next, for any X',y € S, we let § = ||x’ — y’||, and observe that

;u§:|f(X’)—f(y’)|§ sup  sup|f(x) — fFW|=dr@® =oxr(|x —¥]).

x,yeS:|[x—yl|<8 feF

It remains to show that ¢ r is finite valued. Clearly, ¢ #(0) = 0. Now we fix arbitrary a > 0 and
show that ¢ r(a) < co. By (38), we can choose § € (0, a] small enough so that ¢ r(§) < oo.
Because the class F is defined on the bounded set S, there exists some finite absolute constant C
C = Jd , the Euclidean distance between 0 and 1, suffices) such that, for each pair of X,y € S,
we can construct a §-chain

{x= Xx,y,05 Xx,y,15 - - > XX,y kyy = v}

within S such that kx y < [C/67 and

IXx,y,i —Xx,y,i—1ll <9

foreachi =1,..., kx,y. Then, by the construction of ¢, we have
¢r@=  sup  sup|[f()— f(y)|
x,yeS:x—yl<a feF

kx,y

= sup sup Z|f(xxyz) - f(XX,y,i—l)|

x,yeS:|x~yll<a feF ;2
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kx,y

< sup Z ¢F(3)
x,yeS:[x—yll<a ;=

=[C/81-¢F(5) < oo. 0

Lemma 13. Let S be a rectangular subset of [0, 11%. Let F be a class of functions f : S — R
that are uniformly bounded and uniformly equicontinuous on S. Then the class F is totally

bounded in Ly (S).

Proof. Since by Lemma 12 there exists a bounded, non-negative and monotone increasing func-
tion ¢ such that lim, o ¢(z) = 0 and SUp reF If&x)— fYI <o(lx—y]) for all X,y € S, and
since the domain S is bounded, we can construct, for each ¢ > 0, a regular §-grid of S with
8 = 8(e) strictly positive and ¢ (+/d8) < /2. Since F is uniformly bounded, it is easy to see that
using this finite grid with § chosen above, there are finitely many functions g1, ..., ga such that
SUp fe mini<g<m || f — gklloo < € (here the supremum in || - || is taken over S). (Using the
line of reasoning as in the proof of Lemma 2.3 in [30], we can actually provide a cleverer upper
bound on M.) O

Lemma 14. The class F of monotone functions f : R — [0, 1] satisfies
1
logN (e, F, L (Q)) < K-
€
for all € > 0, all probability measures Q and all r > 1, for a constant K that depends on r only.

Proof. See Theorem 2.7.5 in [31]. U

Appendix A: Integration by parts

In this section, we present a general yet simple integration by parts formula for Lebesgue—
Stieltjes integration in arbitrary dimensions in formula (39) in Theorem 15. For Lebesgue—
Stieltjes integration, the integration by parts formula in one dimension is well-known; see for
instance, Theorem 14.1 in Chapter 3 of [26]. However, its multivariate extension does not ap-
pear to be adequately addressed. To the best of our knowledge, the only general integration by
parts formula for Lebesgue—Stieltjes integration in arbitrary dimensions is Proposition A.1 in
[12], page 149, which is essentially (42) in our derivation of Theorem 15. We improve upon this
formula on two fronts:

e The integrands in (42) are expressed in terms of the measure dg defined from the function g
through formula (9) (with f replaced by g), instead of the function g itself. Furthermore, if
we expand the integrands in (42) directly in terms of the function g, significant cancellation
will occur; this can be clearly seen through the derivation of our Theorem 15, or through
comparing the number of terms in (42) after the expansion and in our formula (39). Both
of these reasons make Proposition A.1 in [12] unnecessarily complicated. In contrast, our
formula (39) is much simplified and essentially optimal.
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e The condition under which the integration by parts formula holds is now expressed suc-
cinctly as a result of the connection, recently established in [1], between functions of
bounded Hardy—Krause variation and signed measures.

Recently, Theorem A.6 and Corollary A.7 in [4] derive a simple bivariate integration by parts
formula for Lebesgue—Stieltjes integration; however, their proof is quite specific to the case d =2
and does not appear to be easily generalizable to higher dimensions. We will demonstrate how
we recover Corollary A.7 in [4] from our general formula. We refer the readers to Section 1.1 for
notations, which in turn follow [21]. To obtain a more general formula, we consider functions on
[a, b] C RY for a < b instead of the unit hypercube [0, 114 on which we focused for the remainder
of the paper.

Theorem 15 (Integration by parts). We leta,b € RY witha<b, and functions f, g : [a,b] —
R. We assume that f, g both satisfy Assumption F with [0, 1]¢ replaced by [a,b]. We let the
domain of integration be (¢, d] C R? with a < ¢ < d < b. Then we have the integration by parts
formula:

fdg= Z (_1)|11|+\12|/ g(xp—ep idp)df(xg e dy).  (39)
I, I, c{l,....d}: (¢ry.dp]
Ii+Dh+1=(1,....d}

(c,d]

In (39) the ‘+’ symbol within Iy + I, + I3 denotes the disjoint union, so the summation is taken
over all partitions of the set {1, ...,d} into the sets I, I, I3.

Remarks.
o In (39), the left-continuous function g(-—; ¢y, : dy;) on (¢;,, dy, ] is defined as

g(xp—sep tdp) = lim — g(ypsep dp),
Yi <X1.y1 1Xq,
that is, it denotes the left-hand limit of the function g(-; ¢, : dy;) on all coordinates /; C
{1,...,d} jointly. The alert reader may notice that we have implicitly assumed the existence
of this limit. In fact, this is guaranteed by Assumption F imposed on g, which implies the
identification of the function g with a signed Borel measure dg to which g gives rise through
formula (7) (with f replaced by g). Then, the existence of the left-hand limit of the function
g(:; ¢y, 1 dyy) follows from the continuity of the measure dg.

o Ifeither f or g is continuous, then we can replace x;, — in (39) by x;, . This is obvious if g is
continuous. If instead f is continuous, then this follows because g can be decomposed as a
sum of two completely monotone functions (see Appendix B), which implies by Lemma 1 in
[19] that the set of discontinuities of g is concentrated on a countable number of coordinate
hyperplanes, and consequently this set has measure zero with respectto d f.

e In Theorem 15, we used the convention that if /; = &, then

/( . gxp—ep tdp)df(xy ;e 1dy) =g(e, 1 dy) f(ep :dp) = (fg)(ey, :dyy),
crpndp ]
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that is, when there is no integration variable, the integration operation simply disappears.'
This convention allows for a more condensed expression, and we will use the same con-
vention below. Alternatively, to avoid invoking this convention, (39) can be equivalently
expressed as

/ fdg
(c.d]

= > G / g(xp—icp dp)df(xpiendy)  (40)
N.L.c{L,...d): (er.dyy]
L#2, L1+ L+ 1={1,...,d}

+ Y E0Mfer sdp).

Ic{1,....d}

Note that the summation in the last line of (40) is just d(fg)((c,d]), the weight of the
hypercube (c, d] assigned by the measure d( fg) defined from the product ( fg). We remark
here that the function (fg) is right-continuous and is of bounded Hardy—Krause variation
(by the closure property of bounded Hardy—Krause variation under multiplication; see, for
instance, Proposition 11 in [21]), so the measure d( fg) is well defined.

e In one dimension, the formula reduces to

/(d]f(X)dg(X)=—/( d]g(x—)df(X)+[(fg)(d)—(fg)(C)]
=—/( d]g(x)df(x)+[(fg)(d)—(fg)(c)]

+/ {g(x) —g(x—)}df ().
(c.d]

Here d denotes the right end point of domain of integration, rather than dimension. The
second term on the right is the generalized length of the interval (c, d], based on the right-
continuous function (fg), and the third term equals ) {g(x) — g(x—){f(x) — f(x—)}
with the summation taken over all (countable) common points x of discontinuity of f and g.
This term vanishes if either f or g is continuous.

e Note that no further simplification of (39) is possible, as clearly all terms in the sum, now
with integrands expressed directly in terms of the function g (instead of the measure to
which it corresponds), are distinct. In contrast, Proposition A.1 in [12] still contains dupli-
cates that are hidden in the measures that appear as integrands. In d dimensions, there are
a total of 3¢ terms in the sum of (39), because each of the d coordinates belongs to exactly
one of the sets I, I, I3. If d =2 and if either f or g is continuous, these 32 =9 terms

In [21], the constant f(c) on the right-hand side of equation (13) is alternatively written as A, =g (f; x, ¢), which
appears in the first line of the equation array in the proof that follows and which resembles a measure. We follow suit and
pretend that the constant f'(cy, : dy;) in fact gives rise to a measure.
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exactly correspond to Corollary A.7 in [4], as we demonstrate now. In this case, (40) (which
is equivalent to (39) with our convention) claims

/ fdg= > (—1>‘“'+"2‘/ g(xps e 1dp)df (xpsep, i dpy)
(c,d] (cry.dp ]

I, I3c{1,2}:
h#9, 1 +L+13={1,2}

+ D EDMfe)er dp.

I1c{1,2}

(41)

We work out the terms on the right-hand side of (41) one by one. We start from the second
line on the right-hand side of (41). For I = &, we have

(=D°(f9)(ex :dp1.2) = (f8)(d1. do).
For I = {1}, we have

(=D (fe)leny - dpy) = —(fg)(c1, da).
For I = {2}, we have

(=D (fe)(ep - dpy) = —(fg)(d1, c2).
For I = {1, 2}, we have

(—=D2(f8)(eq1.2) 1 dg) = (f8)(c1. c2).

We now switch to the first line on the right-hand side of (41). For I} = {1}, I = &, and
so I3 = {2}, we have

(—Dio / g(xq1y; dppp) df (xq1y; dpoy) =: — / g(x1,d>) f(dxy, do).
(eq1y.dyy] (c1,d1]

For I1 = {1}, I = {2}, and so Iz = &, we have

(—I)IH/ g(xq1y; ep2y) d f (X135 €(2)) =if g(x1, ¢2) f(dxy, c2).
(eq1y.dqyl c1

,di]
For I} = {2}, I, = @, and so I3 = {1}, we have
(—p'0 / g(x2); dyny) df (xq); dpy) =: — / g(d1, x2) f (d1, dx2).
(eq2).d2y] (c2,d2]

For I1 = {2}, I, = {1}, and so Iz = &, we have

(—1)1+1/ g(Xp23; ¢q1y) d f (Xq255 €q1)) =if g(c1, x2) f(c1, dxa).
(cp2),dy2y] c

(c2,d2]
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Finally, for 7} = {1, 2} and so I, = I3 = &, we have

(—1)*0 / g(x(12) df (xX(1,2) = / g(x1,x2)df (x1,x2) = / gdf.
(eq1,2),dq1,23] (c,d] (

c,d]

Thus in the end, after collecting all terms and replacing the dummy integration variables
x1 and xp by u and v respectively, we have

( d]fdg=/( d](g’df+(fg)(dl,a’2)—(fg)(Chdlz)—(fg,')(dl,cz)+(fg)(61,62)

- f( 8 )+ / g, c2) f (du, )
c1,a]

(c1,d1]

—/ g(di,v) f(d,dv) +/ g(er,v) f (e, dv).
(c2,d2]

(c2,d2]

The terms in the above equation are arranged as and correspond exactly to the terms in
Corollary A.7 in [4] (note that their A(fg, c1,c2,d1,d>) term is exactly the sum of the
second to the fifth terms on the right hand side of the above equation).

We remark here that, when d = 2 and neither f nor g is continuous, with just a little
more algebra, we can also recover Theorem A.6 in [4] from our equation (40). The extra
terms appearing in Theorem A.6 in [4] as compared to their Corollary A.7 will come from
the replacement of the integrand g(xy,; ¢j, : dpy) by g(x;,—; ¢, : dj;) in our equation (41).

e If g corresponds to sample paths of the empirical copula process (so [a,b] = [¢,d] =
[0, 119), then (39) can be further simplified to formula (11) in Proposition 3, because the
assumptions in the second sentence of Proposition 3 are fulfilled.

Proof of Theorem 15. We recall how the functions f and g, and the lower-dimensional projec-
tions of the former, are identified with measures satisfying (7) and (9). Using equation (13) (or
more precisely, using the left-hand side of the first line of the equation array in the proof that
follows) in [21] (see also Lemma A.2 in [12]), we have

fO= Y D'df(x.d/l:dg).
Plugging this into f(c,b] f dg, we have

fdg = Z (—1)1[/( a df((x7,d;];d-p) dg(x)]

(c.d] Ic{l,....d}

= (—1)’[/ / n{c1<x,<y15d,}df<y1;d1>dg(x)].
(c,d] J(cs.d/]



3378 D. Radulovié, M. Wegkamp and Y. Zhao

Applying Fubini’s theorem, we obtain

fdg= ) (—1)’[/( d]/(d]Jl{C1<X1<YISd1}dg(X)df(YI:d—1)]

(c.d] 1e{l,ond)
(42)
= Z (=Dl [/ dg((er,yr) x (e, d_;1)df (yr: d—I)]-
1c(l,....d) (er.dy]

Up to this point, we have essentially derived a variant of Proposition A.1 in [12]. However, (42)
can be significantly simplified. Continuing from (42), we have

fdg

(c,d]
Z ( 1)"[/( lim dg((cl,XI]X(cl,dl])df(yl;d1)]

¢, d;] X1 <Y1, X11¥1

— (_1)1|[/ lim (_1)\11|+|12\
Z (C[,d[]X1<ylvxlTyl I]XC:IIQCZ—I
(43)
X g(Xj—p :epsepn idyp)df(yr: d—l)]

Z Z Z (_1)|1H-|11|+\12|

Ic{l,...d}L,cl h,c—1I
X [/ gyr—n—:ensen d_j_)df(yr; d—I):|'
(cr.d/]
The term in the square bracket in the last line of (43) can be further simplified as

Z (—1)“3|/ gWi—n—en+n d—p)df(yr—nscen:dojyp—). (44)

Lich (er—r.di—p;]

This claim is easily verified for step functions g (in y;_y,) and the general case follows by
approximating g by a sum of step functions. After replacing the term in the square bracket in the
last line of (43) by (44), we obtain

fdg_ Z 33 S (MR

d o, dyI,Cl hc—1I ol
(45)
X [/ gXr—n—ien+n :doj—p)df Xy cp 1d—1+11—13):|~
(cr—py.di—p 1
We now simplify the summation in (45). We let uy =1 — I1,ur = ,uz3 = —1 — h,us =

h,us = I — I3, so u; + ur + uz + ug + us = {1,...,d}. Then, the summation over
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I1c{l,...,d}, L cl, IhCc—I, I3CI; becomes a summation over ui,un,us,uq,us
with uy+us+us+us+us={1,...,d}, and furthermore (—1)//IHII+ILIHEI pecomes
(= DlulH3lualual+2lusl — (—p)lurl+uzl+lusl  Consequently, (45) becomes

fdg = Z (_1)\u1\+luzl+\u4\

uy,u,uz,ug,usC{1,....d}:
uytuytustustus={1,...,d}

(c.d]

(46)
X |:/ g(xul =3 Cuntugtus - du3) df(xul 3 Cuy - du3+u4+u§)i| .
(€, adul]

Note that in the square bracket in (46), u4 and us5 always appear together as the union u4 + us,
and so the term in the square bracket is uniquely determined by u 1, u», u3 (in which case u4 + u5
is also determined). Now we evaluate, for given uy, us, u3, the coefficient

Z (_1)\u1\+|u2|+|u4| — (_1)|u1|+|u2\ Z (_1)\144\'
ug,usC{1,....d}: ug,usC{l,...,d}:
ugtus={1,....d}—uy—us—us ugtus={1,....d}—u;—ur—u3

One moment’s thought reveals that the summation on the right-hand side of the above equality
is zero, unless u4 + us = &, in which case it is one.? Finally, applying this result to (46) yields
(39). O

Appendix B: Measures defined from lower dimensional
projections of functions of bounded
Hardy—Krause variation

We assume that a function f satisfies Assumption F. We let I C {1,...,d} with I # @ and c €
[0, l]d be arbitrary, and let f(-; c_y) be the lower dimensional projection of the function f onto
[07, 1;]. We show that, corresponding to the function f(-; ¢_j) there exists a unique, finite signed
Borel measure df(-; c_;) on [0;, 1;] satisfying (9). By part (a) of Theorem 3 in [1], because
f(-; e_y) is obviously right-continuous, it suffices to show that f(-; c_;) is of bounded Hardy—
Krause variation on [0;, 1;]. By definition of the Hardy—Krause variation, in turn it suffices to
show that for each I’ C I with I’ # &, the Vitali variation of the function f(-;1;,_; :¢_;) on
[0,,,1,/] is bounded. Without loss of generality we show this for an arbitrary I’ C I with I’ # &.

We essentially proceed as in the proof (up to roughly the top of page 160) of Lemma 2 in [1].
We let f(x) = f(0) + fT(x) + £~ (x) be the Jordan decomposition of the function f on [0, 174
in the sense defined in Theorem 2 in [1]. Then, both f* and f~ are finite-valued (which can

21f ug + us # @ and |ug + us| is odd, for each u C uq4 + us, the term (—=D)lal with uyq = u cancels with the term
(—1)'”4| with uq = ugq + us — u, because exactly one of |u| and |ug + us — u| is odd. If ugq + us # @ and |ug + us|
is even, and if i € uyq + u5, we can separately consider the case i € uy and i ¢ uy to effectively reduce the number of
coordinates to consider from even to odd, and apply the previous argument again.



3380 D. Radulovi¢, M. Wegkamp and Y. Zhao

be seen from equations (26) and (27) in the proof of Theorem 2 in [1]), and both f* and f~ as
well as all their lower dimensional projections are completely monotone in the sense defined at
the bottom of page 153 of [1] (alternatively, see Section 3 of [19]).

By the closure property of bounded Vitali variation under summation, it now suffices to show
that the Vitali variations V*(f*(-;1;_p : ¢_;)) of the functions f*(-;1;_; :¢_;) on [0/, 1;/]
are bounded. Without loss of generality, we show V (f1(-;1;_; :e_;)) < co. By definition,

V(e opeen) =supVy, (£ 12 seop)

1

= sup Z

yl, y,/ey,/

Z (—1)"”If+(y1” ;y?‘_l// 1y ;c_l) .

rcr

Here the supremum is taken over all multivariate ladders Yy =[] jer Yj of [0;,1p] for V; a
ladder of [0}, 1;;;], and in the first line Vy, (fT(;1;_p :e_))) is the variation of the function
FY(;1;_p : c_y) over the multivariate ladder ;.. Next, in the second line the quantity inside
the absolute value function is the |1’|-fold alternating sum of the function f(-; 1;_p :¢_;) over
the hypercube (y;-, yf] for y;C the successor of y;» € Vy/; because T (as a function on [0, 119)
is completely monotone, this quantity is always non-negative. Consequently, we have

V(FrGuopen)=sup Y Y (=D vyl e).

Iy ey 1'cl’

The double summation on the right-hand side of the above equation forms a telescoping sum,
and after simplification always reduces to the right hand side of (47), no matter what ladder Y/
is chosen. Therefore, we obtain

V(freilop e )= Y DO 1 e ). 47)

rcr

Because each term in the summation on the right-hand side of (47) is finite, we conclude that
V(fT(;1;_p:c_p)) is finite as well.

Appendix C: Closeness of the ordinary empirical copula
process and its cadlag version

In this section we show that, under appropriate conditions, the ordinary empirical copula process
and its cadlag version are uniformly sufficiently close on the unit hypercube, and hence the weak
convergence of one in £°°([0, 119) implies the weak convergence of the other in £°°([0, 119) to
the same limit. In both Sections C.1 and C.2, we consider the process /n(C, — C) given in (1)
and its cadlag version \/n(C, — C) given in (2); specifically, in Section C.1, we prove (3) for an
i.i.d. sample, and in Section C.2, we consider the non-i.i.d. case concerning Corollary 6. Finally,
in Section C.3, we consider the bootstrap empirical copula process from an i.i.d. sample.
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C.1. The i.i.d. case

We fix an arbitrary u € [0, 1]¢. Adapting the proof of Lemma 7.2 in [5] up to the bottom of
page 517 for our case, we have

d
- 1
’(Cn(u)_(cn(u)| E ; E J _Fnj(uf)} (48)

Up to this point, no i.i.d. assumption has been imposed. Now we concentrate on the event that,
for each j € {1,...,d]}, the i.i.d. sample of the jth coordinate Xj,..., X,; do not coincide.
This event is independent of the choice of u, and has probability one by the i.i.d. and continuity
assumptions. Because the coordinate random variables X1, ..., X,; do not coincide, regardless
of the value of Fn_/ (uj), we have

Z]l{xij ZF;j(uj)} <I,

i=1

and hence we conclude from (48) that
- d
Caw) = Cow] = —. 49)

Because our choice of u € [0, 1]¢ is arbitrary, we conclude that Inequality (49) still holds af-
ter taking the supremum of its left-hand side over u € [0, 1]. That Inequality (3) holds with
probability one then follows.

C.2. The non-i.i.d. case concerning Corollary 6

As in Corollary 6, we let H,, be the empirical distribution function based on pseudo-observations
Uy, ..., U, with U; = (F1(Xi1), ..., F4(Xiq)). We assume that the standard empirical process
U, = /n(H, — C) converges weakly in £ ([0, 11%) to a Gaussian limit, which is the condi-
tion imposed in the second sentence of Corollary 6 and which implies that the limit process is
continuous. As in Corollary 6, here we allow for a non-i.i.d. sample Xy, ..., X,,.

If again the event on which for each j € {1,...,d}, the coordinate random variables
X1j, ..., Xyj donot coincide has probability one, then our proof for the i.i.d. case in Section C.1
still apphes and the almost sure bound established in (49) over u € [0, 114 (which leads to (3)) is
stronger than that in (51), the conclusion of this section. However, without the i.i.d. assumption,
the standard empirical process U, may converge weakly even if ties occur; for instance, this is
the case for the random repetition process, which satisfies a beta-mixing condition, described in
Section 4.2 of [5]. To tackle the case concerning Corollary 6, we follow up Inequality (48) (recall
that up to this point no i.i.d. assumption has been imposed) by adapting the rest of the proof of
Lemma 7.2 in [5] for our case. We then have, for an arbitrary u € [0, 114,

- d d 1
}Cn(u) - (C,,(u)| =< - + ﬁ‘WL(Z) (50)
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Here in the last line w;, is the modulus of continuity of U,. Multiplying (50) by 4/ and taking
the supremum over u € [0, l]d , we obtain

- d 1
sup [v/n(Cp — O)w) = Vn(Cp = OYW)| < —= +d - wn| — ).
Jn n

uel0, 119

By the fact that U,, converges weakly in £°°([0, 11%) to a continuous limit, w,(1/n) = op().
Hence, we conclude that

sup [v/i(C, — O)(w) = Vn(Cy = OYW| =0, (D). (51)

uel0,14

C.3. The bootstrap empirical copula process from an i.i.d. sample

We recall the bootstrap setting described in Section 3.3. In particular, we recall the bootstrap
ordinary empirical copula function C;; given in (23) and the bootstrap empirical copula function
C? given in (24). Translating (48) to the bootstrap case and taking the supremum over u € [0, 114,
we obtain

d

_ 1 &
sup |Ch(w) —Ci(w)| < sup Z‘ZH{X;;:F:;(”/)}
uelo, 114 welo,11¢ 5= i

d n
1
g§ — sup § X5 =F- (0}
J

—1 P eel01] 5

As t varies over the interval [0, 1], the generalized inverse function IF;:; (t) can only take one of

the at most n distinct values of the bootstrap sample X T e X:j. For a particular ¢ € [0, 1],
the summation ) ;_; 1{X 5= ]F:]_ (1)} counts the number of times the value IFZJ_ (¢) is picked
from the original i.i.d. sample of the jth coordinate X1, ..., X,;. Now we again concentrate
on the event with probability one that, for each j € {1,...,d}, the i.i.d. sample Xyj, ..., X;;

do not coincide. Then, the random variable W,j = sup, (o 1 Y IL{Xf‘j = ]FZ; (1)} follows the

distribution of the maximum among all coordinates of a n-dimensional muitinomial random

vector with parameters n and (1/n,...,1/n). Summing W,; over j € {1,...,d}, we conclude
that
_ 4
sup [Va(Ch = Cp))| =" =Wy =0,(1). (52)
uel0, 114 =
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